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Synopsis

Three classes of active halogen compounds were effective in promoting photodegradation of
polystyrene, polypropylene, and polyethylene. The classes are arylmethyl halides, phenyl halo-
methyl ketones, and haloalkenes. The additives were blended with the polymers and fabricated
into films which were irradiated 66-200 hr with a 275-watt RS sunlamp. Photo-oxidation, as de-
termined by IR spectroscopy, was used as a measure of photodegradation. The relationship be-
tween the structure of the additive and its effectiveness as a photoinitiator within each of the
three classes of compounds is discussed. In general, photoactivated polystyrene was degraded
the most, followed by polypropylene and then polyethylene. Viscosity measurements on irradi-
ated polystyrene containing the additives showed significantly greater molecular weight loss than
a polystyrene control.

INTRODUCTION

In a previous study,! N-halogen compounds, such as N-bromosuccinimide,
added to polystyrene (PS), polypropylene (PP), and polyethylene (PE) in-
creased photodegradability of the resulting films. Based on this finding, we
thought that other active halogen compounds also might enhance photode-
gradability. In this investigation, the effectiveness of a series of arylmethyl
halides, phenyl halomethyl ketones, and haloalkenes were examined. We
were interested in determining the relative effectiveness of these three classes
compared to the N-halogen compounds, how structural variations of the ad-
ditives influenced their activity, and how the stabilities of PS, PP, and PE
were affected by a given additive.

EXPERIMENTAL

Film Preparation. Commercial PS (Dow-580) was purified by first dis-
solving 90 g of the powdered resin in 510 ml chloroform. The resulting solu-
tion was poured slowly into a 1-gallon Waring Blendor containing 2 liters vig-
orously stirred methanol. The finely precipitated powder was filtered,
washed with methanol, air-dried, and finally dried in a vacuum oven at 52°C
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at water-aspirator pressure. This procedure was repeated three times yield-
ing PS containing no odor of styrene.

PS films were made by combining 3 g purified PS powder, 1-5% by weight
of additive, and 17 ml chloroform and shaking on a wrist-action shaker until a
solution was obtained. This solution was spread on a 4 X 8 in. glass plate
using a film casting knife with a setting of 0.038 in. The plate was suspended
above chloroform in a covered tray to retard evaporation as the solvent. A
film free of bubbles resulted.2 After the plate had dried overnight, it was
placed in a tray containing distilled water, and the film floated away from the
glass. From the resulting film, which was 0.004-0.005 in. thick, a piece % X
1% in. was cut and used for both IR spectroscopy and exposure to UV light.
The procedure for preparing films from high-density PE (du Pont Alathon
2005-P) and PP (Hercules Profax 6501) has been described.! All additives
were commercially available and were used as received.

Photodegradation. Films were irradiated with General Electric 275-watt
RS sunlamps. Because the light intensity of these lamps is not uniform with
time, the lamps were used between 50 and 500 hr of operating time. The RS
sunlamp has been employed by other investigators for studying the photode-
gradation of plastics,34 and its characteristics have been compared to various
UV light sources.>® The method used for irradiating films on a revolving
table located 6 in. below the sunlamp is a modification of a published proce-
dure.” PS and PP samples were irradiated for 66 hr and PE, for 100-200 hr.

Measurements of carbonyl absorbance before and after irradiation were
made with a Perkin-Elmer IR spectrophotometer, Model 257. The increase
in carbonyl absorbance was used to determine the extent of photodegrada-
tion. The additive effectiveness ratio (AER) was determined by dividing the
absorbance increase for polymer with additive by the absorbance increase of
polymer without additive. An additive effectiveness ratio greater than one
indicates that the additive functions as a photosensitizer, whereas a ratio less
than one indicates the additive acts as a photostabilizer. When desired, the
additive effectiveness ratio was divided by the per cent additive to provide an
index for comparing samples containing different amounts of additive. In-
trinsic viscosities of toluene solutions of PS films were determined at 30°C
with an Ubbelohde dilution viscometer. Molecular weight M was obtained
from intrinsic viscosity [n] according to the Mark-Houwink equation [4] =
KMo,

RESULTS AND DISCUSSION

Effect of Arylmethyl Halides

The IR spectra of irradiated PS, PP, and PE with and without various ar-
ylmethyl halide additives are shown in Figure 1. In every case, the polymer
with the additive has a significantly greater carbonyl increase than the same
polymer without an additive. It can be concluded that the polymers contain-
ing these arylmethyl halides have undergone greater photo-oxidation and
therefore greater photodegradation than the polymer control. Unlike PP
and PE, which have one carbonyl band at 1717 em~!, PS has two carbonyl
bands, one at 1750 and the other at 1695 em™!. In calculating the carbonyl
increase for PS, the combined increases in both bands were utilized.
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Fig. 1. IR spectra of vinyl polymers with and without additives after irradiation with UV sun-
lamp. (A): (—)PS;¢(..... ) PS + 5% ¢3CBr. (B): (—)PP;(..... } PP + 1% ¢oCCle. (C): (—)
PE;(..... } PE + 5% p-Cl3C¢CCls.

