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" Summery of Ph.D. thesis,

Photolysis of Copolymers in Solution. - Te Irwin Davis.

Preliminary investigations of the photolysis of poly-{methyl
acfylate) homopolymer in solutions of methyl acetate, chloroform,
methylene chloride and benzene were carried out. The light source
vemployed was & Henovia Chromatolite Lamp which produces, primarily,
radiation of wavelength 2537&: The resulting chain scission reaction
of the polymer was followed by monitoring the change in molecular
weight of the polymer samples after varying periods of irradiation.
Molecular weight analyses were-determined using a Mechrolab High
Speed Hembrane Osmometer.

The rate of chain scission of poly-(methyl acrylate) in solution
was found to be independent of polymer concentration over the range
1 - 10% W/V, and to be little affected by the solvent used, other
than that expected from optical filtering considerations. :

The two homopolymers of methyl methacrylate and methyl acrylaite
and & series of copolymers covering the entire cémposition range weré
prepared and the photodegradation of solutions of these samples was
carried out. The characteristics of the photo-induced chainvscission_
reaction across the composition range were studied and compared with
those observed in the photolysis of thin films of the same polymer
system. Differences observed, invparticular an enhanced rate of chain
scission of poly-(methyl methacrylate) in solution compared with that

found in film photolysis, have been explained in terms of Glass Trams-



e

ition Temperatures.

Photo~oxidation has also been carried out with both thin films
and solutions of these polymer samples and the relative degradation
characteristics have been compared. Differences observed have been
rationalised in terms of the subsequent reactions available to the
polymer radicals obtainedafter the initial photo-induced cleavage
of the ester side groups. |

Copolymers of methyl methacrylate with methacrylonitrile and
styrene, covering the entire composition ranges, were prepared and
irradiated in solution with methylene chloride: Methacrylonitrile,
being structurally very similar toAmethyl methacrylate did not appear
to have a significant effect upon the rate of chain scission of
methacrylate-rich copolymers but it has been shown that the strong
radiation-absorbing benzenoid nucleus of the styrene comonomer has:a
protective effect upon methacrylate-rich copolymers due to preferential
absorption of the degradative radiation at stable afomatic sifes;

Some copolymers of methyl methacrylate and maleic . anhydride
were prepared and it has been shown that ihcorporation of even a very
small quantity of maleic anhydride as comonomer greatly enhences the
rate of the photo-induced chain scission reaction of methacrylatef

rich copolymers.
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INTRODUCTION,

It has long been recognised, almost since polymers
first became commercially significant, that their resist-
ance to ultra-violet radiztion is an extremely important
factor in determining their useful life. The commercial
importance of the degradstive effects of radiation and
the comparitively more recent interest in the more fund-
amental interaction of resdiation with matter have togethewr
stiﬁulatéd interest in the photodégradation of polymers
in the past decade.

In most work, mercury vapour lamps have been used
as the source of ultra-violet radiation. ILiow pressure

‘%ermicidaf’lamps are & convenient, relatively monochrom-
atic low intensity source of 25374 radiation. Medium
pressure lamps provide radiation at a number of wave-
lengths in the 2200—4000& region, any particular wave-
length being readily isolated by the use of filters.
High pressure lamps give high intensity radiation over
a continuum of wavelengths in the same region. These

and other ultra-violet radiation sources have been



described in det2ill?®"  Determination of the intensity

of the incident radiation from these sources can be

R . 3.4
effected by conventicnal uranyl oxalate actlnometryl’Jff

or by the more rapid ferriozzlate methods > 8

Photodegradation reactions can be studied in
solution or ﬁiﬁh bulk polymers in thin film or powder
form, quartz photolysis cells usually being used as reac-
tion vessels. Polymer purity is zlways a problen.

dellinek and Bastien7

noted that sample history had a
marked influence on the course of the vhotolysis resection
of polyacrylonitrile in solutione_ Isaacs8 observed large
Variatiohs in guentunm yield for hydrogen formation froa
polystyrene films cast from different chlovrinated solventu.
Deternination of molecular weight changes in the
polymer sémple is the usual nethod of following the
course of photodegradation reactions. Viscometry is the
most widely used technique,although light scattering and
osmometry are commonly applied to the study of copolymer
degradation due to the lack of availeble viscometry
parameters for copolymer systems. Where the polymer
undergoes crosslinking, gel fraction studies are often
used. Volatile products from the photolysis of solid

polymers are usually snalysed by spectroécopic techniques,



" mass gpectrometry and gas chromatography. Evolution of
volatiles during degradation may be followed with a
pressure measuring device such as a Pirani gauge.or by
menomeric techniques. This thesie is concerned with the
effect of ultra-violet radiation from a low pressure
mercury wvapour lamp on solutions of copolymers, contain-
ing methyl methacrylate as one of the COMONOMETS. -The
progress of the reactions was monitored by determining
moleculéf weight changes using the technique o0f osmometry.

Theoreticsl Comsiderations.

Photolytic degradation is brought about by the
absorption of energy in the form of photonms. This
causes the formation of free radicals.which‘ultimately
lead 0 changes such as main chain scission, crosslinking,
unsaturation and the formation Qf‘small molecules.

Most organic molecules lie in a singlet ground state.
After absorption of a photon to give an excited singlet
state,’the molecule nay revert to the ground state by
emission of a photon(fluorescence) or by radiationless
transitions and the generation of heat. In some instances,
intersystem crossing can take place, and the molecule

will shift to an excited triplet level of lower energy.



Again the reversion to the ground state may be accomp-
anied by photon emission(phosphorescence) or heat. If
the molecule has sufficient energy in the excited state,
either the singlet or the triplet, dissociation or:
rearrangement mey take place. Reversiocn to the ground
state may elso be accomplished by transfer of energy
between the excited molecule @nd a second molecule.
These processes are illustrated in fig.l.l. Radiztion-
less transitions are favoured in comnlex molecules9 and
processes involving such intremclecular energy transfer
are the most likely route to vhoteodissoeciation.
Photochenmical data are probably more extensive for
compounds containing & carbonyl group than for sny other
class of organic compounds. Most work has been carried
out on sldehydes and ketones but, broadly speeking, acids,
acid anhydrides, esters and even =2mides undergo analogous
photodissociative reactions. R.G.W. Norrish;gnd his
co-workers were the first to make a systematic study of
the photocheristry of molecules containing -the aldehyde
and ketone functional groups. Among polymeric ketone
11,

derivatives, polymethylvinylketone has been shown

L%
fto .

undergo simultaneously, Norrish I and 11,pp3§esées in

€Iowt
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Fig,1l.1. JABLONSKI DIAGRAM.
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solution~“ and the solid state. The photolysis of

polymethylisopropenylketore leads to main chain clefvag%4
followed by depolymerisation between 130QC and 1800013.
HoWevezgthe model compound for polyphenyivinylketone,
butyrophenone, has been found +to undergo nrainly Norrish
Type 1 cleavége. In benzene solution, however the poly-
mer was found to undergo mainly Norrish. Type 11 cleavage
leading to chain scission.

Phectolytic processes can be separated into 2 groups-
primary and secondary. Primary processes involve the
immediate excitgtion effect of the light on the absorb-
ing molebule, deactivation through fluorescence, heat
emission, energy trensfer ete., or destruction by trans-
formation of the stariting material into new coﬁpounds,
wherecas secondary processes are the reactions‘of the
molecules, atoms or radicals produced as a result of the
primary process. It is-important %o remember that,
because the absorbed energy may be trsnsferred intra-
molecularly, the site at which the ultra-violet light
is absorbed may not necessarily be the site at which

bond rupture takes place. If the energy of excitation

is greater than, or equal to, the bond dissociation energy



of the weakest link in a molecule then cleavage may
occur. Bond dissociation in polymers mey lead tc a
chain scission, this being one of the two principzal
reactions involving the polymer backbone, the other
being erosslinking.

The reactions occurring in a polymer undergoing
photolysis may be classified as direct or indirect.
Direct reactions comée about from the absorption of a
photon by the polymer, followed by bond homolysis and
the formgtion of degradation products. When substancés
other than the polymer.undergoing'photolysis are present;
indirect reactions can occur. These"foreigﬂ‘molecules,
whether they are solvent molecules, small molecular imp~-
' urities, added sensitisers or irhibitors cen similarly be
excited and undergo reactions to form free radicals.
These excited molecules or fragments nay eventually int-
eract with the polymer to give products similar to those
arising from the direct processes. The reverse reactions
may aiso occur; excited pdlymer molecules or polymer

radicals may interact with the'foreign’ molecules.

w ¥
Poym ¥ 5 = S5 + Pom
P + S &= s + P

n+m n+m



An obvious exemple of én indirect reaction is the effecf
of atmospheric oxygen on polymer photodegradation.

with regard to chain scission oxygen can play the role
of apparent inhibitor, as in polysiyrene or seemingly be
without influvence as in poly-(et-methyl styréne)%5 Other
examples sre the influence of sensitiscrs on the cross-
linking of polyolefinsl6 and the effect of residual |
solvents in polymer films§ The existence of an indirect
effect is readily seen in the photcdegradation of polyners
in solution. Appareni gquantum yields for the random
scission of poly-(x-methyl styrene)l7 and poly(methyl
methacrylate) ere markedly dependent on the solventla.

Reactions of the Polymer Chain.

l. Chain Scission.

&. Initiation.

In general, initiation occurs either at random or
at specific chain terminal structures. In random initia-
tion, chain scission coccurs at random points aloﬁg the
chain, giving radicels which tend to be large compared to
a monomer unit. Samples of reactions in which random
initiation is thought to cccur aré the roonm temperature

protolytic degradation of poly-(methyl methacrylate)lg,
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the photodegradation of poly—(«-methyl styrene)zo and

21

the thermal degradation of polybutadiene. Wieak links

(bonds in the polymer chein which are more susceptible
to chain scission than normal) have bfﬁen been postulaﬁeczi2
but the existance of these weak links has usuvally been
questioned.23
In the second initistion mechenism, end initistion,
the bonds occurring at the ends of the chain are partic-
ularly vulnergble and are thus exclusively broken. The
result is the formation of a 1éng chain polymer radical
along with an end group radical. .The end group in poly-
mers can.vary considerably depending on the initiator
used in the polymerisation and the type of termination
which occurs. For example, azo-bis-isobutyronitrile
catalysed polymerisations of methyl methacrylate, in
absence of transfer and assuming termination by dispro-
portionation, will give molecules haviﬁg at one end a
catalyst fragment snd at the other , either a saturated

or an unsaturated structure formed in the disproportion-

ation,

'CH
' ~~CH= 3
(CH,)oC CH= ¢—CO,CH, and (CH )Zc*,m,CH(:3
> Fon 8H3 ’ 3"2en “¢o,0m,



~10-

Half the polymer molecules will he of ome form, half of
the other. Any end initiation should tzke place at the
unsaturated end as the C—C bond adjacent to the C=C
bond is‘more vulnerable . than the others. Reactions in
which end initiation is thought to take place include
the high temperature photodegradation of poly-{methyl
methacrylate)24 and the thermsl degradation of ‘the seame
polymer25.-

b. Subsequent Reactions.

The radicals formed by chain scissgion may"peel off"
monomer molecules or deprbpagate, Whether the decompos-—
ition of a particuler material will result in a high
mononmer yield depends in the first placé on the product—-
ion of the necessary radicals in the initiation process.
Following the initiation, one of several things msy happren.
One possibility i1s a rapid decrease in molecular weight
without any monomer being given off. There is no unzipp-
ing (depropagation) as other reactions are predomninating.
Volatiles other then monomer may be evolved however.

Most room temperature photolytic degradations are of
this type. A second possibility is pgrtial unzipping

in which small amounts of monomer are formed.
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In such 2 case, either a fraction of the chains deprop~
agate 28 in the thermal d;gradation of poly—{methyl
methacrylate) helow 220°C f or termination has prevented
the reection going to completion sg in the photolytic
degradation of poly-(x-mcthy étyrene) at 115°C. The
finel p0L51b111 Yy is complobe vwnzipping in which large
amounts of monomer are evolved as the chaine completely
depropagate. There is no terminstion. For end initiat-
ion the molecular weight of. the residuevwill remain
néarly constant,.or may even rise slightlygzif.more
rapid degradation of low molecula; weight material occuru;
Random iﬁitiation will give & different result. The
molecular weight will deoreaée rapidly before any
significent conversion to monomer bccurs. The extent
and rate of decrease will depend a great deal on the
distribution of molecular weights within the samplez6.
Examples of complete unzipping include the thermal
degradation of poly-(methyl methacrylate), especially
low molecular weight samples, at temperatures well above
220°C, =nd the photolytic degradation of poly-(methyl
isopropenyl ketone) at 150007,

The extent of unzipping depends on the polymer
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involved and the conditions of the degradation reaction.
In many degradation reactions there is a temperature
below which no depropagetion will occur. Above this
temperature there ' is unzipping which may increase as the
temperature increases, This flocr temperature for deprop-
agation is related to the ceiling temperature for polym~-
erisation - the temperature above which the corresponding
polymerisation does not occur22. The existence of these
temperatures is due to the reversibility of the piropag-

ation and depropagation reactions;

P o+ M propagetion, P
n . . ; n+l1
: deypropagstion

Below the fléor temperature, the ?ropagation reaction
will be favoured. Between the floor and ceiling temper-
atures, monomer and polymer exist in equilibrium and above
the ceiling temperature the depropagation reaction will

be favbured. Ceiling temperatures for thermal (propag-
ation - depropagation) reactions are quite high (~300°C
for styrene)22 but those for photo-induced (propagation-
depropagation) reactions tend to be much lower. A

great deal of the work on monomer-polymer equilibria

28-31

was carried out by Dainton and Ivin who were the first

t0 explain ceiling temperatures in terms of propagation-
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depropagation reactiouns.

2. Crosslinking.

Under some circumstances, ultra~violet radiation
can cause crosslinking which leads to a three dimensional
network, the polymer ultimately becoming insoluble.
Crosslinking is more commonly brought about by using
high energy radiation. For example, this is the usual
method for producing crosslinked polyethyléneBz. Whether
or not crosslinking taokes place when a polymer is irradia-
ted depends to a large extent on the structure of the

polymer. Polys’cyrene33’34

and poly-(methyl acrylate)35
readily crosslink on exposure to ultra-violet rédiation
while poly-(f-methyl styrene)zo and poly-(methyl methacr—
ylate)35 only do so if sensitisers are present. The
former pair of polymers have hydrogen atoms alpha to

the pendant groups which are readily transferred and the
resultant polymer radicals are resonance stabilised.
Combination with other polymer radicals can occur result-
ing in branched chains and eveantually a three dimensional
network is built up. On the other hand, the X-methyl
groups in poly—(armethyl styrene) and poly-(methyl meth-

acrylate) prevent formation of stabilised radicals and
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chain scission rather than crosslinking takes place.

When crosslinking does occur it has & considerable effect
on the interpretation of photodegradation results, making
molecular weight determinations impossible, although
sedimentation pattern and gel fraction studies can be
made. Crossiinking also interferes with the determinat-
ion of the rate of evolution of since the rigid structure
has a much higher bulk viscosity which slows down the

rete of diffusion of small product molecules.

Photolysis of Polymethacrylates.

