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Bver since synthetic paiyﬁer@ beéame commeraially
important materials, attonpts have been made to'unrérstaz
the processes which lead to the deteriovation of their
useful properties. Underlying these efforits has been the
deagire to identify the primery reaciions ijvsivédg since

it is only by controlling these that undesirverle products

can be avoided, and that ultimately the life of the polymer

The overall deterioretiocn processg,; howsver, ls
hizhly complex and is the result of the simulitaneous
operaticn ¢of s large nusber of environmental facitors, such
as light, heat, oxygen, radiation, and 8o on, sach of which
has o deleberlouns action on polymers. A study of the
overall rsagtiong t&erex@re,myﬂulL pérﬁit neither the
elucidation of the initial stagcs of the reactlion nor
the evaluastion of the contribuiion of a specific agency.

A much wmore profitable approach is through the thorough

e

nvestigation of the constltuent reactlions, like thermal
and phctochemical ﬁ@g?aa? L0 e In these investigations,
where the number of variables is winimized, it is ofven

2

< | JOR. B B9
vonasibls to elucidate




an understaﬁding of which is essential vo the fuller

explanation of the overall weathering process.
Considerable progress has been made in the field

of thermal degradation and the mechsnisms of degradstion

of 8 large nunmber of polymers have besn established.

In the field of oxidation, on the othsr hand, & large

amount of effort has been devoted 1o the technical aspecté

the procese and this is veflected in the large patent

o
@

literature on antioxidani
al chemical acpects of oxidation, with which tLié present
work is coucerned, have éoeu comy 1aﬁive1y‘me

Prarvequisite to the deilerminaticn of the mechanism

of oxidation of & polymer are firstly, the unegquivocal.

& ol )

identification of the reac ilen product and secondly, an

(ol

invimate knowledse of the initiation etep. It is difficuls

]

to Pulfil the firet of these redquirements atv Llow exients cof
oxidation, since it involves the devection of émall
concentrations of oxygenated grcups attached t0 the hydro-
carbon chaing., At higher extents of oxidation, howsver,
smeller molecules are produced, but while these are

potentially more readily identifiable, they cannot aiways

be easily accounted for in terme of the original polymer




structure, Xoreover, at this stage of the process
escondary reactions tend to predominate end the initial
steps of the reaction are effectively obscured.

These two requirenente are thus %o a certain extent
mutually exclusive, and it is for this rezson that
extenaive studies have been made of the oxidation of
model compounds for polymers, i.e. small molecules having

<

the same functionzsl groups a8 the polyvers. These studies

s s . s e ot et e m
have asned sowme light on the initisl stepns of oxidation of
. 4 y
(2 ) . {4,5,8) (7-12) ) e
nyilcn iynn and rubber, reneraligations
mede on vhe bosls of these resulis, however, ere noi
elwaye valid, since many veactlions which ars ﬁofmnnplaeﬁ

in the chemistry of swall molecules are nov feasible in ithe
maocromolecular environment. Structural sbnormalities,
absent in ermall molecules, but present in many polymer

und effect on the reaction.

]

molecules, can also have & prof
Quantitative information sbout the oxidation of small

molecules, e.g. olefing whicha are model compounds for

>

rubber, iz well in advence of that for pol ymers. It is
useful , therefore, vefors conzidering the oxidatlon of
g piefin oxidation.

polyehyrane 5o
i yre

[ I




of the procses has bheen

elucidased. ?erﬁaps the greatest advances were made by
- {15 : B.14)
rarﬁaf‘“J) and Criege e(} 1“} who sbowed independently
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tal product of oxddation of cyvolohexsne was
& hydroperoxide, TFarmer proposed ihait oxidation of

nlefine proceeded by a chzin reaction invelving the

Plag US| 2. Pres - & g T $ R » - P S
addition of a wolecule of oxygen to the carbon stom
addonent 0 5 couble hon to Torm & hvdroveraoxide
S0 G0 T8 8 Goulile 00Nty VO L0 8 OAYQroperaXide,

(9 5.L00
2 L T LO=2U 1 G e e
his Comworkers * subgtantiaved
I RS R K] : - y o oot £ gy oo ]
this hypothesls with a large anount oI experimensal

N
21. 5 %.: o ‘;

Fain T

gvidence, To Bolland, Bateman, Gee and their co-workers
is due the major credit for establishing the detailed
mechanisw and kinetics of the reacw sion. These workers
determined rabtes of oxidation of ethyl linocleate by

measuring the oxygen absorbtion, and they found that

the vate inereased linearly with the anount of oxygen
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hydroperozide,; the sole product of the early sia of

ga ox

r

the reaction, and that the autooatalytic nature of the

reacticn derived from this.

By studying the oxidation in presence of catslysis

like t 1 pe (23) 13 in o1
ike bengoyl peroxide,® and in presence of actinic

{24 X :
iight ) it was established that a sguare=root relation

existed between the rate of the reaction and the light
intensity or catalyst concentration and that the vhoto-

reaction had a guantum yield greater than unity.

The presence of free radical inhibitors, like phenols
1 {25) h—-— oo o oz sy - -+ 3 3T a4

and naphthols depressed resction rates. Similaxr

resulte were obtained for the oxidation of a nunber of

olefdin asubstraies.

% was thus established beyond any doubt that the
oxidation of olefins, as.Farmer had postulated proceeded
by a radical chain reaction invelving hydroperoxides,

the experimental observations were accounted for by

the following mechanism(27) in which RH represents the
olefin, |
Initiation
Catalysts l
2RO0H ——3 R- o7 ROg° , ri

Photo




Re b Gy oo » RO kolR){ Op)
ROz~ EH 2 ROz H + 7 RB{ﬁﬂ?)(Rgz
Termination
2R g (R)

: Hon-radical
R* + ROZ" ———> Products | k5(R)(102)
2RO0g S - kgl RQQ’) .2

An enalysis of the above scheme shows that the rate of
oxidation is related to. the rates of the elementary

reactions by the equation

ko wkg {02)

u:au.u(.u—-_ ‘-..- -

=y

|
K

vl
bl
Bered
N’

at w55 kzfEL(RE) + lpfEg(0g) +fkg kg 73

This relation has been found to spply in the oxidation
i A4 28=131

of a large number of mono-olefins anc diclefins ( )

g0 it cen be concluded that the mechanism is_generally

applicabls. It is interesting to note that the rate
‘ " . (32,33,34)

‘expression obtained for the oxidation of cumene

a nodel compound for'polysﬁyreneg has the same form as

the above equation, inﬁicating a close simllarity betwsen

the mechanism of curmene oxidation and Bolland and

Bateman'y nechaniane.




