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THERVAL AND PHOTOLYTIC DEGRADATION OF POLYPROPYLENE
Smijfiq RY

This thesis describes an investigation into sone aspzcts of
the thermsl and photolytic degraéation reactions of isotactic
polypropylane (PP) Ain vacuo. In addition, with regard to the
incre2sing commercial importance of polymer blendé, the thermal
and photo - interactions of PP with & number of other polymers
were examined. f

The vacuunm photolysis of PP vas examined thronghout the
temperéture range 20" -3“@00 3 2537 3 UV‘radiatiop was employed. .
Phoﬁodegradation-involﬁes bond cleavage to produce polymer'
radicals. The subsequent reactions of thesemacroradicais have
been shown to be mé;kedly dependent upon temperature. At
ambient temperatures, there exists & corpetition between
cresslinking ani scission reactions in which the forrer is
favoured. llowever, a2t temperatures epproaching the crystalline
relting noint of fthe pol&mer (ca. 167%), chain scission
predominatea. 4t still higher temperatures, photolysis yields
a broad spectrum of ﬁydrocarbon fragments which is similar
both in nature and distribution to that resulting from thermal
degradation in the range 300 - 35,°C. This is also the case for
photodegradation a{ temperafures below the threshold for
therp2l volatilisation of the polymrer (ca. .’)DDOC). Experimental
evidence suggesis that ihe tvio modes of degradetion are
similaxr ; i.e. raendom scission of carbqn - carbon bonds,

producing polymer radioals which then undergo mutual

disproportionation or hydrogen abstraction reactions. Indeed,



the 1ajor effect of photolysis at any particular temperature

in the range 300° - 35&00 is to accslerate the thermal reaction
occﬁrring at that temperature. In such a photothermal degradation,
energy is suoplied to the polymer in two distinct forms ; however,
once absorbed by the polymer, the origin of the energy loses its
significance.

An inveétigation into some of thé factors which may affect
.the photolysis of PP reveals that photodegradatiorn at amblient
temperatures is sensiéised by certain metal containing impurities
such as {itanium dioxide (catalyst residue) and ferric oxide
(from production machinery). Héwever, the raté of photolysis has__
been shown to have relativeiy little morphological deapendence. .

The thermai degradation of PP - poly(methyl methacrylate)
blends indicates the occurrence of some kind of interaciion
between the tW;) polynwéi:'s. Degrading PIMA appreciably
accelerates the decomposition of PP and is itself stabilised
under programmed ﬁeating.conditions. Observations my be
ratlionalised in terms 6f the interaction of & radical species
from degrading PXYA with PP macrémolecules s causing chain
scission of PP and ultimately volatilisation. Contréry to
_exécctations s results indicate that this radical species may be
polymeric; in nature. Photolysis of PM¥VA - PP blends appai'ently
effects a ﬁolymer interaction probably involving grafting of
short chain P¥MA radicals to a PP backbone. The. behaviour of
PP - PVA mixtures were compared with that of se.veral other
polymer blends containing PP as the comron polymer. The mode of

degradation of each polymer blended has been shown to influence

the nature of the interaction with PP.
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- CHAPTER ONE
. INTRODUCTION

1.1 General Introduction.,
The'degradative processes induced in & polymeric ratierial by its
environment will ultimetely determine its useful lifetime in that

environment. The term Ydegradation" hes been used to cover a variety of

]

processes, mainly physiceal deterioration or chemical modif'ication.
Although only minor chemical changes may'Be involved in many polymer
degradations, these changes will be significant if they bring about
modifications in polymer structure which can affect the physical
properties and hence their cormercial applicatiqns.Degradation éan
bs caused by physical means such &as heat,; light, ultrasonics, high
enercey radiation and mechanical stress; by chemical means such as
oxidation and hydrolysis; or even by exposure to certain bacteria.

However, the mos% common types of degradetion reacticns studied are

. those caused by the three basic agencies to which all polymers are

subjected either during fabrication or during their subsequent

useful life, narely, heat, light.and oxygen, alone or in combinztion.
Yost early degradation studies were carried out in order to determine
ine chemicel sitructure of polyner me : .
natural _rubber in 1850 (1) and the thermal degradation of polystyrene
in 1935 (2). However it hes 2lso proved possible to utilise controlled

degradations to improve certein properties of & polymer. e.g., in the

ranufacture of polypropylene resins, molecular weight can be controlled.



in this manner..The futurc ray also hold possibilities for controlled
degradation in the disposal of plastic waste.'
* There has bteen a passive interest in the photodegradation of

rolymers since the early days of commercinl plastics when the visible
l and ultra - violet components_of sunlight were observed to be involved
in deteriorative ageing or weathering. However litfle progress vas
possible in the understanding of these decomposition reactions until
the nature of poiymers themselves was more clearly understood. It was
not until the 19%50's that this interest was revived and many serious
inveﬂtigationé'were carried out. Among these:were the first detailed
photodegfaﬁatiorl studies on poly (methyl methacrylate ) by Cowley and.
Melville (3).
1.2 Practical Considerations in Polymer Photolysis .

