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Oxidative Degradation of Poly(viny1 Chloride) 

CHRISTIAN DECKER,* Centre de Recherches sur les Mucromole'cules, 
67083 Strasbourg Cedex, France 

Synopsis 

Rates of oxygen consumption and formation of oxidation products were determined in y-initiated 
oxidation of poly(viny1 chloride) (PVC) at  25OC. Data are given for five dose rates and correlated 
on the basis that the overall oxidation is the sum of two reactions that are first order and half order 
in rate of initiation. The principle oxidation product is hydroperoxide, formed by the half-order 
reaction, whereas alcohol and carbonyl compounds result mostly from first-order reactions. These 
products account for 7740% of the total oxygen absorption. The presence of oxygen was found 
to increase twofold the rate of dehydrochlorination of irradiated PVC. A reaction scheme is de- 
veloped which assumes that a significant fraction of the interactions of tertiary peroxy radicals is 
nonterminating and yields alkoxy radicals which propagate or decompose by &scission. This de- 
composition occurs mostly by splitting off a chlorine atom with formation of a ketone and, to a lesser 
extent, by C-C cleavage which accounts for the observed decrease in molecular weight of the oxidized 
PVC. Polystyrene was found to be much more resistant to oxidation than PVC. A classification 
of some commercial polymers in function of their susceptibility to oxidation is proposed. 

INTRODUCTION 

Thermal degradation of poly(viny1 chloride) (PVC) has been extensively 
studied in these past years14 while oxidative degradation at  ambient tempera- 
tures, although of practical importance, has received much less a t t e n t i ~ n . ~ ? ~  
Since radiolysis permits the initiation of reactions at room temperature without 
destroying the important oxidation products, e.g., hydroperoxides and carbonyl 
groups, its study may be helpful in elucidating the mechanism of the oxidative 
degradation in polymers and may thus teach us how to accelerate or retard the 
aging of polymers. We investigated recently the radiation-induced oxidation 
of polyethylene (PE),7 polypropylene (PP),S and poly(ethy1ene oxide) (PEO)9 
at  ambient temperatures in the dark. We now report a similar study carried out 
on bulk PVC at 25OC. 

Dehydrochlorination, discoloration and formation of free radicals are char- 
acteristics of both thermal and radiolytic decomposition of PVC. Polyene chains 
with long sequences are formed as a result of dehydrochlorination and produce 
intense color in PVC irradiated in uacuo. lo Degradation under oxygen causes 
a much lighter discoloration, apparently because the formation of long polyene 
sequences is hindered by oxidative attacks on the conjugated double bond sys- 
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tem.'l The radicals formed by y-irradiation react rapidly with the oxygen to 
give peroxy radicals which lead ultimately to the formation of carbonyl and hy- 
droxyl groups.12J3 In a detailed study on the radiation-induced oxidation of 
PVC, Zeppenfeld et al.14J5 investigated the kinetics of peroxy radical and hy- 
droperoxide formation and concluded that hydroperoxide, hydrogen chloride, 
and chain scission result from reactions that are first order in rate of initiation. 
The enhanced thermal instability of PVC irradiated in oxygen is consistent with 
the generation of labile peroxides.16 

Although some data on the oxidation products of PVC are available, no 
quantitative investigation has been reported so far on the oxygen consumption 
and the relative content of the individual oxygen-containing structures. In this 
paper, we report our first results on the kinetics of 0 2  consumption and of 
products formation and suggest a mechanism for the radiation-induced oxidation 
of PVC in the dark at 25°C. 

EXPERIMENTAL 

Polymer 

The polymer used in our experiments was an unstabilized commercial material 
Solvic 229 from Solvay synthesized by suspension polymerization at 6OoC, with 
number- and weight-average molecular weights of 39,000 and 83,000, respectively, 
as determined by osmometry and light scattering. The polymer samples were 
washed several times with water, then with methanol, and finally dried in vacuo 
at 30°C for two days. 