Various attempts have been'mad@ 40 interpret the
oxidatlion of high polymers in terme of this mechanism
and 1t has been observe@{35“39> that the characteristics
of rubber and polyethylene oxidations are in sone
regpects analogous to those of their model compounds.
Recently(40) it has been shown that the initistion step.
in the thermal oxidation of polypropylene is the
bimolecular decomposition of the hydroperoxide, which
is of course the same as the initiation step in
Bolland's mechanism. Quantitative information about

the oxidation of a large number of polymers is, however,

8till lacking.

The Oxidation of Polystvrene

(1) Introduction

Compared with the high reactivities of olefins
towards oxygen, polymers are in general relatively

(41) investigated the

inert. Mesrobian and Tobolsky
oxidation of a number of polymeré, including natural
and synthetic rubbers, nylon and polystyrene, measuring
the volumes of oxygen absorbed by these polymers when
they were heated to 130°C in an oxygen atmosphere.

Using the rate of oxygen uptake as a criterion of




oxidisibility they showed that while those polymers.
with double bonds in thelr backbones, like rubbers
viere paviicularly susceptible to oxidative degradation,
8, like chlorine,
carbonyl and phenyl (as in polystyrens) were much less
reactive. These authors also pointed out & gqualitative
correlation betwsen ease of p polymevization and
oxidisibility; generally the more gasily polymerized

a monomer is, the more stable is 1ts polynmer towards
OXygen, Of all the polymers examined, polys tyrene,
having a rate of oxidation of sbout one twentieth of
that of nylon and rubber, was ithe least reactlve towards

OXYZ2N,

{2) Jellinek's Hvdroperoxide Theoxry

E’

Perhaps the most significant early contribution

to the systematic study of the oxidation of polystyrene
£ (43:?943} 4 3 < e » 1
was made by Jellinek: He c¢arried out the bulk

oxidation of polystyrene in air in the temperature
range 180°C to 280°C, following ithe progress of the
reaction by determining the viscosity molecular welghts
of the residual materisl at frequent intervals.

On plotting the limiting viscosity versus time of




cegrsdaiion ai each temperature hs ohserved a rapid

E

decressge in viscosity at followed by an

o
H
3
&
o

eventval tall off. Jdellinek attempted %o explain

his results in terms of the theory of random sciseion,
which predicts a linear velaticn between the average
aumber of chain breaks per originsl chain snd the time
of degradation for the initial stages of the degradation.
Straiéhﬁ lines were, however, not obtained, ilanstead a
rapid talling offvwas observed, and he concluded that

inhibitors in the form of anitioxidants were formed
. . o m ) | (44,45}
concurrently with the chein bresks, Barlier work !
hed shown that bengaldehyde was formed during the
degradation of polySUywpn in air, and Jellimek
suspecting that this was a possible inhibitor, repeated
the oxidations in presence of small amounts of bensze
aldehyde. The results showed conclusively thatl benze
aldehyde did indeed efficiently imhibit chain scission
during ox1dat1ve degradation.

~To account for the experimental observations,‘
Jellinek, reasoning by analogy with the oxidation of
olefins, pfOposed that the first product of polystyrene

oxidation was the hydroperoxide, formed presumably on




the terilary substituted carbon atom, ¢ $6 the henzene

ringo Subsequent decomposition of the hydroperoxide

Lt

weuld Iead to chain scission and to the production of

inhibitors.  The reaction scheme caﬁ be formulated

a8 followsgy |
Polystyrene + 0g

Polystyrene hydroperoxide

Chain scission

Inhib%%ors'
That 1is, %
; | ;

] 0 1 o9
s~ ({}sw + 09— — SN Pl 4 Hlwe

} | '

Ph H Ph H Ph - H

Hydroperoxide Chaln scission

Benzaldehyde is then formed by the breaking off of the

oxidised chain ends,

H H O 0
| | i i
AWf?-—~ ?—-C ——  H - ? + /vv? = CHo
' i _ ,
Ph H Ph Ph Ph

As evidence for the mechanism, Jellinek showed that

a rate expression derived on the basis of the above




plouvsible sxplanaticn ds that it reacts with the

-

polystyrene hydroperoxide to bhecome itself a hydro=
peroxlide, thus destroying the hydroperoxide and so

indirectly preventing chain scission,

{3) Bvidence for Jellinek's Theory

(a) Achhammer et %1(“J) exposed polystyrene films to
heaﬁ 2nd¢ ulitra=violet radiation st 60°C and examined

citra a2t freouent intervals. It was

C.J

thelyr infra-red spt
observed that an expesure ¢f 70 hours resulted in the
appearance of an absorptiocn band in the 1720 cmo”
region and that 100 hours exposure produced a band in
the 3450 cmoml_regieﬂa. These absorbbtions were
attributed to carbonyl and hydroxyl groups respectively,
and their appearance to hydroperoxide decomposition, as

suggested by Jellinek. These authors modified Jellinek's

hydroperoxide decomposition mechsnism in the light of
Walsh's® 47)”esu1tsg sugzesting that the process was not

a moleculsr but a free radical one, involving the

homolytic fission of the 0-0 bond. The overall




fun?

e

P R T Top «ts fa af y 1 -
interpretation, however, was unchavnged.

it was suggested that the carbonyl absorbtion
band was due %o the combined absorbitions of ketones,
aldehydes and acide all of which would be exvected %o
be present simulianeously. Achhanmer gt gl, however,
were unable to differentiate between such groups.
Recently this has been achieved by Zaitouﬂ(és) who
repeated their work and resolved the carbonyl.band into
aldehyde, ketone and acid absorbtions,
(bp) Similar thermal snd photo-oxidations of polystyrene
were carvied cui by Achhammer and ¥Wall ¥ who
Ffoilowed the reactlions mazs - specirometricslly,
estimaiting the geseous products evelved as a function
of time. Although a large number of compounds was
identified, these auvthors were able to show that

couparatively few of them were genuine oxidation products.

o~

The presence of bengene, toluene, &thyl alcohol sand
methyl slcohol was attributed %o residual solvent and
precipitant (and their impurities) in the polyner.

