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ABSTRACT

A literature search from 1958 to present has been conducted
on the effect of ultraviolet radiation on polymeric materials,
with particular emphasis on vacuum photolysis, mechanisms of de-
gradation and energy transfer phenomena. The literature from
1958 to 1968 was searched manually, while the literature from
1968 to present was searched by using a computerized keyword sys-
tem. Selected references are reviewed and discussed in this re-
port. The primary objective of this study was to provide the
necessary background information for the design of new or modified
materials with improved stability to the vacuum-radiation environ-

ment of space.
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1. INTRODUCTION

Many applications can be easily identified for a material
which can be prepared as a thin film and which is stable in the
environment of space. One obvious application would be as a
paint binder. Others include solar cell covers, second-surface
mirrors, adhesives, and optical windows. Apart from ultraviolet
and charged-particle radiation stability, the essential require-
ments of the ideal material are that it be Optlcally transparent
in the spectral region from 3000A (preferably 2000A) to at least
15000A,that it be a film-former, pigmentable, and processable.
For a variety of reasons, commercially available materials do
not meet these requirements; most are unstable, others have high
outgassire potential, and many are simply not adaptable to space-
craft applications.

The purpose of the program described in this report was to
develop a comprehensive rationale for "designing" a polymeric
material possessing the ma‘or characteristics noted. The basic
approach is to formulate structure-property relationships:
associating stability with polymeric structure or structure-re-
lated properties. The program discussed here is the first phase
of this effort and essentially consists of gathering, screening
and analyzing relevant information. Determining which polymeric
structures are most resistant to ultraviolet and charged particle
radiations, and indicating means of synthesizing new materials or
modifying existing materials are this effort's ultimate objectives.

The primary information we seek is that which correlates UV-
induced degradation mechanisms with structural changes which re-
sult in increased optical absorption. For this purpose, it is
necessary to determine the principal factors affecting the various

iItT RESEARCH INSTITUTE
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modes by which a polymer dissipates absorbed UV energy, specifi-
cally, to identify those which influence the creation of optically
absorbing species. The task is a difficult one because this type
of information is highly specific to individual polymer structures.
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2, LITERATURE RETRIEVAL

The Information Science (IS) group of IITRI Chemistry Division
surveyed the aviilability of materials at the John Crerar Library
and used the information gained there to formulate a computerized
keyword search of Chemical Abstracts (CA). The library search
identified about 25 summary volumes that are related to some
aspects of the program. Citation cards prepared for those items
that have been judged by IS to be valuable foimed the nucleus of
the reference abstract file. In addition, civation cards were
prepared for the items that appeared in the bibliographies of
those references - thus broadening the basc¢ of initial coverage.
Additional broadening was achieved via the RAPRA abstracts.

When the initial library survey was completed, the most
direct benefit was the accumulation of sufficiert keyword fre-
quency of occurrence data to allow formulation of a meaningful
profile (searcii question). The first category (A) consists of
terms that express the concept of '"Ultraviolet Photochemistry"
which is the interaction of interest. The second category (B)
consists of terms taat characterize the materials and other
interactions of interests. Common polymer trade-names and
abhreviations were also included in this category. The third
category (C) specifies some interactions, other than those that
are relevant, that are to be specifically excluded from the re-
trieval. Thus, the computer retrieval requires that each
selected citation possesses at least one occurrence of an index
or ri~le term from each of the two categories, A and B, while
a single occurrence from the C categories would disqualify it
(Table 1),

IIT RESEARCH INSTITUTE
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Each citation card from the computer retrieval contains the
title, author, source, index terms for the reference, as well as
a special print-out of those terms that were responsible for

the selection. A final card summarizes the statistics of the
family of keywords, sorted alphabetically. These retrieved cita-
tions were manually prescreened by IS prior to their release to
the Polymer Group for ¢ .ose technical review and selection of

the documents to be ordered. The CA machine search (1969-1974)
identified 6,582 references. The period from 1958 to 1969 was
searched manually, since it does not currently exist in a machine
readable form. The literature coverage was the following:

Abstract Journal No. of References

Chemical Abstracts (CA)

manual 1958 - 1968 12,000%*

machine 1969 - 1974 (April) 6,482
Scientific & Technical Aerospace Reports

manual 1968 - Present 50
USGRDR (GRA) 1968 - Present 40

*estimated figure - material was reviewed directly by technical
staff - reference abstract cards were prepared for only most
pertinent material.

Some 18,500 reference abstracts were identified and technically

reviewed for the program. Approximately 500 reference documents

were ordered for the program. These included government research
reports, published journal articles, reprints, papers from pro-
ceedings, excerpts from handbooks, etc. The most significant
works are reviewed in this report.

11T RESEARCH INSTITUTE
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Computer Retrieval Keywords

A

uv
Ultraviolet
Ultra-violet
*Radiat*
Photo*

Table 1

B

Poly*
Plastic
Coating
Paint
Resin
Film
Vacuum
Absorb*
Absorpt*
Degrad*
Silicone
PVC
Nylon
Teflon
Viton
Kel-F
Lexan
Kodel
Mylar
Kapton
Nomex
Neoprene
Saran
Astrel
Ekonol

RESEARCH INSTITUTE
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Atomic
Alpha
Beta
Gamma
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3. PHOTOLYTIC BEHAVIOR OF POLYMERIC MATERIALS

3.1 Ultraviolet Absorption and Photochemical Effer:

The chemical changes resulting from exposure of . polym :
to ultraviolet are controlled by the two fundamental laws of
photochemistry that apply to any other type of non-polymeric
material. The first law (generally known as the Grotthuss-Draper
Law) states that only radiations that are absorbed by the material
can produce a chemical change. Most polymers contain chemical
groups which absorb ultraviolet light. The carbonyl group
(C=0) occurs in manv polymers and may cause ultraviolet absorption
up to 2500-2800&. Aromatic compounds absorb up to 3500;; when
combined with the carbonyl group they absorb to still higher wave-
length. A carbon-carbon double bond (C=C) alone absorbs below
2500&; but when several double bonds are conjugated they absorb
at increasingly higher wavelength eventually reaching the visible

range.

The sccond fundamental law of photochemistry is generally
known as the Stark-Linstein law, or law of the photochemical
equivalent (ref, 1): each molecule taking part in a photochemical
reaction ansorbs one quantum of the radiation causing the reaction.
Since a quantum of energy is given by the product h., according
to the Stark-Einstein law the energy absorb:d by a reacting
molecule is also given by h, (the product of Planck's constant
and the frequency of the light absorbed).