Irradiation 

Approximately 1 g of the PVC powder (-100 p resin beads) was introduced 
in a Pyrex tube and degassed at  torr for 3 hr. A known amount of pure 
oxygen was then added to give an initial pressure of 680 torr at room temperature. 
Sealed tubes were then exposed at 25°C in the dark to the y-rays of a 60cobalt 
source for various times up to 150 hr a t  dose rates ranging from 222 to 2740 
rad/min (100 rad = 1 gray = 1 J/kg). Dose rates were determined with a Fricke 
dosimeter taking G(Fe3+) as 15.5 ions per 100 eV. 

Gas Analysis 

After irradiation, the reactor was connected to a vacuum system and cooled 
to -196OC. The breakseal located on the side arm of the reactor was then opened 
and noncondensable gases were pumped off from the frozen reactor by a Toeppler 
pump and measured in a gas buret. Removal of oxygen in a Cu-CuO furnace 
showed small amounts of hydrogen as water and of carbon monoxide as C02. 
The oxygen consumed by the polymer, AO2, was determined by difference be- 
tween the initial and final amounts of oxygen. The reactor was then introduced 
in a Dry Ice bath and the gases evolved (HC1, CO2, . . .) were removed by the 
Toeppler pump and measured in the gas buret. These gases were then absorbed 
in water; gravimetric titrations of the hydrochloric acid by 0.01N NaOH showed 
that they consist entirely of hydrogen chloride and that no significant amounts 
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of C02 are evolved in y-oxidation of PVC, in contrast with PVC photo-oxidation 
where CO2 was found to be one of the major gaseous products? The reactor was 
finally allowed to warm up to room temperature and the volatile products evolved 
were pumped off; they consist partly of water and represent between 13% and 
24% by volume of AO2, depending on dose rate. 

Determination of Functional Groups 

Hydroperoxide groups were determined quantitatively by iodometric titration 
of a 1,2-dichloroethane solution of about 50 mg PVC according to the Mair and 
Graupner Method 1,17 with a 10-min reflux; the apparent peroxide content did 
not increase appreciably with longer refluxing time. 

Infrared spectroscopy investigations were carried out on 1oo/o solutions of PVC 
in tetrahydrofuran or on 5% solutions in 1,2-dichloroethane in a 0.05-cm cell. 
Oxidized PVC exhibits new bands at  1733 and 3550 cm-l. The carbonyl band 
can be attributed to the absorption of carboxylic acids, aldehydes, ketones, and 
chloroketones. In order to determine the carboxylic acid content, oxidized PVC 
was treated by NH3 gas during 1 hr. As a result, the absorption at  1733 cm-l 
was reduced to about % of its original value. The difference between the 1733 
cm-l absorptions of untreated and NH3 treated PVC was used to calculate the 
carboxylic acid content by taking 4-heptanone and butyric acid as standards. 
The broad hydroxyl band centered on 3550 cm-l has an absorption which is 
somewhat larger than expected on the basis of the hydroperoxide content; this 
suggests that some alcohol groups are also produced in oxidation of PVC. The 
amount of alcohol was estimated by subtracting from the absorption of the peak 
at 3550 cm-' the corresponding absorption of hydroperoxide, t -Bu02H and t - 
BuOH being used as standards. The weak absorptions of these compounds at 
low concentrations make this determination of alcohol the least accurate of our 
determinations. 

Determination of Random Chain Scission 

Viscosity measurements were carried out a t  25OC on dilute solutions of PVC 
in freshly distilled tetrahydrofuran. The values of the intrinsic viscosity [v], 
before and after degradation, were calculated by one-point measurement by using 
the Huggins equationla in the expanded and appropriate form: 

[v] = [(l + 4k7,,)1'2 - 1]/2kc 

where h = 0.415 and c is expressed in g PVC/lOO cm3 solvent (c 5 1%). Num- 
ber-average molecular weights g,  were calculated from intrinsic viscosity by 
the Mark-Houwink relati~nlg.~O 

[v](ml/g) = 2.4 X 10-2an0.77 

The average number of chain scissions S per initial macromolecule was then 
calculated from the relation 

s = (3znO/an) - 1 

where a,, and 2, are the number-average molecular weights of PVC before 
and after degradation, respectively. This equation is based on the assumptions 
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that chain fracture is a random process, that no intermolecular crosslinking oc- 
curs, and that the initial molecular weight distribution is random, i.e., Mi, = 
2Mn,. 