It was established, however, that benzaldehyde, formalde-
’hyéeg formic acid, carbone-nonoxide, carbon-dioxide and
water were the principal products of oxidation, and that

their production was compatible with the decomposition of




Fouadt
5
A

A,

nydvozeroxides gttached 1o the carbon altome o to the
phenyl groups. In other words, the products of
oxidation were those expecitsd from the resaction

mechanism posituiated by Jellinek.

¥

P

fe) That the c=position is associsted with the

(=1}

e
=t

cxidation of polysiyrene was demonstrated bv Beachell

0 51 ; . '
and Hamphos(‘ )vwho neasured rates of oxygen uptake of
polystyrene and of several partielly deuterated (in the

¢ and P-positions) polysiyrenes. Replacements of the

hydrogen on the teritiavy subsiituted carvon atom by
deunteriuia fe sulted in a large change in the oxddation

2 3 s )

rate, the hydrogen canﬁau 3¢ having o wate of oxidation
geven times greaisr. Ko avpprecisble iscitope effect
was observed upon substitution of deuterium into the
B=position.

Again these obgervations can bs Qaﬁiehal ed in
terms of the hydroperoxide theory. It would appear
that the rate determining eiep in the reaction is the
fission of the bond between the tertisry carbon and
hydrogen during the production of hydrdpéroiideo

| The shove evidence together with the observation

-

{52} :
of Wall‘ag’ that idized polystyrene cacalyaes the




-
=

polymerization of methyl methaerylate at 47°C, strongly
favours an oxidatlon mechanism involving hydroperoxides,
Direct proof in the forwm of hydroperoxide detection and
isolation, rather than circumstantisl evidence is
required before it can be stsied uneguivoecally that
hydroperoxides are indeed involved. Unforiunately,

nce such direct proof haes yet been obiained in spite of
the many atienpis ithat have been made to detsct hydrow

/2
peroxides by the usual suslytical methods Wall )

concludes that this failure to detect them is a resul

. & R

of hydroperoxide instabilitys

@
-
ri?'
s
]
e
w3
(o]
]
=}
w
£l
2
o
v/}
8
&
[+

presunably decomposed &s soon ag they are formed.

-

it scems rather more likesly, noweve

4.1,

that differences

in soinbility of the hydroperoxide and the reduecing
agents ugsed to detsct it, for example potassium iodide
it ig impossible to find a common solvent for poly-

styrene and potassium iodide} preclude the detection

of the lo# concentrations which are likely to be present.

The Colourstion of Polystyrene

(1) Introduction

Perhaps +the most obvious menifestation of

oxidation of polystyrene ls the yellowish discolouration.




Matheson snd Boyer(53) investigated the formation of
colour, exposing polygiyraene films to heat and ultrae.
violet radiation and obbtaining theilr visiﬁle and ultra~
violet absorbtion spectra at frequent intervals.
Expressing discolouration as the absorbance of 36503
radiation, these authors showed that colour development
was concomitant with carbonyl formation, and that the
process was accelerated by monomer and by sulphur
compounds. This effect is no doubt a consequence of
the enhanced sbsorbticn of the sciivating radiation by

these compounds. It was suggested by these authors

that the chromoghores were probably umsatursted aldehydes

and ketones, but neither the nature of these compounds
nor the mode cof their formation was given.

(2) Achhammer's Theory of Colouration

~

The Tirst attempt to explain the colouration of
- e - b {‘;q‘g) n K
polystyrene wes made by Achhammer who suggesated

that the colour was due to the presence of quinonoid
structures, which were formed from hydroperoxides.
AccordingAto Achhammer these compounds are produced

by the mechanism shown in figure le
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wihich Imtz and Joréan(56} hed shown undevrwent 2
cis=trans isomerization on irradistion with sunlight.
Corresponding to this isomerization, an iﬂerease in
the transmission of the 34003 reglon of the spectrun
was obseryed, Wall, recognising that this effect was
reminiscent of the removal of the post-irradiation
effect by subsequent irradiation, mentioned above,
suggested that the chromophores in oxidised polystyrene
were compounds, the sitructures of which were closely
related to that of benzalacetophenone and that their
precursors were hydroperoxides. During exposure to
.ultrawviolet radiation snd oxygen the hydropsroxide is
formed

szfCHé~<CH-cﬁgfv\ + 02 ~—~mw%’WCHé—— ?(00H)-~$H2“~

Ph ’ ; Fh

On subsequent dark storage the hydroperoxide decomposes
to produce the group which has a high absorbtion in the
ultra-violet region. |

ﬂAfCH2-?H~'CHé~ 6(00H)-0H2—-?H—~Cﬁévv

Ph Ph

i
o
H

CH—C = 0 + CHz- C;H—-'-CHEW + Hg0
Ph Ph h
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Pinglly during subsequent lrradistion ssveral rsacttions,
each of which would result in = decreasse in ulitrae

violet absorbitlon, csn oscur,

{ Photolytic decomposition
§

AANSHgm-% = vH«»! = 0w ¢ Purther oxidation

Ph Th cis-trany isomerigation

(4) Merits and Demerits of the two Theories.