If moles are substituted for molecules in the Stark-Einstein
law, one obtains what is known as the Bohr law. If the energy
absorbed by a molecule is hy, the energy absorbed by a mole is
given by E=Nhv = Nhc/) (where N is the Avogadro's number and ¢ the
velocitv of light). Inserting the values for N,c,h, and convert-
ing erg: into kilocalories, the Bohr law is obtained () is ex-
pressed in Angstrom units):

E= (2.5 x 105/x) kcal/mole
11T RESEARCH INSTITUTE
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The energy E for a given wavelength is usuglly referred to
as the einstein of radiation; this is the energy of an Avogadro's
number of photons, that is, the energy absorbed by a mole of ab-
sorbing substance. This equation a‘‘ows a direct comparison be-
tween bond energies in polymers and absorbed energy at any given
wavelength. For example, for a \ = 4000A, the einstein is 71
kcal/mole; for a )\ = 25372 (a common wavelength in photochemical
work), the einstein is 113 kcal/mole, more than enough to break
a carbon-carbon bond. Typical values of bond energies are shown
in Table 2.

The relationship between the photochemical effect of a
radiation and the energy absorbed is usually expressed as quantum
yield or quantum efficiency 3:

number of broken bonds
number of quanta absorbed

$

3.2 Effects of Impurities and Extraneous Materials

A ultraviolet transparent polymer must be stable 1ltra-
violet since there can be no damage without absorpt: Un-
fortunately, transparency of =2 polymer to ultraviol _ight is

difficult, 1 not impossible, to achieve. Polyethylene and other
saturated polyhydrocarbons for example, should be inherently
transparent at wavelengths higher than 20002. However, these
polymers aegrade under ultraviolet exposure, and the reason is
that, to some extent, they do exhibit ultraviolet absorption.
This absorption has been ascribed to impurities or structural
irregularities in the polymer chains that may act as sensitizers
of ultraviolet degradation. The problem of purity is very critical
in the study of the photolysis of polymers. Conclusions relating
polymer structure to stability can be misleading, if degradation
is promoted by an unknown structural irregularity or impurity

II'T RESEARCH INSTITUTE
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Table 2

BOND ENERGY TERMS FOR GENERAL use®

Bond Bond Energy Term E (K cal./mole, 25°)
Cc-C 82.6
C=C 145.8
C=C 199.6
C-N 72.8
C=N 147
TeN 212.6
C-0 85.5
C=0 aldehydes 176
C=0 ketones 179
C-S 65
N-N 39
N=N 100
Si-0 silicones 106?b

8411 values are deduced from aliphatic compounds and are
taken from T.L. Cottrell, "The Strengths of Chemical Bonds,"
Butterworths Scientific Publications, London, 1958, pp. 270-
275.

by .. doubtful value
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that is not typical of the polymer structure. These are sites
where the degradation reaction is often initiated since the energy
required is lower than that required for breaking a regular bond.
It is very difficult to determine the nature of the initial ab-
sorbing species, because of their very low concentration. The
formation of carbonyl groups by oxidation during polymerization
or process:ng of polyolefins may be responsible for the initial
absorption and could initiate photolytic degradation (ref. la, 2).
It has been reported (ref. 3) that aromatic impurities such as
phenanthrene, anthracene and naphthalene are present in poly-
ethylene and act as sensitizers of ultraviolet degradation. The
use of model compounds in the study of polymer photolysis has

the very important advantage that the studv is conducted on pure

materials.

3.3 Relationship Between Absorption and Stabhility

Although ultraviolet instability is undoubtedly related to
ultraviolet absorption, the relationship between transparency and
stability is not simple to predict  Feor example, traces of keto
groups in polyethylene mak: the polymer very sensitive to ultra-
violet light, whereas poly(methylmethacrylate) with one keto
group for each repeating unit is among the polymers with the
highest ultraviolet stability. 1t appears that some polymer
structures, unlike others, have a mechanism for dissijating
absorbed energy that otherwise would cause breakdown ¢ the chain,
Absorbed energy caii be dissipated as heat or re-radiated at

11T RESEARCH INSTITUTE
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longer wavelength. A better understanding of these phenomena

would probably explain why the same absorbing group may have a
negative effect on ultraviolet stability in a certain polymer

structure and be relatively harmless in another structure.

An interesting question is whether the effézt of ultraviolet
on polymers can be predicted on the basis of a knowledge of the effect
of gamma or other ionizing radiation. A few studies have been
concerned with comparing “he effect of ultraviolet and gamma
radiation on polymers. Charlesby has demonstrated for poly(methyl-
methacrylate) (ref. 4) that the degradation process due to ioniz-
ing and ultraviolet irradiation is the same; only the efficiency
of the two processes differ, since the energy absorbed per main
chain cleavage is abo *- 550 eV with ultraviolet radiation and
about 65 eV with gamma radiation. A part from this difference
in efficiency, Charlesby concludes that the two reactions are
very similar and result in the formation of similar free radicals,
as seen by EPR. (It must be noted that '"ionizing' radiations do
not normally produce ionization in organic polymers, and the ob-
served effects are generally explained in terms of free radical
reactions with no participation of ionic species). 1In a follow-
ing paper, however, Charlesby (ref. 5) points out an important
difference between gamma and ultraviolet irradiation of poly..
(methylmethacrylate): the susceptibility of an ester group in
polymethylmethacrylate to undergo homolysis by ultraviolet radia-
tion is about 40 times that with gamma radiation, when compared
to the susceptibility of the main chain. This pronounced
difference is ascribed to the fact that while gamma radiation is
absorbed at random by the polymer chain, absorption of ultra-
violet is selective at the keto group of the ester link., It may
be concluded that the selective absorption of ultraviolet light
is responsible for the different effect of ultraviolet and gamma

II'T RESEARCH INSTITUTE
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radiation. This consideration is certainly applicable to poly-
mer structures other than poly(methylmethacrylate).

It is interesting to note that some high-temperature aromatic
polymers that are highly stable to gamma-radiation, such as the

polyarylsulfones, are very unstable to ultraviolet radiation

2
1

(ref. 6,7,8). This bechavicr is

9]
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served with aromatic
structures exhibiting high absorptien 1n the ultraviolet region.

A few studies have appeared on the wavelength dependence of
photodegradation in organic polymers. As a general rule, the
lower the wavelength cf the radiation absorbed the greater is the
damage (ref. 9). However, 1t has been found that, in the case
of aromatic polyamides. the most damaging rsdiatvion lies in the
near ultraviolet region (ref. 10) ihe rcason for this unusual
behavior is not explained. It is difficult te see how a less
energetic ultraviolet radiation could cause more damage than a
shorter, more energetic rad:i:ation that 1s equally abscrbed by
the polymer.