Barly work on the photolysis of polymethacrylates

2 . .
4 who irradiated

was carried out by Cowley and Melville
poly~(methyl methocrylate) films with 2537& radiation.
This work followed on from the thermal degradation
studies of the same polymer by Grassie and Melville25.
Cowley and lielville studied the formation of monomer
during the irradiation of thin films in vacuum using a
molecular still, the evolution of monomer being followed
by means of a calibrated Pirani gauge. The reactions
were carried out over the temperature range 170-20000,

since there was a break in the activation energy plot

at about 1659C. Below this temperature the energy of
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activetion appeared to be approximately 12.5xlO4J/mole;
This value is almost identical to the energy of activat-
ion for the diffusion of methyl isobutyrate, which has

a similar structure to monomeric methyl methacrylate,
through poly-(methyl methacrylate)37. ‘This would appear
to confirm the authors, conclusions that the change in
the acti#ation energy is due to slower diffusion.of mon-
omer through the more viscous polymer at lower temperat—

38 exposed poly—(methyl metha-

ures. Frolova and Riabov
erylate) powder and thin films to ultra-violet light in
vacuum &t 2500. Geseous products were evolved. The
quantum yiéld.for wavelength rangé 3030—31303 was 2m3x10'4
molecules of gas evolved per quantun absorbed. By

shorter wavelength irradiation of samples tagged with_

Cl4

it was shown that the ester groups were the primary
source of these gases and that methyl formate was a

major product. Shultz39 irradiated thin f£ilms of pdly-
(methyl methacrylate) with 2537K.at 26°C in air. The

" result was almost soiely chain scission with no cross-
linking. This was later confirmed in work by PFox, Isaacs,
Stokes and Kagaris%swhich included a study of sedimentat-
ion-patterns. This absence of crosslinking is‘known to

exist even with ionising radiation4o. It is possible to
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ecrosslink poly-(methyl methzcrylate) using ultranviole%
radiation but only in the presence of sensitisers4l.
The appearance of 2 broad absorption peak near 2850%
was noted in the ultraniolet absorption spectrum after
irradiation.

42 4 rradisted poly-(methyl methacrylate) in

Honig
chloroform, dioxane and benzene solutions of concéntratw
ion 0.31lg./litre at 20°C. The extent of degradation was
~followed through changes in viscosity. The meclianism
appeared to he one of random scission with no monomer
production. The extent of decomposition in a given
time period varied considerably with solvent indicating
solvent participation in the reaction. Charlesbf angd

43 irredisted poly-(methyl methacrylate) in the

Thonas
form of thin films and benzene solutions at room temper-
ature with both ultra-violet and gamma radiation. The
results for solution irradiation showed that degradation
was linear with dose and was effectively independent of
polymer concentration over a twenty fold range in concen-
tration. This indicated that the benzene did not partic—
ipate in the reaction. In spite of the HKigh absorption
by the solvent there appeared to be no energy transfer

to the polymer. Irradiation of filﬁs with low and mediun
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pressure lamps gave similar results. Film photolyses"
were carried out in atmospheres of air and nitrogen, the
rates of chain scission being almost equal. From e.s.r.
studies of the ultra-violet and gamma irradiated polymer
it was concluded that there was rendom initiation but |
that this was not followed by depropagation. This
differed considerably from high temperature resulfs such
as those of Cowley and Melville but differences due to
temperature were also found.in the results from high
energy irradiation. High energy irradiation at room
temperature leads fo rendom scission and no depropagation
and therefore no monomer whereas at higher temperatures
random scission occurs accompanied by depropagation and
liberation of monomer. Later investigations by Charlesby

44'at temperatures up to 180°C confirmed many

and Moore
of the similarities between degradation by ionising and
ultra-violet radiation.
45

Maxim and Kuist compared rate of chain scission
by ultra-violet and high energy radiation of‘polyé(ethyl
methacrylate) and poly-(methyl methacrylate). They
noted that the energy of radiation of ultra-violet rad-

iation is of the same order of magnitﬁde as chemiéal
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bonds. This is why uvltra-violet radistion is bond
selective and why its effects can vary with wavelength,
unlike high energy radiation.

46 irradiated solutions of

Kardash and Krongauz
poly-(methyl methacrylate)in benzene with 2537i.light.
plots of polymer concentraticn versus quentum yield reached
a constant value at 3.2X10_6scissions/quantum. It was
concluded therefore that the polymer is not decomposed
by the light directly. The addition of free radical
acceptors almost completely stopped the degradation. The
results were interpreted as showing that irradiation
probably induces the formsticn of benzene free radicals
which then react with the polymer.

4T Spradisted poly-(methyl methacrylate)

Fox and Price
(5g./1litre) in methylene chloride and other solvents at
room temperature. The quantum yields for random scission ‘
were independent of polymer concentration but dependent.
on the solvent used. Therefore it was concluded that they
should be evaluated on the basis of energy absorbed only
by the polymer i.e. after the effect of optical filtering

by other constituents of the solution had been taken into

account. Calculated in this manner the rates of chain
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gscission were found to be identiczl for methylene chlof—
ide and dioxane solutions. Oxygen was found to act as
an inhibitor. It was concluded that solvent radical
attack may not be as important as other means of trans-
ferring energy to and from the polymer, These authors
a2lsc studied the effect of small zmounts of & variety of
additives on the quantum yields for scission of poly»(
methyl methecrylate) in the abbve solvents at room temp-
erature in the presence end absence of ai~}8’47’48 For
degassed solutions, gquantum yields for random scission
based on energy absorbed by the polymer were little
affectéd by either intensity or polymer concentration.
The effects of added solutes whether or not oxygen was
present. The authors were able to show a correlation
between the degree of inhibition or_acceleration of
degradation and the lowest excited tripiet energy levels
of the additives. This was interpreted to indicate the
existence of an electronic transfer mechanism and that
poly-(methyl methacrylate) may undergo photodegradation
from an excited triplet state.

Somewhat similar studies of“indirecﬁ’photodegrada
ation were carried out by Monig and Kfiegel49_51 who

investigated the sensitising effect of polycyclic aromatic



hydrocarbons on the photolysis of poly-(methyl methacryl-
ate) in solution. Radiation that was absorbed by the
additives but not by the polymer was used. The mechanisn
of semsitisation probably involves an oxygen-transfer
reaction which involves both the solvent and the'photo—
lysis products from the polycyclic hydrocarbon.
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Jellinek and Wang”~ made =2 kinetic study of the
25374 photolysis of poly-(methyl methacrylate) in solut-
ions of 2-chloroethanol under nitrogen et 25°C and 159°C.
The extent to which oxygen was present in these solutioms
wes not known. The experimental rate consitsnts were
dependent on polymer concentration which indicated part-
icipation of the solvent in the photolysis reaction.
Thermal degradation was negligible even at 159°C. The
intensity exponent and activation energy for»monomer
production were very similar to the resﬁlts of high temp-
erature bulk degradation studies by Cowley and Melvillez%A

The kinetic picture differed from that of Cowley and

Melville in that even at elevated temperatures random

initiation was indicated. The kinetics of the process

satisfactorily fit a sequence of direct random photolysis

of the polymer and random chain scission caused by the
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solvent radicals followed by monomer formation and &
diffusion controlled second order termination. It should
be noted that repolymerisation may zlso occur gince the
monomer produced remains in solution and therefore in the
viecinity of a significamnt concentratioh of polymer radic-
als. ‘
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Allison irradiated methyl methacrylate copolymers
at 30°C in vacuum. Aldehydes were clicsen as CoOmonomers
since their participation in the chain scission reaction
was suspectedlg. The polymers were irradiated in the
fTorm of expanded films produced by a freeze-drying tech-
nigque. During degradation at least one molecule of
carben monoxide was evolved for each chain scission,
Other products were methyl formate and methanol. The
ultra-violet absorption necar 28503 previously noted by
other investigators was tentatively assigned to aldehyde
groups formed as a result of irradiation. It was concl-
uded that chain scission of poly-(methyl methacrylate)

was primarily the result of these photo-induced aldehyde

groups. The following was proposed as a possible mechean-

ismy CH CH CO.CH. CH
i3 ho i3 13 ve2 37073
~CHy=C=" B CHy=C " ~CH-C ~ or ~0-CHy=C~ —
COLCH, --S=o CHO CH,  CHO
- *OcH

3



PP

?H3 (Hy e ) GH,
~CH O =y WCH O~ ey T OHRCH3 4 GHA
CHO + CHO or GO

Fox, Isaacs, Stokes and Kagarise35 gstudied the
photolysis of thin films of poly-(methyl acrylate) by
25371,radiation at 22°C in vacuum end in air. -No skin
effect was observed. Insoluble crosslinked material was
found early in the vacuum runs and qualitative comparison
of the sedimentation patterns of degradaded and undegraded
polymer indicated that crossiinking occurred in both air
and vacuum. Oxygen must act to reduce crosslinking since
no benzene insoluble meterisl was obtained in air photo-
lysis. Speectrsl changes were minimal with the formation
of a wesk band at about(ZSOOE in the uvltra-violet spectrun. -

No evolution of monomer was detected.

Photolysis of Copolymers of Methyl Methacrylate and
Methyl Acwrylete.

The photolysis. of copolymers of methyl methacrylate
(MMA) and methyl acrylate (MA) was studied at 170°C in
vacuum bykGrassie, Torrance and Colfords4 using 25371,
radiation. From molecular weight measurements of the

degraded polymers, it was concluded that a random scission
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process occurs. No insoluble material was observed evén
in the photodegraded 2/1 MMA/MA.copolymer. From analysis
of the volatile products it was found thet one in ten

of the methyl acrylate units was liberated as mononmer
compared with one in four in the purely thermel reactiog?
The zip length for depolymerisation of the photo reaction
was found to be very much greater then in the thermal
reaction and since the zip lengths decreased with increas-
ing methyl acrylate content it was deduced that the methyl
acrylate units must block the depropagetion reaction.

This blocking is not complete however since small asmounts
of monomeric methyl acrylate appear in the volatile
products. The rate of chnain scission was not found to

be strongly dependent on the methyl acrylate content
showing that scission occurred at random points along

the chain and not preferentially at methyl acrylate units.
Recently, Grassie and Scotney56 have been studying the
photolysis of methyl methscrylate/methyl acrylate copoly-
mer films at room temperature using 25372 radiation.

Their results are discussed in chapter 5.
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Aim of this VWork.

Although e great deal of effort has been concentra-
ted on the photodegradation of homopolymers, very little
has been directed at the study of copolymer degradation.
Degradation reactions occurring in copolymers are partic-
ularly interesting because they demonstrate how two
monomers with different degradation charsciteristics inter-
act when they are found in the same polymer molecule.
Polymethacrylates and polyacrylstes are very similar
structurally but many of their degradstion characterist-
ics are gquite different. Under ultra-viclet radiation
at room temperature, poly-(methyl methacrylate) films
undergo chain scission with & corresponding rapid drocp
in molecular weight while poly-(methyl acrylate) rapidly
becomes insoluble due to crosslinking. However, the
gaseous products of photolysis of both polymers are
identical57 and thus it seems clear that in Both polymers,
volatile products are a result of decomposition of the
ester side group following its scission from the polymer

chain. The reactions of the resulting polymer radical ;
CH
3

determine the more obvious changes which occur. The
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polymethacrylate radicals predoninsently undergo chain
scission whereas acrylate radicals mainly combine to
form crosslinks,

The study of polymer degradation reactions in the
solution phase has received'relatiVely'little attention.
The use of solutions in polymer photolysis affords some
freedom to study the interaction between polymer and
other molecules since the composition of the solution
cen be accurately controlled and is uniform throughout.
In addition, problems due to bulk polymer properties for
example,soiid phese transitions and small molecule diff-
usion ﬁhfough a solid polymer, wiil be eliminated in
solution work. The probability of crosslinking should
be decreased through the separation of the polymer chains
by molccules of solvent unless perhaps the~polymer chains
are agglomerated in a micelle.

| In these laborgtories a great deal of work on the
photolysis of nomopolymers and copolymers is being carried
out in en attempt to contribute to the fundamental under—
standing of photodegradation processes. This work
involves the photolysis of polymer films; the comparison
of reactions occurring in copolymers with those which

are characteristic of the hbmopolymers; the study of the
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effect of crystallinity on the rate of degradation; thé
relative rates of degradation above and below the glass
transition temperature; the influence of radiation on
subsequent thermal properties of the polymer and comper-—
ison of the photolysis reaciions .which occur in moltén
polymers (phéto-thermal degradation) with the purely
thermal reaction which occurs at slightly higher temp-
eratures. As part of this programme, it was considered
desirable to compare the photodegradation characteristics
of the polymers in film form with those occurring in

solution.
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CHAPIZR 2.

SAPORINENT AT, DECHVTIOUES AWD APPARATUS.

2.1, Preparction of Conolyner Szmvnles.

g. Purification of Honomers.

Kethyl motlocv late xetPT yle end methecrylonitrile.
RE - -, ool

Ilethyl methacrylate [B.D.H. Ltd. ] methyl scrylzate
[B.D.H. Lté.] end methacrylonitrile [EBsstmen Xodek Co.]
were wzshed three times with 5I sodium hydroxide to
remove the hydroquinone inhibitor, followed by three times
with distilled wezter to remove trazces of e2lkali. The
pﬁrified mononmers were dried for 24 hours over anhydrous
celeivm ekleoride followed by 24 hours over freshly dried
celcium hydride. Finslly, the monomers were filtered
into reservoirs containingfsome calcium hydride and stored
in the dark, in & refrigerstor at —-18°C until required.

Before use ﬁhe monomers were degassed twice in &
reservoir attached to a high vacuun apparatus coneisting
of an Idwards silicone o0il vepour diffusion pump backed
by en Bdwards rohtary oil pump. Degessing wes effected
by the usual cycles of freezing with liguid nitrogen,
pumping off released dissolved gases and thawing. The
first ten per cent of each monomer was distilled ofZf and

discarded after which +the quantity required was distilled
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inﬁofa gradueted reservoir and finally*into'the Dolymer—
isation dilatometer.
Styrenec.

Styrene [Forth Chemicals Ltd.] contsined 0.1% p-ters—
hutylcatechol as inhibitor. This was removed end the
nonomer purified by & précedure similar to that described
above. |

Iinledc snhvdride.

HMeleic enhydride[B.D.H. Ltd.] was purified by
distillation under "tr‘.lqeric pressure [lI.Pt. 53°C, B.Pt.
1199°C0~2¢2¢C] end stored in a dark conbeiner until fCﬁUerQe

b Puri i etion of Initiator.

In 21l polymeriscitions described in this vork, the

0 . > . - s / K] . . .
initistor uvsed was 2,2 ago-bislsobutyronitrile which wss

o

purifiecd by recrystallisetion” from Analar methemol [Ii.Pt 104°

-

C]. The initiator was introduced into the polymerisstion

dileatonmeters s & freshily prepered solution in Aneler

toluene, the solvent being pertielly removed by a water

pump then completely removed by punping for aboult an.

hour on the bhigh vecuun epparatus 11"Hu being excluded
. a ]

to prevent decomposition of the initiator.

c. Preperstion of molvmerisetion dilatomciers.

i, The dilstonmeters.,

Pyrex glass dilatometers of approximately 100ml.



cepacity with 2 5ml. gradusted stem were woshed overnight
with cleensing solution, distilled water snd finally

Ainalar acetone znd attoched to the vacuum apparatus. The

dilatoneters were then flamed intermittently for zbout

v

n hour prior to the eddition ef the initistor solution.

i. Addition of monomers.

R

IZonomer nmixtures of pre-determined compogition

-7

were distilled under veaecuun intvo the dilstometers and

H

inelly degessed before sealing off st & pressure of

5

less than 1077 torr.

In the case of meleic anhydride, the monomer vas
ground vo & fine powder and the reguired weight added
directly o the dilatometer which was then placed on
the vecuunm line end pumped for several hours before

2ddition of the other nmonomer.

d. Polymerisation

A1l pnolymeriseations, excspt that of methyl scrylaie
homopolymer, were carrie& cut in bulk in a thermostatic-
ally\controlled water bath et 60X 0.5°C. Ilethyl scrylate
was polymericsed in solution using Ansler nmethyl acetate
as solvent., In addition to the copclymers covering the
whole composition range, homopolymers.of methyl methocryl-
até, nethyl acrylate, styrene and methacrylonitrile were

prepared so that it was possible to study the degradotive.
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characteristics of the entire composition ranges of
these systens.
The progress of the polymerisstions were followed

dilatometrically =nd stopped at epproximately 8% by

1
£

a . .
n,freezing mixture.

o

immersing the dileztometer buldb

e. Celculation of monomer feed

(]

onnosition.