While Wall's theory accounts kgtlsfaatorily for

[N

his obgervations, it is obvious that they can also be

Feerd

tplainsd by Achhammer®s theory since the hvdroperoxide
decompogition leading to the formaitlon of the quinuﬁﬂiﬁ
compounds could constitute the dark reaction and fheae
compounds would he eguslly susceptible To photolysis and
further oxidation. The ultra=violet spectra of the two
possible compounds would also be essentially similar,
and it is therefore not pbsgible to use ultra-violet
abgorption characteristiics ag o means of distingulishing
them, |

¥all's theory accounts immediatély for chain
edission9~whereas Achhenmsr's predicts that it Would‘be

a secondary reaction, presumably brought about by the

photolysis of the guinomethane. This, however, is



the

(]

pernaps & rather naive cbjection, considering
pot@ntié. complexity of the systen. |

Since the production of chromcphsresgiaccarding
to Achhemmer, involves the dehydration of the hydro-

5

percxide in which the hydrogen in the para-position is
removed§ it would he reasonsbhle to sxpect a decresse
in the rate of chromophore formation on substit

of deuterium into the para-=position. ‘vﬁall‘ﬁ ) has
measured the rates of incresse of absorbance at 540@2

on oxidation for z series of deuterated polysiyrenes,

including the «, B and pars-~duetero iscmers, The
results show that isolope effects avrs sppreciable only

when the hydrogen in the e—position is substituied.

Thio indicates that the c-position is the key point of
attack in the oxidation, which is of course, predicted

by both theories. The absence of an isotope effect in
the oxidation of the para-isomer suggests that the quino-
methanes may not be present. The result, however, is
inconcliusive and would require confirmation in the form
of a product analysis. The presence of HDO, for
example, in the volatile products would be strong

evidence for the validity of Achhammer's hypothesis,



8t the moment 1t 1s not possible to say unanbigie
ously which sitructure is lndsed the chfomcphcreg
however, considering the similerity of the mechanisms
of their formation, it is highly probable that both

these structures are present.

Aims of the Pregent Work

An examination of the literature on polystyrene
oxidation reveals that a disp roportionate amount of
attention has been paid to the secondary reactions,
for example, carbonyl formation, colouration, benzale
dehyde formatlion, ete. The initial phsses of the
oxidation reactilion, however, have bLeen comparatively
neglscted, Another very obvious fTeature is the large
variety of conditions under which previous oxidaticns
have been carried outl, for example, thermal oxidation.
at temperatures ranging from 60°C to 280°C; thermal
and photo-oxidations of commercial polystyrenes,
containing platicizers and other impurities,; oxidation
at a variety of oxygen pressures, and S0 On. In other

words, previous workers have exercised little or no

control over the various variables, llke oxygen pressure,



temperature, light initensity, and so on, each of
which must surely play an impﬁrﬁan% part in determining
not only the rate but alsoc the mechanism of the reaction,
Because of this 1t is difficult to evaluate the data
obtained, and even nore 4ifficult to compare the wresults
of one worker with those of another,

The need for the present work follows naturally fron
those criticisms of previous worko The aim of this

work is 1o make a quantiistive study of the oxidation

-

3

- of polystyrene, care being tesken to exerc

e

atrict

858

]

control over the variocus varisbles, sco that the effect

of , for example light inteunsity on the rale of oxidation

6]

[

can be uniguely defined.

Obviously far nmore asccurate data can be obtained
from a study of the initisl stages of the réactiOn where
seconﬁarj reactions ere not predominant. This, however,
limits the number of methods which can be used to follow
the reactions, In this work rates of oxidation are
determined by a direct method, namely by measuring oxygen
absorbtion by the polymer, In order to minimize the

complicating side reactions resulting from the decomposition

of tharmo=labile groups at elevated temperatures, the



oxidation is carried oul at room temperature and

is photowinitiated.

Eed
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L. Preperation of the Pﬁlydﬁ? {51)
{a) Introduetion

£5 el o 2 wpua @ - B S P PR SRR, G N 4 " - ) y ooy A e e o
Since 1% was not kanown initlslly whether the rate

pregsence of initiator fragments at the ﬁhaiﬁ ende, it wAg

decided t0

by thermal polymerization and to use it throughout the

subseguent investigaitions of the oxidation resciicon.

In order to aveid the incorporation of oxygensied

struchures, possibl
during polymerization the polymer was prepared under
high vacuum conditions. By tﬁkiﬁg thege precautions 1%

wae ensured that pure polystyrene ves obtained, and thus

rate was Investigated and a series of polymers having
different molecular weights was pmep&redQ This is

degeribved in detall later,



(p) Purification of the MNonomer

Styrene monomer (Forth Chemicals Ltd.) contained

0.1% pw-tert=butyicatechol as inhibitor. This was
remeved by wasgbing the monomer seversl times with dilute

potassiun hydrexide solution.  After washing several
times with water and drylng over anhydrous magnesiun
su“ phate for 24 hours, the monoumer was fractionally
distllle& undey reduced pressure, the middie fraction
{(bop. 68%C a% 15 mm Hy} only being retained.

{c)} Pilline of the dilstomeber

The high~vacuum apparatug uvsed for filliag the

“

= . 2 £ " e g A, 9 smr o <
dilatometer shown in figure 2 wae evacuated Lo 1072 tory

AW

by o mercury diffusion pump backed by a rotary ollepump,
0

meyr waa invroduced into the regervoelr tube

an degassed thres times under high wacuum by the
alternate freezing and thawing technigue.  Before

distiiiiang any monomer into the dilatometer the first
10 ml. was climinated by distillation into the bulb, B.
After the required amount of styrene had been distilled

into the dilatometer it wae sealed off under high vacuun.
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EEIREF R o S E s B SR - FE8Y
( LR
- it B

P HCR)

0 gy -

seabashunsdeealpslassfos ™

o

%

—”
b

i:»?; R Y
eI, -
Ertw

Be=Bulb,D=Dilatometer, R=Resarvoir,, P-to vpu‘mpa s

8,
[N



The polymerizetion was earried eaﬁvatngOG

& water thermostat contrelled to I 903593 by a2 Sunvie

T SF G L e cren "t e Bege oy B oy 3 T 1y vy T T R R
HoVei3o type welay actustad by s uefu Tyetoluens
: ' S DR 1% ey b R T . (N f
reguliator. The combraction during polymerisation &t