3.4 Thysicochemical Aspaects of FPolymer thotolysis

It is important to consider the vdarious events that may
follow absorption of a photon by a4 certain group 1n a polymer
molecule. Most organic molecules lie 1n a singlet ground ctate.
Absorption of a photon raises the molecule to an excited singlet
or triplet state. If the molecule his sufficient e¢nergy in the
excited state, whether 1t be singlet or iriplvi. bond dissoclia-
tion may take place. This bond-breasking process is relatively
slow and is statistically more prornavle 1n the long-lived triplet
state. If a C-H bond is broken. the process of excitation and

decomposition can be represented as follows:
RH - V. RHx

RH* —>»R., + H,

11T RESEARCH INSTITUTE
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This decomposition process must compete with other deexcita-
tion processes. The excited molecule may revert to the ground
state by radiationless transitions and the emission of heat. Re-
version to the ground state may also be accomplished by photon
emission; the excited molecule re-radiates part of the energy at
a longer wavelength as the electron returns to the ground state.
This phenomenon is known as fluorescence or phosphorescence, de-
pending on whether the excited state 1s a singlet or a triplet,
and whether or not there is a time lag in the re-radiation pro-
cess. These harmiess deexcitation processes allow the excited
molecule to return to the ground state without producing a
chemical change:

RH* —3 RH + heat
RH* ——> RH + h\)

Reversion to the ground state may also be accomplished by
transfer of electronic energy to another group 1n the vicinity
of the excited molecule:

Mi* o+ M, —> My o+ M,*

Such electronic energy transfer 1is believed to play an
important role in polymer photodegradation, particularly where
long-lived triplet states are involved (ref. 1l1). The importance
of energy transfer processes becomes apparent if one considers
that photolytic degradation 1s not entirely a consequence of
absorption o: a photon by the particular group undergoing degrada-
tion. Very often energy is transfered to this 'weak'' group from
a different absorbing group in the polymer or from an absorbing
impurity. Some workers have devoted considerable attention to
the study of polymer photolysis in the presence of ''sensitizing"
impurities, such as the photolysis of silicones in the presence
of naphthalene (ref. 12) or the photolysis of polypropylene in

I'T RESEARCH INSTITUTE
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the presence of phenanthrene (ref. 13), Electronic energy trans-
fer is involved in the sensitized degradation process. An in-
teresting case of intramolecular energy transfer is the photolysis
of polymethylphenylsiloxane (ref. l4), in which photodegradation
occurs predominantly at the methyl group, although the phenyl
group is responsible for absorption It is interesting at this
point to observe the similarity between a ''stabilizer" and a
"sensitizer" of ultraviolet degradation. Both molecules are
strong ultraviolet absorbers and will reach an excited state as a
result of photon absorption. The 'sensitizer' will return to the
ground state by transfer of energy to the polymer, therefore
initiating degradation. The stabilizer wiil return to the ground
state by re-radiating the absorbed energy as heat or as a photon
of longer wavelength. For a stabilizer to be effective it is
essential that the energy of excitation be dissipated quickly.
Since transfer of energy to the polymer is a competitive process,
the rate of deexcitation is very critical. It is interesting to
observe that while benzophenone 1s a sensitizer of photochemical
reactions and is quite reactive in 1ts excited state, o-hydroxy
benzophenone is very stable to ultraviolet, and is in fact used

as ultraviolet stabilizer. There 1s substantial evidence that

the reason for the stability of o-hydroxybenzophenone is the
ability of the photoexcited molecule to return to the ground

state through a radiationless transition so that the encrgy is
given up in the form of harmless heat (ref. 19,20). This behavior
is undoubtedly associated with the capability of the o-hydroxybenzo-
phenone to form an intramolecular six-membered hydrogen-bonded

ring: 1.
9 0
1f '

-~ C

0
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The excited state induced by absorption of a quantum of
light is deactivated through a reversible mechanism that leaves
the stabilizer molecule unchanged and does not cause any chemical
effect in the polymer.

Recently it has been demonstrated that compounds that do not
absorb the incident radiation can also stabilize the polymer by
abstraction of the excited state energy from the polymer molecule.
Guillet refers to these types of compounds as ''quenchers' (ref.
15). Heskins and Guillet (ref. 16) have shown that 1,3-cyclo-
octadiene can quench the excited triplet state in polyvinylketones
and ethylene-carbon monoxide copolymers and stabilize these poly-
mers 4against photodegradation. There is strong evidence that the
mechanism of action of nickel chelates of thiobisphenols (ref. 17),
that are known to be good stabilizers for polyolefins, involves
primarily an energy transfer mechansim. The stabilizing effect
of pyrene and p-terphenyl in poly(methylmethacrylate) was also
interpreted in terms of an energy transfer mechanism (ref. 18).

IIT RESEARCH INSTITUTE
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4, PHOTODEGRADATION OF VARIOUS POLYMER CLASSES

In this section, some important classes of polymeric materials
are reviewed with a brief discussion of their photolytic behavior.
It should be noted that because of proprietary interests, much
of the literature pertaining to polymer photochemistry does not
appear in scientific journals. Much of the data on photostabiliza-
tion, for instance, is to be found in the patent literature.

The publications reviewed here are the ones which have the greatest
scientific merit and the ones that deal more specifically with the
mechanisms of photolysis. Particular consideration has been given
to studies dealing with photolysis in vacuum, although some studies
performed in air have been included, depending upon their technical
relevance, and whether or not any study performed in vacuum was
available on that particular polymer.

4.1 Polyethylene

A pure polyethylene chain should not absorb radiations of
wavelength higher than ZOOOR. In reality, polyethylene does
absorb in the ultraviolet due to impurities or irregularities in
the polymer chain. Since impurities and irregularities may vary
with the sample and the source of the polymer, the interpretation
of the results and the comparison of data of different authors
is particularly difficult. The formation of carbonyl groups as
a result of oxidation during polymerization or processing is often
blamed for ultraviolet absorption and consequent instability of
polyethylene. Charlesby and Partridge (ref. la,2) have shown that
carbonyl groups are indeed present in polyethylene and that the
ultraviolet and gamma induced thermoluminescence and phosphore-
scence of polyethylene are associated with the presence of carbonyl
impurities.