The molar ratios of monoumers necessary to produce
copolymers of the required composition were calculsated

: _ . .58,59,60,61.
using the copolymer composition equatlon;SSf’J’G 261

T

M, ni + HHa

P,
Pa Ia 1 + Tolia

(5

where B / Pz is the ratio of the molar concentrations o
the two monomers in the copolymer and I,/ Mz is the ratio
of the moler concentravions of the monomers in the feed.
This reletionship applies if the conversion to the poly-
mer is‘sufficiently low for the monomer concentrations

to remain unchsnged; r, &nd r= aré the reactivity ratios
of the two monomers Ii, and Il= respectivel& end the values
used in this work are shown in table 2.1.

el

f. Polymer recovery.

Polynmerisation reactions were stopped by immersing
the dilatometer bulb in a freezing mixture, the dilatom—
eter broken, the contents dissolved in the appropriate

solvent as indicated in table 2.2. end the polymer
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precipitated by slow dropwise sdadition of the solution

c+
[ ]

to 4 Llitres of Anelar methenol with constent stirring.
AfTter decantation of the suwnernatant liguid, the volynsrs

were partislly dried under vecuun &t room tempersitu

=
M

The polymers were reprecipeted twice nore from solution
in this menner.

.

g. Polymer opurificztion.

1. Homonolymers enc conolymers of methyl methecrylste snd
ma2thyl scrylate,

EEN

Those copolymers with a high methacrylate content
precipiteted s finely divided powders while acrylate
rich samples were more coagula*ed'and rubbery and were
thus difficult to dry completely. Becauce of this, all
of the zcrylate/methecrylats copolymers were freeze dried
from solution in Analer benzene to remove all t” ces of
solvent

2. Copnolymers of methyl methecrylsate with styrene,
naleic anhydride,cnd “cthbcrylonltrlle.

These copolymers gave flocculent precipitetes which
after decontation of the supernatant liquid,were partislly
dried as before,then ground to s finely divided powder
and dried in a vacuum oven at 50°C for several days.

2.2, Photolysis of Polymers.

a. Photolysis apparatus.

Photochemicsal reactions must be carried out in a
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vessel made of silics which is transnsrent to the ulira-
violet resdiation used. The types of photolysis cceclls used

in thie work sre shown in figs.(1,2,3,4.) 2nd the dispos-

v

ition of the cells +to the redistion source is shova in

Qo

figs.(5,6,7.) The epperasiu

w

in fig.5 consists of an ultre

violet lamp with a fixed wooden screen,containing 4 holes,

o

clemped in & position persllel to the light source. The

M-

5 cardboard pzrtitions showm give sedarate irradiati

Q

i

¥

.

positions ensbling 4 degredations to be carried out at

the same time.

ion and vhotodegsredaetion of polymex solutions.
&

o’
’.bl
o]
o

)
=
)
ot

Gxactly lg. of polymer wes weighed out and dissolved
in 50ml. of the pure, dry solvent chosen for irradiatian.
A greduated syringe was used to transfer 4ml., of polymer
solution to the silica irradiation cell. Four identical
cells were used at any one time, the solution in each
cell being degassed four times on the vacuum line, as
described previously, by freezing and thawing cycles in
liguid nitrogen. This technique removes all dissolved

gases, in particular oxygen, which might inhibit or
v10n.

)

accelerate the photodegradsa
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The cells were sesled off under & pressure of less then
1O~5t0rr, removed from the vacvum systen end clemsed in
the positions shovm in figs.(5,7.). PFig.5 shows the
flat bottomed silice cells clamped such thet they ere
flugh with the fixed wooden screen, enﬁurlng thet they

3

are alweys the same distance from the source of irrzd-

iaztion,

e

During irrediation, the ap j ratus viee screened by
cardbozrd sheets to minimise the harmful effects of the
ultra~violet light.

.The cells shown in fig.5 were removed individualiy
after specific periods of time and in this wsy irredist-
ions of up to several hours were cerried out. On the
epperstus shovm in fig.T however, only one irradistion
could be cerried out &t & time due to the bulk of the

negnetic stirrer used.

c. Recovery of polymer.

After irrsdistion each cell was broken open at positions
X and Y shown in figs.(5,7.) and the contents trensferred
to a cleznn dry open-necked bottle using o few ml. of tThe
solvent used for degra dmtlon to ensure that as much

polyner is recovered &s possible. The open.necked hottle

was then pleced in a water bath &t about T70°C and the




solvent removed by blowing filtered sir on

beth prevents excessive cooling of the golution ceused

by the renmoval of latent heat 6f eve,

solvent removal. Vhen nost of the solvent had besen

‘removed “he botltle wes trensferred to a vocuum line

enG the remeining solvent renmoved under vecwri £8 showmn
N o

in fig.9. The bottle #nd the solid volvmer contents
(¢}

£

were then transferred to & vecuum oven et 60 C, lef+t

overnignt snd sub,cover c1ly cooled end veighed. suslly,

& polymer recovery yiecld of at least 95% was obboined.

de Prog ration of wolymer solutions for moleculer welght
nelyeis. :

Once 21l of the solvent had been removed From the

L Eel

photodegradeld polynmer semple, the mkaOXLMPLe weilght of

the szmple was obtained(2.2.c.) and sufficient Anelar

&£

e

tolvuene or cyclohexenone adced to give & solutvion of

% W/V for molecular ”clahb enzalysis. The exect con-—
centretions were determined by cvaporating 1ml. portibns
ofthe solution to constent welght in & pre-weighned
bottle. DIvaporation wes carried ocut in the vacuunm et

100°C, usuelly for ebout 3 hours.
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2.3. Photo-oxidetion of methyl methacrylate/methyl
acrylete conolymers.

g. Preporetion of polvimer filns.

A

Solutione cf the polymers in Analsr methyl scctate
as solvent were prepsred accurately to a concentration
of 30mg. perrml. Two ml. of the solution were pipetted
on to & polished eilica disc, diameter 25mm., thickness
lmm., end the solvent gllowed to evaporzte slowly. Once
the methyl ecetate had eveporsted, leaving s film of
polymer, the disc was trensferred to the vacuum oven and
evacuated overnight at 60°C to remove all residval sol-
vendt.

b. Preparstion of vhotolysis cell,

The photolysis cell used is shown in Tig. 4. The
polymer film plus disc wes placed in the cell s showm ’
znd the cell was completely evacueted on the vacuun systemn,
Oxygen ges was then introduced to the system to & pressure
of 150mm. Hg., the pressure being monitored by a mercury
menometer. Taps C and D . were closed and the cell
was left on the vecuum system overnight to ensure compl-
ete diffusion of the oxygen into the polymer films.

Any chenge in the oxygen pressure due to diffusion of
the gas into the polymer films would be negligible

when teken over the large volume of the system. Tap A
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was then closed, the cell removed end clamped abhove
the roadistion source.

Irrediations of up to 4 hours were carried out.
The film was separated from the disc by immersion in
distilled weter. After & few minutes it was possible to
peel off the_film from the disc and after drying in the
vacuum oven &t 60°C it was weighed before submitiing
it to moieculer weight end spectroscopic znelyses.

¢c. Prensration of solutiones.

4ml, of solutions of concentrationm 20mg. per ml.
were transferred by syringe to the photolysis cell
shovmn in fig.2. The solutions were degassed as prev-

150mm. Hg pressure of oxygen

1y

iously before addition o©

ges then sealed off using the Teflon stopcock Y, The

[

..

cell wes then clamped in position above the irradiation
sovrce as in fig. 5. and the contents were irradisted
for periods of up to 2 hours. The polymers were recov-—
ered s in section 2.2.c. znd submitted for moleculear

weight anelysis.

2.4. Photolysis of polystyrene.

a. Solutions of polystvrene.

Solutions of concentration 20mg. per ml. of

polyStyrene were prepered with Analar chloroform, .
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methylene chloride, dichloroethene,methyl zcetate and
cyclohexene as solvents. These were irradisted in
cells of the type showm in fig.3. for pericds of up to
12 hours duration. Ultra-violet and infra-red spectra
of the irrediated polymer were recorded,

Y. Thin films,

These were preparcd from solutions of concentret~
ion 10mg. per nl. in Anslsr chloroform. Two ml. portions
vere pipetted on to polished silice discs znd the solvent
allowed to evaporate slowly. The polymer film formed
wes dried in the vacuum oven &t 60°C, plsced in the
photolysis cell fig.4.,wvhich was eveacuated on the vacuum
system before closing the stopcock., The i Ims were then
irrediated for periods up to 10 hours and the U.V. and

I.R. spectra recorded.

c. Complete removal of solvent.

Since the previous method of removing all residual
chloroform from the polysiyrene films was found %o be
unsatisfactory, en elternative method was tried. This
involved ﬁeating the 20mg. polystyrene film plus silica
disc under vacuum using a heating bath of silicone oil
at 180°C, the rate of solvent removal being monitored

with a Pirani gouge head attached to the vacuum systen




es shorm in fig.10. ‘hen the Pirsni go
zero pressure, the molien
slovly, the vhotolysis cpl¢ closed 2t tap X and the cell
clemped sbove the r%diaﬁion source. Control runs were
zrried out whereby the polystyreme films after this
treztment were subjected to Thermsl Volstilisation
Anelysis, the thermograms obfained vere conmpared vith
those obtsined from smzlysis of polystyrene films
purified by the previous method.

2.5, Moleculer weight messurement,

a. Introduction.

The study of molecular weight chenges which occur
during the degradsztion of polymers snd copolymers must
nornslly form an importent pert of eny investigetion of
this type. The osmotic pressure nmethod, which yields
nunber aversage moleculgr weights hes been particulerly
valuable in degradation investigafions. This method
has been extensively reviewed by Hookway66. The swift
atteinment of equilibrium in modern osmometers greatly
reduces the problem of diffusion which was troublesome.
in the earlier use of this technique.

The basic equation relutlng'oqmotlc pressure 1o

number average moleccular weight Im is the expression
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of ven’t Hoff;

n = RTC/Ln vinere 2 and T have the
ucual significance. The moleculer weight is obtained
by measuring the osmotic pressure of solutions of the
polymers of different concentrations aﬁd by plotting

7/C versus C.

T = OSmotvic pressure
C = concentration of polymer g/l00g.
this leads to a straight line plot from which (w/C)g

nay be obtained by extrapolstion to infinite dilution.

67

. Fol o g 5 /(. /n
A simple conversion fector of 2.53 x 10 \n/C)o

gives the number avercge molecular weight directly from
(n/C)g. A typical plot of osmometer date is showvn in
fig.12. .

Be. Iliechrolzb High Sveed Membrane Osmometer.

68

The liechrolab 501 High Speed Osmomeﬁer;: was used
throughout this investigotion with Cellophsne 300 memb-
renes. Ancler toluene was used ag solvent except in the
case of copoiymers conteining methacrylonitrile vhen
cyclohexanone was used due to the insolubility of these

copolymers in toluene. The osmometer was thermostetted

at 25°C and solutions of concentretions 0O.5g. to lg. per
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100g. solvent were used.

¢. Trestment of moleculer 't _determinsvions.
If 2 polynmer is subjec i to some degrzdetive infl-

uence such és ultra-violet irracdiation, its moleculer
weight nmey or mey not slter. If thie molecular weight
decreases due to chezin scission, the number of scissions
per polymer molecule mey be czlculeted. If N is the
number of chain scissions which huve occurred per noly-
ner molecule and CL, and CL are the chein lengths at
zero time and after I bresks respectively then, provided
thet no volatilisation of the polymer results,

N = [CL,/CL]l =1 = =+ = = = = = — - = (1)

For the purpose of comparison of polymers and
copolymers of different molecular weights, it is more
convenient to express the number of chain scissions
in terms of secissions per monomer unit rather than per
polymer molecule. Thus if n is the number of chain
scissions per monomer unit
N = nCL, ———— e — = - - - - (2)

end n=1CL - 1/CLg - -~-—-=-- - - - - (3)
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2.6. Source of Radistion - The ultre-violet lamps,

a. Introduction.

The need to use short wavelength ultra-violet
redistion (25374) has elready been discussed and &
Henovie Chiromatolite Lamp was used. In order to investi-—

gate the effect of longer wave ultra-violet radiation

ot}

on thic reaction however, a Henovis Fluorescence Lanmp
nodel 11 was uvsed. The lamps were comnected to an
L.T.H. Trensistorised 1kVA Voltzge Regula%or'to ensure
that any veriaticns in the mains output did not affect

the lemp emission.

be Cutput of Henovia Chromotolite Lamp.

This lem» enmploys a low pressure mercury arc to
produce a typicel mercury spectrum, the intensity of the
two resonance lines at 1849X.and 2537g.being much greater
than those of all the other wavelengths present. The
ouvtput of this lemp is showvn in fig.l3. The photolysis
cells were placed above and below the discharge tube as
as thown in figs.5 and 7}

¢c. Hanovia Pluorescence Lamp lModel 11.

The ultra-violet radiation from this lsmp is provid-
ed by a high pressure mercury arc. The arc is produced
tungsten electrodes in a silica tube. The U,V. rediat-

ion is distributed over the characteristic lines of the
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mefcﬁry-specﬁrum as shovn in fig.l4. A filter of Wood’s
glass ie incorporsted in the lanp =2nd this effectively
gbsorbs 21l but the nost powerful band of rediation
around 366OX.

2.T7. Trensmission of Ultre-Violet Radiation.

a. Introduction.

The output of the lamp traversed at least 1lOcm.
of air end 2mm. of Silica before finally entering the
polymer semples to be irradiated. The nature of the
rediation everntually reaching the solutions is nodified
to some extent by thecd@bsorption characteristics of these
mnedis and it is therefore worthwhile to examine these
cheracteristics.

b. Trensmission by air.

An examination of the composition of air reveals
that the only component which is capable of absorbing
the ultra-violet radiation produced by these sources
is oxygen, the other constituents being completely trans-
parent in this region of the spectrum. The oxygen
absorption spectrum consists.of two sets of bands,
the one system converging &t 2400& and the more import-
ent Schumenn-Runge system having a threshhold»wavelength

69,70.

[o]
at 20003\and converging tovards 1761A. Corresponding
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to these two sbsorptions are the two photo-dissociations
of oxygen molecules, |
0, + v =—-> 0(°) + o('D)
end Oy + by ———> 20(3P) respectively.
Ozone is produced concurrently according to the equations,

o(lp) + 0. + M e——> 0. + W

3

3 - ; ;
o(°’P) + 05 + M ———> O3 + M

where M is the necesszry third hody.
¥

o N

o
It is obvious ther that only the 1849A line has

an energy essocisted with it which exceeds the threshhold

energy for the photo-disscciation of oxygen. This line

ie therefore absorbed by the air end a path length of

gan

only lem. in air is sufficient +to absorb it completely.

¢. Water wvapour.

The absorption épec%rum of water, lcm. is shown
in fig.15. With the exception of 1849Z.radiation the
weter vapour in the air between the discharge tube aznd
the cell vill be trensparentto all wavelengths.

d. Tused silica.

The transmission of fused silice is shown in

fig.16. and is seen to be transparent to the wavelengths

used for photolysis.
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e. lionochrometicity of thes source.

It hes been shown thet QJp of the lamp is composed

w

ofl the mercury resonsnce rediation with wevelengths of
18401 and 25372 and that in passing from the arc to the
polymer, the intensity of the former is reduced to an’
extremely low value. The- 1pten%1+" £ the latter is

only elightly zttenueted. This meens then that sincerﬁhe
intensities of the longer wavelength radiations are neglig-
ible cocmpared with that of the 25373, the radiation
‘reaching the polymer is virtueaelly monochromafic;

2.8. Determinsticn of the Absolute Mumbers of Quante
Produced by the Lomp.

2. Introduction.

In order that the results of photolysis may be
treated in a: quantitative meanner snd that thé results
emenating from a pa TthUlLT radiation source may be comp-
ered quentitetively with those from another, it is
necessary to know the absolute number of quante produced
by the lemp. The method used in this work was that using
the potassium ferrioxalate solution phase chemical actin-

Do

ometer developed by Hatchard and Parker” which is simple

]

to use and very sensitive over & wide range of Wavole gih

It is besed on the feact that when sulphuric acid solutlons
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of K3Fe(020ﬁ) ere irradisted with light of wavelengihs
500~ 770wy the iron is reduced to the ferrous state

-

nd the oxalste is oxidised, After irrediation, the

)

ferrous iron can be converted into the red-coloured 1,10

. . 2+ e e . .
Prenanthroline Fe conplex which is highly absorbing
end eesily analysable.

b. Experimentsl procedure.