RATES AND PRODUCTS OF OXIDATION OF PVC AT 25°C 

Effect of Irradiation Time 

PVC samples were exposed to ionizing radiation at  25OC for different times 
(up to 150 hr) and dose rates, at total doses between 0.9 and 10 Mrad. To ensure 
that, under our experimental conditions, the oxidation process was not controlled 
by the rate of diffusion of oxygen into the polymer, y-irradiations of PVC were 
carried out for 100 hr at various initial 0 2  pressures: 280,390,550, and 680 torr. 
The observed oxygen consumption was the same, within experimental errors, 
in the four experiments, i.e., the rate of oxidation was not 02-diffusion controlled. 
Further experiments were always carried out in the presence of excess oxygen 
( P O ,  = 680 torr). 

The amount of oxygen consumed by the polymer irradiated at  a given dose 
rate increases linearly with the irradiation time over the whole range of doses 
investigated; the various functional groups resulting from the oxidation of PVC, 

pWH, ‘C=O, Po@ R-CHo , and CO, 
‘OH / 

also accumulate linearly without any detectable induction period. Figure 1 
shows, as an example, the results of four experiments carried out a t  a dose rate 
of 435 radlmin. The values of the rates R of oxygen consumption and of products 
formation were determined from the slope of the straight lines for each of the 
five dose rates investigated. Results are shown in Table I. Values of the cor- 
responding radiochemical yields G, i.e., the number of molecules of oxygen 
consumed or of products formed per 100 eV absorbed by the polymer, were cal- 
culated from the relation 

G = 9.65 X lo8 R1I 

when R is expressed in molelkg PVC-hr, and the absorbed dose rate I ,  in radhr. 

Oxygen Balance 

The main oxidation product is hydroperoxide (POOH) which accounts for 39% 
of the oxygen uptake at  the lowest dose rate and for 24% at  the highest. Post- 
irradiation investigations on oxidized PVC reveal this hydroperoxide to be stable 
a t  room temperature; no appreciable change of the POOH content of the irra- 
diated polymer could be noticed after two weeks of storage at  25OC in the dark. 
This result is in agreement with the observations of Zeppenfeld and Wuckel15 
and corroborates the observed linear increase of hydroperoxide with irradiation 
time (Fig. 1). Aldehyde + ketone (>C=O) and alcohol groups (POH) are formed 
at  similar rates and account each for about 14% to 20% of 0 2  uptake, depending 
on dose rate, whereas carboxylic acid 

( R-C 
‘OH 
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TIME- hours 

Fig. 1. Oxygen uptake and oxidation products as a function of irradiation time in oxidations of 
PVC at  25OC. Dose rate = 435 rad/min. 

and carbon monoxide account for an additional -8% and 3%, respectively, of AOz. 
The yield of oxygen incorporated in the oxidation products of PVC can then be 
determined from the following equation: 

GO,drula ,ed  =~,,, + ~ R - C - 0  + ;[GFQ, + G>-o + Gcol 
I 
OH 

Values of Goz calculated are given in Table I. Comparison with the observed 
G o2 values shows that these oxidation products account for approximately 
77-80% of the oxygen consumed. The missing oxygen in our material balance 
is expected to be in some dialkyl peroxides and in the volatile products which 
represent 13-24% by volume of the oxygen uptake. 