11T RESEARCH INSTITUTE
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Polyethylene undergoes much faster physical change upon
irradiation in air than in n}trogen (ref. 21). Charlesby (ref.22)
exposed polyethylene to 2537A radiation both in oxygen and in
nitrogen; he found that ultraviole% exposure results in an in-
creased absorbance in the 2000-2800A region, and ascribed the ab-
sorbtion to conjugated unsaturation. Cotten (ref. 23) showed
that both chain-scission and crocs-linking take place on irradia-
tion of polyethylene in air, and that scission is favored in the
highly crystalline region. Since the diffusion rate of oxygen
into amorphous regions is greater than in crystalline regions,
cross-linking occurs preferentially in the amorphous regions (ref.
24)., Ohnishi (ref. 25) irradiated polyethiylene in vacuum with
electrons at -78°C and by EPR, found allvl radicals,
these allyl radicals are converted to alkyl radicals under 25373
irradiation. The total radical concentration does not change,
indicating the existence of an alkyl-allyl equilibrium:

-CH.-CH-CH=CH- = -CH-CHn-CH=CH-
CH,-CH-CH=CH- = -CH-CH,-CH=CH
Pivovarov (ref. 3) reported that polyethylene always contains
phenanthrene, anthracene and naphthalene as impurities, and that

these aromatic compounds act as sensitizers of ultraviolet degrada-
tion.

4.2 Polypropylene

Several free radical species have been detected by Yoshida
(ref. 26) and Browning (ref. 27) in the EPR spectrum of irradiated
polypropylene:

CH3. -CHZ-QH-CHZ-

-CH,-CH-CH,- ~CH-CH-CH-
2 1 2 ] . !
QHZ CH3 CH3

IIT RESEARCH INSTITUTE
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Milinchuk (ref. 28) has observed the same type of allyl-
alkyl free radical equilibrium described for polyethylene in the
ultraviolet irradiation of polypropylene in the absence of air.
In the presence of air, peroxy radicals derived from both the
allyl and alkyl radical are formed. Klinshport (ref. 29) finds
that the transformation is reversible and in the dark the alkyl
radical is transformed into allyl radical. Malinskaya (ref. 13)
has studied the photolysis of polypropylene containing
phenanthrene as sensitizer. He found by EPR the same radicals
described by Yoshida and Browning, he suggests that the samples
studied py these workers contained undetected amounts of aromatic
impurities. McTigue (ref. 30) reported trat pigments are
beneficial for uitraviolet stability of polypropylene and that
carbon black is the most effective.

4.3 Unsaturated Polyhydrocarbons

A paper by Golub (ref. 31) reviews the photolysis in vacuum
of the following unsaturated polymers-

CHj
1.4 polyisoprene: -CHZ-C=CH-CH2-
1,4 polybutadiene: -CH,-CH=CH-CH,-
1,2 polybutadiene: CH=CH,
]
-CH-CHZ-
3,4 polyisoprene: CH3
f
G=CH,
‘CH'CHz'

These polymers were found to undergo a radiation induced cis-trans
isomerization,

In the irradiation of 1,4 polyisoprene and 1,4 polybutadiene,
the energy absorbed by the double bond is diverted into breaking
C-C bonds connecting the repeating units:

IIT RESEARCH INSTITUTE
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CH CH
) 3 t 3 h\,
-CHZ-C=CH-CH2-CHZ-C=CH-CH2 o

CHj G
'CH2’C=CH-CH2 o+.CH2'C=CH'CH2'
I (1) i (11)

v CH CH
) v 3

-CH,-C-CH=CH,  CH,=C-CH-Cll,-

The C-C bond connecting the repeating units is the weakest
bond in the chain, with a strength (55 kcal/mole) which is
lowered from :~¢ mnormal C-C bond strength by the resonance energy

of the two a:lv! radicals formed on chain scission.

The formation of cyclopropyl groups during photolysis is ex-

plained as follows:

CH CH
v 3 T3
-CHZ—(E=IC)H-CH:2-—-> -CHZC\-,CH'
CH2
CHs CHq
~C}{2-C=CH-CH2— - 'C\-/CH-CHZ-
(1I) CH2

With 1,2-polybutadiene and 3,4-polyisoprene a similar pro-

cess of chain cleavage takes place:

“CH._ (Vs . hy _ - _
CH2 QH CHng — CHZQH CH29H

CH CH CH + CH
CH,  CH, ¢ CHy . CH,
-CH,CH CH,-CH-
2 2
N\ /
CH CH
'
CHy CHy

111 RESEARCH INSTITUTE
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Cyclopropyl group formation takes place by a process
similar to the one shown for 1,4-polyisoprene.

4.4 Polystyrene

In spite of the large amount of literature on the photolysis
of polystyrene, only two studies, one by Fox (ref. 32) the other
by Grassie (ref. 33), deal with the mechanisms of photolysis in
vacuum. These workers exposed films of polystyrene to 2537;
radiation in vacuum. They found that ultraviolet radiation causes
almost exclusively cross-linking. Chain scission was negligible,
unless oxygen was present. Yellowing was very pronounced, even
in the absence of oxygen. Grassie suggests that color is due to
conjugated unsaturation, and he points out that on melting a de-
sraded film that was yellow the color of the melt turns immediately
black. He indicates that the photolytic process that is energeti-
cally more favorable involves removal of the hydrogen atom from
the tertiary carhon:

ﬁ ‘H
-C-CHy- Ay -C-CHy~ —  -C=CH- +H,
Colis CeHs CgHs

Cross-linking results from recombination of the tertiary
radicais formed Hv hydrogen abstraction. As a general rule, the
more reactive the removed hydrogen, the less reactive the result-
ing free radical; therefore, cross-linking occurs. Alternately,
the ‘ess reactive the hydrogen'the more reactive the new free
radical, and chain scission becomes the predominant reaction.

4.5 Poly(r-methylstyrene)

Substitution of a methyl group for the a-hydrogen in poly-
styrere results in a structure that degrades in a totally different
way. In polystyrene, the photolysis involves exclusively cross-
lirkin;, whereas in poly(a-methylstyrene) photolysis involves ex-
clusivelv chain scission:

11T RESSEARCH INSTITUTE
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CH, o
' d hy ]
-C-CH,~ —=% -C-CH- + H-

C.H b H

65 65

The reason for the different behavior is due to the fact
that a relatively stable tertiary radical is formed with poly-
styrene while an unstable secondary radical is the precursor to
the more rapid chain scission occurring in poly(a-methylstyrene).
The less stable the radicals, the more likely are they to decom-
pose rather than to combine to give cross-links (ref. 34).