In most work mercury vapour lamps have been used as the source

of ultra - violet radiation. Low pressure lamps provide a convenient,
reiatively*monochro;atic, low intensity source of 2537 3 radiation.
Yedium pressure lamps provide radiation at a nurber orf vwavelengths in
- the 2200 - zL-O‘OJO 3 region, and & desired wavelenth can be readily be
isolated'by’the use of filters. High pressure lamps give hiéh intensity R
radiation over a continuurm of wavelengths in the same region. These-

and other ultra - violet rediation sources have been described in

detail (L;R)= Intepsities of radiation from these sources can be.
varisd by the use of scorcens, by varying the distance of the sample

s

from the source, or by placing filters between the sample and the
gource. Deternination of the intensity of the incident radiation czan

be made by conventional uranyl oxslate actinometry, (1.4557), by the



1.3

more rapid ferrioxalate method (%.8,2), or in other ways (1.,5,10).
Photodegradations can be studied in solution or with bullk
po}ymers in the form of films or poviders. Qﬁartz cells are

commonly used as reaction vessecls.

Theoretical Considerations in Folymer Fhotolysis.
Absorption of ultra - violet photons by a polymer results in free

radical reactions which ultimately lead to main chain scission, cross-l'
linking, unsaturation, and the formation of small molecule fragments.
1t 1s of fundamental importance to consider the events occuring

between energy absorption and bond dissociation.

Yost organic molecules lie in a singlet ground stafe énd 3
absorption of a photon raises the molecule to an excited singlet
state. The moleculé a2y revert to the ground state by émission of a
photon(fluorescence) or by radiationless transitions éndithe
geﬁeration of heat. In some instances intersystem qrossing can take
place, énd the molecule will find itself in en excited tripletlevel
of lower energy. Again, the reversion to the ground sfate may be
accompanied bg photon emission(phosphorescence)or heat. If the
molecule has sufficient cnergy in the excited state, ?ither singlet -
or triplet, dissociation or rearrangerent may teske place. Reversion
to the ground state may 2lso be accompanied by transfer of ensrgy

between the excited molecule eand a second molecule. These

processes are depicted in FIGURE 1.1.
Photolytic processes can hbe placed in two sepafate categories
- prirary and secondary. 4 prirary process involves the immediate

effect of light on the absofbing molecule €.g. deactivation by

L
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by mesans of fluorescence, heat ;mission, energy transfer etc.,
' ox destruction by ftransformztion of the starting material into
new compoundse Secondary'prdcessas are the reactions of the
Hmolecules,-atoms, or radicals produced by the ﬁrimary process. In
a secondary-process-ona of several things may occur :

a) coliision between excited molecules and other molecules may

result in energy transfer causing chemical reaction.
b) atoumror'radicals'produced in the prirmary process may react
to give stable products.

o c) the exclted molecules may resct dire;tly“with.othermoleéulas

:in the system to form products. .
If the enargy of excitation is greater than, or equal %o, the
bond dissociation energy of the weakest linkk in a molecule, tﬁen
cleavage my occur. 2537 g radiation is equivalent to 113 kcal/mole,
morerthan enough energy to break a carbon - carbon bond. It is
importaent to remember that, because the absorbed energy5maj'be
transferred, the site at which the ultra - vioclet energy is absorbed
is not necessarily the same as that at which bond rupture ray take
place. Chain scission and crosslinking aré.the'two principle reactions
involving the polymer backbone which may take place'wpen polymers
are exposed to ultra - violet radistion.

. [ 3 * »
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photolysis my be classified as direct or indirect. 4 direct

reaction is the consequence of absorption of a photon by the polymer

causing bond homolysis and the formatipn of degradation products.
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Ppem *+BY - Pem
p X —> P' 4 P —> a
N+t > Py o+ P products.