Dehydrochlorination 

When PVC is irradiated in the presence of oxygen, large amounts of hydrogen 
chloride are evolved. Our technique of gas analysis allows us to determine ac- 
curately the yield of HC1 formation in comparison with the yield of oxygen 
consumption. It appears that -0.5 to 0.66 molecule of hydrogen chloride is 
formed for each molecule of 0 2  consumed, depending on dose rate. The degree 
of dehydrochlorination or the conversion, defined as the ratio of hydrogen 
chloride evolved to the totally available amount, increases linearly with the ir- 
radiation time (Fig. 1). Under our experimental conditions, the rate of dehy- 
drochlorination (0.0023%/hr < r < 0.022%/hr) is, however, relatively low com- 
pared with thermal degradation of PVC in oxygen ( r  = 0.6%/hr at 180°C).21 
When irradiations of PVC are carried out in uacuo a t  25"C, the radiation yield 
of dehydrochlorination (GHCI = 12.8) is about half as large as the yield observed 
in experiments carried out in the presence of oxygen (20 < G H C ~  < 27). This is 
in agreement with the known effect of oxygen which accelerates dehydrochlor- 
ination of thermally degraded PVC.1,21 

Change in Molecular Weight 

The intrinsic viscosity and the calculated molecular weight of radiation oxi- 
dized PVC decrease slightly with irradiation time, in agreement with previous 
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x in 
R = k I x  

10 

POH 0.97 
:c=o 0.90 

POOH 0.51 

- c = o  0.89 
SCISSION 0.87 
co 0.91 

0.1 

a05 

100 1000 10,000 
WSE RATE - raddrnin  

Fig. 2. Rates of oxygen consumption or product formation as a function of dose rate in oxidations 
of PVC at 25°C. 

obser~at ions.~J~ The radiochemical yield of net chain scission increases mod- 
erately with decreasing dose rate (2.2 < Gwision < 3.3) but remains always inferior 
to the yield of carboxylic acid: 

3 < G R - 7 )  < 4 

OH 

However, if simultaneous scission and crosslinking occur, as suggested by Salovey 
et  al.,13 the true value for Gscission will become somewhat larger and may exceed 

G,,,dl 
‘OH 

It should be mentioned that our value of Gscission is much lower than the value 
determined by Zeppenfeld and WuckelI5 (Gscission = 23), although both inves- 
tigations were carried out under similar experimental conditions. 

Effect of Dose Rate 

To determine the kinetic order of the reactions involved in the oxidation 
process of PVC, we carried out irradiations at five dose rates: 222,435,720,1380, 
and 2740 rad/min. When the rates R of 02 consumption and formation of oxi- 
dation products are plotted as functions of the dose rate I on logarithmic scales 
(Fig. 2), the relation obtained has the form 

R = k I x  

where the exponent x: for each product lies between 0.5 and 1. The formations 
of HC1, POH, 

‘c=o, R-CHO , co, 
‘OH 

/ 
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and chain scissions are nearly first order in rate of initiation (0.87 < x < 0.97), 
whereas the rate of formation of hydroperoxides is half order in rate of initiation. 
The rate of oxygen consumption is intermediate ( x  = 0.76) and is assumed to 
be the sum of two reactions that are first order and half order in rate of initiation. 
The radiochemical yield for oxygen consumption increases from 30.8 to 57.3 with 
decreasing dose rate, in the range of dose rates investigated. These relatively 
high values of Goz are consistent with a chain reaction process; they are about 
the same as the values of Goz that we measured in y-initiated oxidations at 22°C 
of atactic polypropylene:8 30 < Goz < 80 in the same range of dose rates. 

MECHANISM OF OXIDATION OF PVC 

Radicals in PVC 

ESR investigationsz2 on PVC irradiated in uucuo at low temperatures have 
shown that alkyl radicals arise from carbon-chlorine and carbon-hydrogen bond 
scissions. As the irradiated polymer is allowed to warm to room temperature, 
these radicals are replaced by polyenyl radicals resulting from the evolution of 
hydrogen chloride by alkyl  radical^:^^,^^ 

-CH2-CH-CH2-CHCl..- - (CH=CH),CH-CH2-CHCl- + nHCl 

Even though the alkyl radicals are expected to react with 0 2  when irradiations 
are carried out in the presence of oxygen, the above-mentioned reaction may still 
proceed since the chlorine atom split off from the PVC chain is kinetically excited 
and readily abstracts a neighboring hydrogen atom. The resulting polyenyl 
structure which is responsible for color formation in PVC irradiated in uucuo 
was shown to be rapidly destroyed by oxidative a t t a ~ k ; ~ ~ ? ~ ~  indeed, no discolor- 
ation of the oxidized polymer could be noticed, even for the most degraded of 
our samples. 