Stokes and Fox (ref. 35) have studied the photolysis of
poly(~-methylstyvrene) films in vacuum. Monomer is formed by de-
polymerization and the monomer yield increases with increasing
temperature. At 27°C, the quantum yield for random scission was
10-3 and for monomer formation 7 x 10-3 (approximately 7 monomer
units for each scission)., At 155°C, the quantum yield for scission
was 2 x 10-2 and for monomer formation 0.5 (approximately 25

monomer units for each scission).

4.6 Fluorocarbon Polymers

Many papers have been published on the effects of gamma
irradiation on fluorocarbon polymers, but verv little has been
published on vltraviolet irradiation. Dowers (ref. 36) studied
the cross-linking of fluoropolymers by irradiation at elevated
temperatures. “The source used was a Pen-Ray qu§rtz mercury lamp,
emitting radiation principally at 1849 and 2536A. Under nitrogen,
vltraviolet irradiation of poly(chlorotrifluoroethylene) at 250°C
resulted in degradation while only minor degradation was obse¢rved
with polv(tetrafluoroethylene) at 325°C,; no cross-linking was
noted. With Teflon 100 FEP (a copolymer of tetrafluoroethvlene
and hexafluoropropene) both scission and cross-linking occur and

the latter increases with increasing temperature.

Stephenson (ref. 37) studied the photolysis of polytetra-
fluoroethvlene both in nitrogen and vacuum. Unlike other poly-
mers, the drop in tensile strength and elongation by irradiation
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with 2537R ultraviolet light is more rapid in vacuum than in
nitrogen. A study of the wavelength dependence of photodegrada-
tion of poly(tetrafluoroethylene) showed that the efficiency in
producing degradation increases with decreasing wavelength

(ref. 37). A study of the absorption spectrum of polytetrafluoro-
ethylene ( as well as of other unfluorinated polyhydrocarbons

with no natural absorption in the ultraviolet) showed that poly-

mer absorption and luminescence in the UV range are due to aromatic
impurities (ref. 3).

4,7 Poly(methylmethacrylate)

The photolysis of poly(methylmetha-: 'ate) has bcen studied
in great depth by several workers. The ,..votolytic process is
verv similar to poly(.-methylstyrene), in that the polvmer under-
goes random cnain cleavage with no cross-linking. Photodegrada-
tion at room temperature produces small amounts of volatile

materials, tut the formation of monomer by "unzipping'' increases

with increasir; temperature.

Fox (ref. 9) points out that because of the low absorption
coefficient of poly(methylaethacrylate) at 2537A, this radiation
car. penetrate a thin film with only slight attenuation, whereas
witk more highly absorbing polymers a '"skin'" :ffect is produced.
The photolysis of poly(methylmethacrylate) was studied in vacuum
at 25°C with a medium pressure mercury lamp. The quantum yield
for random scission is 4x10°°, Methyl formate, methanol and
methylacrylate are formed in quantum yields of 0.14, 0.48 and
0.20, resprctively, indicating a depolymerization of about five
monomer units for chain break (ref. 38).

Charlesby and Thomas (ref. 4) studied the photolysis in
vacuum, air and nitrogen. Surprisingly, the quantum yields
ir air or nitrogen are lower than in vac:wum. Fox (ref. 9) points
out that oxygen might act as an inhibi' /r by scavenging secondary
polymer radicals which are precursors to chain scission. while
nitrogen might suppress the diffusion of gases from the film,
it is difficult to see now this could affect the rate of scission.
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Many workers have noted the appearance of a new band at
28502 in ultraviolet irradiated poly(methylmethacrylate). This
new band appears by irradiation either in air or vacuum, and re-
mains with the polymer even after reprecipitation, indicating
that the absorbing group isopart of the chain (ref. 38). Fox
(ref. 38) ascribes the 2850A absorption to a carbenyl chromopuore
formed by secondary reactions after homolysis of the ester.
Frolova (ref. 39) ascribes it to conjugated unsaturation in the
chain, because the absorption shifts to higher wavelengths during
irradiation. He supports this conclusion with a study of the IR
spectrum of the irradiated polymer chat shcws new bands at 1615
and 1640cm™ L indicative of the presence of olefinic unsaturation.

Electron spin resonance spectra of ultraviolet and gamma
irradiated poly(methylmethacrylate) are identical, indicating
that the same free radicals are present in the irradiated poly-
mers (ref. 40,4).

4.8 Poly(methylacrylate)

A study by Fox (ref. 41) indicates the formation of a weak
band at 2800X on irradiatiorn in vacuum at 2537A. The main
volatiie products are formaldelyde, methanol and methylformate
(from ester group decomposition), along with CO2 and hydrogen.

The rate of CO2 formation increases with dose; since the enu-group
concentration increases with dose, it is suggested that CO2 comes
from the terminal end groups.

4.9 Poly(ethylacrylate)

A study by Jacobs (ref. 42,43) shows that both cross-linking
and chain scission take place during irradiation. The time
necessary to produce insoluble gels increases with decrearsing
temperature. Below the glass transition temperature (-17°C) there
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is no formation of insoluble products. It appears that when the
mobility of the chain is reduced, the recombination of radicals
to give cross-links is less likely to occur.

4.10 Polvketones

The study of the photolysis of polyketones is particularly
interesting because the photolysis of simple aliphatic ketones
is a well understood process. Two primary reactions are known
to occur in the photolysis of aliphatic ketones:

0 0

hy

Norrish Type I: " "
R-C-R  ——> R-C: + R-

Norrish Type II: 9 h 9
R-CH,-CH,-CHy-C-R — R-CH=CH, + CH4-C-R

Wissbrun (ref. %4) studied the photolysis of poly(meqpyl—
vinylketone) at 3130A. An increased absorption below 2500A was
observed, and acetaldehyde, carbon monoxide and methane were
formed in quantum yields of 0.06, 0.003, and 0.0006 at 80°C.
Guillet (ref. 45) studied the photolysis of poly(methylvinylketone)
and polyethylene-carbon monoxide copolymer. He finds that the
photolysis of polyketones is described very well by the Norrish :
type I and II. It is interesting to note that the Norrish type —_

II follows a molecular mechanism that does not involve formation
of free radicals:

HoereeOL HO\\
-CH | C-CHy~  ~—% ~-CH, + .C- Cli,-
“;'.. o:‘ N ‘* ;
\L
0
1h)
CH3- C-CHZ-
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4.11 Polyvinylchloride

The spectroscopic changes produced by ultraviolet irradiation
in vacuum of PVC films have been studied by Golub (ref. 96).

