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TaBLe I
QUANTUM YIELD OF CHAIN BREAKING
IN ETHYLENE—-CO COPOLYMERS

Concentration of o,
COD, mol/l. mol/einstein
0.000 0.0505
0.038 0.0430
0.079 0.0355
0.092 0.0350
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Figure 1.

quantum yield for chain breaking (¢) was determined
from the initial slope of the line obtained by plotting
[(M.)/H.] — 1 as a function of the light absorbed by
the system. The results of experiments using a 1.8%;
solution (6 X 10~3 mol/l. of CO) are shown in Table I.
Under the conditions of the experiment (at 3130 A), all
the light is absorbed by the polymer and none by the
COD. We attribute the reduction in the quantum
efficiency to the quenching of the triplet (n—=*) state of
the ketone by transfer of the electronic energy to the
COD. Such a process has been shown to occur in simple
aliphatic ketones in solution by Wagner and Hammond®*
and by Dougherty® using piperylene as the acceptor.
Figure 1 shows a plot of ¢o/¢ against the concentra-
tion of COD. Since the decrease in molecular weight is
due to both type I and type II processes, it is not ex-
pected that a simple linear Stern—Volmer relationship
will be observed. However, studies of quenching in
simple ketones®” show a similar effect, which has been
ascribed to the fact that some of the type II reaction
arises from the excited singlet state and is not quenched.
Complete quenching of all reaction is therefore not pos-
sible and ¢ will remain at a finite value independent of

(6) P. J. Wagner and G. S. Hammond, J. Amer. Chem. Soc.,
87, 4009 (1965).

(7) P.J. Wagner and G. S. Hammond, ibid., 88, 1245 (1966).

(8) T.J. Dougherty, ibid., 87, 4011 (1963).
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the concentration of quencher after a certain concen-
tration has been reached.

The initial slope of this curve is equal to k./Zk.,
where k, is the bimolecular rate constant for quenching
and Zk, is the sum of the rate constants for all the reac-
tions quenched. From these experiments we do not
have sufficient information to evaluate the magnitude of
the individual rate constants, but from the maximum
quenching observed we can estimate that about 4597 of
the total reaction involves the triplet state of the car-
bonyl group. This is somewhat less than that observed
with the lower aliphatic ketones at 30° (65%). (The
latter figure however refers to type II products only.)

This mechanism of energy transfer is evidently not
particularly effective in the present example, since only
a 45% reduction in the rate of degradation can be ob-
tained even with quite high stabilizer concentrations.
However, it may well be possible to find additives which
will quench both the singlet and triplet states, in which
case more effective stabilizing action could be expected.
It may well be that the effectiveness of carbon black as a
weathering stabilizer is related to its ability to accept
electronic excitation energy directly from the polymer
molecule. The conjugated double bonds present in
most forms of carbon black are not unlike those in COD
and the structural variations would ensure that almost
any desired energy levels would be available for quench-

ing.
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A Mechanism for the Oxidative
Photodegradation of Polyethylene

Several studies of the fundamental processes occur-
ring in the oxidative photodegradation of polyethylene
have been reported.! While the later stages of the
photooxidation evidently involve radical chains similar
to those of thermal oxidation, the primary stages are
less clearly understood. This paper proposes a new
mechanism for the oxidative photodegradation of
polyethylene and presents experimental evidence sup-
porting it. The mechanism is consistent with (1) known
photochemistry of model systems resembling polyethy-
lene and with (2) known products of polyethylene
photooxidation. In addition, the formation and role of
electronically excited oxygen molecules in the photo-
degradation is described.

(1) (a) M. B, Neiman, Ed., “‘Aging and Stabilization of Poly-
mers,” Consultants Bureau, New York, N. Y., 1965, Chapter 4;
(b) W. L. Hawkins, Oxidn. Combust. Rev., 1, 170 (1965); (c)
G. Scott, ‘““Atmospheric Oxidation and Antioxidants,” Elsevier
Publishing Co., New York, N. Y., 1965, Chapter 3.
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The proposed mechanism has four steps: (1) absorp-
tion of light by carbonyl groups; (2) Norrish type II
cleavage involving n—=* excited states of carbonyl
groups; (3) formation of singler oxygen molecules by
quenching of the n—=* triplet state of carbony! groups;
and (4) reaction of singler oxygen molecules with vinyl
groups formed in the type II cleavage. Each step will
be discussed in turn.

1. Absorption of Light by Carbonyl Groups. Since
little or no radiation with a wavelength shorter than
300 mu is transmitted by the earth’s atmosphere? and
since “pure” polyethylene would have a paraffinic
structure -(CH.CHo),— not capable of absorbing light of
wavelength longer than 300 mgu, previous workers®*
have suggested that carbony! groups formed during
polymerization or processing of the polymer are
responsible for the initial absorption. The ketone
group >C=0 shows a relatively weak absorption
band with a maximum at 270-290 mu and extending
into the region above 300 mgu. This absorption
is a n~7* transition® and involves promotion of
an electron from a nonbonding n orbital localized
on the oxygen atom to a more delocalized anti-
bonding 7* orbital distributed over the entire carbonyl
group.