Thus, in the presence of an adequate supply of oxygen, the main initiating 
species in y-oxidation of PVC are expected to be the secondary and tertiary 
peroxy PO; radicals resulting from addition of an oxygen molecule on the three 
kinds of alkyl radicals formed by C-Cl and C-H bond scissions: 

-CH2CHCH2- ---CHClCHCHCl- -CH2CClCH2- 

00' 00 
I I1 III 

I I I 
00' 

Salovey and Gebauer13 suggested recently a mechanism for the radiolysis of 
PVC in air which involves the reactions of radical I, but made no mention of 
radicals I1 and 111. Since radical I does not arise from the attack of the polymer 
by peroxy radicals but mainly from the direct effect of the ionizing radiation and 
since our results show that propagation reactions play a significant part in the 
oxidation process, we expect the predominant routes to involve species' I1 and 
I11 rather than species I. Furthermore, the propagation reactions by peroxy 
radicals should generate mostly radical I11 since a tertiary C-H bond is about 
25 times more reactive than a secondary C-H bond toward alkylperoxy radicals 
at 25°C,25 so that the main oxidation products of PVC are assumed to result 
principally from the reaction of the a-chloroalkyl peroxy radical 111. 
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SCHEME A 
?-Oxidation of Poly(viny1 ch1oride)a 

-CH,CHCH, - + -cH~CC~CH~- 
I 
00. 

-CHClCHCHCl- 

O z \ F 1  

PVC 
-CH&ClCH,- 7 

I 
00' 

-CH2CCH2- 

0 
II 1 + 0, termination 

+ 0, termination recycle 
with 0, 

a Final products are in boxes. 
b Cross termination by the various types of P0,'radicals are also possible. 
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Reaction Scheme 

The reactions of radicals I, 11, and 111, expected from the work on model 
compounds,26 have been represented in Scheme A. They appear to account 
satisfactorily for the major products observed in radiation-induced oxidations 
of PVC at 25°C. 

Reactions of Secondary POi’Radicals 

The secondary peroxy radicals I and I1 can abstract the labile hydrogen atoms 
from an adjacent chain to form hydroperoxide groups and chain carrier backbone 
radicals, mostly tertiary ones, reactions (1) and (3). Since hydroperoxide of PVC 
was found to be quite stable at room temperature, we conclude that the observed 
degradation of the polymer does not result from the decomposition of POOH 
group. The other route for disappearance of secondary peroxy radicals is the 
terminating bimolecular self-reaction which, according to the Russell mecha- 
n i ~ m , ~ ~  leads to a ketone and a secondary alcohol, reactions (2) and (4). Cross 
terminations of secondary and tertiary PO2 radicals may also take place to yield 
ketones and tertiary alcohols. 

Reactions of Tertiary PO; Radicals 

Besides reacting with the polymer to give hydroperoxides, reaction (5), tertiary 
peroxy radicals I11 may also disappear either by terminating interactions with 
formation of dialkyl peroxides, reaction (6), or by nonterminating interactions 
to yield free alkoxy radicals, reaction (7). To account for the large yields of al- 
cohol and carbonyl compounds formed in reactions that are first order in rate 
of initiation, we assume that a significant fraction of tertiary PO; radicals in- 
teractions are nonterminating. This assumption is consistent with our previous 
observations8 on y-initiated oxidations of atactic polypropylene which suggest 
that about half of the interactions of tertiary peroxy radicals are nonterminating 
a t  ambient temperatures and yield alkoxy radicals which propagate or decom- 
pose. The principal fate of the tertiary alkoxy radical 