The main photolvtic effect is

the formation of a conjugated

polyene system through progressive loss of HCI1:

CH,~CH—~CH,—CH—CH,~CH~

! ! 1
o} a a

~CH=CH-CH=CH-CH=CH-

—>

As the sequence of conjugated double bonds increases, ab-

sorption increases progressively from the ultraviolet to the

visible portion of the spectrum.
increasingly colored on irradiation.

Consequently, PVC films become
The quantum yield for RC1

formation is independent of wavelength below 3400A, which is the

effective photochemical cut-off wavelength.

The following free-radical mechanism has been proposed for

the dehydrochlorination reaction:

Re - ~CH;~CH-CH,-CH-CH,-CH-

| |
a Cl Cl

-CH,~CH-CH—CH~CH,—CH~

! !
ql Cl Cl

( ++ —CHy~CH~CH:.CH-CH,—CH—

| I
Cl Cl

~ClH,~CH-CH=CH-CH-CH— -
| )

-~ —CH,~CH—CH-CH—CH,~CH- + RH

! { |
Cl (] a
~CH,—CH—CH=CH~CH,~CH~ + Clo

I |
a a

- —CH,~CH-CH=CH-CH-CH- + HCl

!
Cl a

~CHy-CH-CH=~CH-CH~CH- + Cle
|
& |

a cl
l L]
~CH,- CH—(CH=CH),—CH—~CH -
I I
c a
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4.12 Polyacrylonitrile

Jellinek (ref. 46) reported that exposure of polyacrylo-
nitrile to 25373 irradiation in vacuum results in cross-linking
and formation of HCN. Fox (ref. 9) points out that the longest
wavelength absorption maximum of the nitrile group is about
16002. Polyacrylonitrile should therefore, be very transparent
to u}traviolet. However, ahsorption occurs with a maximum at
2650A that is somehow associated with the polymer structure it-
self. The chromophore causing the absorption has not been
identified.

4.13 Polyesters

Three recent papers have been published by Day and Wiles on
the photolysis of poly(ethyleneterephthalate) in nitrogen and air
(ref. 47, 48, 49), As a result of irradiation, an increase in
carboxyl groups was observed, that was ascribed to the decomposi-
tion of the ester group by a Norrish Type 11 process:

H
2N
0 0 CH-
" h " 'l
-Ph-C-0-CH,-CH,- Y, -Ph-C, CHE
2 2 & s 2
0

-Ph-COOH + CH2=CH-

They found that CO and €O, were the major volatile products
and that CO, was formed primarily in the presence of air. The
formation of CO was explained on the basis of a Norrish Type I
cleavage reaction:

0 0
" "
-Ph-C-0-CH,-CH,- —h\’—> Ph-C. + .0-CH,-CH,-
2 2 . 2 2
Ph* + CO
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The fact that CO2 formation takes p.ace primarily i: the pre-
sence of oxygen suggests that hydroperoxidation is involved:
0, RH
~PhCOO(.IHCHZN..>~PhCOO(|3HCH2~. }~PhCOOFHCH2~
00 JOH

0 |
~Phe + COzé—'~PhCOO-?H-C-CH2~a+-~PhCOO?HCH2~
0-
+
‘OH
Another phenomenon observed in poly(ethyleneterephthalate)
irradiated in the presence of air is the appearance of a fluore-
scent band at 4600A. This band was ascribed to the formation of
an hydroxylated derivative resulting from the attack of the OH

radical (formed from the reaction above) on the ovhenyl ring:

0 0 0 0)

" " 1 "
-o-c@c-o- + HO- - — -o-c@-c-o-

OH
The nature of the fluorescent product was confirmed by
Pacifici (ref. 50) wh¢ compared the fluorescence spectrum of
irradiated poly(ethyleneterephthalate) with that of synthetic
hydroxylated polyes.ers.

It has been reported (ref. 51) that polyester compositions
based on neopentylglycol exhibit superior ultraviolet resistance.
This is probably due to the fact that the cleavage of the ester
via Norrish Type II cannot occur because of the absence of
hydrogen on the carbon atom g to the hydrcxyl groups in
neopentylglycol: CH

HO-CH

13
-(':- CHZ-OH

CH3

2
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A paper by Cohen (ref. 42) describes a number of aromatic
polyesters that under ultraviolet irradiation rearrange to an
o-hydroxybenzophenone structure according to the photo-Fries
reaction:

-cO-</:>FR<J yOC<<f:\_ by
./

‘)“—
e
C {f,\—
/s Vo =/
)= /0 =
HO -/ \.R. _OH
. / N
QT
—C

These polyesters are reported to .~ useful as coatings for
protecting substrates ordinarily sensitive te¢ ultraviolet light.,
We did not find any work dealing with the ulcraviolet irradiation
of polycarbonates.

4.14 Polyamides

A paper by Moore (ref. £3) deals with the photolysis of Nylon
66 and of model N-alkyl amides both in nitrogen and air. Both
crosslinking and chain scission were found to occur. The mechanisms
proposed are basically in agreement with the mechanisms proposed
previously by Rafikov (ref. 54). The mechanism for cross-linking
involves elimination of an hydrogen atom from the carbon adjacent
to the nitrogen atom followed by combination of two radicals:

0 0

L‘l _ i h\) " .
-CHz-u-NH-CHZ CH2 _ -CHZ-C-NH-CH-CH2- + H

%

Cross-~linking
The mechanism for chain scission involves cleavage of C-N

bonds with subsequent formation of CO and ethylene:

0 0

) ) " hy " )
-CHZ CHZ CHZ—C-NH-CHZ- _ -(CH2)3-C + NH-CHZ'
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Brick (ref. 55,56) reported some structural modifications
of Nylon 6 that produce a fiber crimping effect. The following
Nylon 6 modifications were considered:

]
v-CHZ-O-CH3
0=C
!
' '
oty
0= C=0
' ]
! '
g-CHZ-S-S-CHZ-I'J
0=C C=0

] t
I?-CHZ-S-CHZ-S-CHZ-I;I
0= C=0
' 1

These structures were reported to possess good ultraviolet
stability (with the exception of the disulfide). Comparative

data with the ultraviolet stability of unmodified Nylon 6 were

not given.
A paper by Johnson (ref. 10) discu-ses the photodegradation

of three aromatic polyamides:

TO0 7 e S COTNR T, TR {NOMEX) (1)
- \:Ta,
\_ co- )

-CO0- - -CO-NH _/\/(\2>__“_\N_)_L\NJ,<C>_NH- (BTA) (3)
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A study of the wavelength dependence of photodegradation
shows that all three polymers are degraded by light of much
longer wavelength than that which is harmful to other polymers.
Polymer (1) and (2) show degradation maxima at 3600 and 37002;
polymer(3)is degraded significantly even by visible light
(particularly 41402), The mechanism of degradation is not known.