9000, 16,5% for 1004 polymesrizeation, was o

‘extrapolation of Helville and Velentiusls data 0
2 linear relatloushlp between countraction during

“

Polymerizetion was stopped at 10% conversion by

G

immersing the dilatometer in a freezing mixture. The
polymer-monomer mixture was then dissolved in Analar

benzene snd the polymer precipitated hy adding this

solution te methyl sloo
filtered off and dried under high vacuur for several
deys at 2590, It was Pound, however, that this trestment
did unot satisfactorlly rewmove the last traces of benzene
from the polymer, and it scemed probable that under the

conditions nececsary Lo schieve this, partisl oxidation



Ik

It was eséeﬂtifl that the polymer to be oxidised
should ve completely free from both solvent and preclplite
ant and it was found possible o achisve thisg by
reprecipitating in methyl alcohol from Anslar chloreiornm
golutions The polymer was obtaiunsd zs & finegiflcaeukemﬁ

precipitate which soon coagulated. After decantation of

the supernatent ligquid the polymer wos peartially dried in
air at 25°C aund ground to & fine powder which was dried

<

vunder high vacuum at 30°C for several days.

e Z 5
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2. Megssureoment of Molecular Welghi

{a) Qemotic Fressure Yeasurement

was obtained from osmotlie ypressure dsta, the latier bel

] <& . = o o\ 1 ht] TS ] o o - T L -
measured using & modlifled Pucosms=laad comomeber with =
{59}
= - 5 - sl o P 7 % - . -
bhacterial cellulogs mesbrane, The osnomeber waa

thermostatted by means of a water Jacket througk which
water was puumped from a tank mainbained at 25°C + 0.05°C

by & mercury-toluene regulator and Sunvie H.V.S8. type

e

¥

relayo Anelar bengene was used as golvent, snd cell

congtants were obtained before aund after eoeh determ

2
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RBefore sach peasurement ¥he gell was washed out
gix times with the solvent and gix times with the
solution under exanmination. Heasursnents were carried
out on the stock splution {0.9 gm./100 vl. benzene) and

on & series of soluwtions obialned by dilution of the
stoeck solution. Solution con en%r,%ﬁ@n% were devermined
by evaporating a known we (hb of solution in an alr oven

‘at 110°C for 2% ho

UL Eo

(v) Relation between Csmotic Pressu

re and ¥oleeular |

el o

“«

The osmotic pre

ure of a poly
related to the molecular we

Yan't Hoff eguation,

?ﬁgﬁﬁﬁ
where ¥ 1s the osmotic pressure, V
éolutiang‘% is the molecular welght,
solute, R ie the gas constant (0,082

T is the Avsolute temperature. The

" calculated by applying this equation

BL e

gﬁﬂ% of the

mey soilution

polywer by

is the volume of

“5
i

L

k144
i34

31

is the welght
litre atme),
moleculay welght was

at infinite dilution.

e concentration in

ises Q%%ugax 5 where C is th
@ .—f
gmo/litre and ( W /) ie the limiting value of W /G,

{ wosRe £2



But T was measured in cm. of benzene and G, in gm.
of polymer per 100 gm. benzene. Asgsuming that the
density of the solution is the mame as that of the
solvent (the error involved is within the experimental |
error of the measurement} and inserting appropriate

values, the above equation becomes

M= _T%ﬂ,lo: 0 x BT in which ¥ is in cm, of

C -2 0
venzene and C in gn. per 100 gm. beuzenc., The value of
( 77'/8).4 o Wes obtained from 2 leaste-squares amlyels

of the 7T/C = ¢ dasa. The number average moleculsr

weiosht_ of the nnlumew wos faund o he 40% -srA'I“OBA . o
» Prepurstion of Polymers of Ditferent licieculayr Weisbig

3. Ereparation of Polymers of Diffevent liolscular Wedghig

In order to investigate the poesible effect of
molecular welght on the rate of oxidation, 8 number of
polymers of different molecular weights was required.
These were prepersed by polymeriszing styrere in presencs
of different amounts of initiater, 2,2'-azociscbuiyrc-

" nitriles The techniques used were the same a8 those for



”
"
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the preparation of the thermal polymer, with the
exception that the initiator, purified by recrystallis-

[y

ation from Ansler chloroform, was introduced into the

dilatometers in chliorocform salution and the solvent
removeé 2% the water pump before distlllation of the

nonomeyr was commenced.

4. Deter m&nation of lnlecular Weichis of these Polymera

The molecular weighte of these polymers were
chtalned from viscosity date determined by means of a
P.Colis Suspended Tevel Viscometber. The measuremente
were carvied out in a water bath maintained at 25°C *
0,05°C by means of & mercury-toluene regulator and
Sunvie relay. ‘
Times of flow for a 0.5% ehloroform solution and

for several dilutions were cbitalned for cach polymer.

q

Gorresponding specific v1seosﬁties were caloculated and
the 1imiting viecosity nuwbera obtained by extrapolation
of the graph of ‘Qﬁﬂm versus ¢ t0 zero concentration.
The moieoular weights were then calculated from the

equation,



- ~5 3 . {
and a = 0,73 for this system at 25°C°

[ M =K% i which K

table summmrizes Gats pbitained.

Tzble 1

60)

= 1,12 % :{_oc
The following

Tenperat=

’ 4 Initi&tor . Molecular
POlymer ,ve of -fgi%?gﬁf concentr-  weight
polymer- ation(%)
ization
Fo.l 60°C 10 0,002 363 x 16 7
No.2 60°C 10 0,01 2,14 % 16 °
Noo3 60°C 10 0.1 1.86 x 10 °
No. 4 60°C 10 0.2 1.59 x 10 ° .
No.5 60°C 10 0.4 1.5 x 10 2

5. Preparation of Films

(a) Introduction

The polystyrene was oxidised in the form

of films of accurately lmown surface area and thickness.

