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Abstract

Photo-oxidation of the polystyrene (PS) includes two mechanisms—a hydroperoxide one and a photochain one (caused by the photosen-
sitivity of peroxide macroradicals). A hypothetical scheme of the photochain dissociation of excited peroxide radicals has been proposed.
The latter are destroyed during photo-oxidation of polystyrene 0 Bnd CGQ. More then 90% of the oxygen absorbed is consumed
according to the photochain mechanism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction in both the initiation and in the chain propagation, as well
as in the chain termination. The photochain mechanism was

Investigation of the processes occurring on photo- revealed for the first time if4] during an investigation of
oxidation of polystyrene (PS) is of considerable interest both the photo-conversion reactions of peroxide radicals (ROO
for elucidating the general patterns of photo-conversions in in PS.
polymers and for seeking ways of stabilizing them on ageing  Inthe present work using experimental data previously ob-
in natural conditions. The mechanism of PS photo-oxidation tained[3,5-7]we tried to compose a hypothetical scheme for
is often considered to resemble that of thermo-oxidation, the photochain reaction of the dissociation of excited perox-
supposing that only the initiation stages différ2]. How- ide radicals. This reaction takes place during the polystyrene
ever, mechanism of photo-induced oxidation can differ photo-oxidation simultaneously with the conversion of a
from that for the thermal process not only in the initiation small part of ROO (~10%]3]) by a hydroperoxide mech-
stage but also in the propagation processes, as well as iranism.
the nature and yield of intermediate and final products.

On the basis of the quantitative studies of the reactions
taking place during UV irradiation of polystyrene it has been
established that PS photo-oxidation has a dual character and
occurs by two competing mechanisms—a photochain mech-
anism and a classical hydroperoxide mechanj8jn The
estimation of the absorbed,@onsumption for each mech-
anism has shown that more than 90% of oxygen is used in
the photochain process and about of 1% ofi@® the hy-
droperoxide channel.

The peculiarities of the hydroperoxide mechanism were
considered in our previous wofB] and they lie in the fact
that light participates in this case just in the initiation stage
and in the degenerated branching of the chains. According to
the photochain mechanism which includes the decay of the
excited peroxide radicals the light acts during all the process

2. Experimental technique

The experimental techniques were given in detall
elsewhere[3,5-7] It should be noted that commercial
polystyrene with molecular weigh?,, = 7.4 x 10° has
been used in all experiments. The polymer was produced
by thermal spontaneous polymerization and did not contain
any special additives. The samples were prepared as films
of thickness from 2% to 2mm. Some samples were pre-
pared as a powder (diaz 0.2 mm). UV-irradiation of the
samples was carried out at 77—-340 K in air or in atmosphere
of oxygen (P = 150 Torr). All quantitative measurements
for the determination of quantum yields of photoreactions
(with the exception of a total quantum yield of initiation,
@Rr) were carried out on film samples exposed to the light
with & = 2537 nm. The value of the quantum yield of initi-
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Light sources intensity was 1®-10'" quantum/(cris). or during photolysis of PS at room temperature, more sta-
Polystyrene photo-oxidation was explored in a micromano- ble radicals of allyl type —CH-C*(Ph)-CH-C(Ph)-CH—
metric set up (volume 5-10 chwith analysis of frozen-out  (Il) are formed from radical (1). The stability of the radical
gaseous products of destruction. This allowed the evalua-(ll) is due to the conjugation of an unpaired electron with
tion both of the oxygen consumption and the amount of w-electrons of the double bonds of the polymer chain and
evolved products of photo-oxidation §8 and CQ) with of the aromatic rings. This is the reason why its spectrum
an accuracy of 1% moleculeg7]. assumes the form of the isotropic singlet withH = 2 mT.
ESR spectra were recorded using X-range ESR radiospec-This screens HFS by superimposing it on five component
trometer at 77 K and at u.h.f. power of about #@V. spectrum of radical (1), the general spectrum assumes the
form as onFig. 1, spectrum 2. During prolonged irradiation
of PS there is a balance between allyl and benzyl radicals.
To obtain a quantitative relationship betweeh(R and R
(I we used a computer analysis. The simulated (3) spec-
trum comes to a good agreement with experimental (2) spec-
trum when the superposition of signals of radicals (I) and
(I) at the ratio of their concentrations 1:4 was used. Thus,
for prolonged photolysis of PS at 77 K, both radicals (allyl
and benzyl) are stabilized; at the same time allyl radicals
(1) dominate ¢75%).
-CH,~C’-CH,~ (D). During the photo-oxidation (at 300K in the presence
| ] of oxygen) both radicals R(I) and R (II) convert into
corresponding peroxide radicals —gHC(OC)(Ph)-CH—
lts spectrum consists of five main componemsH = (1) and CH-C(OC)(Ph)-CH-C(Ph)-Ch— (IV). The
2mT) arising as a result of interaction of an unpaired elec- quantum yield of accumulation of RO@nd R at 300K is
tron with four-H-atoms of the main chain and in additional ¢r ~ 102 and it corresponds to the total quantum yield of
subsplitting of 0.5 mT on a quadruplet due to an interaction the initiation of PS photo-oxidation in both channels—the
with the three equivalent hydrogen atoms of the benzene ringhydroperoxide and photochain ones. The ESR spectrum
(Fig. 1, spectrum 1). This spectrum is detected in the earlier consists of superposing of*Rand ROO signals Fig. 1,
stages of low temperature (77 K) photolysis. For prolonged spectrum 4). At the same time the amount of peroxide rad-
irradiation, double bonds appear in the sample. In this case,icals (determined from the general ESR spectrum using the