A study by Krasny (ref. 57) on the photostabilization of
Nomex fibers confirms that Nomex is particularly sensitive to
photodegradation in the wavelength region of 3600-39002. Ultra-
violet stabilizers exhibiting strong absorption in this critical
wavelength region were found to be unsatisfactory because of
polymer incompatibility or other undesirabie effects.

4.15 Polyethers

Kelleher (ref. 58) studied the photoxidation of poly(oxi-
methylene) and found that random chain scission occurs followed
by extensive depolymerization to formaldehyde. A similar pro-
cess occurred in a oxyethylene-oxymethylene copolymer, except
that depolymerization appeared to stop at the ethylene unit,
Grassie (ref. 592 studied the photoxidation of poly(oxymethyliene)
at 2537 and 3650A. Hydrogen and carbon monoxide were the main
decomposition products. Irradiation in air produced well defined
changes in the hydroxyl and carbonyl regious of the infrared
spectrum. Irradiat}on at 25372 was approximately 100 times more
effective than 3650A irradiation. Sukhareva (ref. 60) studied
the spectra of ultraviolet irradiated epoxy coatings and observed
the appearance of a band with a frequency of 1685cm'1 that was
ascribed to the carbonyl group. Carbonyl group formation takes
place by a radical mechanism of epoxy decomposition at the
terminal groups, leading to the formation of free radicals that

can subsequently isomerize:
0

/1
C%?:;H-CHZ-O' — ‘CHZ-QH-C\H
0 OH
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4.16 Polyimides and Polyamide-imides

Alvino (ref. 61) studied the ultraviolet stability of the
following polyimides and polyamide-imide:

) E 0 1 Moo ﬁ ,ﬁ’ ;
P, -
H QG D OO @
i\l'.| O B ' O |C'- .li
(D

wf/\,{r - @

U

He found that these polymers were sensitive to ultraviolet
light, especially in the presence of moisture. the mechanical
and electrical properties of (3) deteriorated more rapidly than
those of (1) and (2) under both wet and dry conditions. The in-
crease in deterioration rate on going from dry to wet environment
was much greater for (1) and (2) thkan for (3), indicating that
(3) had greater hvdrolytic resistance. The electrical properties
of (1) and (2) were unaffected by £ 6000hr irradiation in a dry

environment.

¢,17 Polysulfones

Aromatic polysulfones have been reported to possess out-
standing resistance to high energy radiation (ref. 6). Their
ultraviolet stability, however, is very poor. Poor ultraviolet
stability has been reported for the Union Carbide polysulfone
(ref. 7):
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and for the 3M polysulfone (''Astrel' 360) (ref. 8):

0
T ‘T\ "T: " / \ (’/ /—' \\\

nz=0

o

The work of Gesner and Kelleher (ref. 7) provide: a good de-
scription of the photo-oxidative behavior of the Union Carbide

polysulfone, which is consistent with a random chain scission

mechanism. In the initation process, scission apparently takes

place at every bond except the aromatic C-C and C-H bonds:

—_

't O

;o ' i ..
OO

i |

CH. )

i

n 0
D@+

(]!

The work of Alvino (ref. 8) on 3M polysulfone shows some interest-

ing analogies with the results obtained by Gesner and Kelleher

on the Union Carbide polysulfone. Both works indicate the forma-

tiorn of short chain molecules with acid functionalities (sulfonic
aci¢ zroups) resulting from chain scission reactions.
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4,18 Silicones

Siegel and Judeikis (ref. 12) studied the photolysis of
poly(dimethylsiloxane) samples containing naphthalene as sensitizer.
The samples were irradiated in the cavity of an ESR spectrometer.
A mercury arc lamp having essentially zero output below 2400A
was employed. The process by which the polymer molecules become
excited involves a transfer of electronic energy from naphthalene
in an excited triplet level. Decomposition occurs via Si-C and
C-H bond rupture. In the initial stage of photolysis, the follow-
ing reactions take place with essentially equal probability:

CH2-
-0~ Sl- + He
Hq
-0- ?1- e CHy
CH \ -0-$i- + CH
3 Y 3
CHq

All the resulting radicals were identified by means of their
ESR spectra, with the exception of the hydrogen atoms that pre-
sumably react immediately to form H2 and -CHZ. radicals,

Zhuzhgov (ref. 1l4) studied the photolvsis of poly(methyl-
phenylsiloxane) in the cavity of an ESR spectrometer. No
sensitizer was added, but absorption was promoted by the presence
of the phenyl group in the polymer. The ESR spectrum indicated
the formation of CH3. and -CH,. radicals. Formation of CH3.
radicals appears to involve a two-step process requiring the
absorption of two cuanta of light (biphotonic mechanism). No
evidence was found in the ESR spectrum for the formation of sili-
con radicals, which must have formed at the same time as the
methyl radicals. Volatile products were hydrogen, methane and
ethane in the ratio 25:70:5. The same volatile products were
also reported by Siegel for poly(dimethylsiloxane) (ref. 10).
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Delman (ref. 62) studied the effect of ultraviolet irradia-
tion in air on a methylsiloxane resin. Infrared spectrocopy was
employed in this study. Formation of Si-CHZ-Si linkages was ob-
served as a result of irradiation at wavelengths above 2810A

from a Zenon arc lamp:

CH.»
P

qu3 o -0-%1- + 1.
-”-Ti- - CHg
G N o 4,
'
CH
Y TPy
-O-§1- + -O-§1- CH3-'1-CH2-§1-CH3
CH, CHgq 9 9

On the other hand, Si-OH and Si-CHz-CHz-Si linkages were formed
when the resin was exposed to the shorter wavelength of a mercury
vapor lamp. The differ=nt effects on the resin induced by the
two ultraviolet sources are attributed to the fact that the
mercury vapor lamp radiation is sufficiently energetic to cause
the excitation of oxygen molecules. The excited oxygen molecules
prevented the formation of Si-CHz-Si linkages by interacting

with the Si. radicals (formed by cleavage of Si-C bonds) to pro-
duce Si-OH.