In indirect reactions, "foreign" molecules - polymeric or small
molecule impurities - or even other functional groups in the sane
polymer become involved. It aliould be noted that relatively few
rigorously purified polymers have been investigated and the
substances studied should pérﬁaps bz called polymer - containing
systems. These impurities can be similarly excited and undergo
reactions to form free radicals. These excited molecules or fragments
may eventually idteract with the polymer to give producis similar
to those arising from the direct reaction. The reverse is also
possible. Excited polymer or polymsr radicals may interact with the
"foreign" nblecules. A1l of these indirect processes can lead to
degradation and may involve (a) energy transfer or (b) free radical.

processes :

(a) Ppem + =35 + Pnf'm -
® 4
(v) P + S &—S + P__

A siwple example of an indirect reaction is the effect of
a tmospheric oxygen on polymer photolysir. In regard to chain scission,
oxygen can play the role of an apparent inhibitor (poly( methyl
methacrylate)), accelerator (polystyrene), or seemingly be without
-~ influence (polyl<methyl styrenz)). Other examples are the influence
of sensitisers on the crosslinking of pélyolcfins (1) and the effect

of residuel solvents in polyrer films (12).



Clessification of Degradation Reaction Types.

Degradation reactions, wnetlher therral or photolytic, have heen .

‘broadly classified as chain scission, erosslinking and side group

rearrangemz2nt or elimination reactions.
Chain Scission

These reactions are characterised by breakdown of the polymwer
chain backbone, resulting in production of chain fragments. Under
certain conditions the ultimate products may be monomer or substances
closely related to‘it with the resildue retaining the chemical
chayvacteristics of the parent materiél, in .that monomer units are
st1ll recognisable.

(a) Initiation

The first of two possible mechanisms involves random

initiation in which chain scission occurs at random points along the
chain leaving radicals which tend to be 1argcr compared t0 a monomer
unit. Eiamples of this type of initiation are to be found in the

room temperature photodegradation of poly(methyl methacrylate) (15)

and the thermal degradation of polyethylene (411).

The second mechanism involves end -~ initiatinn anfi occurs

particularly in polymers containing unsaturated end groups. The

result-is the formation of a long chain polymer radical and an erd

group radical, both of which m2y be active in the subsequent

degradation. The high temperature photodegradation of poly(methyl

methacrylate) (3) is a typical reaction in which end initiation is

thought to take place.

Poly(methyl methacrylate) is interesting in that both of these

modes of initistion also manifest themselves in its thermal
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degl'adation. 4t lower temperatures radicals ars pfoduced Irom
scission at chain ends and at higher temperatures from scission of
main ;::hain carbon -~ carbon bonds.

(b) Propogation

Two extremes of behaviour can be observed. Firstly,
following initiation, a rapid deorecase in molecular weight occurs
without evoluvion of monomer. Volatiles other than monomer may be
evolved-, however. Mosi room temperature photodegradations are of
t}xis type.

The second extreme type of behaviour can be regarded as a
reverse polymcxrisation. After initiation, degradation proceeds by
an unzipping procesé to vroduce large amounts of monomer. Examples:.
of c&mplete unziéping include the thermal degradation of
pgly(methyl rethacrylate ) and the photodegradation of poly(methyl
isopropenyl ketone) at 15000 (1‘5). .

Yany polymers, however, exhibit intermedlatc degradation patterns
in which appreciable amounts of both monomer and higher chain
fragments are formed.

Crosslinking

Under some circumstances ultra - violet radintion can cause
crossiinking, the formation of intermolecular covalent links which
lead to a three - dimensional network and ultimate insolubility of
tl:xe polymer. Crosslinking is more commonly induced by high energy
radiation as in the commercial productiion of crosslinked_ poly -
¢thylene (16). Othexr mathods include thermosstiuing, in the case of

many resins, and incorporation of impurities into the volymer



structure to give chemical crosslinking.
"Croselinkingmay'be largely due to reactions of polymer
radicals resulting from cleavage of side groups from the main chain.
The orosslinking 5a§ be by polymer radical combination or by addition
to an unsaturated site in another chain. The structure of a polymer
determines, to a large extent, whether or not crossliuking tekes
plece. For exemple, exposure of polystyrene to ultra - violet
radiatioﬁ'will'readily cause crosslinking (17). Polystyrene has
hydrogen atoms alpﬁa to the pendant benzene rings which can be
readily transferred and the resultant polymer radicals are reson2nce
stabilised. Combination with other polyiner radicals occurs,
resulting eventually in & {three -~ dimensional network. Howvever,
polyltmethyl styrene) will only undergo irradiation crosslinking in
the presence of sensitisere:(18). The methyl groups &Ipha to - the
pendant benzene rings prevent formation of stabilised radicals and
Bcissioh takes place ratﬁer than crosslinking. A similar comparison
may be m2de between poly(methyl acrylate) and poly(methyl
me thacrylate ) t19).
Side Group Reactions
a) Rearrangement
An important example of side group rearrangementlis the
formetion of conjugated carbon - nitrogen sequences during the thermal

treatment of polymethacrylonitrile (20,21).