Solid green crystals of K3Fe(C204)3 were prepared

5

&5 described by Hetbtcherd and Parker” and Calvert and

Pittsz the latter giving e fully detailed summary of

the procedure. All menipulations and preparations‘ of
the ferrioxslate solutions were csrried out in a dark
room. A standard calibration graph for the analysis of
the Fe2+ complex was drawn as in fig.l1l7. using a Hitachi
Perkin IElmer 139 Ultra-violet Spectro 1otometer.

The light intensity im the photolysis cell was
determined by irradiating 15ml. of ferrioxalate solufion
(Vl) in & current of oxygen free nitrogen gas for a per-
iod of 60 seconds., After mixing the solution, lOml.(Vz)
was pipetted into a 25ml. volumetric flask (V3) and the
phenanthroline complex prepared, along with an identical
blank solution in the reference beam.

The number of Fe2+'ions formed during the photolysis
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.

ves celculeted using the formuls;

V,LE

vhere Vy= Volume of actinometer solution irredistead(nl.)
Vo= Volume of aliquot teken for anslysis (ml.)
V3= Final volume Lo vhich aliguot V2 is dilutead(ml.

logi, /I = measured optical density of +the solution
»
at 51OOA (the difference 0.D. beteen
the unexposed ané irrsdizted solutioms.)

L = the path length of the spsctrophebtoneter cell
used(cm ).

E = the experimental value of the molar extinction

2+ .
coefficient of the Fe complex ¢s daternmined

from the slope of the celibration orgnh.

. « b)) .
The average difference opticel density = 0.229

. o Y ﬂ-«-12+- A
.". from equation A, the number of Fe~ ions formed

4.382 x 10%7.
The intensity of the light beam 1nc:dent, 13 ves calcul-

ated from2

Ig = nFe2+/ éF 2+t[l—lO“L(A)S] quanta/see.——~~3,
Fe :

where % 2+1s the quantum yield of the product Fe
Fe

being esccurately knovm for radiation of 2)37A I 2+;1.25.
Fe

2+ .
this
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ﬁ'= time of exposure:
(1-1/1,) = (1-207%5) = froction of incident 1igit
absorbed;_ Using equation B,

= 5;68X1015'quanta / sec.
Therefore the intensity of the light beem impinging on

the photolysis cells = 5.68x10%° quemte / sec.

2.9. Anszlytical Techniaques.

1. Infre-red Spectroscopy.

Infra—-red absorption spectra of &ll polymers irrsd-

[}

"iated in solution were recorded using thin films of th
polymer cast on a salt plate from a solution of the poly-
ner in its photolysis solvent. The instrument used wes

zn Infre—-red, Grating Perkin-Ilmer Hodel 257 Spectrophoto-
meter. Spectre of the polymers irradisted in film form
wvere recorded using the polymer film clamped between two
brass rings which held the film rigid.

For recordihgs of spectrsa of maleic anhydride/
methyl methscrylate copolymers and succinic anhydride/
methyl methacrylate mixtures for the purpose of determin-
ing copolymer composition date, the semple form used was
approximately 2mg. of polymer and 300mg. of KBr vhich
were ground together to form a fine powder then pressed

to form a rigid disc on which the speotru were recorded.
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The instrvment used vas a PYE Unicam S.P.1000 Grating
Infre-red Spectrophotoneter.

2, Ultra—violet Snceiroscony.

Ultre-violet spectrs were determined wsihg a PYE
Unicen S;f; Spectrophotometer., Solutions of the polymer
in its photolysis solvént were used end where a study of
polymer films was involved,the spectra were obltaine
using the polymer film cast on to 2 lmm. silica disc as
used in the photolysis reaction.

2.10. Copolymer Composition Anaiyeis.

2, JIntroduction.

Since the investigations of this work concern the
comparison of degradetion characteristics of the homo-
polymers and copolymers covering entire composition ranges -
it wes vitel to determine the compositioﬁ of the copoly-
mers prepered in case they were significantly different
from those predicted by the theoretical considerations
mentioned in 2.l.c. Several methods were employed to
achieve fhis;

a; Elemental Microanalysis.
b. Nuclear Msgnetic Resonmence Spectroscopy.

¢c. Infra-red Spectroscopy.




Thic method is especially valuable in evaluating
the copolymer composition where one of the monomers
contains a unigue atom (eg. nitrogen chlorine or oxygen)
and vias applied in this work to determlnctlons of the
compositions of copolymers of nmethyl methacrylate and
styrene where oxygen is unique to the methyl methacrylate
mononer, and of methyl methacryls Lv/neuhQC?ylon1+r ie
copolymers where nitrogen is unique to the methacrylo-
nitrile monomer. The instrument uﬁed for. these determin-—-
ations was a Perkin~Blmer 240 Elementsl Analyser, lmg.
of polymér being sufficient for aécurate enalysis on
this instrument.

b. Huclear lisgnetic Resounance dSpectroscony.

Copolymer anesliysis by n.m.r. spectroscopy hes been

used successfully by Gre 551962‘to determine the reactivit

&

retios of monomers in copolymer systems in which elemenr

tel cnalysis was not sufficiently accurste due to simil-

arities in the empiricasl formulse of the monoﬁers end

in which the copolymer molar ratio did not exceed 10/1.
Copolymer composition dats for the methyl methzcr-

ylate/methyl scrylate system wvere obtained from n.m.r.
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spectra recorded on a Perkin-Elmer R.10. 60 Mc¢/s.
Spectrometer with an integrator using 20mg. of copoly-
mer samples dissolved in 1ml. of deuteratedrchloroform.
Ten integrals were obtained for each sample and the
gverage used{for the calculation of the copolymer

compositions.
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Table 2.i.
COMoNomers, reactivity ratios, reference.
nethyl :
methacrylate 1 = 1.8
thyl o2
methy _
acrylate o = 0. 35
methyl _ _
methacrylate o Q‘46 63
styrene - r, = 0.52 '
nethyl =
nethacrylate Ty = 35 . ]
4.
meleic anhydride To = 0.03
nethyl =
methacrylate ry = 0.67 65
methacrylonitrile T2 = 0.65

Teble 2,31,

copolymgr system

precipitating solvent

methyl methacrylate

methyl acrylate

Ansglar toluene

methyl methacrylate

styrene

Anslar chloroform

methyl methacrylate
maleic anhydride

Analar chloroform .

methyl methacrylate

methacrylonitrile

Analar methylene
' chloride
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Pig.iii. _ ~polished silica window.
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Fig. xii.

Iypical Osmometer Data Plot.
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Pig. xiii.
‘Output of Hanovia Chromatolite Lamp.
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Fig.xiv.

Output of the Hanovie Fluorescence Lamp Model 11.
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fig, xvi. Absorption Spectrum of Fused Silica.
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CHAPTER 3,

PRELIMINARY OBSERVATIONS,

3.1. a. Introduction.

Béfore photolysis of the various polymers and o
copolymers was carried out, it was considered necessary
to measure their moleculaer weights and molar compbsit-
ions. It was necessary also to perform some control
experiments to characterise the irradistion apparatus
used.

b. Polymer samnles.

The initiator concentrations used in:the polymer~
isations, the molecular weights of the prepared samples
and their molar compositions as predicted by the copoly-
mer composition equation (2.1l.c.) are presented in
tables 3(i),(ii),(iii).and (iv). It can be seen that
by varying the initiator concentration in the polymer-
isation mixtures, a fairly uniform degree of polymeris-—
ation was obtained within each copolymer composition
range.

3.2. Copolymer composition data.

a. Copolymers of methyl methacrylate and methyl acrylate.

The molar compositions of these samples were
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detefmined by nuclear magnetic resonance spectroscopy as
described in chapter 2.10.c. The results of +hese |
measurements compared with the theoretical compositions

according to the copolymer composition equation are

shown in table 3.v.

b. Copolymers of methyl methacrylate and maleic anhydride.

1. Composition data.

As with copolymers of methyl metheacrylate and
methyl acrylate, this system does not incorporate a
mononer conteining a unique atom nor do the eppirical
formulae of the monomérs differ to an extent which can
be used as & basis for accurate determinations by elemental
microanalysis. Blackley and Melvillg%noted that 1%
error in elemental analysis of this system would lead o
an error of 10% in the copolymer composition. Because of
this, determinations by microanalysis were disregarded.
For similar reasons of inaccuracy, determinations by
n.m;r. spectroscopy were found to be unacceptable. N:m.r.
spectra werec obtazined as in chepter 2.10.c., the anhydride
protons expected to appear at about Tt were not detected.
The reason for this was that in the copolymer range
under investigation, the copolymer composition ratio of

methyl methacrylate to maleic anhydride was never
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less than 10/1, thus, even for the copolymers iichest
in maleic anhydride, the ratio of “anhydridé’ protons to
the“methacrylate’ protons would be at least 40/1, much
too large for the‘%nhydridé’protons 10 be estimated
with any degree of accuracy.

Infra-red spectira for each copolymer were recorded
immediately after preparation and purification. I1mg.
samples of polymer were ground up with 300mg. KBr and
pressed to form a disc of which the spectruﬁ was recorded.

_Because of the abnormally high extirction coeffic-
.ient of the anhydride group carbonyl stretching mode,
the stretching vibration of the anhydride carbonyl at
1790cm. 1 (5.6/&) was readily observed even in the 100/1
copolymer. For exampie, fig 3.1. shows the region of
the carbonyl vibrational stretch for the 20/1 copolymer.,
However, it is necessary to match these spectra against
standard spectra and to this end, mixtures of poly-
(methyl methacrylate) and succinic anhydride were prep-
ared, succinic anhydride being chosen as being simiyar
t0 the anhydride group in the polymer. The basic assump-
tion made here is that the extinction coefficient of

the carbonyl stretching mode in succinic anhydride and
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in the anhydride unit in the cbpolymer is the same so .
thet direct compsrison can be made between mixture ang
copolymer. The infra~red spectra of pure poly—(me%hyl
methacrylate) and succinic anhydride were'compared and
it was found that the peaks at l7850m.“1(5.9u) end 750cms+
(l3.;u) were unique to the anhydride and.polymer respec-
tively. The spectra of these mixtures bore aAclose
similarity to those of the copolymers. Even very small‘
quantities of sucecinic anhydride(0.3x10—5g.) gave rise

to a readily idenbifiable peak at 1785cm.~

The absorb-
ance or optical density of the anhydride carbonyl absqr—
ption peak was measured by drawing a base line for each
peak as shovm in fig.3.l.and reading off the transmitt—
ence at the pezk height and base. These values were
converted to absorbance and the base value subtractéd
from the peak height value. Since the value of absorb—
ence thus obtained was not an absolute value ;t was nec—
essary to refer to an internal reference in each spectrum.
This was taken as the absorbance of the C-H bending mode
at 7500m._l(13.§pd which is unique to poly—(methyl meth—
dériiaté); Thus the ratio of anhydride absorbance to the

methyl methacrylate absorbance is constant for any given -

mixture.
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The results obtained by this method are shown in
table 3.vi. where

X = absorbance of succinic anhydride
absorbance of methyl methyacrylate.

By calculating the ratio of the absorbance of the anhy-
dride to the methyl methacrylate for the copolymers, the
comﬁosition of the copolymers could be read off from the
calibration graph in fig.3.ii. The results are shown in
table 3.vii.

ii. Reactivity ratios 1, and r,.

Rearrengement of the copolymer composiﬁion equat-
ion(2.l.e.) gives the following relationship;

g2 -
£,(1-28)) T, + f3 (F% 1)

Py

(1 - £)F, (1-£) “

where fl and Fl are the mole fractions of methyl meth-
acrylate in the monomer feed and the polymer rgspective—
ly. This is the equation of a straight line with slope
Ty and intercept ro,. A least squares treatment of a
series of points calculated from the copolymer composit~-
ion yields the Fineman—Rosé“zplot shown in fig.3.iii.b.
The valﬁes of ry and T, obtained from this plot gre

ry = 3.36

r, = 0.04., these values agreeing well
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with those quoted by Blackley and Melvill§4;

rl = 3-5

r, = 0.03, the plot from which is also
shown in fig.3.iii.a.

c. Copolymers of methyl methacrylate and siyrene,and

methyl methacrylate and methacrylonitrile.

: Since in both of these copolymer systems one of the
nonomers contains an exclusive atom the method of elemen-
tal analysis was used to determine the copoiymer compos—
itions. With copolymers of methacrylonitfile the compos-
ition could be calculated on the basis of either the
percentage nitrogen or percentage oxygen present in the
sanples., Howevexr, the percentage nitrogen is a direct
measurement and it was used since the oxygen determin-

ation is obtained by difference and any error in the
determinations of the other elements would accumulate in
the value obtained for oxygen. With the styrene copoly-
mers the calculation was based on oxygen contept. It
can be seen from tables 3.viii. and 3.ix. that in both
cases the compositions obtained agree well With‘those

which were theoretically predicted.
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3.3 Calibration of the Photolysis Apparatus,.

Before making a systematic investigation of the
photolysis of copolymers of methyl methacrylate and
methyl acrylate,it was considered necessary to study
the characteristics of the degradation apparatus,in
particular the photolysis cells and lamp, since in this
work, four different photolysis cellé were used in combin-
ation with four diffefent irradiation positions on the
lemp. To do this,a number of irradiations of a solution
of poly—(methyl acrylate)in methyl acetate(20mg./ml.)were
carried out,varying separately the cell employed and its
irradiation position with respect to the lamp. The molec-
ular weights determined after irradiation are summarised
in table3x. The polymer solution was irradiated in photoly-
sis cell number 1 for 1 hour on four separate occasions
and the molecular weights of the irradizted polymer obtain-
ed are shown in section A of table 3.x. There:is obvious-
ly good agreement between the calculated number of chéin
scissions occurring,indicating good reproducibility of the
irradiation and molecular weight determination proéesses.

Section B summarises the result obtained when, to

test the interchangeability of the photolysis cells,
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the solution of poly-(methyl zerylate) was irradiated
within each of the four différent cells using only one
(I) position of the irradiztion source. Column 5 of
table 3.x. shows that the number of scissions is approx-
imately equal for each irradiation,illustrating that

for the purpbses of this work the transmission character-
istics of all four photolysis cells are the same and'
that they are completely interchangeable.

Section C deals with the results obtained after
irradiations performed with the same photolysis cell
clamped in turn in each of the four irradiation positions.
of the appafatus, as shown in fig.2.v. Once again column
5 shows good agreement indicating that for the purposes
of this investigation, the intensity of the radiation
incident on the cells is equal, within experimental errdr,
at the four positions on the lamp.

3.4. Photolysis of Poly-(methyl acrylate).

Before studying the detailed characteristics of the
photodegradation of the copolymer systems in solutiomns,
some preliminary work was carried out on solution photo-
lysis of poly-(methyl acrylate) to clarify some questions

concerning the fundamental aspects of this type of work.
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a. Extent of chain scission with increasing time of

irrsdiation.

Solutions of poly-(methyl acrylete) in methyl
acetate were irradiated with half hour-increments for
periods up to four hours. The molecular weight and
chain scission data obtained are shown in table xi. and
plotted in fig.3.iv. PFig.3.iv. shows chain scission
increasing linearly with time of irradiation and thus
the quantity of radiation absorbed. This indicates
that the chain scission reaction occurring is a randomly
initiated process. The rate of chain scission per monomer
unit per hour is obtained from the slope of the graph.

b. Rate of chain scission in different solvents.

Before any comparison of the observed rates of
chain sciséion of poly-(methyl acrylate) in different
solvents could be carried out, any attenuation of rthe
incident radiation by the solvents used must be determ-
ined., Ultra~violet spectra of the sclvents were obtained
and are shown in fig.3.v. Methylene chloride, chloroform'
and methyl acetate all show intense absorption in the
region 2400—2000K~with at least 70% transmission in
the 2537K_region. However,in the case of benzene the

strongly absorbing aromatic ring completely absorbs
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radiation in the 2537% region.