2. Norrish Type II Cleavage. The known photo-
chemistry of aliphatic ketones®~10 suggests that the prin-
cipal routes available for chain scission are the Norrish
type I reaction (eq 1)

i 1

i hy |

RCCH;R’' —> RC- + -CH;R’ )
and the Norrish type II reaction (eq 2).

c‘) (\)
| |
RCCH,CH:CH;R' — RCCH; + CH:=CHR’ (2)

The quantum yields of these reactions have been mea-
sured for a variety of aliphatic ketones!! and the type I
cleavage appears to be much less important than the
type II process where the quantum yields are in the
range 0.2-0.3. Also, Guillet!? has presented strong
evidence that the main source of chain scission in
photooxidation of model systems, such as the co-
polymer of carbon monoxide and ethylene, is the type

(2) L. R. Koller, “Ultraviolet Radiation,” John Wiley and
Sons, Inc., New York, N. Y., 1965,

(3) A.R. Burgess, Chem. Ind. (London), 78 (1952); U. S. Na-
tional Bureau of Standards Circular 525, Government Printing
Office, Washington, D, C,, 1953, p 149.

(4) B. G. Achhammer, M. Tryon, and G. M. Kline, Kunst-
stoffe, 49, 600 (1959).

(5) For reviews of this nomenclature, see J. N. Pitts, Jr.,
F. Wilkinson, and G. S. Hammond, Advan. Photochem., 1, 1
(1963).

(6) N. J. Turro, “Molecular Photochemistry,” W. A. Ben-
jamin, Inc,, New York, N. Y., 1965.

(7) J. Calvert and J. N. Pitts, Jr., “Photochemistry,” John
Wiley and Sons, Inc., New York, N, Y., 1966.

(8) R. O. Kan, “Organic Photochemistry,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1966.

(9) D. C. Necker, “Mechanistic Organic Photochemistry,”
Reinhold Publishing Corp., New York, N. Y., 1967.

(10) ““Organic Photochemistry,”” O. L. Chapman, Ed., Vol I,
Marcel Dekker, New York, N, Y., 1967.

(11) (a) T. J. Dougherty, J. Amer. Chem. Soc., 87, 4011 (1965),
and references therein; (b) F. J. Golemba and J. E. Guillet,
unpublished results. We thank Professor Guillet for furnishing
a preprint of these data.

(12) J. E. Guillet, J. Dhanray, F. J. Golemba, and G. H.
Hartley, 153rd National Meeting of the American Chemical
Society, Miami Beach, Fla., April 1967.
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Il process. Additional evidence favoring this view
comes from several studies!? of the photolysis of poly-
ethylene, where infrared studies indicated the presence
of vinyl groups in the oxidized polymers.

Rice and Teller'* and Noyes and Davis'® have con-
sidered alternative mechanisms for the Norrish type 11
cleavage of ketones, but present evidence strongly
favors their suggestion of a cyclic, six-membered-ring
intermediate!®

R’ OH

/H\ ~ ~
0 CH . RC=CH, + CH,=CHR’
RC_,~_CH. ,
Yers \\ o @

The nature of the excited states which participate in
the Norrish type II cleavage has been a subject of con-
siderable controversy. 2! However, Wagner and
Hammond?! recently showed that both excited n—7*
singlet states and n—7* triplet states take part in the
type II cleavage of several aliphatic ketones. It will be
shown in the next section that n-=* carbonyl triplets
can be quenched efficiently by molecular oxygen.
Therefore, in the oxidative photodegradation of poly-
ethylene, we suggest that a main source of chain scission
is the unguenched Norrish type Il cleavage which may
oceur via the excited n—m* singlet state of the ketone
group.

3. Quenching of n—7* Triplets to Form Singlet
Oxygen Molecules. The suggestion that electronically
excited states of O, can be produced by physical quench-
ing of excited states of sensitizers appears to have been
made first by Kautsky.?? He studied the photooxida-
tion of spatially separated sensitizer and acceptor
molecules and found that, at low oxygen pressure, it was
possible to excite selectively a sensitizer and to produce
oxidation of distant acceptor molecules. He concluded
that this long-range oxidation was due to diffusion of
excited oxygen molcules produced by the quenching of
the phosphorescence of the sensitizer.?? Kearns?? has
reviewed the evidence in support of singlet O, production
by quenching of excited triplet state molecules.

The formation of endoperoxides has served as a use-
ful criterion for the detection of singlet O, molecules
produced in a given reaction.?* It has been shown

(13) A. W. Pross and R. M. Black, J. Soc. Chem. Ind., 69,
113 (1950); F. H. Winslow and W. Matreyek, unpublished
results,

(14) F. O. Rice and E. Teller, J. Chem. Phys., 6, 489 (1938).

(15) W. Davis, Jr., and W. A, Noyes, Jr., J. Amer, Chem. Soc.,
69, 2153 (1947).

(16) G. R. McMillan, J. G. Calvert, and J. N. Pitts, Jr., ibid.,
86, 3602 (1964).

(17) N. C. Yang, A. Morduchowitz, and D. H. Yang, ibid.,
85, 1017 (1963).