In Table I are shown the results of irradiating vinyl polymers containing
arylmethyl halides in which the structures of the additives have been system-
atically altered. This was done to correlate structural variation with additive
effectiveness. The higher the AER, the more readily the additive can induce
photodecomposition in the polymer. Also, dividing AER by per cent addi-
tive enables additives to be compared independent of concentration. First, it
should be noted that with both PS and PE, generally 2-5% additive was re-
quired to yield ratios greater than unity. Because the N-halogen additives
studied previously! were effective at the 1% level, we conclude that as a class
the arylmethyl halides are not as effective as the N-halogens. With PP, 1%
additive was generally adequate to give polymer blends with ratios greater
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than unity. This suggests that arylmethyl halides are more effective pho-
toinitiators in PP than in PS or PE.

A number of other correlations can be made between additive structure
and effectiveness based on the data in Table I. In both PS and PP, the more
phenyl groups attached to a C—Cl group, the more effective is the additive.
Thus, in PS, ¢3CCl1 (1.46) > ¢>CHCI (.488) >¢CH,CI (.21). In PP, ¢sCCl
(1.40) >¢oCHCI (1.02) >¢CHoCl (.745). These results can be explained by
assuming a free-radical photolysis:

hy
¢,CH3_,—Cl —> ¢, ,CH3_,. + CI-

where n = 1, 2, or 3 in which the phenylmethyl free radical is more resonance
stabilized by three phenyl groups than by one. The longer-lived trityl radical
would thus be more capable of initiating photodecomposition in the main
polymer chain than a shorter-lived free radical. Varying the number of chlo-
rine atoms attached to the phenylmethyl group gave the following: in PS,
¢2CCl; (1.15) > ¢CCl3 (.424) >¢CH2Cl (.210); in PP, ¢oCCl; (1.66) >¢CCl;
(1.35) >¢CHsCl (.745). With these two polymers, ¢oCCls was more effective
than ¢CCl;3 but with PE, the reverse was true, CCl3 (.208) >¢oCCl, (0.135).

A comparison was also made between bromine- and chlorine-containing ar-
ylmethyl halides. Because the bond energy for the C—Br bond is less than
for the C—Cl bond (65.9 versus 78.5 kcal/mole),® the former bond should be
broken more easily, and the arylmethyl bromides might be expected to be
more reactive than the arylmethyl chlorides. The data in Table I show that,
with certain structures, arylmethyl bromides are superior to arylmethyl chlo-
rides as photoinitiators, but with other structures, the reverse is true. Thus,
in PS, ¢2CHBr (2.03) >» ¢oCHCI (.488); and in PP, ¢oCHBr (1.37) >¢,CHCl
(1.02); also in both polymers ¢CH,Br is superior to ¢CH2Cl. Unexpectedly,
however, $3CCl was more effective than ¢3CBr in all three polymer systems.
Thus, in PS, ¢3CCl (1.46) >¢3CBr (.960) >¢3CH (.530). Triphenylmethane
was included for comparative purposes only. Because the C—H bond energy
(98.8 kcal/mole) is higher than the C—Cl or C—Br bond energies, ¢$sCH was
predictably less active than its halogen analogs. ¢3CCl was slightly more ef-
fective than ¢3CBr in PP where ¢3CCl (1.40) >¢3CBr (1.36) >¢3CH (1.07); in
PE, ¢3CCl (.697) >¢3CBr (.354). The superiority of ¢3CCl over ¢3CBr must
be due to factors other than bond strength.

Because of the higher bond energy of the C—F bond (105.4 kcal/mole)
compared to the C—Cl bond (78.5), it would be expected that ¢CF3 would be
less reactive than ¢CCls. This was verified in PS where ¢CCl; (.424) >¢CF3
(.199) and in PP where ¢CCls (1.35) >¢CF3 (1.22). In comparing the di- and
tetrabromo-o-xylenes, one might predict that the tetrabromo would be more
effective than the dibromo. This was true for PS where tetrabromo (1.86) >
dibromo (1.23), and in PE where tetrabromo (.600) > dibromo (.131). In PP,
however, the tetrabromo (1.37) was slightly less reactive than the dibromo
(1.43). Finally, in PS and PE, p-Cl3C ¢CCl3 containing two ClsC— groups is
more reactive than ¢CCls with one such group. Thus in PS, p-ClsC ¢CCls
(.628) >¢CCls (.424), and in PE, p-Cl3C ¢CCl3 (.660) >¢CCl3 (.208), but in
PP, p-ClsC ¢CCls (1.33) and ¢CCls (1.35) are about equal in effectiveness.
In general, the effectiveness of the arylmethyl halides as photoinitiators fol-
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lows expected considerations of bond energies and resonance stabilization of
free radicals. There are enough exceptions, however, that care must be ex-
cercised in making predictions regarding the activity of any particular addi-
tive.