Solutions of poly-(methyl acrylate) (20mg./ml.)
in methylene chloride, chloroform and benzene were pre-
pered, irrsdiated and the retes of chain scission invest-
igated. The results obtained are shown in tables3.xi,
Xii,xiii and xiv. and the rates of chain scission obtain-
ed from the slopes are shown in fig 3.vi. The data on
fig. 3.vi. indicate that within the error inherent in |
molecular weight determinations by osmometry, the rates
of chain scission of poly-(methyl acrylate) in solutions
of methylere chloride, chloroform snd methyl acetate are
very similar, and that slight differences in solvent
attenuation of the incident radiation can be ignored.
However, the rate of chain scission in solutions of
benzene is very small compared with the other solvents,
this arising from the very strong optical filter effect
since benzene completely absbrbs the degradative radiat-
ion at a wavelength of 25373. Since the rates of degrad-
ation in solvents chloroform; methylene chloride and
methyl acetate are similar, it appears that any'direct
solvent participation in the chain scission reaction by
the production of free radicals (eg. CH;, c1 or CH012)

which could attack the polymer chain, must be very small



-3~

compared with reactions following sbsorption of energy
by the polymer itself. Althoﬁgh the :possibility of
production of free radicals from the solvent cammot be
ruled out, it appears thet the majority if radicals
formed are guenched through reaction with other solvent
molecules présent,and that the primary role of the sol-
vents in this case is that of an optical filter.

¢c. Chain scission dependence on polymer conventretion.

If the solvents were functioning c¢hemically in some
way other than as optical filters it is likely that
changing the relative conceﬁtrations of the polymer and
solvent would have some effect on the rates of the chain
scission reaction. Solutions of poiy-(methyl acrylate)
in chloroform and methyl acetate covering a ten fold

concentration range (1%-10#4W/V) were irrediated and the

data obtained are shown in tables xv. - xviii, and are -
plotted in figs. vii —-- xvii. The rates of chain scission
obtained from the slopes of figs.vii —-- xvii. plotted

against sclution concentration are shown in fig.xviii.
In the case of both chloroform and methyl acetate solut-
ion irradiations, the best fitting curve is an almost
horizontal straight line indicating that the scission

reaction is not dependent upon polymer concentration.
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This lends weight to the earlier suggestion that the
solvents are not participatihg in any significant way
other than as eptical filters.

d. Photolysis with radical initiator.

To test the above conclusion further, a solution of
poly—(methyl‘acrylate) containing a known radicai initia-
tor (2,2’azo—bis—isobutyronitrile 1%W/V) was irradiated
and the data obtained are shown in table ixx. and fig.ixx.
The rate obtained from the slope of the graph is not
sufficiently different from that'obtained previously in
the absence of radical initiator.

e. Crosslinking oproly—(methyl acrylate).

As discussed in chapter 1, polymers containing
tertiary carbon atoms in their backbone (eg. poly-[methyl
‘acrylate]) are well known for their ability to crosslink
in the solid state under the influence of U.V. radiation.
However in the solution studies described here, no insol-
ubility of the irradiated polymer was ever observed.

f. Veriation of radiation intensity with distance from

the source.

To test this variable, solutions of poly-(methyl

acrylate) 20mg./ml. in methyl acetate were irradiated

at a distance of 20cm. from the radiation source and the
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data obtained are shown in table xx. and plotted in
fig.xx.(line a.). Line(db) is the aversge slope obtained
for irradiation at 10 cm.,obtained from fig.xviii. The
slope of line(a) yields the rate of chain scission as |
0.40 scissions per monomer unit per hour as compared
 with 1.4 scissions per monomer unit per hour for irradia-
tions at 1Ocm. distance. If the intensity of radiation
varied with the inverse square of the distance from the
lamp, as for a point source, the rate expected would be;

1.4 x (10/20)2 scissions/monomer unit
/hour.

=0,35 scissions/monomer unit/hour.
The intensity of radiation would seem to be slightly
greater than that predicted by the inverse square law,
probably attributable to the fact that the light source
is a cylindrical,rather than a point source.

o .
g. Irradiation by 3660A radiation.
Solutions of poly-(methyl acrylate) in methyl

o I3 - -
acetate were irradiated using 36604 radiation as descri-
bed in chapter 2, the data in table xxi. being obtained.
Although chain scission does occur, it is negligible

(.} .
compared with that resulting from 2537Auradlatian.
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h. Speciroscopic Determinations,

Infra-red and ultra—-vible"’c spectra of unirradiated
and irradiated samples of poly-(methyl acrylate) in
chloroform were recorfded. There was no change in the
infra-red spectra on irradiation and only a slight
general increase in absorption in the@OOOZ; region of

the ultra-violet spectra specirum.
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Table 3.1,

Methyl methecrylate(MiA)/methyl acrylate(MA) copolymers.

Projected Initiator Molecular

composition, concentration. weight.
©100% Ma.¥ 0.25% W/V. 360,000
89% MA, 0.1 % W/V 350,000
T70% MA. 0.1 % W/V 240,000
66% MA. 0.1 % wW/V 330,000
66% MA. 0.1 % W/V | 500,000
50% MA. 0.15% W/V 250,000
30% MA. - 0.1 % W/V 300,000
15% MA. 0.1 % wW/V 550,000
100% MMA. 0.1 % W/V 370,000

sk denotes solution polymerisatiqn
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Table 3.ii,

Methyl methacrylate/Styrene copolymers.

Projected Initiator Molecular
composition. concentration. weight.

100% styrene 0.03% W/V 250,000
90% styrene 0.03% W/v 280,000
80% styrene 0.03% W/v 250,000
60% styrene 0.04% W/V 260,000
40% styrene 0.04% W/V 270,000
20% styrene 0.05% W/V 250,000

© 10% styrene 0.05% W/V 300,000

100% MMA. 0.10% W/V 370,000,

Table 3.iii.

Methyl methacrylate/methacrylonitrile(MAN) copolymers.

Projected Initiator Molecular
composition. concentration. » weight.
100% MAN, 0.025% W/V 122,000
90% HMAN, 0.025% W/V 95,000
80% MAN. 0.05% W/V 95,000
60% MAN. 0.10% W/V 188,000
50% MAN. ©. &.10% w/v 109,000
30% MAN. 0.15% W/V 97,000
20% MAN. 0.20% W/V 101,000
10% MAN. 0.20% W/V 150,000
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Table 3.iv.

Methyl methacrylate/meleic enhydride(Mal.A) copolymers.

Projected Initiator - Molecular
composition. concentration. weight,
MMA/Mal. A, |
100 : 1 0.1% W/V 345,000
50 ¢ 1 0.1% W/V 454,000
20 : 1 0.1% W/V 50,000
10 ¢+ 1 0.1% W/V 122,000
PMMA. = 0.1% W/V 513,000
Table 3.v.

Composition of copolymers of methyl methacrylate and
methyl acrylate.

Theoretical Composition
;Oﬁﬁ?sition , gggg.n.m.r.
89% 90%
(A | TO%
66% L. T0%
60% - 50%
50% 750%
30% 30

15% 158




~80-

Table 3.vi.

Mixture % poly-(methyl X. Sean speed.
methacrylate)
100/1 99,01 0.794 fast
0.855 slow
1.000 fast
1.000 mediun
50/1 97.88 1.68 fast
’ o 1.73 medium
1,65 fast
20/1 95.65 2.015 Past
' 2.33 fast
2.41 medium
15/1 93.99 2.49 fast
- 2.44 ~ fast
2.63 medium
2.45 fast
2,49 mediun
10/1 91.45 3.77 fast
3.98 medium
3.78 fast
3.88 medium
12/1 92.44 3.34 fast
3.65 medium
18/1 94.48 2.27 fast
) 2.11 - fast
2.43 medium
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Table 3.vii.

Copolymer X %methyl methacrylate
100 : 1 1.186 98.4
50 : 1 1.76 97.0
20 : 1 3.08 93.8
10 ¢ 1 3.30

93.2

Table 3.viii.

Composition of methyl methacrylate/methacrylonitrile

Theoretical Theoretical
composition %nitrogen
mole% HAN. by weight.

copolymers.

Experimental Actual

90
80
60
50
30
20
10

17.9

15.2

8.39
4.62
3.00
1.45

R N
17.4 - 88
15.1 79
10.9 62
9.21 54
5.55 35
3.48 23
175 12
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Table 3.ix.

Composition of methyl methacrylate/styrene copolymers.

Theoretical - Theoretical  Experimental  Actual

composition % oxygen by % oxygen by composition .
mole% styrene. weight. weight. mole%styrene.
90 3,09 3.03 90
8o 6. 20 5.84 80
60 12.50 11.87 ' 60"
40 18.90 18.28 40
20 25.41 25.21 .20
10 - 28.60 28.60 .10

PMMA 32.00 31.62 -
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Table 3.x.

Calibration of Photolysis Cells and Irradiation Source.

Cell Position Time of Molec. Scissions per
on lamp. dirradiation weight. monomer unit.
I I 1.0 hours 234,000  1.29x10%
I I 1.0 hours 228,000  1.36x107%
& T 1.0 hours 236,000  1.26x10"%
I I 1.0 hours 235,000  1.31x10~%
I I 1.0 hours 234,000  1.29x107%
I I 1.0 hours 236,000  1.26x10° %
2o o1 1.0 hours 233,000  1.30x107%
IV I 1.0 hours 238,000  1.22x1074
I I 1.0 hours 234,000  1,29x107%
I II 1.0 hours 232,000  1.30x107%
Q'I III 1:0 hours 230,000  1.34x107%
I v 1.0 hours 237,000 1.24x107%
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Tebles 3,xi. and 3.xii.

Irradiation of poly-(methyl acrylate) in Chloroform.

Time (hrs.) Molecular Scissions per
Irredicetion. Veight. Monomer unit.
0.5 264,000 0.86%10"%
1.0 221,000 1.69x107%
1.5 . 195,000  2,02x1074
2.0 167,000 2,76x10™%
2.5 144,000 3.58z10° %
3:0 137,000 3.95x10~
3.5 118,000 4.87x107%
4.0 , 110,000 '5.30x10™%

Irradiation of poly-(methyl acrylate) in lethyl Acetate.

- Pime (hrs.) Molecular Scissions per
Irradiation. Weight Monomer unit.

0.5 294,000 0.54x1074

1.0 220,000 1.50x10°%

1.5 190,000 2.12x10™4

2.0 171,000 2. 7051074

2.5 160,000 2.98x10~4

3.0 144,000 3.58x10™%

3.5 140,000  3.79%107

4.0 120,000 4.75%10”%
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Teble 3.xiidi.

Irradiation of poly-{methyl scrylate) in Methylene

chloride.
Time (hrs.) Molecular Scissions per
Irradiation. Weight. Monomer unit,
1.0 248,000 1.09x10~%
2.0 183,000 2.3 307t
30 135,000 4.0 x10™*
4.0 125,000 4.5 x10~%

Table 3.xiv.

Irradiation of poly-(methyl acrylate) in Benzene.

Time (hrs.) Molecular Scissions per
Irradiation. Weight. Monomer unit.
1.0 | v 360,000 0
2.0 350,000 - 0.07x1074
3.0 339,000 0.14x10%

4.0 333,000 0.19x107
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Table 3.xVv.

Irradiation of poly—{(methyl acrylate) in solutions of

varying concentration in Methyl Acetate.

Molecular

Concentration Time (hrs.) Scissions per
of solution. Irradistion. Weight. Monomer unit.
0.5 250,000 1.07x10%
1% W/¥. 1.0 240,000 1.2 x1074
1.5 175,000 2.5 x10~4
2.0 155,000 3.15x104
2.5 155,000 3.15z10°%
3.0 130,000 4.20x10~4
4.0 116,000 5.00x10 "4
| 0.5 230,000 . 1.3 x10°%
1.5% W/V. 1.0 203,000 1.79x10~4
1.5 184,000 2,28x10™4
2.0 154,000  3.21 x1074
2.5 138,000 3.82x10~4
3.0 122,000 4.65x10°4
3.5 - 110,000 - 5.40x10%
4.0 110,000 5.40%104
2.0% W/V. 1.0 210,000 1.71x10™
| 1.5 177,000 2.38x107*
2.0 174,000 2.56x10"*
2.5 169,000 2.70x10~4
3.0 144,000 3.58def4
3.5 123,000 4.50x10~4
4.0 112,000 5.30de“4
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Table 3,xv. (continued)

Concentration Time (hrs.) Molecular Scissions per
of solution. Irradiation. Weight. Monomer unit.
2.5%W/V. see table 3.xii.
| 1.0 246,000  1.14x10°"
5. O%W/V. 2.0 210,000  1.72x10°%
2.66 154,000  3.20x107%*
3.25 145,000  3.52x10°4
4.0 115,000  5.00x10~%
8%W/V. 1.0 220,000  1.51x10°%
‘ 2.0 165,000  2.81x10~4
3.0 124,000  4.50x107%
4.0 110,000  5.37x10°%
1O%W/V. 1.0 246,006  1.19%10 7
1.5 206,000  1.78x10°%
2.5 170,000  2.62x10°%
3.0 142,000  3.6T7x10~*
3.5 132,000  4.10x107%
4.25 122,000 4.65x1074

Table 3.xVvi.

No. of chain scissions

Concentration..of polymer
~_per monomer unit/hour.

in methyl acetate sol™*

1% W/V. 1.48%10~4
1. 5%W/V 1.50x10~4
2. 0%W/V 1.33x107%
2. 5%W/V 1.40x10~4
5. O%W/V 1.20x10°4
8. 0%W/V 1.46x107%
10. 0%W/V 1.20x10~4
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Teble 3.xvii.

Irradiation of poly—(methyl serylste) in solutions of

varying concentration in Chloroform.

Concentration Time(hrs.) Molecular Scissions per
of solution. Irradiation. Weight., Monomer unit.
1. 0%W /Y. 1.0 250,000 1.05%10°%

1.5 204,000 1.82x1074
2.0 171,000 2.62x104
2.5 150,000 3.33x107%
3.0 130, 000 4.20x10™4
3.5 121,000 4.75%x10°%
4.5 110,000 5.45%x10 4
1. 5%0/Y 0.5 298,000 0.5 x107%
| 1.0 209,000 1.71x10~4
1.5 183,000 2.30x10~%
2.5 158,000 3.04x1074
3.0 138,000 3.83x10~%
3.5 121,000 4.70x107%
4.5 111,000 5.35x10%
2. OFW/V 0.5 . 276,000 - 0.74x10~%
1.5 190,000 2.12x10~4
2.0 170,000 2.62x10~4
2.5 195,000 1.91x10~4
3.0 142,000 3.67x1074
3.75 128,000 - 4.30x10"%
£.25 120,000 4.76x10~%
2.5%W/V see table 3.xii.
9. 0HV/V 1.0 206,000 1.77x10~4
2.0 152,000 3.26x10~4
3.0 132,000 4.10x10—4
4.0 104,000 5,80x10~4




Table 3. xviii.

Concentration of polymer No. of chain scissions
in Chloroform solution. per monomer unit/hour.
1. 0%W/V. 1.3 x 1074
1. 5W/V 1.3 x 107
2. 0FW/V 1.18x 107
2. 5%/ | 1.2 x 1074
9.0%W/V 1.41x 107

Table 3. Xix.

Photolysis of poly—(methyl acrylate) plus 82 0=bi S
isobutyronitrile (10%%/V) in Methyl Acetste.

Time (hrs.) of Molecular Scissions per

Irradiation. Weight. Monomer unit.
0.5 266,000 0.84x 1074
1.0 245,000 1.12x 1074
1.5 215,000 1.62x 1674
2.0 195,000 2.02x 1074
2.5 162,000 2.91x 1074

4.0 135,000 3.97x 10~
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Table 3.xx,

Irrediation of poly—(methvl acrylate) solutions st
a distance of 20cm. from the radiation source.

Time (hrs.)of Molecular Scissions per

Irradiation. Weight. ‘Monomer unit.
1.0 300,000 0.47x10™%
3.0 245,000 1.12x107%
4.0 230,000 1.36x10°%
6.5 162,000 2.91x10~%

Table 3.xxi.