This type of reaction is associated with the development of colour

in nitrile containing polymafég
b) Elimination

. Elimination involves a chemical change in a side group

which result{s in thes formation of a non volatile residue and

elimination of a volatile product. The most common reaction of this

type is ester decomposition in which the ester splits into an acid

and an olefin.

il OZ o i 4
B2 *

0———0\ | OH .

>G::C<
For this elimination to proceed the ester must possess a hydrogen
atom on the P_carbon of the allyl group.-4 {typical example i3 the
thermal degradation of poly(t - butyl methacrylate) which yields
isobutene as the volatile fragment leaving methzcrylic acid in the
polymer chain (22).

145 - Review of Polvoropylene Degradation.

| I | Thermal
In view of tne fact that in polyproyiene every other

carbbn a tom :m the chain is tertiary, all the carben - carbon

bonds tend {o be apprecinbly weaker than those in polyethylens
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which hag, in general, only a relatively few terfiary carbon &toms
+due to the presence of cceasional methyl or ethyl substituenfs. Tt
is perhaps not surprising, therefore, that pélyprOlecne is
gomevhat more prone to thermal degradatidon than is polyethylene.
In polypropylene, a reducéion of moleculer weight sets in at
about QBCRG but breakdown to volatile products is insignificant
below 30000 (23). With the onset of degradation, the weight
average molecular weight drops much more rapidly than the number
average molecular weight and as‘a consequence fhe ratio M_/Mn,
which is fairly high in the original polypropylene, approaches
the value of two, the theoretical limit for a random molecular
weight distribution (2,). This sharp initial fali in molecular
weight coupled with the presence of a wide gpectrum of hydrocarbon
degradation products led to the hypothesis {hat the reaction
proceeds by random splitiing of the'polymer chain as a result{ of

radical transfer reactionse.

Madorsky and Strains (25), using mass spectrometry, and

Moiseev, Khloplyankina et al., Bailey et al., and Van Schoden and

Evenhius (26 - 30) using gas chromatography have all attempted to
determine the volatile degradation products of polypropylene in

order {o explain the mechanism of decomposzition. Yore recently,
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ana unsa d hydrocarbons was published by Tsuchiya end Sumi (3i).

Hydrocarbon products with 1 - 12 carbon atoms were analysed by

gas chromatography and a mechanism proposed (FICURE 1.2).
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The initiation (A) occurs by random scisgion of the wain chain,
.yiclding two types of radicals; primary (I) and secondary (II). The
production of radical (II) is more fevourable than the production
of radical (I) during the decomposition bscause the former is also
proauced by intérmolecular-and intramolecular radical transfer to
tertiary carbon followed byﬁ - gcission (B,C,Dand E).
Intramolecular radical transfer and propogation (G) reactions can
account f'or the producticn of most volatiles. The experimentall
results indicate that radical transfer takes place mainly at the
tertiary carbons and that transfer 10 the third and flourth carbons
of the polypropylene chain is iwportant. This létter possibility
had not been considercd in previous studies. Since radical tranasfer
to the tertiary carbons increases the amount of radical (II) as
~comparedwlth radieal (). the amounts of products formed from

| radical (II) were much greater than those for radical (I).

II Thermal Oxidation

It is generally accepted that the branched chain autoxidation
of polyolefins is characterised by an induction period during
*/hich hyérop&roxides are produced (32), The decomposition of these
hydroperoxides is commonly recognised as the process responsible
for the ensuing rapid oxidation. Hydroperoxidation may be initiated
by reactions between metallic and hydrOpeppxide impurities (33) or
perhaﬁs between moleculer oxygen and the éubstrate (3,). The.éxact
nature of initiation is not yet understood. Beachell and Beck (35)
demonstrated that hydroperoxide groups are mainly situated at
tertiary carbon atoms. Hydroperoxidation is terminatedhprimarily

by disproportionation of peroxy radicals (36) or by the reaction,



00 *. OOH

| | .
MCHr (l: — CH2-—-- (l?H--——-CHZM ~~CH 5— T — CHy— ?H—-— CH ~~
c:H3 CH ” CH3 CH3 |

Three factors arc known to influence the length of the induction
- pefiod and the rate of oxidation of polypropylene; the temperature
at which the oxidation is carried out,; {the oxygen pressure, and the
bulk of the sample. An increase in temperature éhorfens the duration
of the induction period and increases the rate of oxidation (37).
An increase in. oxygen pressﬁre has a similar effect (37). Boss and
Chien (38) have shown that oxidation of solid polyyronylcn& i§
1imi£ed by oxygen diffusion {to a depth of éS:mil from the surface.
In ordér'to eliminate diffusion effects and thus study the kin=tics
of the reaction more effectively, Abu-~ Isa (37) carried out
investigations in thin films (0.3 - 0.7mil) of polyprOleene; Aa
expected, the rate of oxidation was found to be much more rapid
than with thicker films.