3. Results and discussion
3.1. Initiation
The initial radical obtained during the irradiation of

polystyrene with the light in the intrinsic absorption band
of polystyrene is radical
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Fig. 1. ESR spectra of free radicals in UV-irradiated polystyrene: (1)
spectrum of benzyl radical (I); (2) and (5) spectra of allyl radicals (ll)
and (V), respectively; (3) spectrum received by computer simulation with
25% of spectrum (1) and 75% of spectrum (2); (4) spectrum of radicals
formed during irradiationX > 236 nm) of PS in air at 315K for several
seconds and (6) for several hours (spectrum of the radigat)RSpectra
recorded at 77 K.

shape factor) reaches80% after a few seconds irradiation
of the sample.

3.2. Chain propagation

One can assume that the middle peroxide radicals (Ill)
and (IV) located in the polymer chain of macromolecules
start the kinetic chain of photo-oxidation. Two reactions of
chain propagation are available for them:

(1) An ordinary reaction (for the chain oxidation of hydro-
carbons) of RO® with the macromolecule leading to
the formation of a hydroperoxide and to its further de-
composition.

(2) Destruction of excited ROUCaccompanied by the poly-
mer chain rupture to form a terminal peroxide radical
which initiates the photochain process.

The first way of ROO conversion is a classical hydroper-
oxide mechanism which we have considered earlidB]n
We determined the initiation quantum yiejg and kinetic
chain length I) of the photo-oxidation process reacting in
the hydroperoxide mechanism; (~ 1074, [ = 7-10 units).
Taking in to consideration the entire quantum yield of ini-
tiation by both mechanismspg ~ 1073) one can con-
clude that only 10% of radicals obtained in the initiation
stage convert according to an ordinary hydroperoxide mech-
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anism. In this case, ROOH results from the bimolecular re- 3. During the alternation of the ruptures of C-C, O-O and

action of ROO with macromoleculedroon 10‘3). Fur- C—H bonds, free valency transfers in series and within
ther decomposition of ROOH leads to the macromolecule  the molecule. If this were not the case, at the transfer
break off gsc ~ 1073), the formation of terminal car- of the chain the low-molecular fragments of the polymer
bonyl groups ¢c=o0 =~ 1073), double bonds and water molecule would appear leading to a sharp decreasing of
[8]: molecular mass. In fact, according to the viscosimetric
data[3] the molar mass of photo-oxidated PS decreases
—CH—C(Ph) (OOH)-CHz—+ hv not more than a factor of two.
— —CH,—C(Ph)=0 + CH,=C(Ph)— 4 H,0O (1) 4. Benzene, phenol and their low-molecular derivatives
are absent among the products of photo-oxidation. It
Only ~1% of absorbed ®is used in the hydroperoxide is possible to conclude from this that in the process of
channel. photochain destruction of ROCGhe aromatic rings are

Most (90%) of the peroxide radicals of PS formed in destroyed completely. It should be noted that informa-
the initiation stage takes part in another reaction—the tion about the rings destruction is in the literatiitg.
photochain reaction of chain propagation. This reaction  Considering the above, the scheme of photochain de-
is connected with an excitation and complete decomposi-  struction of excited peroxide macroradicals of PS may
tion of ROC macroradicals with the formation of J® be drafted as follows.
and CQ. Being photosensitive intermediates, ROélther . . .