Irradiation of poly—(methyl acrylate) solutions by
3660i‘wavelength radiation.

Time (hrs.)of Molecular Scissions per

Irradiation. Weight. Monomer unit.
12 300,000 0.48x107*
24 250,000 1.03x1074

Rate of chain scission = 0.04 x 10 % /monomer

unit/hr.
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Fig, 3.i. Carbonyl Stretch Region for 20/1 Copolymer
of Methyl Methacrylate and Maleic Anhydride.
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Fig.3.ii.

Absorbance of Succinic Anhydride/absorbence of poly-—
(Methyl Methacrylate),(x), vs, % Methyl Methacrylate.,
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100’
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Pig., 3.iii.

Fineman—Ross plot for Copolymers of Methyl Methyacrylate
and NMaleic Anhydride.
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Fig,3.iv. Irradiation of poly—(methyl scrylate).

Scissions/monomer unit vs. time of irradiztion.
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Fig.3.ix. 2.0% W/V PMA. in methyl acetate.
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Pig.3.xi. 8% W/V PMA. in methyl acetate.
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Fig,3.xiii. 1.0% W/V PMA. in chloroform. o
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Pig. 3.xv. 2.0% W/V PMA. in chloroform.
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Figs3.xvii. 9.0% W/V PMA. in chloroform.
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Solution of PMA.(2%W/V) =znd Azo-bis-isobutyro-

nitrile (1%0/V) in Methvl Acrylate.
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CHAPTER 4.

L

RESULTS.

4.1. Photolysis of Copolymers of Methyl Methacrylate
and Methyl Acrylate.

For the study of copolymers of methyl meth-
acrylate and methyl acrylate in solution, the solvent
chosen was methyl acetate and solutions of 20mg./ml.
concentration were prepared and irradiated as described
in chapter 2. The molecular weight and calculated chain
scission data obtained for each copolyﬁer are tabulated
in table 4.i. and these are shown graphically in figs.
4.i,ii,and iii. Similarly the molecular weight deter—
minations resulting from the photolysis of this copoly-
mer system in film form under a pressure of oxygen are
listed in table 4.ii. and plotted in figs.4.iv,v,vi and
vii. DPhotolysis data of the oxygenated polymer solutions
are listed in table 4.iii. and plotted in figs,4wii—=x.

For the purposes of reference fig.4&i,which summar-

ises the degradation characteristics of these copolymers

in thin filn form73under vacuum has been included.
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Spectroscopic Analysis,

The infra-red spectra of the copolymers were recorded
before and after irradiation and compared. Apzrt from
a slight broadening of the pezks in the carbonyl absorp-
tion region in the cases of photo-oxidation, no apprec-—
igble chenge was observed. Similarly the ultra-violet
' spectfa of the irradiated polymers were almost identical
to those of the unirradiated polymers.

4,2, Photolysis of Copolymers of Methyl Methacerylate
with a. Maleic Anhydride and b. NMethacrylonitrile.

a. Mealeic Anhydride Copolymers.

As with the methyl acrylate copoiymers, the photo-
lysis of this copolymer system was carried using solute
ions in methyl acetate; photolysis cells of the type
shown in fig. 2.i. were used. The results of the
molecular weight determinations are shown in table 4.Tv;
which also shows the calculated chain scission data
which are plotted in figs.4.xii — xiv. As in studies
of the methyl methacrylate/methyl acrylate copolymer
system, no infra-red or ultra—violet spectroscopic evid—
ence of degradation was observed.

b. Methacrylonitrile Copolymers.

‘ Samples of this copolyﬁer system were irrsdiated
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in solutions of methylene chloride (20mg./ml.). Molec—
ular weight and chain scissién data are presented in
table 4.v. and plotted in figs.4.xv—xvii, Because

of the insolubility of these copolymers in toluene;

the molecular weight determinations were carried out

in cyclohexanone solution.. Some of the osmometer data
obtained showed more scatter than is usual for this
technique. However, by drawing the best straight line
of gradient equal to that of‘the osmometry plot for the
starting polymers, satisfactory molecular weight deter-
minations Were'obtaihed. In this case also, no spectro—
écopic evidence of degradation was observed.

4;3; Photolysis of Covolymers of Methyl Methacrylate
and Styrene.

The two homopolymers of styrene and methyl meth—
acrylate and o series of copolymers covering the whole
composition range were irradiated in solution in
methylene chlorideusing the apparatus shown in fig.2.vii.

The details of the molecular weight analyses of
this system are presented in table 4.vi, and the plois
of chaiﬁ scission versus time of irradiation are shown
in figs. 4.xvi{ii — 4.xx. From the élopes of these

gfaphs the rates of chain scission of the polymers were
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o

obtained and these, plotted against copolymer comp—
ogition, are illustrated in fig.4.xxi. It must be noted
here that the apparatus used in this work is different
from that employed in other solution studies and for

this reason the rate.of'chain scigsion of the homopolymer -
of methyl mefhacryiate is different to that given earlier.

b. Ultre~violet Spectra.

The ultra~violet spectra of the homopolymers and
the copolymers were recorded before irradiafian and these
are illustrated in fig.4.xxii, From these spectra the
absorbance of each polymer at a wavelength of 25373.was
read off and converted to transmittance. The transmitt-
ance values at this wavelength plotﬁed against copolymer
composition are shown in fig.4.xxiil., The ultra-violet
spectra of the degraded solutions showed little change
except for a slight general increase inidbsorbance in
the region 4000—275034 An éxception to this was observed
in the long irradiation of the solution of polystyrene
homopolymer which showed a strong general increase in
absorbance in this region, as shown in fig.4xxw. In this
caSq the solution had a pronounced yellow coloration
after 14 hours degradation and the same phenomenon was

observed on repetition of this long — period irradiation.
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4.4, Coloration of Polystyrene.

8. Solutions.

Solutions of polystyrene in methylene chloride
which were irradiated for more than five hours becane
progressively yellow and the ultra-violet spectra showed
a progressive and,general increase in absorption.in the
region 40004 — 20004 (figaxv). Similar long irradietions
of the range of copolymers of this system in ﬁhe same
solvent yielded comparabie results, Although the uvlira-
violet spectra showed good évidence of spectroscopic
change in the system, no change in the infre~red spectra
was observed. ,

Similar irradiations of polystyrene in solutions
of chloroform snd chloroethane produced the same colorat—
ion and the ulira~viclet spectra were similar to that
in fig.xxiv.

Irrédiation of polystyrene in solutions of methyl
acetate and cyclohexane showed no evidence of coloration
and no change in the ultra—violet spectra.

The solvents, methylene chloride, chloroform,
chloroethane, methyl acetate and cyclohexane were them—
selves irradiated in the same apparatus as used for the

polymer solutions. After equal lengths of time of irrad—
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iation, their ultra~violet spectra were recorded. The
spectra of methyl acetate and cyclohexane showed no
change but these of the othef three solvents showed a
large general increase in absorption over the region
4000 — 22504 similar to thet shown in fig.XxXv.

b. Polystyrene Films.

These were prepared as described in chapter 2.4.b.
Several 12 hour irradiations were carried out and they |
all resulted in coloration of +the type observed in the'
irradietion of the polymer solutions. The ultra~violet
spectra of the irradiated films also showed similar
 changes to those observed in the solution irradiations.
Additional polymer films from which all residual chloro—
form had been removed as described in chapter 2.4.c. .
were.irradiated for similar periods of‘time.anq.éqmpared.
It was found that these films showed no visibié,colorat—
ion, nor did they show any appreciable chénge in their
ultra—violet spectra. |

¢c. Thermal Volatilisation Analysis.

Thermal volatilisation analysis pf the polystyrene
films prepared as sections 2.4.b. and 2.4.c. was carried

out. The thermograms of films prepared by'the former
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procedure contained a small peak corresponding to a
commencement of volatilisation at 116°C whereas +this

peak was totally absent in the thermograms for the films
prepared by the latter method. This pesk was attributed
to volatilisation of residual chloroform, which was
absent in the films purified by the more stringent method
employiné heating under vacuum at temperatures close to
the melting point of polystyrene. This confirmed that

all of the chloroform had been removed as suggested by
the reading on the Pirani Vacuum Gauge as heating progress-
ed. Otherwise, all characteristics of the two thermograms
‘were identical, indicating that the purification procedure

had not altered the chemical characteristics of the films

in any way.
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Table 4.1,

Irradiztion of Copolymers of WMethyl Methacrylate (MMA. )
and Methyl Acrylate(lMA.) in Methyl Acetate.

~Copolymer Time(hours) Molecular - Scissions/

composition.  of irradiation. weight. monomer unit.
100% MA. - - see fig. 3;xviii

90% MA. 1.0 226,000 1.38x1074

2.0 198,000  1.93x107%

3.0 164,000 2.83x10~4

4.0 140, 000 3.75x10 4

TORMA. 1.0 200,000  -0.75x10°4

2.0 174,000 1.39x1074

3.0 152,000 2. 26x104

4.0 140,000 2.7 x10~4

 50% MA. 1.0 185,000 1.0 x10~%

2.0 136,000 2.76x10™4

3.0 125,000 3.36x10~4

4.0 104,000 4.8 x1074

30% MA. 1.0 140,000 3.42x10~%

2.0 98,000 6.2 x107%

3.0 75,000 9.0 x10°%

4.0 65,000  10.8 x107*
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Table 4.i. (continued)

Copolymer Time(hours) Molecular Scissions/

composition. of irradiation. weight. monomer unit.
15% MA. . 0.5 282,000 1.79x10~4
L0 190,000 3.6 x1074
2.0 125,000 6.4 x10~4
2.5 97,000 8.7 x107*
3.5 77,000 11.5 x1074
4.0 | 70,000  12.7 x10~*
100% MMA: 0.5 180,000  2.57x1074
| 1.0 115,000 6.0 x1074
1.25 95,000 7.85x10™%
2,33 57,000  14.9 x107%
3.0 49,000  17.7 x10~4

4.0 40,000 - - 22,3 x1074




Table 4.ii.
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Photo-oxidation of Films of Copolymers of Methyl

Methacrylate and Methyl Acrylate.

Copolymer Time (hours) Molecular Scissions/

composition. of irradiation. weight. monomer unit.

100%NMA, 0.5 320,000  0.43x10~%

1.0 270,000 1.0 x107%

1.5 250,000 1.3 x107%

2,0 221,000  1.84x10°%

15%MA, 0.5 340,000 1.1 x10~%

1.0 240,000 2.3 x10~%

1.5 210,000  2.95x10~4

2.0 170,000 4.0 x10~4

50%MA., 0.5 294,000  1.35x107%

1.0 202,000 2.75x16”4

1.5 170,000 4.0 x10~4

2.0 128,000 5.4 x10~%

TOMA., 0.5 210,000  1.61x107%

1.0 170,000  2.67x107%

1.5 128,000 4.45x10~4

2.0 110,000 4»95x10"4
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Table 4.ii. (continued).

Copolymer Time(hours) Molecular Scissions/
composition. of irradiation. weight. monomer unit.
89% MA. 0.5 230,000  1.34x107%

1.0 167,000 2.8 x107*
1.5 144,000  3.66x10°%
2,0 120,000 5.1 x10°*
100% MA. 0.5 238,000  1.21x10°*
1.0 176,000  2.50x107%
1.5 147,000  3.40x10°%

2.0 118,000  4.85x107%




Table 4iii, Photo-oxidssio
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n_ of Copolymers of Methyl

Methacrylate and Methyl Acrylate in Methyl Acetate.

Polymer Time(hours) Molecular Scissions/
composition. of irradistion. weight. monomer unit.

1O0%MMA., 0.5 204,000 2.2 x1074
1.0 192,000 2.5 x10~4

L5 121,000 5.55x10 4

2.0 106, 000 6. 75510~

15%MA. 0.5 214,000 2.84x1074
1.0 139,000 5.26x10 %

1.5 111,000 7.04x10™%

2.0 88,000 9.35x10” %

50%MA. 0.5 154,000 2.33x107%
1.0 137:, 000 3.08x10™4

1.5 100,000 5.6 x10~%

2.0 83,000 7.45%x10”%

TO%MA, 0.5 152,000 2.2 x10°%
1.0 128,000 3.31x1074

1.5 105,000  4.87x1074

2.0 93,000 6.0 x107%

9O0%MA . 0.5 230,000 1.4 x10—4
1.0 148,000 3.54x107%

1.5 110,000 5.6 x10~4

2.0 95. 000 6.9 %104

100%MA . 0.5 193,000 2.06x107%
1.0 159,000 3.01x107%

1.5 133,000 4.06x1074

2.0 100,000 5, 55x10"%
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Table 4Lim

Irradiation of Copolymers of Methyl Methacrylate (MMA)
and Maleic Anhydride.

Molecular  Scissions/

Polymer Time(hours)
composition. of irradiation. weight. monomer unit,.
1007AMIA . 0.5 169,000  3.22¢10~%
1.0 120,000 5.64x10%
1.5 85,000 9,05%104
2.0 81,000  10.2 x10°%
98, 4%MMA. 0.5 127,000 4,96x10°%
1.0 92,000 8.0 x10™%
1.5 65,000  12.5 x10 4
2.0 50,000 17,1 x10°%
9T%MMA . 0.5 147,000 4,48x10~4
1.0 90,000 8.80x10™4
1.5% 65,000  13.2 x107%
2.0 49,300  17.7 x10~%
93.8%MA. 0.5 103,000  5.55x107%
| 1.0 65,000  11.2 x10~%
1.5 44,000  18.5 x10°%
2.0 36,000  23.6 x10°%
93, 29MMA 0.75 49,000  12.2 xi0~4
1.5 36,300 19,4 x10™4"
2.0 27,300  28.4 xi0™t
3.0 19,700  42.5 x10 7
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Toble 4.v.

Irradiation of Copolymers of'Methyl Methacrylate and
Methecrylonitrile (MAN. )

Polymer Time (hours) Molécular Scissions/

composition,. of irradiation. weight. monomer unit

88N, - | 0.5 82,400 1.2 x10~*

1.0 54,700 5.5 x107*

1.5 47,000  7.58x107%

| 2.0 42,000 9.74x10~%

TOFMAN. 0.5 76,000 - 1.94%10°%

1.0 67,000 3.24x107%

1.5 66,000 3,41x10~4

2.0 54,000 5.89x10~%

6 24MAN 0.5 121,000 2,36x1074

1.0 80,600 5,5%x10 ~4

1.5 65,000 8.1 x10™%

2.0 55,600 - 10,1 %10+

SAFMAT 0.5 68,000  4,63x107

1.0 51,500 8.44x10%

1.5 40,000 13.3 x10~*

2.0 34,000  14.9 x10~%
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Table 4.v. (continued).

Polymer Pime(hours ) Molecular Scissions/

composition. of irradiation. weight. monomexr wnit.

35 AN, 0.5 59,000 6.03x10™

1.0 53,000 7.75%107%

1.5 37,000 15.1 %1074

2.0 30,000 20.7 x167*

23 FMAN 0.5 77,000 2.88x10™%

1.0 52,500 8.55x1074

1.5 48,000 10.2 x10~4

| 2.0 39,000 15.6 x10°"

12 <HMAN. 0.5 82,000  5.35x10°%

1.0 60,300 9.42x10~ 4

1.5 46,000 14.6 x10°%

2.0 40,000  17.7 x1G67*

100MMA. See table 4.i.
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Table 4,vi,

Irradiation of Copolymers of Methyl Methacrylate and
Styrene. . '

Polymer Time (hours) Molecular  Scission/ .
composition. of irradiation. weight. monomer unit.
100%MMA . 0.5 150,000 4.03x107
1.0 91,000  8.35x107%
1.5 68,000 12,1 x107*
2.0 51,000 _ 16.8 x10~%
10%Styrene 0.75 196,000  1.77x10°%
1.50 146,000  3.50x107%
2,25 120,000 5.0 x10°%
3.25 90,000  7.77x10~%
20%Styrene 0.75 175,000  1.68x107%
1.50 164,000  2:12x10°4
2.25 120,000  3.04x10°4
3.25 90,000 5.1 x1074
40%Styrene 0,75 235,000  0.15x10 4
1.50 209,000  0.29x107%
2.25 189,000  0.43x1074
3.0 170,000  0.58x10~%
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Teble 4.vi.{continved).