-CHjCClCH2- 

0 
evolved in reaction (7) is either the hydrogen abstraction from the polymer to 
yield an alcohol and a chain carrier secondary or tertiary alkyl radical, reactions 
(8) and (S’), or the decomposition by p - s c i s ~ i o n ~ ~  which may occur either by 
cleavage of the C-C1 bond, reaction (9) or by C-C cleavage, reaction (10). 
(Some secondary alkyl radicals ...CHCl-CH-CHCl-.. are likely to be formed 
by propagation since alkoxy radicals are much less selective than peroxy radicals 
for hydrogen abstraction and exhibit approximately the same reactivity towards 
secondary or tertiary hydrogen.28) 

Reaction (9), which yields a ketone and a chlorine atom, may account for the 
relatively high carbonyl group content observed on the oxidized polymer. This 
reaction may also explain why the radiation-induced dehydrochlorination of PVC 
is about twice faster in oxygen than i n  uacuo. In both cases, hydrogen chloride 
will result primarily from the direct cleavage of the C-C1 bond by radiation, but 

I 
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in the presence of oxygen, additional amounts of HC1 may be formed in the attack 
of the polymer by the chlorine atom evolved in reaction (9), with formation of 
a propagating secondary or tertiary alkyl radical, reactions (11) and (1 1’). Ac- 
cording to Miller1’ and Winkle1-,2~ the chlorine atom will react mostly by ab- 
straction of a methylene hydrogen to form a secondary alkyl radical, i.e., reaction 
(11) is preferred over reaction (11’). 

If decomposition of the alkoxy radical 
-CH2CClCH2- 

I 
0 

occurs by C-C cleavage, reaction (lo), it will induce the scission of the polymer 
chain with formation of an a-chloroketone group and of a primary alkyl radical 
which will react with oxygen, reaction (12). The primary peroxy radical evolved 
is then expected to disappear mostly by terminating interaction with another 
PO, radical, reaction (14), rather than by propagation, reaction (13), because 
primary peroxy radicals are about lo3 to lo4 times more reactive than tertiary 
peroxy radicals in chain termination in small  hydrocarbon^.^^ The relatively 
low values of the yield in main chain scission (about one fifth of 

suggest that reaction (9) is favored over reaction (lo), i.e., the tertiary alkoxy 
radical from reaction (7) will decompose preferentially by splitting off a chlorine 
atom. 

It finally remains to account for the formation of the two minor oxidation 
products of PVC, carboxylic acid and carbon monoxide. We assume that car- 
boxylic acids result principally from the rapid oxidation of the aldehyde groups 
produced in the termination reaction (14). Concerning the formation of the small 
amounts of carbon monoxide, the most likely reaction would be the decarbony- 
lation of some of the a-chloroketone generated in reaction (10); an other possi- 
bility is the loss of CO from oxidizing aldehyde. 

Kinetics 

It should be mentioned that reaction Scheme A presents a close analogy with 
the scheme that was developped previously for the oxidation of p~lypropylene.~?~~ 
Kinetic calculations based on scheme A lead, therefore, to an equation for the 
steady rate of oxygen consumption in PVC oxidation which is very similar to the 
equation derived for p01ypropylene:~l 

(B) 
where Ri is the rate of production of initiating radicals and kp and kt are the rate 
constants of propagation and termination, respectively, by PO; radicals. The 
first term on the right-hand side of eq. (B) refers to the oxygen consumed in re- 
actions that are first order in rate of initiation: one half molecule of 0 2  is con- 
sumed per initiating radical in initiation and termination, and p additional 
molecules of 0 2  are consumed in first-order propagation reactions which yield 
alcohol groups and cleavage products of alkoxy radicals. The last term in eq. 
(B) is the oxygen uptake associated with formation of hydroperoxides that is half 

- dO,/dt = Roz = (0.5 + p)Ri  + [kp/(2k,)”2][PVC]Ri1’2 
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Fig. 3. Radiochemical yields G as a function of (dose in oxidations of PVC at 25OC. 

order in rate of initiation. Since the radiochemical yield for 0 2  consumption 
is proportional to the ratio of rate of oxidation to dose rate, Goz = KRo,/I, the 
kinetic law can be written as 

where 

ao2 = K(0.5 + p)Ri/Z and Po2 = (KGi/2ht)1/2h,[PVC] 
with K = 9.65 X lo8 mole-' kg rad, Gi representing the yield of initiating radicals. 