Q gp The formation of terminal radicalsi® and ROO":
00’ Ph OH A
—~CH,—C(Ph)-CHy—"——CH,—C=0+"CH-CH(Ph)-"* *OOCH(OH)—~CH(Ph)—
(RY) (ROO")

absorb the light or accept the excitation energy from other  The photodestruction of ROO* with the evolution of HO

chromophores. In excitedn- or mp-states, ROOdissoci-  and CQ accompanied by the formation of new radicals:
ates with rupture C-C, O-O and C—H borjfis As a result

of the bonds breaking, new radical$ form. The latterare =~ *OOCH(OH)—CH(Ph)—

capable of being oxidized and propagating the kinetic chain.  _ CO, + Ho0 + C*H(Ph—CHy—
Thus, a photochain reaction takes place—the sequence of al- s

ternate reactions of the*Roxidation and RO®destruction. — *00-CHPh)—-CH,—

The process goes on until free valency disappears. The length

of such a kinetic photochain may reath= 10°—1C° units

and if the pressure of the oxygen exceeds 400 Torr the length

tu;gsinou:];?ozﬁ;n tﬁaunn;:-;tzgggz%r;ption of the oxy- fragments (>C-H) and (—-C=). In the first case the oxida-
9 b o tion of the radical leads to the formation of the hydroper-

'!" or_der to compose a hypothepcal SChe'.“e (the_ schemeoxide group. The latter dissociates along the O—O bond to
which includes destruction of excited peroxide radicals) of . . .
form H>O. An electronic rearrangement of the oxide radical

the rggct|on of the chain propaganon n the'photocha'ln Chan'is ended by the formation of intermediate carbonyF=eC
nel, it is necessary to consider the following experimental _
When the free valency transfers to the fragment=@ur-

data. ing the oxidation process, the radicaC—OC forms. The

1. CO is evolved with a quantum yield close to 10[3]. photodestruction of this radical includes the splitting of the
Its formation unambiguously indicates the destruction of C—C bonds with the release of G@as. At that time, the
the C—C bonds of the macromolecule. This is because amount of the carbonic atoms in the ring decreases but the
neither the decomposition of the hydroperoxide or of cycle structure remains. The conjugation of the radical with
the carbonyl groups, nor the ruptures of polymer chains the carbonyl groups also remains. Such species are good
(quantum yields 16°) can provide the formation of CO chromophores.
when the quantum yield is two orders of magnitude more. It is difficult to present in the frame work of the classical
Therefore, it is necessary to suppose that the rupture ofmodel of one-center transitions the series of hydrogen ab-
the C—C bonds start from the terminal of the macro- straction reactions, C—C and O—O bonds rupturing reactions,
molecule which is destroyed from one of its ends like a and the formation of the radical and molecular products. It
“candle burning”, and peroxide radicals become the ac- is necessary to propose a series of multi-center synchronous
tive particles promoting photochain. transitions. Then, in one act (after the electronic excitation

2. The RQ* terminals are formed in the course of destruc- of ROC®) the rearrangements of the bonds may occur with
tion (with the rupture of polymer chain) of an excited the breaking of the old bonds and the formation of the
“middle” ROO"® of benzyl or allyl type (that is the radi- new ones, including the formation of the radical intermedi-
cals Il and IV). ates[9]. At that time, the endothermic effect of the bonds

Two repetitive processes taking place during photode-
struction of the ring in which the free valency located on the
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rupturing will be compensated by the exothermic effect of

OH OH
(RY) (R,00%)
The cycle is repeated.

The opposite situation is observed during PS photo-

the formation of new bonds, and also by the energy of the oxidation. As can be seen frofaig. 2(b) at the initial

excitation of ROO.

stages the amount of water exceeds the amount of CO

Now let’'s consider the quantitative fit between experi- by approximately three times and only after 8 h irradiation
mental data and the products received according to the given(in these conditions) the ratioJ®:CO, approaches to 1:1,

scheme.