Irradiation of Copolymers of MMA. and Styrene.

Polymer Time(hours) Molecular Scissions/
composition. of irradiation. weight. monomer unit,.
60% Styrene 2,0 210,000  0.92x107*
| 3.0 185,000 1.55x10™
4.5 © 164,000 2, 24510
5.0 162,000 2,32x10~
80% Styrene 2,0 210,000 0.76x10™%
3.0 195,000 1.13x107%
4.0 182,000  1.56x107%
5.0 170,000 1.88x107%
90%Styrene. 2.0 265,000 0.2 x10°*
3.0 252,000  0,39x107%
4.0 - 245,000 0.50x10"%
5.0 240,000 0.62x10~4
100%Styrene. 14.0 230,000 —_— —
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Fig, 4.1, ‘
Irradiation of Copolymeré of Methyl Methacrylate and
Methyl Acrylate.

Scissions/monomer viit vs. irradiation time.

125104
 © 100%MA. Slope=6.1x10 *Se./m.u./br.

@ 15%MA. Slope=3.3x10 *Sc./m.u./hr.
Sc./ M-V 30%MA, Slope=3.0x10 *Sc./m.u./nf’ o

l'o 1200 : : '4‘.0
time (hours).
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'Fig.4.ii. Irradiation of Copolymers of MMA, and'MA;

- Scissione/m.u. vs. irredistion bime.
—5.0X1004 cissions/m.u. vs. irradis 10@ time
A.1007MA, Slope=l.4x10~%Sc. /m.u./br
® 50#MA. Slope=1.2x10 * "
® 90#MA. Slope=0.94x10~ %  #
@ TOMIA; Slope=0.70x10%
[ 4.0
A,
0]
3.0
- (]
Se./m.u.
®
2.0
1.0

time(hours).
100 1200 B'O 14.0
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Pig, 4.iii.

Rate of chain scission vs. copolymer composition.
Copolymers of MMA. and MA. |

7.0x107%,

Sc./h.u./hr.'
6.0 |

] 1 ] J i i | | | |
090 80 70 60 50 40 30 20 10 ©

Polymer Composition: Mole % MA.
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Figt '40iVo

Photo-oxidation of Copolymers of MMA end MA.

Scissions/monomer vnit vs irrsdiation time.

7.0x107%,

[ O 50%MA Slope=2.75x10—4Se./m.u./hr.
® 15%MA Slopezl.95X10"4Sc./m.u./hr.
6.0 O 100%mA Slope=0.98x10 *Sc./m.u./hr.

5.0

Sc./m.u.

0,5 J:J..O 105 2'0
time(hours). '
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Fig. 4.v.

Photo-oxidation of Copolymers of MMA and MA:

Scissions/monomer unit vs irradiation time.

90% MA. Slope=2.6x10 *Se./m.u./hr.

6.0%x1074,

Se./m.u.

3.0

time(hours).

0.5 1.0 3.5 2.0
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Pig, 4.vi.

Photo-oxidation of Copolymers of MMA and MA,

Scissions/monomer unit vs. irradiation time.

- 70% MA Slope=2.8x10_4Sc./m,u./hr.
100% MA Slope=2.4x10 4Sc./m.u./Br.

6.0x107%,
5.0

Se./m.u.

4.0

4+ime(hours)

Q.5 1.0 1.5
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Fig.4,.vii,

Photo~oxidation of Copolymers of MMA and MA.,

Rate of chain scission vs. copolymer composition.

3.0x10 %sc. /m.u. /hr.

100 90 80 70 60 50 40 30 20 10
Copolymer composition: Mole % MA.
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FigAviii Photo-oxidation of Copolymers of Methyl Methacrylate |

and lethyl Acrylote in llethyl Acetate.

Sc./m.u. vs. time of irradiation.

.
9.0%10"%sc. /m.u.
s  15%MA: Slope = 4.75%x10”*Sc./m.u./hour.
X 100%MMA: Slope=3.5 x 10'450./ﬁ.u./hour.
8.0 ® TO#MA: Slope = 3.1 x10” *Sc./m.uw./hour.
7.0 : | | 4
b S
6.0 e
. [ ]
5.0 °
4.0
@
3.0
[ ]
X
2,0 )
l1.0
Time (hours)
0.5 10 g5 240
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Fig. 4.ix.Photo-oxidation of Copolymers of Methyl Hethaocrate

8.0 X 1007A: Slope = 2.9 x10”%s¢. /m.u. /hour.
7.0
6.0
® |
5.0
4.0 x
3.0
‘ o)
2.0 .
1.0
Time (hours).
|O¢5 J.co llos 2-p

and lethyl Acrylete in liethyl Acetate.

Se./m.u. vs. time of irrsdiation.

_9,ox10"4Sc.gm.u.

i

3.7 x10_4Sc./m.u./hour,.
3.4 x10"4se. /mt.u. /hour.

® 50%MA: Slope
® 90%MA: Slope

lt}
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asem

Fig, 4,X. Photo-Oxidation of Copolymers of Methyl
Methacrylete and Methyl Acrylate in Methyl
Acetate.

Rate of chain scission vs. Copolymer composition.

5.0x10 *sc./m.u. /hour.

L I L l
00 80 60 40 20 0

Mole % MethylAMethacrylate.
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Pig, 4.xi.
Photolysis of Copolymers of Methyl Methacrylate and
Methyl Acrylate under Vacuum.

Rate of chain scission vs. copolymer composition.

| 10x107°Sc. /m.u. /nr.

RO 1o 160 180
Mole % MNMA.
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Fifl‘» 4‘Xiio

Irradiation of Copolymers of Methyl WMethacrylate and
Maleiec Anhydride.

Chain scission vs. time of irradiation.

93, SAMMA., Slope=ll.6x10~4Sc./m.u./hr.
98.49%MMMA. Slope= 8.4x10_4sc./m.u./hr.
100 % MMA. Slope= 5.4x10 *sc./m.u./nr.

25&16-4 Scissions/monomer unit.
©

20
15
10 © °
) (0]
5

Q

, time(hours). |

0.5 l-o 105 ) 2.0
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Fig,4,.x1ii

Irradiation of Copolymers of Methyl Methacrylate(MMA)
and Maleic Anhydride.

Se./m.u. ve. time of irradistion.

4.5x20" %S¢, /m.u.

4.0 o 93.272MA.~31ope=14.0x10‘43c./m;u./hr.
© 97% MA. Slope= 8.9xld"4Sc‘/m;u;/ .

2.0

=
L ]
£ %} ]

1.0

N hours)
1.0 Lane ( 2.0 3.0




_134_‘

Fig, 4.xiv.

Irradiation of Copolymers of Methyl Methacrylate and
Msleic Anhydride.

Rate of chain scission vs. copolymer composition.

15xld_4Scissions/monomer unit/hour.

| | '
93 94 95 96 97 98 99 100.
Mole % MMA. ‘



Pig.4.xv.
Irradiation of Copolymers of MMA. and MAN,

..'1_3 5o

Sc./m.u. vs. time of irradiation.

—4 °
20 x 10 7. -
' ® 35%MAN: Slope=9.9x10 Sec./m.u./hr.
® S4%MAN: Slope=8.5x10 *Sc./m.u./hr.
18 o B88GMAN: Slope=5.0x10 'Sc./m.u./nr,
¢ TOMAN: Slope=3.5x10 *Sc./m.u./hf.
116 -
2]
14
&
12
10
©
8 ®
3
6 °
(0}
@
4
¢
Q)
2 ®
0
time(hours).
11.0 1105 12.0

0.5
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- Irradiation of Copslymers of MMA. and MAN.

Sc./m.u. vs. irradiation time.

FPig.4.xvi.

18x10~% o
Sc./m.u. |
12%MAN:Slope=leld'4Sc./m.u./hr.
239MAN:S1lope= 8x10~4sc. /m.u./hr.
6 6odMAN:S1ope=5. 3x10 *Sc. /m.u. /bt A
14
12
10 @ ®
®
18
6
©
°
4
@
©
2
time (hours).
R.5 11,0 11.5 2.0
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Figd.xviiJJrradiation of Copolymers of MMA. and MAN;

Rate of chain scission ve. copolymer composition.

22x10 *sc./m.u. /hr.

°_ 180 40 60 80 1Q0
Mole % Methacrylonitrile. ‘
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Pig.4.xviii. '
' Irradiation of Poly—(methyl methecrylate).

Scissions/monomer unit vs time of irradiation.

17x10” %S¢, /m.u.

ASiope=8.4xld‘4s¢issions/m;ur/hrl'
15 |

13

o

Time (hours)
0.5 1.0 1.5 2.0




-138- '

Pig, 4,ix>é, Irradiation of Copolymers of Methyl Meth—
acrylate and Styrene.

Scissions / monomer unit vs. time of irradiation.

x 10 %sc. /m.u.

oo
o

® 10%5tyrene Slope=2.4 xlO"A'Sc./m,u./hr.
® 20%Styrene Slope=1.6 x10 ¥Sc./m.u./hr.
7.0 © 40%Styrene Slope=0.73x10 *Se./m.u./hr.

G. 0

time(hours). ,
|2.0 ) I3.0

1.0
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FPig, 4.xx.Irradiation of Copolymers of Methyl

Methacrylate and Styrene.

Scissions/meonomer unit vs. time of irradiation.

3.0x10 4Sc. /m.u.

® 60%Styrene Slope=1.0 xld”4Sc./m,u./hrf‘
® 80%Styrene Slope=0.8 x10 ¥Sc./m.u./hr.
© 90%Styrene Slope=0.35x10 'Sc./m.u./hr.

N
(@]

.0 2.0 13.0 4.0

Time (hours)..
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CHAPTER 5,

DISCUSSION,

Photolysis of Copolymers of Methvl Methacrylate snd -
Methyl Acrylate.

As discussed in chapter one, it was considered +that
comparison of the photodegradation characteristics of
copolymers of Methyl Methecrylate and Methyl Acrylate in
solution with those reactions which occur in thin films
of the same polymers would provide informetion which would
be useful in any attempt to present a unified pictu:e of
the degradation cheracteristics of these polymers; In
addition, photo-oxidation studies of -these copolymers was
undertaken in both thin film and solution and, for the
purposes of ready comparison, the graphs which summarise
these results are presented together in fig. 5.i. A corr-
ection has been made for the different lamp intensity
used in the film photolysis;

On ultra-violet irradiation of these copolymers in
the form of thin film, insolubility was observed in the
residue of those copolymers in which the mole fraction of

methyl acrylate exceeded 50%. Sol-gel analyses were
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carried out on these copblymers and the data were analysed

: 5
using the Charlesby—Pinnef equation,

8 + V-S = po"/q_o"' l/q_ou‘to io

where s is the soluble fraction, p, and g, are the rates
of chain scission and crosslinking respectively, w is the
number average degree of polymerisation of the starting
.material and t is the time of irradiation. In this work
it was found that although the rate of crosslinking
decreases with decreasing methyl acrylate content as
expected, extrapolation suggests that it is effectively
zero even in copolymers containing up to 45% methyl scryl-
ate. It is possible then, that crosslinking is not assoc-
iated with single methyl acrylate units but with seduences
of two or more. TFor those copolymers which remzin soluble,
rates of chain scission were calculated from the change
in molecular weight using the formula

a = 1/CL, - 1/0L,  ————mmmmmm—mm= 2,
as described in chapter two.

The overall shape of the chain scission curve is
perhaps unexpected. It might be reasonable Yo expect the
rate of chain scission to decrease with decreasing IMMA
content at high MMA contents, but the minimum in the 40-50%

MMA mole fraction region and the increase in the rate of




~147-

chain scission with increasing acrylate content until the
rate in pure poly—(methYl acrylate) is of the same order
as that in pure poly-(methyl methacrylate) is perheps
Surprising. |

The solutioni;tudies described in this thesis yielded
the chain scission slope (b) in fig.5.i. It was observed
that,although the rates of chain scission of poly-(methyl
acrylate) and acrylate rich copolymers in film and in
solution are similar, the rates of chain scission of co-
polymers rich in methyl methecrylate are very muchkgreater
in solution. The possibility that ecrosslinking occurs in
acrylate rich copolymers snd thus depresses that end of
the curve in fig.5.i.(b) was considered, but, as discussed
in chapter three in connection with the photolysis of
poly—(methyl acrylate) in solution, it may be assumed
that in solution, crosslinking is not occurring to any
significant extent because of the separation of polymer
molecules by molecules of solvent. This was confirmed by
the absence of insolubility in the residue end the observ—
ation of little or no change in the rate of chain scission
as a result of irradiation of polymer solutions over a

wide range of polymer concemtration, (1% - 10% w/v).
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Since the rate of chain gcission in solutiom,
measured using equation 2, is of the same order as that
observed in film photolyses using the Charlesby-Pimmer
equation,l, it is suggested that both of these methods
for determining chain scission are reliable and that the
greater rate of scission of poly-(methyl methacrylate) in
solution compered with poly-(methyl acrylate) is a genuine
effect which must be explained; The most significant
factor in this respect is that, at ambient temperatures,
the methacrylate rich copolymers are helow their glass
traensition temperatures and those which are high in scryl-
ate content are sbove theirs, the Tg.s for poly-(methyl
methacrylate) and poly-(methyl acrylate) being IOSOC_and
6°C respectively?6 Thus it seems reasonable to suggest that,
since the methacrylate rich copolymers are relstively rigid
and the polymer molecules relatively immobile, & high
proportion of the primary radicals formed on bond homolysis
would tend to undergo‘%cage effect’ recombination. This
would depress the inherent chain scission potential of
poly—(methyl methacrylate) and copolymers of high meth-
acrylate content. The acrylate rich copolymer molecules
on the other hand are much more mobile and thus the primary

radicals produced can diffuse apart much more rapidly,
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resulting in a much smaller tendency towards recombination.
In solution, this effect of Tg does not arise since
the primery raﬂicalé from photolysis over the whole co-
polymer composition range can diffuse apart with ease.
This is reflected in a signifiéant increase in the relative
rates of chain scigsion of the.methacrylate rich copolymers
compared with that observed in film photolysis, while the
rates of chain scission of scrylate rich copolymers is noib
significantly. different in solution. To test this theory,
some experiments have been carried out7%n which the rates
of photolytic scission of a high methacrylate copolymer
were meaéured over a range of temperatures above and below
the Tg of the copolymef which, measured by D.T.A., was 820¢.
It was observed that the rate of chain scission iﬂcreased
rapidly in the region of Tg , lending support to the above
argument.

Photo-oxidation of Copolymers of Methyl Methacrylate and
Methyl Acrylate.

Comparison of the reactions occurring in these
polymers as a result of photolysis in & atmosphere of
oxygen with those occurring under vacuum conditions reveals

several interesting aspects. The shape‘of the chain
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scission curves_(fig.B.i.) for phioto-oxidation is
considerably different to that obtained under‘vacuum; in
both solution and‘film photo-oxidation, the rates. of
scission of poly-(methyl methacrylate) and methacrylate
rich copolymers are considerabiy lower than those observed
in vacuun end the scission reaction of poly-(methyl acry-
late) snd scrylate rich copolymers is accelerated in. comp-
arison with vacuum photolysis., No insoluble material was
observed after photo-oxidation of the copolymer films,
even in those of high acrylate content. Sincé in both
poly-(methyl methacrylate) and poly-(methyl ascrylate),
chain scission results from reaction of the primary photo-
lysis product, R | '

I MCH;Z—(")—CHé'V (R = H or Methyl )
it would seem that the primary effect of the presence of
oxygen must be to allow reaction of this radical with an
02 molecule. ? |

11 (\f‘CHz-?—CHé~/\

0-0°

Consideration of the subsequent reactions available to
this radical (II) reveazls a possible explanation for some}
of . the different characteristics found in the photo-oxid-

ative reactions. In poly-(methyl acrylate) and high
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acrylate copolymers, £ll or most of the groups R in
radical I are H atoms and the radical has sufficient
resonance stabilisation to afford combinstion with similar
radicals resulting in the formation of crosslinks. Since
radical II results from reactioﬁ with oxygen, examination
of curve (c) in fig.5.i. suggests that the formation of
this species causes inhibition of the crosslinking process
as well as acceleration of the chain scission reaction.
These observations lead to the coﬁclusion that radical II
undergoes intramolecular rearrangement, perhaps after -
abstraction of a H atcm, to form a carbonyl group in the
main chain which would result in greater susceptibility
of the polymer chain to scission through Norrish Type 1
cleavage. ?