Chien et al. (39) have demonstrated that more than 90 & of the
hydroperoxide groups, formed during the induction'éeriod, are

intramolecularly hydrogen bonded and are present in sequences of

length two and greater. This affords siroag support to the occurence,
in {the oropogation steps of polypropylene ‘autoxidation, of back -~

biting hydrogzen abstraction by the peroxy radical via a six -
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nade of the non = volatile products of thermal oxidation {i0).

B

Functiocnal éroups, two of which are formed per chain scission,
comprise ¥ - lactone (47%), aldehyde ( 2197), ketone (21%), acid (25%),
and ester (16%). The presence of ¥ - lactone is another indication

of the imporitance of initramoleculsr back - biting.



The thermal decomposition of polypropylene hydroyeroxide.consists
of {wo separate reactions (1,1). The first consumes up to S0% of the
total hydroperoxide and consists of homolytic deconposition of the
hydrOperbxide groups. The second involves decomposition of
/5 = hydroxy hydropesroxide siructures formed as a by - product of
the first reaction. The chemiluminescence observed during the
oxidation.of polypropylene has been shown to be a function of the
hydrOperoxida rather then the peroxy radical copcentration (&2):_

Tﬁe overall autoxidation of polypropylene may be represcnted

by the {oliowing sequence :

S .
(1) ROOH ——— RO + °‘OH
- : _ '
(2) RO‘ + RH{ ——3 ROH + R
* * k2 ®
(3) O + RH —= H,0 + R
- ks
(l!-) n’ + 02 —_— R02'
k. | .
(5) 302' + RH —E— ROOH + R
k
(6) o 2RO, '———l—-}- 0 + products.

2

Another method of overcoring diffusion effects 1s to
study the resction in aplutien. The thermsl oxidations of .=
polypropylene in trichlorobenzene (13,4 ) énd in benzens (1.5)
have been invéstigated in order to provide:further insight anto
the autoxidation mechanism. The effects of both initiation &and
inhibitiﬁg éddiﬁivas on the rechanism of thermal oxidation of

polypropylene are also of considerable interest (1.6,1.7,.8).



- 14 «

I1l Photooxidation
"Pure" saturated polyolefins such as volyvropylene are
not expected to show on ultra - violeiﬁ absorption beyond 2000 2 (!;.9)_‘
‘and cohsequently éhoﬁld be indefinately'stable to the sunlight
transimitted by the atmosphere (wavelengths greater than 290012)-
Howevef comrercial volypropylenes undergoes repid chemical and
phyzical deterioration on exposure %o sunlight (50). This is
generallj:attributed to ghromophoric irpurities such eg hydro -
peroxide and carboﬁ§l groups which are introduced into the pelymreric
backbone by thermal oxidation during the exfrusion and moulding
~ processes (50). Transition metal residues of aiegler — Natia
catalysis (50)1and polymer - oxygen charge - transfer complexes (51)
have also been proposed as possible sources of initiation in the
photodegradation of polypropylene.
A serieé of publications by Carlsson, Kato and Wiles (52,53,
Bl s 55)_has contributed much to our present understanding of {he
photooxidation of polypropylenc. Employing wavelengths greater
than 30003 in'air, these workefs showed that the photooxidation
of polypropylene film involves, at least in part, the‘conventional
free - radical autoxidation chain process (L1), to give hydro -
peroxides &s initial products. In additicn, a hosi of carbonyl

compounds ic also formed, probably by secondary processes (52).

The rate of photooxidation-is also found to increase with the
tacticity of the polymer sample (55). However, this effect is
believed fo bé dus to the occurience of a stereo - dspendent stiep
(or steps) in the oxidative chain. and no% due fo differences in
samﬁle morphology.

As outlined above, comrmercial polypropylen&'which is normally
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processed in air at temperatures grezter {han 200°C will have
substantial amounts of hydroperoxide and carbonyl impurities. Since
these are thought to be a possible source of instability of
polypropylenzs to nsar ﬁltra - violet radiation, Carlsson and co -
vorkers studied the vacuum photolyses of polypropylene ketones and
polypropylene hydroperoxide.

a) Ynotolysis of Polypmg_ ,vlené ketones. (53)

ALy oxidation results principally in 4wo polymeric ketones
/,,and By in epproxirately equimolar amounts. (A) is photoljsed
prirarily by a Horrish type 1. scission to give carbon monoxide and
- two macroradicals whereas (B) is photoljtsed by a MNorrish type 11
scisgion to give acetone and an unsaturated chain end.