The ratio between the amount of the absorbed@d the
amount of the evolved gaseous products (a sum eOH-
[CO3)) is seen from kinetic data given é1ig. 2(a) It remains

what also comes to an agreement with the req8ltsBut
even this amount of yD exceeds the value, which would
correspond to the stechiometig. (2) The contribution of

the hydroperoxide channel in the water production does not

close to 1:1 for a prolonged time during irradiation. The exceed 102. In order to explain the evolution of # with

same ratio between the absorbedadd the evolved gaseous

the quantum yieldpn,0 &~ 0.2 it is necessary to consider

products (HO+CO») has been obtained by Geuskens, et al. other factors, in particular, the formation of the polyconju-
[8]. The quantum yields at the oxygen pressure 150 Torr gated systems. This process is connected with the abstrac-

turned out to bepo, =~ 0.33; pcas ~ 0.29. At that time,
@H,0 ~ 0.20; pco, ~ 0.09 [3,7]. After 10 h of irradiation
these decrease almost two orders of magnitudedp ~
¢cas = (4.6-50) x 1073, It should be noted, that this is at
the pressure 400 Towo, ~ ¢gas =~ 1.1.

The ratio between the amount of evolved@and CGQ
is seen on kinetic data &fig. 2(b) It does not correspond to
the ratio between D and CQ obtained according to the

tion of the hydrogen from C—H groups, which converts into
H»O in the conditions of photo-oxidation, and with the
formation of the unsaturation of the macromolecules. The
proof of the appearance of the polyconjugated fragments
during photo-oxidation of polystyrene is the appearance of
the wide band of the luminescence of the polyenes at the
range 400-550 nri8].
The formation of nonsaturated bonds withy Hvo-

equations of the proposed scheme. The scheme was draftetution is observed already during the photolysis of PS
taking as an analogue the complete burning of one link of in vacuum [10]. At the same time in the ESR spectra
the polymer. At that time the amount of water must be two the singlets (with widths 2.0 and 1.4mT, respectively)

times less than the amount of @O

—CHp—CH(CgHs)—+ 100, — 4H,0 + 8CO, )

of the allyl radicals —Ck-C*(Ph)-CH-C(Ph)- (II) and
—CH—C*(Ph)-CH-C(Ph)-CH-C(Ph)- (V) Fig. 1, spec-
tra 2 and 5) are registered. In the presence of oxygen the
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radicals Il and V are oxidized to ROOThe oxidation of chain participate in conjugation. In other words, the conju-
the radical (Il) is possible to observe from the ESR spectra gated system of polyene radicals consists of four monomeric
during irradiation of polystyrene in the air at 315K for links: ~CHy—C*(Ph)-CH-C(Ph)-CH-C(Ph)-CH-C(Ph)—
several secondd={g. 1, spectrum 4). For prolonged irradi-  (Rpol®). This is the maximum length of conjugation, which
ation (during several hours) in the atmosphere of oxygen, may be characteristic also for the molecular polyene
the spectrum 4 is transformed into a narrow single line structures, because as Grassie and Weir sugggigdhe
(AH 0.5mT, ¢ = 2.003) from the polyene radicals further growth of the nonsaturation is hampered because of
Rpol® (spectrum 6). The polyene radicals, in contrast to the the coplanarity of conjugated chains.

allyl radicals, do not oxidize, and they possess the high The formation of the polyene systems with participation
thermostability and keep well in irradiated PS for months. of the peroxide radicals (l1l) may be presented as follows:

—C(Ph)—CH-C(Ph)-CH-C(Ph)—
H H [O-O'1H H

2H,0+-CH,—[-C(Ph)=CH-],—C"(Ph)-
R*(V)

—-CH,—[-C(Ph)=CH-],—C(Ph)-CH—-C(Ph)-

Apparently, the formation of f* is connected with the
reactions of the conversion of ROOThey may include the
elimination of B0, that increases the length of conjugation

in the polymer chain. As the result in addition to the polyene

radicals, the molecular polyenes appeatr.