Siegel and Stewart (ref. 63) studied the photolysis of poly
(dimethylsiloxane) in the vacuum-ultraviolet region (this region
starts at 20002 and extends to shorter wavelengths where it merges
with the X-ray region). The wavelengths employed were 1470 and
1236;. Analysis of the data indicated that the breaking of the
Si-CH3 bond is the most probable rea-cirm occurring at both wave-
lengths. A comparison with the photolysis of a mixed methyl-
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phenyl silicone polymer demonstrated the strong protective effect
produced by aromatic substituents in this region of the ultra-
violet spectrum. This was determined from quantum yield measure-
ments for the formation of volatile products.

A similar stabilizing effect of aromatic substituents is
known to occur when silicones are exposed to high energy, ioniz-

ing radiation, presumably because of the ability of the aromatic
ring to dissipate some of the absorbed energy before bond rupture

occurs (ref. 64).
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5. CONCLUSTONS AND RECOMMENDAT IONS

The design of a polymer structure that is s.anle to the
ultraviolet environment of space must take into co. rideration
the fundamental fact that most polymers absorb the s.ort wave-
length, unfiltered ultraviolet radiation below 30003, that exists
above the upper atmosphere of earth. Furthermore, the qu3 ntum
yie'd for photochemical reactions is higher for the short wave-
length ultraviolet, that is, the damage per quantum absorbed in-
creases with decreasing wavelength.

The design of a polymer structure that would be highly trans-
parent down to 2000A appears to be an interesting approach. In
this respect, it should be interestimg t. investigate che
photolvsis of pure polvmethylene, the simplest of all polyhydro-
caryon structures. Nothing has been published on its photo-
deyradarion. Also, high purity aliphatic and fluoroaliphatic
pol-crhers should meet the requirement of transparency to the
shorr wavelength ultraviolet. lowever, these polymers may be
expected to he sensitive to the osresence of adventitious im-
purities or residual catalysts that wculd cause absorption and
initiate nhotodegradation, This is known to be the case, for
example, of the tundamentally cransparent methylsilicones,
ir wnich traces of absorbing impurities have been found to

scnsitize photodegradation (vwef. 12),

Previous work has considered the use of various metallocene
absorbers as a means of stabilizing organic coatings to the short
wavelength ultraviolet of space (ref. 65, 66). Unfortunately,
several problems are associated with the use of ultraviolet
stabilizers, such as compatibility with the polymer, possible
migration of the stabilizer additive, volatility and extract-
abili:v. These problems can be overcome by having a polymer
structure in which the ultraviolet stabilizer is part of the
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polymer chain. An example of this approach is the synthesis of
polymers or copolymers based on acrylate and metha~rylate mono-
mers containing pendant ultreviolet stavilizing groups, such as
phenylsalicilate (ref. 67) or 2-hydroxy-«-alkoxybenzophenone

(ref. 68). Therefore, an interesting approach that should be
investigated is the development of a pclymer structure capable of
completely dissipating the absurbed ultraviolet energy by
luminescence (fluorescence or phosphorescence) or by the emission
of heat. These effects would allow de-excitation of the ab-
sorbed radiation without chemical change in the polymer structure.
Since these are the mechanisms of action of ultraviolet stabilizers,
the theory of ultraviolet stabilization would be directly applic-
able to the design of such ¢ polymer structure.

Another interesting approach is to study how certain
mechanisms of degradation that are energetically favored can be
prevented by appropriate structural modifications of the polymer.
An example of this approach would be a polyester structure with
no hydrogen on the carbon atom in 3 to the oxygen link in the
ester group; the lack of ii-hydrogen would prevent chain cleavage
by a Norrish Type II. For example, it has been reported that
pvlyesters based on neopentylglycol exhibit superior ultraviolet
resistance (ref. 51). Although the reason for this behavior
was not explained, the improved stability is probably due to the
lack of p-hydrogen in the ester structure based on neopentyl
glycol.

Another interesting approach is the study of polymeric
structures in which the photochemical reaction does not involve
chain cleavage or other degradative effect, but it produces a
chemical rearrangement that has no appreciable effect on the
physical and optical properties of the polymer. This is the case,
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for example, of the Fries rearrangement of aromatic polyesters
that rearrange under ultraviolet irradiation to a stable o-
hydroxybenzophenone structure (ref. 52). This approach could

be extended to the study of fully aromatic polycarbonates (phenyl
carbonates, like phenyl esters, are known to undergo the photo-
Fries rearrangement). A study of the photolysis of a model com-
pound such as diphenylcarbonate would previde directly applicable
information.

Since photolytic reactions normally involve free radical pro-
cesses, EPR spectroscopy of polymers irradiated under vacuum can
be very useful for the study of radical species occurring during
photodegradation. In this type of work, the use of model compounds
has the advantage that the results are generally easier to inter-
pret and yet are directly applicable to the polymer itself.

Aromatic polyamides exhibit unusual ultraviolet behavior,
in that near ultraviolet radiation (3600-3700;) is more damag-
ing than ultraviolet of shorter wavelength (ref. 10). Since
nothing is known about their mechanism of photodegradation, a
study of the irradiation of model aromatic amides by EFR spectros-
copy would be very useful in order to understand, and possibly
prevent, this effect, Ultraviolet stabilizers that absorb in
the critical 3600-39002 region have been considered for Nomex
stabilization, but have the inherent disadvantage that they also
absorb visible light (ref. 57). 1t should be interesting to
evaluate ultraviolet ''quenchers' that would stabilize the poly-
amide by extraction of the excited state energy rather than by
absorbtion in the near ultraviolet.

Perhaps the least understood aspect of polymer photodegrada-
tion is the progressive increase in ultraviolet absorption at
longer wavelengths that gives rise to the well known ''polymer
yellowing'. Many workers have studied the mechanisms of photolysis
in terms of its effect on chain scission, cross-linking or other
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chemical or physical changes, but little has been donc to explain
the reason for the '"polymer yellowing' that always accompanies
other degradative phenomena. Production of color is usually
associated with the delocalization of electrons that accompanies
multiple conjugated unsaturation. For example, formation of
polvene (a chain of conjugated double bonds) has been indicated
as the cause of yellowing in irradiated PVC (ref. 69). However,
the mechanism of color formation during irradiation of most poly-
mer structures is not known. Since optical stability is of
primary importance in space coatings, consideration should be
given to the study of the nature of colored by-products and to
the mechanism of their formation  Since carbonyl groups occur
in many polymers (sucl. as acrylics, polyesters, polyamides,
polyurethanes and even in polyolefins as structural irregularities),
and since free radical decomposition reactions {(Norrish Type I

or equivalent) lead to the formation of R-CO-'radicals, it seems

to us that recombination of K-CO radicals to form g-diketo groups
may be a possible cause of color formation during polymer

photolysis.
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