CH 0 CH . CH
| 2 I | - E

MCIi—*—CHz—“C-—-—GHZ——- CH~ -——». 2 ~CH—CH—CH_+ GO
2 2
type I |
(ﬁ)

o
CH 0 ~~CH==CH
~-CH (!3H CH L| CH -P—Y——)- CH_C.CH
f e CH —— CH~— C — | + |
2 2 2 type 11X _3 b
- (B) ﬁﬂz
~~CHz—CH

. Both have quantum yields of approximately 0.08 and are believed o be

the source of initiafion in the early stuges of polypropylene

photooxidation. In later stsges, however, the photooxideation is

probably dominsted by other initiation steps, such as



nydroperoxide photolysise
| b) Photolysis of Polypropylene Hydroperoxides (Fh)

The primary photolysis step involves hydroperoxide cleavage
into ¥ - alkoxy and hydroxy radicals. The majoxr volatile produoct
is water, résuiting from hydrogen ebstraction by hydroxy radicals.
Livtle evidence is found for radical induced hydroperoxide
decomposition. The % - alkoxy radicals are believed to undergo
eztensive,ﬁ ecission by two competing processes both of which

produce ketonic productse.

\

o .
, (]3}13 |H5
‘ H.GH2-ﬁ|CH210Hw + CH‘}
(.l'}H3 (|3H3 (l}H3 0
MCH.CHZ.T.CH?_.CHM <'3H3 o,
. ¢
0 M'CH.CHZ.(ﬁ.CH5 + CHye CH~~
0

Carlsson and Viles (56,“7) studied the surface reaction of
photooxidatiogJofpolypropylene using Attenuated Total Reflection
infra - red spectroscopy. They believe that restriction of
éhotooxidation to a thin surface layef'ié not duz to restrictions
on diffusion of oxygen but to tra;e quantities of polymeric

cerbonyl and hydroperoxide groups present predominantly in the

| . _ | _ _
surface leyers end formed during procesging on the subzeguent

life: of the polymer.

Another method of initiation of polyolefin photooxidation is

that proposed by Trozzolo and Winslow (58) involving the

participation of clectronically excited oxygen molecules. According



-to the mechanism, singlet oxygen is formed by physical quenching

of the n -%x trinle{ state of carbonyl groups. By analogy with the
solut‘ion reactions cof singlet oxygen with olefins to form allylio
hydroperoxides (55,40), these authors posftulated a similar attack
by‘ singlet oxygen on vinyl groups withir; the polymer. The-expected
proximity of carbonyl and vinyl groups in the polymer is an
attractive feature of the mechanism. The mechanism proposed by these
workers for the photooxidative degradation of polyethylene is

ciutlined below. It should alsc apply to polypropylene (50)

2 ) | ' 0

|

B g type II CHy=CH, Cifp. Cly~~
5 - 3 | 1
b) ketone (n,x ) + 02 —— ketone (So) -+ 02
N 1 |
c) CHjF=CH.CH,.CH~ + 0,— cl:HZ.cn-_-.:oH,cHz o~
| OOH

Further photochemical reactions of the hydroperoxide so formed

Jf.ay then take place as previously described.



IV Photolysis in Vacuo
Photodegradaticn is far more selective than degradation by
high_energy radiation. This is because the lower encrgy of the
visible and ultra - violet quanta is of %the order of the strengths
of the bonds in.polymer1molecu1es. The quanta of high ensrgy
radiation will tend to be much more indiscriminate in thelr effects.
E.S.R. studies indicate thaf?f - irfédiation of polyproRyleﬁe,
both a% 779K followed by anncaling and at ambient temperature,
produces alkyl radicalis of the type f-“CHz-%' .CH2-' (61562563
- | CH'3
These radicals unde;go competing crosslinking and scission reactions.
- Xrradiation of isotactic polypropylene at 77°K with 2837 g
ultra - violet light produces free methyl radicals in addition to
the above radicals (AL). These methyl radicals could not be
detected in atactic polypropylene under identiczl conditions (Gﬁ)a
This was attributed to the ease and rapidity of reaction of‘methyl
radicals formed in the amorphous region compared to those formed
“in the more diffusion restricting crystalline region.