Correlation with Experimental Data 

According to relation ( C ) ,  the radiochemical yield of oxygen consumption is 
a linear function of (dose Figure 3 shows that plots of G values for 0 2  

uptake and products against (dose are indeed straight lines. The in- 
tercept a is the radiochemical yield of 0 2  consumed or of products formed in 
reactions that are first order in rate of initiation; the slope P is the radiochemical 
yield of 0 2  consumed or of products formed at unit rate of initiation in half-order 
reactions. Thus, the term LY for hydroperoxide should be zero, which is confirmed 
experimentally, while the term fl should be zero for POH and 

\ /c=o. 

Figure 3 shows that the formation of alcohol is nearly first order in rate of initi- 
ation, as expected, whereas the carbonyl compounds result from both first-order 
and half-order reactions. Our best present explanation for the half-order 
component of 

\ 
/C=Q 
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is that a fraction of the primary peroxy radicals -CHClCH200. propagate by 
reaction (13) instead of terminating, with formation of alkyl radicals which lead, 
after peroxidation, to the production of ketone groups that are associated with 
half-order chain propagation. 

COMPARISON OF THE OXIDIZABILITY OF SOME 
COMMERCIAL POLYMERS 

The best measure of the relative overall reactivity of a polymer in oxidation 
is its rate of oxygen consumption at  known rate of initiation. In our recent in- 
vestigations on the radiation-induced oxidation of some solid polymers (PE? 
PP,S PE09), we determined the rate of 02 uptake for different dose rates. In 
addition to the foregoing investigation on PVC, we also carried out some oxida- 
tion experiments on solid polystyrene that we now briefly describe. 

Radiation-Induced Oxidation of Polystyrene at 25°C 

The polymer used in our experiments was an unstabilized commercial material 
Gedex from Charbonnage de France Chimie. Polystyrene (PS) samples, in a 
finely dispersed state, were exposed to ionizing radiation at  25OC in the presence 
of pure oxygen at dose rates ranging from 800 to 3450 rad/min. Gas analyses 
were conducted as described previously to determine the amount of oxygen 
consumed. The rate of 0 2  consumption appears to be very low and remains 
constant with irradiation time in the whole range of doses investigated (5 to 20 
Mrad). The overall rate of oxidation is first order in rate of initiation; hence, 
the radiochemical yield Goz is independent of dose rate, and its constant value 
can be estimated to be -1.0 f 0.2. The major oxidation product is hydroperoxide 

TABLE I1 
Radiochemical Yields of 0, Consumption and Kinetic Chain Lengths 

in y-Initiated Oxidations at  25°C of Some Commercial Polymers 

Number of 0, mol- 
ecules consumed per 

initiating radical Yield of 0, up- 
take G O ,  Go , IGi 

Dose Dose Order of of in- Dose Dose 
rate rate rate of itiating rate rate 
1000 100 oxida- radicals 1000 100 

Yield 

Polymer Supplier rad/min rad/min tion xa G i b  radlmin rad/min 

PEC Solvay 11 18 0.85 5.8 1.9 3.1 

PS CdF Chimie 1 1.1 0.98 0.2 5 5.5 

PPd Avisun 45 120 0.56 4.8 9.4 25 
PVC Solvay 39 70 0.78 2.6 15 27 

PEO Hoechst 175 380 0.66 4.8 36 79  

Eltex 

Gedex 

Solvic 

aOrder x of the rate of oxidation Ro,  with initiation rate I : R g ,  = k P :  
b G values of paramagnetic centers as determined by Kiryukhin and Milinchuk.33 