'vwr%mflm%ﬂ%%ﬁ%Qw + H,y0

0-0H '

In poly-(methyl methacrylate) and methacrylate rich
copolymers, all or most of the R groups are methyl groups
and hence radical II is much less likely to0 rearrange to
form carbonyl chromophores in the main chain. This results
in inhibition of the chain scission reaction if some other
stable product can be formed. In fig. 5.i., comparison

of the curve representing the photo-oxidation of films
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of the copolymers with that for photolysis under vacuuﬁ
shows that scceleration of the chain scission rezction

by oxygen becomes greater with deoreasing acrylate content
for high acrylate content polymers because of the decreas-
ing importance of the crosslinking reaétion as the relat-
ive number of sites availasble for crosslinking falls.

A similar effect on the chain scission reaction is
found in solution photo-oxidation of these copolymers,
’namely inhibition of the rate in methacrylate rich poly-
mers and acceleration in acrylate rich polymers. In this
case, a less well defined maximum in the chain scission
curve is observed, due probably to a combination of the
acceleration and inhibition effects bf the oxygen present.
FPig. 5.i. shows that the relative inhibition of the chain
scission reaction by oxygen in methacrylate rich copqu—
mers in solution photolysis (6x10“4—— 3.5x10”4scissions/
monomer unit/hour) is similar to that in film photolysis,

4scissions/monomer unit/hour). At the

(2x10'4—~1x10‘
acrylate rich end, acceleration is much less for pure
poly—-(methyl acrylate) than for acrylate rich polymers,
indicating that although crosslinking is inhibited, it is

still a significant reaction in this polymer.




-~153-~

Photolysis of Copolymers of Methyl Methacrylate end

Msleic Anhydride.

By far the greater proportion of the work performed
on the photodegradation of polymers has been concerned
with an attempt to stabilise polymers through o greater
knowledge of the fundamental degradstion processes which
occur during photolysis. This is logical by reason of
the great commercial importance of the degradative effect
of sunlight on the physical properties of plastics in
their practical applications. However, more receﬁtly, as
a result of consideration of waste disposal and environ-
mental pollution, some attention has been directed towards
the study of possible polymer sitructures which éould
be degraded to an easily disposable form in specific
environments after the useful life of the plastic article
was complete. In this respect, some effort has been dir-
ected towards the preparation of photodegradable ﬁolymers.

It has been reporteg7fhat incorporation of a small
proportion of maleic enhydride units into poly-{(methyl
methacrylate) causes accelerated chain soission of the
polymer under thermal conditions (240°C). It was consider-
'ed likely, since the anhydride group chromophore contains

two carbonyl groups, that it would also have a strong
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accelerating effeet upon the chain scission reaction in
copolymers subjected to ultra%violet radiation.

The results of this phase of the work are summarised
in fig. 4.xiv and the general conélusion is that incorpor-
ation of even a small percentage of maleic anhydride as
comonomer into poly-(methyl methacrylate) accelerates its
rate of photodegradation by chain scission. As discussed
earlier, low temperature photolysis of poly(methyl meth-
acrylate) homopolymer films resultsin random cleavage of
the ester side groups, followed by chain scission of the
resulting polymer radical. The acceleration of the chain
scission reaction by maleic anhydride unité?ﬁhese copoly-
mers would appear te be a result of initial cléavage of
the labile C—C bond (A) next to the anhydride unit in

the polymer chain.,

/c—r—c—-——-—c 5
COgtie. o O,

Cleavage of the bonds (B) would result in the destruction
of the anhydride group and this would be revealed by the
disappearance of the anhydride absorption characteristics

in the infra-red spedtrum of the irradiated polymer.
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No significent change in the infra-red spectra of the
irradiated polymefs was in fact observed. Thermal studies
(240°C) on this copolymer systeﬁrglso suggested that the
acceleration of the chain scission reaction was due to
preferential cleavage of the C—C bond next to the anhydr-
ide group; since, even after degredation for four hours

at 240°C, the anhydride group sbsorption was still very
strong. Earlier discussion of the“photolysis of poly-
(methyl methacrylate) in solution at ambient temperatures
indicated that no depropagation occurred,since, within'
experimental error, the polymer was 100% recoverable by
weight after irradiation. However, the results of both
thermairﬁegradation and photothermaiﬁ%egradatibn at 150°C
suggest that although the anhydride groups initiate chain
scission, they strongly block'the depropagation reactions.
In drawing the curve of rate of chain scission versus co;
polymer composition (fig.4.xiv) it has been assuméd that

a linear relationship exists over the rather restricted
range of copolymer composition studied. Over a wider range,
this may not be the case. In addition, over the time
interval of the irradistions, up to four hours, the rates
of chain scission versus time of irradiation were found

to be linear, but for low anhydride content copolymers,,

this would not be true over longer periods of irradiation
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since after scission et en anhydride group in 2 chain -
which is effectively poly—(methyl‘methacrylate) with an
anhydride end group, pure poly-(methyl methacrylate) chains
would come into existence, causing the rate of chain
scission of the remaiﬁing polymer to approach that of

pure poly-(methyl methacrylate). Drawing a comparison
with copolymers of methyl methacrylate and methyl acrylate
of high methacrylate content, it is not surprising thet
crosslinking was never detected after subjecting these
copolymers to ultra-violet radiation. Crosslinking is un-
likely since the number of potential crosslinking sites

is very small end the polymer molecules are separated by

molecules of solvent.
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Photolysis of Copolymers of Methyl Methscrylate and
Methacrylonitrile and Styrene.

In the study of the photolysis of copolymers of
methyl methacrylate and methyl acrylate, several interest-
ing trends in the degradation characteristics across the
copolymer composition range were indicated. HNMethyl »
acrylate is structurally very similar to methyl methacryl-
ate, having an. identical chromophore, the ester group. .
Because of this, it was thought that further valuable
information might be obtained by irradiating methyl meth- |
acrylate copolymerised with monomers having different
chromophores. The comonomers chosen were methacrylonitr-
ile and styrene. The former is of interest since it~ha§
a similar structure to methyl methacrylate but with the
C=N chromophore which does ndt absorb appreciably at
25372. The latter, styrene, contains a strongly absorbing
aronmatic nucleus.

Photolysis of Conolvmers of Kethacrylonitrile.

The chain scission results of the photolysis of co-
polymers of methyl methacrylate and methacrylonitrile are
illustrated in fig.4xvii,the detailed shape of which is
difficult to explain. As mentioned in chapter three, thev
insolubility of these copolymers in toluene heceésitaﬁed
the use of cyclohexanone as solvent for osmotic molecular

weight determinations. This solvent has a strong affinity
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for water, readily ebsorbing it from the atmosphere.
Although freshly distilled solvent was used throughout,

it is possible that this deliquescent tendency contributed
to less reliable osmotzzfizzn when toluene was used for

. the other copolymer systems. Hence, any explanation of
the results 5f this work must be formulated with this in
mind. However, from fig.4xvigit would seem that incorpor-
ation of a few methacrylonitrile units into poly-(methyl
methacrylate) has a destabilising effect on the polymer,
although further increase in the methacrylonitrile content
yields smaller rates of chain scission until methacrylo-
nitrile fich copolymers were observed to undergo chain
scission &t much the same rate as poly-(methyl methacryl-
ete). No literature information sbout the photodegradat-
ion of methacrylonitrile copolyners is available.

However, Grassie and Faris£¢%tudied the action of_25373
radiation at 160°C on copolymers of methyl methacrylate
and acrylonitrile in the composition Tamge 0.25%—10%
mole% acrylonitrile. It was found thet the rate of the
chain scission reaction increased with increasing acrylo-
nitrile content. This would seem to agree with the results
of this work for methacrylate rich copolymers. It is

worth noting here that in solution work, it is highly
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impractical to detect and charécterise small molecule
fragments arising as products of the reactions occurring
since fhey are in such small concentration relative to
the concentration of solvent. As a consequence, it is
difficult to formulate a mechanistic eiplaﬁation for the

destabilisation influence of methacrylonitrile.

Photolysis of Copolymers of Styrenc.

. The aromatic ring in polystyrene absorbs 2537&
radiation strongly and it was this characteristic which
stimulated an investigation of the photolysis of copoly-
mers of methyl me%hacrylaté and styrene. It seemed reas-
onable to expect that copolymerisation of styrene Wifh
methyl methacrylate would lead to either of two possibil-
ities when the polymer was subjected to phdtolysis by
25373 radiation. Firstly, the enhanced quantity of absorb-
ed radiation energy could be transferred along the poly-
mer molecule as mentioned in chapter one, causing cleavage
of the more labile bonds in the molecule. If this were
the cése, incorporation of styrene into poly—-(methyl meth-
acrylate) would be expected to result in an increase in
the rate of chain scission of methacrylate rich polymers

with increasing styrene content. On the other hand, if



-160~

the absorbed energy is not transferred along the polymer
but is dissipated as heat or by phospho%?nce, fluorescence
etc, the strongly absorbing site could as an optical
filter, the overall effect being,as in polystyrene itself’
one of protection of the polymer by preferential asbsorption
at steble sifes on the polymer chain. The rates of chaiﬁ:
scission observed on photolysis of these copolymers are
illustrated in fig.4.xxi. It can be seen that the rate

of chain scission rapidly falls from that of pure poly-
(methyl methacrylate) with increasing styrene content up
to around 20 mole %, and then gradually tails off to
almost zero for 100% polystyrene. It seems that sinee
the sharp decrease in the rate of chain scission is accom-
panied by a sharp increase in absorption ofv2537x radiat-
ion by the copolymer, the styrene aromatic fings are
having the effect of stabilising the copolymer against
radiation by means of preferential absorption at the stable
aromatic rings. The absorbed energy must be dissipated
from the aromatic nuclei by methods other than by energy
transfer along the polymer chain. As with the photolysis
of poly-(methyl acrylate) in solution,no,insolubility of

polystyrene or styrene rich polymers was detected in the
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residue of the irradisted polymers.

Chain scission of copolymers of methyl methacrylate
and styrene in filgcgorm during photolysis ig difficult
to assess since; because of the strong absorption of
25372 radiation by styrene, reaction only occurs at the
surface, even for thin films, and insoluvbility is encount-
ered as in pure polystyrene. Since this work was carried
out in solution with constent stirring, these difficulties
were overcome and it has been shown that incorporation of
a small amount of styrene as comonomer has a significant

stabilising effect upon poly-(methyl methacrylate).

Coloration of Polystyrene.

The occurrence of yellowing in aged polystyréne
has been well documented and has wusually been associafed
with oxidation of the polymer. TFox and coWorkeréx%oted
s “general featureless increase in absorbance at Wave—
lengths. ebove 25003 in films which had been irradiated
under vacuum but much smaller than that after photolysis
in air, Gressie and Weignalso noted an increase in absorb-
ance a% these wavelengths and suggested that oxygen was
not a prerequisite for the yellowing reaction, the yeliowe
ing being attributed to conjugated unsaturation in the

polymer backbone, a peak at 825cm™ Y in the infra-red
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spectrum being allocated to main chain unsa{uration.
During solution photolysis of the copolymers of styrene
and methyl methacrylate, it was noted that long irradiat-
ions (12 hours) of polystyrene and styrene rich copolymers‘
in methylene chloride resulted in yellowing of the solut-
ion and this observation prompted an examination Qf the
coloration reaction in these copolymers. However, when
this coloration was observed on long irradiations of_all
of the copolymers, even methacrylate rich copolymeré,
some doubt Waé cast as to the nature of the coloration.
Further’irradiations of polystyrene in fhe solvents—-—
methylene chloride, chloroform, chioroethane, cyclohexane
and meth&l acetate resulted in similar coloration in the
first three solvents and none in the others. Irradistion
of: these solvents in the pure state ylelded similar results,
coloration being observed in the irradiated chlorinated
hydrocarbons and none in methyl acetate and cyclohéxane.
It was concluded that the coloration in this case was due
to photolysis of the chlorinated hydrocarbons and not of
the polystyrenme. In the light of this information, the
coloration of polystyrene films in vacuum was consi&ered

since those investigated previousl%lhad been cast from
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a chlorinated hydrocarbon, chloroform, the removal of
residual chloroform being monitored by the disappearance
of the CHCl; pesk at 1218cm™T in the infra-red spectrum.
The first drying method, described in 2.4.b, used in this
work also yielded polystyrene films which did not show
any appreciaﬁle peak at 1218cn™ T in the infra-red speetrum.
However, the films dried by this method were subjected

to Thermal Volatilisation Analysis as described in chapter
4 and showed a small solvent volatilisation at 116°C,
close to the M.Pt. of polystyrene. These fiims displayed
appreciable coloration when irradiated in vacuum, the
ultra—viélet spectra of the irradiated film being similar
to that of the irradiated chlorinated hydrooarbon:solvents
as shown in figs.4. xxiv and xxv. Films which were dried
by the more stringent method described in 2.4.c, did not
show coloration on irradiation for similar periods of
time. These observations suggest that polystyréne itself
does not undergo a coloration reaction during vacuum
photolysis and that the coloration observed in aged poly-

styrene indeed must be the result of an oxidation reaction.



~164-

Suggestions for Future Work.

A useful extension of the photolysis'of polyméric
materials in solution would be the photolysis of polymers
in solutions containing hydrolytic agents-like water,
acid and alkali. In particular, the study of condensation
polyﬁers which are known to be susceptible to hydrolysis—
polyesters, for example poly-(ethylene terephthalate)
and polyamide nylons. This could yield useful information
concerning the interaction of these two degradative influ-
encés on polymeric materials.

With reference 1o photodegradable polyners, discﬁssed
in chapter 5, the results of the photolysis of maleic
enhydride copolymers have shown that incorporation of a
smell quaniity of this monomer can have some interesting
effects., It wouid be of interest to study the pho%olysis,
of soﬁe other moﬁomers copolymerised with a little maleic
anhydride in an attempt to generalise the effects of the
anhydride group on the photostab;lity of polymers.

Also, since poly-(methyl isopropenyl ketone) has
béen reportedl%o be very unstable to ultra-violet radiat-

ion, it would be interesting to use small quantities of
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methyl isopropenyl ketone a5 comonomer with methyl
methacrylate to ciscover whether it would 2lso have a2
destabilising effect upon poly-(methyl methacrylate)
with regard to photo-induced chain scission.

In view of the encouraging results of the applicat-
ion of infra-red spectroscopy to. determine the composition
of copolymers of methyl methacrylate and maleic anhydride,
it would be useful to apply this technigue to a larger
range of copolymer composition. Work has already‘begu;g8
alang these lines in conjunction with a detailed study
of the photo and photothermal degradation of this copoly-
mer systemn. |

Since the physical properties of polymers like
poly-(vinyl chloride), polyethylene and polypropylene
deteriorate very rapidly when exposed to sunlight, the
possibility of incorporating a little styrene as domonomer
in these materials to give the effect of an optical filfer,

as observed with methyl methacrylate copolymérs, might
be studied.
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Fig. 5.i. Photolysis of Covolymers of Methyl Methacrylate
and Methyl Acrylate.
_6X10“4Sc./m.u./hr.

(a) Photolysis of Films.
(d) Photo-oxidation of Pilms.

5.0
(b) Photolysis of Solutioms.

(e) Photo-oxidation of Solutions.

L4.0
(e)
3.0 : '
T (a)
| 2.0
1.0

(a

20 40 6O 80

Mole % Methyl Methacrylate.
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