Simllar experiments carried out on the powdered polymer

would have yieided conflicting and erratic results, on



ageoun® of the large number of unmcontirollable vavianhlen
aggociated with such & system; for example surface aves
of the powdevg perticle slze, layer thlckmess, and #o¢ on.
| Seversl stanfsrd methods are available for.

preparﬂng polymer flluwe, for srampie, meliing, moviding.

b

preasing, etes, but eaech

w

wffers from the disadvants:
that the polymer may become partiall y‘&egradeé, or
oxidised dvring the Tormation of the film. It was
found, however, that polystyrene f£ilme could be cast
satisfactorily from solution, by solveant evaporation,

on or oxidation.

fula

a process which invelved no depvadaild
and thls technicue wes adopoed.

(v} Pormation of Filws

4 small amount of the polymer (15 mge.) was
dissolved in AR. chloroform (3 mls.) and the solution
filtered; Conslderabvle losses of solvent by evaporation
were incurred in this process and it was necessary %0
make the filtrate up t03 wls. again by addition of
chlorofora in order to preveni premsture film formation.
The resulting golution was then poured into a %0 ml,
beaker containing 20 ml. of carefully purified mercury.



After 24 hours at room temperaiuvre the chloroform had
gvaporased 1éaving z £ilm on the mercury surface.
Addition of a few c.c. oF water releassd the film
completely free from sdhering mercury droplets. In
order to weduce the vosslbility of combeminaiion of the
filme with residusl impurities, Llike aust from the

mercury, the first six films prepaved were -egecteﬂo

dry;n process.  Evaporation of the meﬁvpnt under
reduced pressure in 8 desiceator invariably led Ho
bubble Lsrm@t¥0ﬂ in the films, and evaporation in an
alr stream or at elevated itemperatures ylielded opaque
filus as 2 result of premiure precipitation of the

polymer,

6. Drving of Films

(2) Inmredueslon

In order to e¢liminate the possibility of the
casting solvent participating in the subsequent
oxidation resctions, it was necessary to remove 1t
completely from the films, sluce traces of impurities

Rl

are sufficient to slter the course of photochemical and
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P

radical reactions, has already been polunted out
that polyetyrene can be freed satisfactorlly Trom
chloroform by continucus meQQQQ under high vacuum
for several days, however a much faster, equally
efficlient, yet non-destructive method of removing
golvent wes required and to this cnd the following
technigue waé evolved. ;
(b} Appaeratus

The apparsius used is shown in figure 3. The
films were placed in the socket, 8, which was then

-

attachad to a highevar unen gystenm and the whole of ths

reservolr, B, via a liquid ni%fogen traD. T was
cloged and the drying unit isolated Ifrom the pumping
gystem. The socket was then filled with nitrogen at

r<)

30C mm Hg, Tp and T3 closed and the former lmmersed in
& beaker of water, the temperature of which wes kept at
45°C, After 1/2 hour the nitrogen snd solvent released
durihg heating were pumped off and the system pumped at

1072 torr for 10 minutes. This process was repeated



PIGURE 3.
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peverai timesg.
Thet this treatment actuslly led to the compleis

veroval of the solvent was verified by welghling the f£ilum

e o 2 ] . o -.,.:,;*1,.‘ - Sy 2 CIR, TS
after sacn cycles =normally no Turther change im welght

3

was distinguishable after the third cyecle. It could be
argue d that the chloroforn was occluded in the polymer
'and that this treatment would nevewr rewove it satisfact-
0ri13§ However, infra-red spectza 0f the film were

obtained after each cyvcole and it wag foeund that {the

-gompletely after two cycles. This ds shown in figure 4.
Films were stored in the socked under high vacuum till

required.

To Determination of Film Thickness

The thickness of & uniform Film is related Ho

its weight by the eguatlon,
w =d£&t occotttlﬂolocnufg‘:].}

in which w ie the weight, t, the thickmess, A the
area and d, the density of the polymer (1.054 gu/é-éo}ﬁl)



HEMOVAL OF CHLOROFOHM FHOM /
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TRANSMITTANCE (%),

.. 50
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{(1)-Undried film,(2)-Same film vacuum dried for o
hour, {3)-Same filmﬁone cycle of drving tresatment,

(b)-Two cycles.



The areas of several pleces of £ilm were

)
]
fude
ot
[
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determined accurately by i ther on sauared papew
and cowmting the number of squares covered. The
corresponding welightas were then obtained and the

thicknesses found from eguation (1). It was fbund

that the above relation was accwrately obeyed. Using
the data obtzsined by this technigue, 2 relation between
thickness and abscrbiion of the 2537§ line was derived.

- The latter measurensnt proved 0 be rapid and very
gensitive (on account of the high extinction coefficient
of polystyrene at 233?&) and it wag used to check the

thicknees of & £ilm prior to oxidation.

8., Cholce of Film Thiclmess

The £ilm thickness chosen for oxidation studies
was determined by conslidering two properties of the
o
polymer, viz., {(2) Absorbance of the 2537A line and

(b) diffusion of oxygen into the polymer.

L2
(a) Absorbance of 2537A jine

Because of the very high extinetion coefficient

o .
of polystyrene for the 25374 line, the incident light



40

inteneity is reduced to less than 1% by passage through
a £film 0,01 mm thick, It follows then that the photo=
initiation at this =nd at greater depthe in & film will
be negligivle compared with that 2% the surface and it
was therefore ummecessary to use films as thick as

0,01 mmo,

(v) Diffusion of cxygen

Before attempting to obtain gquantitative
information from & gae=s0lid reaction, it muset be established
that the reaction is not diffusion controlled, Measurements

(61) and Stamnﬁttisg)

by Barrer indicate that the rate of

diffusion of oxygen intc polystyrene at 28° and 6C0 am Hg
. =T 2 R .

of oxygen is 7 x 1077 coec./em."/mn/min, For a film

0.00 m: thick, with a diffusion path of 0,005 mm, the rate

of diffusion is 10~%

eoca/emog/mino Barly oxidation
experinents indicated that this figure was greater than

the rate of oxldation by a factor of fives In order to

be completely certain, however, and especially since thinner
filme etill had sufficient mechanical strength, 1t was

decided to use films 0,0044 mm in thickness.
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'SEGTION 2

Oxidation Apparastus

1. Introduction

The need to study the photo-oxidation at room
temperature hag already been siressed. Preliminary
experiments, however, indicated that the rate of the
reaction was vefy sla# and the wvolumes of éxygen absorbed
were too small to be measured accurately with the type of
apparstus which nad bron nged successfvlly in similar
inves tlyatla rl% OL@anﬁ{?gc in developing an
alternative technique for measuring oxygen consumpilon,

the following factors were considered.