'Hattoﬁ and co - workers (65) have reported that unmodified
polyﬁrOPylene film may be orosslinked by ultra - violet radiation
only in the presencc of some sensitliser (e.g. benzophenone) and
with the use of an appropriate bridging rolecule (e.g. allyl

‘acrylate). The allyl acrylate peneirates thé amorphous regions and
this is*where crosslinking will occur. Thus atactic polypropylene
is more readily crosslinked than isotacfic polypropylen&%here the
network consists of heavily crosslinked regicns interSPQrﬁedwith

non - crosslinked areas, On the other hand,;Kujirai et al. (67)

claim that ultra - violet irradiation in vacuo can directly
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crosslink polypropylens {film without a bridging molecuie.
_Crogslinking*waa detected by measuring the gcl_fraction in a
tetrachloroethane solution and also by measuring the degree of
swelling ip decalinu

However, it should be remembered that polyprOpylen; exhibits
no trué absorption above 2000 3 and the radicals produced cannot
be attributsed to the direct photodissociation of C-C and C~H bonds.
Somcposéible chromophoric impurities were discussed earlier in
this chapter. Receﬁ%ly, Takeshita et al. (68) have reported that
radical formation in the vacuum photolysis of low density
polyethylene is due to Norrish type I cleavage of carbonyl group
irpurities in the-polymer chain,. They-§lso report that certain
aromatic impurities detected in pquethylene caen act as
photosensitisers.

1.6 Pbligﬁr Blends

In fhe field of cormercial polymers, polymer blends have beéome

established materials principally because they are easily adapted
T %o specific ne;ds, and can be modified at any time for improvement

in one property at a minimum szcrifice of other properties.
Polymer blends may be described as physical mixtures of structurally
different polymers and are clasaified as homogeneous or heterogerncous
systems. Homogeneous systems are primarily used to implrove
processing; .heterogeneous systems for imparting toughness; and both
are used to lesser extents for reducing the amount of the rore

expensive material, for introducing thermally reversible crosslinks,

and for increasing flame resistance.



- The most important of the commercially available polyblfends are
-the impact -~ resiastant styrene and vinyl polymers. The high -‘ impact
styrens polymel's are blends of polystyrens,; or .high styrene content
styrene - butadiene copolymers, with natural or synthetic rubbers.
For impact irprovement, poly( in.nyJi chloride) is blended with
butadiene - containing rubberg polymcrs, some acrylates, ethylene -
viny) acetate copolymers and ABS plastics. Polyethylens and
polypropylens are often {toughened by addition of butyl rubber.

* Considerable interest has therefore been taken in the physical
properties of polymer blends, although the chemical properties of
such systems havz not{ been the subject of much study. It is well
known. that the decomposition behaviour of a polymsr:molecule can
be modified considerably by the presence of a second, foreign
monomer unit in the chain. It is therefore of interest to observe
whe ther or not poly.rmrsh degrade differently in the presence of a
second polymer. A typical example ias the thermal degradation of
mixtures of polystﬁene and poly(ct methyl styrene) (62). Poly
(¢ methyl styrene) is less stable than polystyrene zungd as it -
depolymerises {o monomer, it produces radicals which c2n initiate
the degradation of polystyrcne &t temperatures at which it is

normally stable.
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Adm of this vork

Although a great deal of effort has been concentrated on the
photooxidation of poiyprOPylene; little has been dirscted at its
photolysis in vacuo. This thesis is concerned with an inveatigation
into the ecffect of heat and lights alonz or in combination on
films of isotactic polypropylene. Thz possible effects of catalyst:
residues and sample morphology are also considered.

Ag a consequence of the increasing industriel importance of
polyblends, it was deemed worthwhile {o investigate the thermal
and photo ~ stabilities of a number of polymer blends containing

polypropylene as the common polymer.
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CHAPTER TVWO

EXPERINVENTAL THCHNIQUES AND APPARATUS

Source of Polymers
The polymer most widely used in this investigation was a sample
of isotactio polyﬁro;)ylen_e y obtained from Shell as a powder;

completely fres of additives. A few of its. charactoristics are

listed bolow: ~

Nominal melt index . 3.02/10 min.
Molecular Weight (1 ) 222,300
Crystalline Melting Point 167°C
Tacticity 89 % isotactic

Other polymers used and brief details of their history are
given in the appropriate chapters.

Polvmar Form

In photochemical studies of polymers in the soliq state, it is
recognised that ths use of powdersd polymer leads to erratic and
conflicting results on account of the large number of uncontrellable
variables (particle size, layer thickness, surface area of powder, etc)
associated with such a system. For this reason, mos t investigations
are conducted on thin films.

Standara-mﬂthoas of preparing transparent polymer filmslinvolve
melting, pressing, moulﬁingeto. at elevated temperatures in air.