Effect of Phenyl Halomethyl Ketones

In Table II are listed several phenyl halomethyl ketones which differ
structurally from the arylmethyl halides in that they contain a carbonyl
group between the aromatic ring and the carbon-halogen group. Hence, it
was of interest to determine how these two classes of compounds would com-
pare as photoinitiators. The expectation was that the phenyl halomethyl ke-
tones would be more reactive than the arylmethyl halides because of the in-
ductive effect of both the phenyl and carbonyl groups on the carbon-halogen
bond. The data in Table II show that the phenyl halomethyl ketones are su-
perior to the arylmethyl halides, and are roughly equivalent in activity as
photoinitiators to the N-halogens. Of the three polymers tested in Table II,
PS was degraded the most, followed by PP and then PE. The ratios ob-
tained for PE after 200 hr are roughly double those for PE after 100 hr show-
ing that within this time interval, degradation appears to vary linearly with
time. With all three polymers, the bromine-containing phenyl ketones are
generally more effective than the chlorine-containing phenyl ketones.

Effect of Haloalkenes

All of the compounds listed in Table III have one common structural fea-
ture: a chlorine or bromine atom on a carbon atom adjacent to a double
bond. Such compounds are known to be reactive because cleavage of the car-
bon-halogen bond produces a species that is resonance stabilized by the dou-
ble bond. When employed at the 5% level, the haloalkenes generally gave ra-
tios greater than unity. They are therefore comparable in activity as pho-
toinitiators to the arylmethyl halides, and are not as effective as the phenyl
halomethyl ketones.

The additive most effective in both PS and PE is 2,3-bis(bromomethyl)-
1,4-dibromo-2-butene. This activity is probably due to the four C—Br bonds
present in the molecule, any of which can be photolyzed to yield a reactive
photoinitiating radical. The analogous dibromobutene, which has only two
C—Br bonds, is less active. A comparison of the hexachloropropene with the
hexachlorocyclopentadiene shows the latter is more effective in all three poly-
mers because it has two double bonds which can stabilize the free radical
formed by photolysis of the allylic C—C1 bond. As expected, cinnamyl bro-
mide was more effective than cinnamyl chloride, thus supporting the same
trend shown previously that a bromine-containing compound is generally a
better photoinitiator than the alogous chlorine compound.

Because of the aromatic ring present in the cinnamyl halides, at least five
resonance forms are possible for the resulting free radical, three of which are
shown:

Q—CH=CH—CH2- — @—CH—CH=CHZ — ®=CH-—CH=CHZ
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TABLE IV
Effect of Various Additives on Viscosity and Molecular Weight of Polystyrene
Before Irradiation After 66 hr sunlamp
Sample [n]a M,b [n] M,
Polystyrene (control) o 1.818 917,500 997 400,000
Polystyrene + 2% o,a,00 ,& - 2.291 1,271,000 .325 84,550
tetrabromo-o-xylene
Polystyrene + 1% a0’ 2.155 1,165,000 277 67,400
dibromodibenzyl ketone
Polystyrene + 5% 2,3- 2.177 1,174,000 .147 28,000

bis(bromomethyl)-1,4-
dibromo-2-butene

a Intrinsic viscosity.
b Viscosity-average molecular weight.

This delocalization of the electrons conveys stability to the free radical and
hence greater reactivity.

Viscosity and Molecular Weight of Polystyrene

In addition to IR spectroscopy for determining photodegradation, viscosity
measurements were made on selected PS samples before and after irradiation
to determine molecular weight changes. In Table IV are shown viscosity and
molecular weight data on PS containing a member of each of the three classes
of additives. Compared to the control, the samples of PS containing the ad-
ditives have undergone significant changes in viscosity and molecular weight.
These findings support the view that photo-oxidation is often accompanied
by severe molecular weight loss. Hence, under the experimental conditions
used, these three classes of halogen additives were effective in enhancing the
photodegradation of vinyl polymers.

The author wishes to thank Rudolf Bermann for IR and viscosity determinations and Dr. Mar-
tin J. Diamond for suggestions regarding the manuscript.
Reference to a company or product name does not imply approval or recommendation of the
product by the U.S. Department of Agriculture to the exclusion of others that may be suitable.
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