2, Pactors Influencing the Choice of Apparatus

"(8) Transmission of ulira=violet radiation

It was soon realised that the reaction was very
sensitive to the wavelength of the radiation used, far
example, the rate of oxidation in presence of 2537 K
‘radiation was greater than that in presence of a similar
intensity of 3650_2 radiation by a factor of about forty
Thus in order to have a reasonable time scale, iz was

decided to use 2537 K radiationo.




Pyrex glass, however, ié cpague to such radiation;
3o the spparatus must include at least a fused silics
window, Initially such windows were atiached to pyrex
s but this adhesive raniély

deteriorated on irradistiocn. Thess veag

o
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later replaced by fused silica tubes with flattened ends,
which were ground and polished %o an optical fiaish,

(b) Effect of Mercury

A mercury=free atmosphere is Tequireé within the
cxidation spparatus for the following two TEasons.
(1) Mercury vapour, the pressure of which is appreciable
at roou temperature (l.4 x 1077 torr), absorbs iits resonsnce

radiation strongly, thus the iniensity reaching the polymer

‘Bome idea of the extent
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of this effect can be had from the data obtained by Noyes 6

who showed that a one ci. column of air containing mercury

han

vapour ¢ t 25°C is sufficient 1o wreduce the incident
intensity of 2537 A radiation %o about 20%.

{ii) Another consequence of mercury absorbing 2537 A
radiation is the production of ozone in an oxygen
atmosphere. Mercury absorbs the radiation to produce

excited atoms according to the equation,

\,_,(’




Hg(6°s0) + by (2537 &) —~3 Hz™ (6 Opy)

In the absence of colllsions these atoms beCome
deactivated by fluorsscing. Oxygen, hwwe?ers gquenches

nd concurrently atomie ox"we. and

€ o)

this fluorescence

ozone are produced

Hz¥(6 SPl) + 02 ———p 0+ Hgl
0 + Og + M comed -\05 + K

It is quite conceivable that the action of ozome on the
polymer will be different to that of oxygen and it is
thus essential that the above resctions sre not nermitted
o oceur,

rE

{e) ¥enometric Tluid

A8 a consequence of the undesirable properiies Jus

mentioned, mercury was congidered unsuiltable as a muanometrie

fiuido, The sultsbility of alt@rnq?lve fluids was
asgsessed from four points of view,

(i) The Density of the Fluid

Absolute pressure can be defined s

P = eg h were @£ is the density of the
fluid, g is the gravitational constant, h is the height

of the colurmn and P is the pressure.

’



I other wowds, the Sensiﬁi%ity ¢f the fluid to small
changes in pressure, and ultimately the accurscy of a
neasurement with the fluid, is inversely proportional
its density, Since small pressure changes were
anticipated during oxidation a low &énsity fluid was
breferredc

(3ii) Vepour-Pressure of the Piluid

Apart from 1is more obvious and undesirable
participation in the weaction, a fluid which hss an
appreciable vapour pressure at room temperature is
particularly unsuitable on aecount of the opacity to
2537 4 radistion (all the potentisl menometric fiuids
gbgorb 2537 3 radiation strongly). A substance with
low vepour presgsure was thus essential,

(1ii) Response io Pressure Changes

The response of a liquid in a tube to small

pressure changes depends largely on its viscoaity and

surface tensioni; for example a substance with a low

alm g
R

o)
(58

surface tension tends to wet the glass,; causing tailing



and a substance with a high viscosity tends to respond

9. o

only sluggishly. £ Substance combining the desirable
0 opﬂrsies of low viscoslty and high surface tension in
therefore required.

{iv) Lack of Resctiviiy

Since the surface of the fluid is to be’expoaaa e
vltra-violet radiation in oxygen, a compourd which can
withstand these conditions without serious modification
is required. In this connection certain silicbne fluids
are entirely unsultable on account of their tendency to

become rubbery on irradistion,

Cholce of denometric Fluid

Several substances having combinations of these
properties were examined ané Table 2 shows some of the
relevant properties, Trom the table it can be ssen
that two substénces in particular, silicone o0il and di-
octyl sebacate, best Fulfil the requirements. Although
the latter has a lower vepour pressure, the former is
preférred’on the grounds of higher sensitivify, it being
considered that the loss of light intensity incurred when

107 torr of silicone oil is replaced hy 109 tory of




TABLE 2

R WA AR BE

. neity " Boiline . Fis
Substance ?i;ji;3 Sensitivity gbfi%n“ Vapour Surface
\BT/C oy (Hg = 1) etV pregsure Tensicn sidw
at 250) / T at 3 {torr) )
' torr ) -

Di-butyl 051  12:9 182 107" low  high
rirthalate

= | L
Di-butyl 094 - 15-9 200 781077 fairly high
sebacate ‘ ' : high

Di-setyl 092 . 16-25 240 1077  fairly low
sebacate - ’ : ‘ high

Silicome 11 - 12-3 S 1077 low  low
01l ’ »




than compensated for by the resultant gain in sensitivityoO

{d) Temp eratura Contr ol

It is futile to attempt accurate pressure measure®
ments with a di~octylsebacate manometer if adequate
thermostatting of the whole apparatus is not provided*
Maintainsnee of uniform temperature throughout an apparatus
however* usually imposes a restriction on its eiae and
consequently on the else of the sample which, can he
introduced into it¥* Obviously in this case9 where the
volume of oxygen consumed by the polymer is very small¥*
it is desirable to use large areas of film* These*
however* require relatively large apparatus¥*