Oxidations carried out at  45°C. 
doxidations carried out a t  22°C. 
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which accounts for -60% of the oxygen uptake. Infrared spectra of the oxidized 
polymer exhibit small absorptions in the carbonyl region at  1710 cm-', and in 
the hydroxyl region between 3400 and 3600 cm-l. Benzaldehyde and aceto- 
phenone were detected by GLC analyses on chloroform solution of the oxidized 
PS; these low molecular weight compounds are minor oxidation products that 
account for only -3% each of the oxygen uptake. However, when we irradiated 
chloroform solutions of PS in air a t  25"C, much larger amounts of these two 
products were 0bserved.~2 Besides, it should be mentioned that PS plasticized 
with -3% of chloroform prior to irradiation oxidizes five times faster (Goz N 5) 
than pure PS, as expected from the decrease of the glass transition temperature 
and the resulting increased mobility of the radicals which favors chain perox- 
idation. 

Radiochemical Yields of Oxygen Consumption in Some Polymers 

To test the relative ability of some commercial polymers to oxidize, we now 
compare in Table I1 the respective radiochemical yields of oxygen uptake that 
we determined by irradiating these polymers in the presence of oxygen. All of 
the oxidation experiments have been carried out on solid polymers under the 
same experimental conditions, i.e., y-irradiation in the dark, a t  ambient tem- 
perature, and in the presence of an excess of pure oxygen so that oxidations were 
not 02-diffusion controlled. 

The third and fourth columns of Table I1 list G values of 0 2  consumption for 
the various polymers investigated, a t  two dose rates chosen arbitrarily a t  100 and 
1000 radlmin. Depending on Goz, these polymers can be classed in the following 
order of increasing sensitivity toward oxidation: PS < PE < PVC < PP < PEO. 

The fifth column indicates the order x of the rate of oxidation Roz = kIx .  It 
appears that all of these polymers oxidize at rates which lie between half and first 
order in rate of initiation. The above correlating equation permits the calculation 
of the rate of oxidation for anyone of these polymers a t  a given dose rate; in the 
same way, G values for 0 2  uptake can be easily determined at  any dose rate from 
a logarithmic plot of G against I ,  which is a straight line with a negative slope 
(x - 1). 

Even though the G value for 0 2  consumption gives a good indication of the 
extent of the oxidation in each polymer, it is more accurate, for a reliable com- 
parison of the oxidizability of various polymers, to refer to the amount of oxygen 
consumed per initiating radical since the rate of oxidation will depend primarily 
on the number of initiating sites created in the polymer by the ionizing radiation. 
The sixth column of Table I1 lists the G values of paramagnetic centers reported 
recently by Kiryukhin and M i l i n ~ h u k ~ ~  for the considered polymers. In the last 
two columns, we report the calculated values of the ratio Go2/G;, i.e., the number 
of 0 2  molecules consumed per initiating radical, for the two dose rates 100 and 
1000 radlmin. By taking Go21Gi as a better parameter of the oxidizability than 
Go2, the classification becomes the following: PE < PS < PP < PVC < PEO. 

Because the rates of oxidation of these polymers are less than first order in 
rate of initiation, the ratio Go2/Gi, which reflects the extent of the chain reaction 
process, will increase with decreasing dose rate. However, Table I1 shows that 
this does not affect significantly the proposed classification in the range of dose 
rates considered. Values of Go2/Gi show a gradual transition in susceptibility 
to oxidation from P E  and PS which are most resistant through PP and PVC to 
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PEO, which is most susceptible and about 20 times as reactive as PE. This 
transition reflects both an increasing reactivity in chain propagation ( p  values 
range from 19 rad1I2 sec-1/2 in PE to 508 rad1/2 sec-*12 in PEO) and a decreasing 
rate of chain termination. 

The author is glad to acknowledge the suggestions of Dr. F. R. Mayo in the preparation of the man- 
uscript. 
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