[6-O'JH H
H H H
— C(Ph )-CH-C(Ph)—

- (chain transfer)—

—CHp—[-C(Ph)=CH-]4—~CH(Ph—
(molecular polyeng
+ 2H,0 + —C*(Ph—CH=C(Ph—
R®(

According to ESR data, the conjugated system of polyene A small contribution to the process of water formation (at

radicals includes up to 15 double bon@s5]. That means

the earlier stages) might come from atomic oxygen which is

beside those of four benzene rings, three double bonds of theformed during excited peroxide radicals RO@issociation

[C1107"%,cm™
a
% (a)
31 .
| o= 2
L
14
Smin 5h 10h
T
[CT107%,cm™ ..
I _ 2
2 4
1 :
T "lfl L | 4 L ] l'
0.I 4 6 8 10

Dose’ 107% quant/cm®

Fig. 2. (a) Comparison of kinetic curves of oxygen absorption (1) and
evolution of oxidation products (#D + CO») (2); (b) comparison of
curves of water liberation (1) and evolution of carbon dioxide (2) dur-
ing photo-oxidation of polystyrene.£2537 nm; 2x 106 quantum/crAs;

150 Torr @; 300K); (where (1) Tor& (1) mm Hg= (133) Pa).

along O-0 bond:

RO-O + hv — RO* + O : ©)

The main reaction of atomic oxygen with hydrocarbons
is the rupture of C—H bonds associated with the formation
of HO®* and R radicals. The main reaction of HQs the
abstraction of hydrogen atom from the macromolecule to
form water[11]. Consequently, the appearance of two new
valences of oxygen atoms leads to the formation of the ad-
ditional amount of the radicals. In this connection, the reac-
tions of atomic oxygen can be considered as the reactions
of kinetic chain branching in the photochain mechanism:

R-H+ O :— R* + HO® (4)
(5)

It should be noted, that in the atmosphere of oxygen the
reaction of O: with @ to form ozone is also possible. Ac-
cording to datg12] ozone can react at room temperature
with solid PS breaking C—H bonds at tertiary carbon atoms
to form HO* and RQ* radicals. However, the reactions of
the ozone with PS are less effective than the reactions of
atomic oxygen.

The formation of the additional radicals [in the reac-
tions (4) and (5)] has to be reflected on the curves of total
concentration of radicals at RO@hotolysis. It has been
observed experimentally, confirming the mechanism of dis-
sociation of ROO® along O-O bond. The curves of the
change of the total concentration of radical$ [RROC]
under UV-irradiation (in different conditions) of PS films,

HO® + R-H — H,0 + R*
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[R+RO;V[R+RC:; The amount of @ fitted into the polymer chain coincides
with that consumed in the hydroperoxide channel (that is
~1%).

1,5

The scheme outlined for photochain reaction of destruc-
tion of the peroxide radicals in polystyrene is apparently

1,0 simplified and it demands the previous modifications. Nev-

o3 | S ertheless, in the sum total with the peroxide channel it
satisfactorily balances the oxygen and much better reflects

. [R+RO,J[R+RO:]o the experimental data of the photo-oxidation of polystyrene,
[R+RO:MR+RO; then the hydroperoxide mechanism alone, (which has at-

tracted the most attention in the literature to date). In ad-
dition, in the case of polystyrene it is possible to see, that
the process of photo-oxidation may be in principle different
from the thermal one if the radical intermediates have the
photosensitivity and become the additional chromophores.
Their photochemical reactions essentially change the gen-
eral direction of the process and influence on the yield of
the final products. In polystyrene light is absorbed not by
only proper chromophores, but by the peroxide radicals
too. The latter are the additional chromophores (and ac-
ceptors of excitation energy), that appear in the process of

30 t,min 60 photo-oxidation. The participation of the light, in both initi-
ation and propagation of photochain, provides long kinetic
Fig. 3. Kinetics of change of total concentration of radical$ ffRROC’] chains (1@_104 links). Because of that, the quantum yields

in PS samples irradiated with light with: (&) > 236 (1),A > 300 (2) Ay - . .
and . > 440nm (3) at 77K: (b)\=2537 (2) anda > 300nm (3) in of photo-oxidation (the absorption of2Gnd the evolution

oxygen atmosphere (600 Torr) at 273K; (c}> 440nm (6) in the air at of H20 and CQ) reach values exceeding 1. It allows us to
315K. The curves b-1 and c¢-5 describe free radical decay in the dark at assume the polystyrene is a system in which high levels of
273 and 315K (in oxygen atmosphere and in the air), respectively; 4-a transformation of the light energy takes place.

standard experiment on the accumulation of radicals during photolysis of

initial PS with light with A=2537 nm at 77 K.
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