(18) P. Ausloos and R. E. Rebbert, ibid., 86, 4512 (1964).

(19) D. R. Coulson and N. C. Yang, ibid., 88, 4511 (1966).

(20) E. J. Baum, J. K. S. Wan, and J. N. Pitts, Jr., ibid., 88,
2652 (1966).

(21) P. J. Wagner and G. S. Hammond, ibid., 87, 4009 (1965);
88, 1245 (1966).

(22) For a review of these early experiments, see, H, Kautsky,
Trans. Faraday Soc., 35, 216 (1939).

(23) K. Kawaoka, A. V. Khan, and D. R. Kearns, J. Chem.
Phys., 46, 1842 (1967).

(24) C. S. Foote and S. Wexler, J. 4Amer. Chem. Soc., 86,
3880 (1964); E. J. Corey and W. C. Taylor; ibid., 86, 3881
(1964); T. Wilson, ibid., 88, 2898 (1966).



100 COMMUNICATIONS TO THE EDITOR

recently 25 that ketones such as benzil and benzophenone
can be used to sensitize the formation of singlet oxygen.
In these reactions, cyclohexadiene-1,3 was oxidized to
the endoperoxide (eq 4) and no dimers of cyclohexadiene

ZZN
1oz+‘/\a19 @
A

were produced, even though these are the major prod-
ucts in the oxygen-free reaction.?® In the absence of
the ketone sensitizer, no endoperoxide was formed.
We, therefore, suggest that in the oxidative photode-

gradation of polyethylene, the n—w* triplet states of

ketone groups are quenched by molecular oxygen resulting
in production of electronically excited O molecules.? %

4. Reaction of Singlet Oxygen with Vinyl Groups.
Another reaction characteristic of singlet O, molecules
is the attack on olefins to form hydroperoxides. 24 2?

'CH; OOH CH,
NL 7
c—C
7N

Since vinyl groups are formed in the Norrish type II
cleavage, we suggest that in oxidative photodegradation
of polyethylene, singlet O, molecules, formed by quench-
ing of n—=* carbonyl triplets, react with vinyl groups to
form hydroperoxides.

Further reactions of the hydroperoxide would lead
to additional carbonyl groups which could undergo

AN
10, + C=C (5)
/

(25) A. M. Trozzolo and S. R. Fahrenholtz, unpublished
results.

(26) D. Valentine, N. J. Turro, and G. S. Hammond, J.
Amer, Chem. Soc., 86, 5202 (1964); N. J. Turro, Ph.D. Thesis,
California Institute of Technology, Pasadena, Calif., 1963;
D. Valentine, Ph.D. Thesis, California Institute of Technology,
Pasadena, Calif., 1966.

(27) There are two states of singlet Oz which can be produced
by quenching of the triplet sensitizer: the 1Z;* state which lies
37.5 kcal above the 3Zg~ ground state and the !Ag state which
lies 22.5 kcal above the ground state. Recently, Kearns has
presented evidence?® that both excited states participate in dye-
sensitized photooxygenation reactions and that the relative
amounts of each vary with the triplet energy of the sensitizer,
Since n—=* carbonyl triplet energies are usually above 50 kcal,
it is very probable that the singlet Q2 produced from these species
would have a substantial !Z;* contribution.

(28) D. R. Kearns, R. A, Hollins, A. V, Khan, R. W. Cham-
bers, and P, Radlick, J. Amer. Chem. Soc., 89, 5455, 5456 (1967).

(29) K. Gollnick and G. O. Schenck, Pure Appl. Chem., 9,
507 (1964); D. B. Sharp, Abstracts, 138th National Meeting
of the American Chemical Society, New York, N. Y., Sept
1960, p 79P; K. R. Kopecky and H. J. Reich, Can. J. Chem.,
43, 2265 (1965).
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CH, CH, 0 H CH,
SN SN N /
CH, C CH—CH,

AN
CH,—CH,
type II cleavage of n—=* singlet

'

CH, CH, O CH,
AN AN 4 VRN
CH, C CH—CH,

v ©)
CH; CH.
ketone olefin
(ketone)’»—m* 4+ O, —> ketone + !0, N
cu i
1 2/ CHz/
HGrCT TR, 0T R
H.C H H.C
“0=0 0—0~

type Il cleavages. These reactions are now Dbeing
studied. The formation of the hydroperoxide by
singlet oxygen attack is also attractive from a steric
point of view since the ketone and vinyl groups in the
polymer system would be separated only slightly by
type II cleavage.

Additional support for the mechanism is given by
data obtained in the photolysis of polyethylene which
indicate that rather little autocatalysis occurs and that
chain lengths are quite short. This behavior would be
expected if the rate-determining step is the diffusion of
oxygen.

1t should be mentioned that, if the above mechanism
is valid, it would then appear that a mechanism for
stabilization based upon quenching of the triplet n-=*
state of the carbonyl group would not have significant
effectiveness for two reasons: (1) type II cleavage can
still occur via the singlet n—7* state and (2) oxygen could
compete effectively with the added quenchers and pro-
duce singlet O, molecules which would promote oxida-
tion.
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