HOWévcr, each suffers from the disadvantage that the polymer may



becomes partially degraded or oxidised during formation of the
film. Alternatively, polymar films can be cast from solution by
solvént evaporation, a process which normally involves no
dggradation or oxiddfion.Howaver, ther? is no suitable solvent
for polypropylene at ambient. temperatures and film - casting at -
cslevated temperatures again risks degradation or oxidation.

The method finally adopted involved.pressing a polymef
powvder sample at room temperature into the form of a disc, which
was pre - melted and cooled in vacuo prior fo use. Approximately
80 mg of powdered polypropylenc was_placed in a continuously
evacuated die and compressed to 20 tons for L minutes in a
Perkin ~ Elmer hydraulic press. In this way an opague polymer
disc of radius 1 cm and thickness 250 microns was obtained.

The disc in this form was still unsuitable for photolysis
since it was opaque and could be simpLy'bé regarded as a more
sophisticated form of "powder sample”, with many of its
uncontrollable varisbles. This problem was overcomé'by'heating
the disec in vacuo, to a temperature slightly above its melting
point aﬁdalldwing it to cool. Great care was taken to ensure
the rigorous control of the cooling process since the degree of
crystallinity of a sample depends on the rate of cooling from the
melt. Indeed, samples of different crystallinities were prepared
in this manner. The result of pre - m2lting a polymer disc was
-an almoat transparent sample suitable fcr the incidence of '
ultra - violet{ radiation.

However for degradations above the meliing point of the polymer,
pre - melting was of course, not necessany._Onmglting, a disc

becomes 4%ransparent and loss of incident light intensity owing to
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reflection and scattering is minimised.

Source of Radiation

A Hanovia chromatolite lamp was used as the source of ultra -

violet radiation. This lamp employed a low - pressure mercury arc

to produce a typical mercury emission spectrum, the intensities of

O O

the two resonance lines at 18,9 A and 2537 A4 being much greater than
those of all the other wavelengths present. The output of this lamp
ig shown in PIGURE 2.41. The lamp was connected {o an L.T.H.

Tranéistorised.1kV% Voltage Regulator to ensure that any'variations
in the mains output did not affect the lamp emission. .

Transmission of UV Radiation

Under the experimental conditions employed, it was necessary for
the output of the lamp to traverce air, fused silica and a vacuum
(inside the cell) before finally impinging on the polymer samples.
Thus it is to be expecied that the nature‘of the radiation eventually

reaching the polymer disc will be modified to some extent by the

absorption characteristids of these media.

a) Transmission by Air

The only component of air capable of absorbing the ulira - violet
radiation employed 1s oxygen, the_othér constituents being completely

transparent in thisregion of the spectrum. The oxygen absorption

spectrum consists of two sets of bands, the one system converging at

O .
2,00 A, and the more importan

Schumann = Runge syztiem, having &
Q |
threshold wavelength at 2000 A and converging towards 1761 A (70).

O <t

These two absorvtions correspond to two photo ~ dissociations of

oxygen molecules, - 3 1 .
| 02+hv——-——+0(P)+O(D)

ara 3
0, + hV — 2 0 (“p).

Ozone is'produced concurrently according to the equations,



LINES IN THE SPECTRUM OF THE LOW PRESSURE MERCURY ARC
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and
0(31?) ¢ 0. + ¥ —» O, + W
‘ﬁb’r;'éré’ M is the nt-:;ce;ssary third body. -

It is obvious that only the 18,9 g iine has an ensrgy associated
with it which exceeds the threshold energy for the disocietion of
oxygen. It has been indicated (70) that 1 cm of air is sufficient
to absorb this line completely.

b) Transmission B_z Ii‘uS»;ad Silica

The transmission of fused silica is shown in FIGURE 2.2.
It can 5@ gseen that, for the wavelength considered, 96 % of the
inoident light is transmitted. “
c) ¥onochromaticity of {tne Source |

It has already been shown that 93 % of the lamp output is
composed of the mercury resbnance radiation with wavelengths of
18,9 gand 2537 2, and that, in traversing the arc to polymer path,
the intensity of: the former is reduced to an extremely low valuc.
The intensity' of the latter, however, is only slightly atienuated.
Since the intensities of the longer wavelength radistion are
nagligible compared with that of the 2537- g s the radz-i.ation reaching
the polymer sample is virtually monoch_romatic (25573).

Determination of the Absolute Numbra of Quanta Produced by the

Lamps Employed.

a) Introduction

In order thet the results of photolysis may be treated in a

quantitative manner and that the results emanating from different
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