It was decided to compromise and to use a small
apparatus which can be accurately thermostatted and which
can ajccommodate relatively large areas of film* that is
the ratio of the film area to the apparatus volume is

relatively large¥*

The Oxidation Apparatus

The apparatus shown in figure 5 consists essentially

of two cells of equal volume 3joined by a diffei“ential
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manometero The lower parts of the cells are constructed
from B40 Pyrex cones and the upper parts consist of B40
fused silica sockets (Thermal Syndicate Limited) with
flattened ends through which the ultra-violet radiation
is transmittedo The cells are independently joined to
the oxygen supply find high vacuum systems and can be
isolated from these and from each other by closing stop-
cockss % and Tgo The films are oxidised in while
Go which is under the same conditions of temperatures
pressure9 radiation”® etcO* acts as a compensating volumec
In this way variations in pressure arising from small
fluctuations in the ambient temperature are balanced outo
The manometer is constructed from heavy-wall eonstant-bore
Pyrex tubing having a volume per cm0O of 0d65 0Ooco

The arrangement of the film inside 0”* is shown in
figure 60 The film is placed between two brass O0O-rings
which are screwed together and then placed on the platform?
Bp which consists of a brass disc* perforated to allow the
oxygen to have free access to the underside of the film¥*
The disc is in turn supported on a glass tubs ? G* round
which the glass cup* Cs is sealedo The purpose of the

latter is to contain absorbants to remove volatile material



FxGrURE 6

BSP*5

ARRANGEMENT OP EFILMS IN C,
F«Pt1lmpgH~Hiolder ,S«-Perforated brass support *G-Glass
support*C-glass cup which contains absorbants f*or

water and carbon 4ioxida*

50



produced during oxidationo

Because a certain amount of O.pace is occupied by
this supporting'equipment* the effective volume of o+
is less than that of Co* and in order to avoid any
corresponding pressure changess it is necessary to
introduce identical apparatus (with the exception of the
film) into Cge This will also compensate for possible
oxygen absorbtion by the brass holder and ring in Cn»

The lamp9 with its are in a horizontal position”
is mounted vertically above the apparatus, both cells
being uniformly and equally irradiatede The lamp «*
cell distance is kept constant throughout the work*

The following advantages accrue from using this

systenio

40 Advantages of the System

(a) Since the film is mounted between the brass rings?9
the surface area exposed to oxygen and radiation is
accurately known and can be kept constant throughout
the experimentso

(b) The film is held rigidly and warping is thus made

impossibleo



(c)

(8)

(e)

(£)

n
0

Since the position of the film in the cell is
automatically fixed by means of the supporis, and
since the lamp 1s placed at the same distance above
the cells, the intensity of radiaiion'inciden% o)
the film is constant. |

e

The incorporation of a compensating volume in the

apparatus minimizes szuvious pressure changes.

&

Ly
13

Pressure changes associated with the supporting

equipment are also balanced out.

feal,
ity

Possible oxygen absorbtion by the mancmetric fliuld
vwill also be balanced out, since the surfaces ¢f ths
Tlvid in the two 1limbs will be exposed to the same
conditions.

The use of the low density manometric fluid nmakes the

apparatus extremely sensitive,

5. The Vacuum Svstem and Oxvgen Supoly

The systen shown in figure 7 is used to evacuate

the oxidation apparatus and to supply it with oxygen.

Evacvation is achieved by a mercury diffusion pump backed

by a rotary oil pump, and the pressure in the system is

measured on the " Vacuastat'' pressure gauge, V.
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Oxygen ig supplied to the appairatus from the rezsrvoirs,
Ris Ry and mot direcily from a cylinder, since it is
extremely difficult to obtain reproducible pressures in

e y 2

the apparatus usingy the latier teehniguec Ry ds fillisg
with oxygen at 700 mn Hg and R2 ﬁith oXygen at a pregsuve
of about 20 mm Hg grester than that required in %he
apparatus, The apparatus is then pressurized to within

5 mm Hg of that pressure required with eoxygen from Ry and
T7lia closed Tg is then opened and oxygen at a conparative.
ly lower pressure 1s admitted to adjust the totsl pressure

in the appraratus to that desired.

6. Operation of the Apnaratus

After removing the fused silica sockets from the
celle, a mounted film'and the supporting equipment is
placed in Cq and similar equipment is placed iu Coo
The sockets are jshen wegleced care being taken to ameax
gilicone high vacuum grease on the lower surfaces of the
cones and sockets only, in order {o avoid the presence of
the grease inside the ceils, and hence its possible
-oxidation. The apparatus is immersed to the level shown
in fipgure 5 in the water in a thermostail, maintained at

28°C by a mercury-tcluene regulaitor and Sunvic Relay,
S Vo



(o]
on

and 1t is then connseted to the vacuum system through
a ground glass joint, J. Stopoocks, Ty, To, Tz, and
Ts5 are opened and the whole system evacuated and
pumped out for ten minutes. Tg is then closed,

Tgs Ty and Tg cpened and the emtira»system is flushed
several times with oxygen which is drawn from a
cylinder through two tubes, ¥5j, ¥Sg, containing
types 4A and 5A Linde molecular sieves (30 mesh) and
a trap, Ly, immersed in ™ Drikold' at =78°C,

The impurities present in the bylinder oxygen which
could conceivadly affect the oxidation reactions,
(water and carbon-dioxide) are thus removed.

A similar trap, Lz, adjacent to the oxidation
apparatus removes the mercury vapour from the oxygen
before it enters the cells,

The reservoirs are then fillied to the regquired
pressures, those beling indicated on the barometers,
Bis Boo The stopcocks, Te, I» and Tg are closed and
the'system evacuagted. Ty is closed so as to isolate

the section containing the reservoirs, and the

oxidation apparetus is then filled from R, and Rg,



the Working pressure being indicgted as the diffavence
in the levels of mevcury in the two baromeiers, 3~
Boo Stopcocks Tz and T5 are closed and fhe apparatus
is left for half an heufg during which Time ths
oxygen assunes the temperature of the water bath.
and the pressure of oxygen throughout the apparatus
becomes uniform. After this Ty and Ty are closed
s0 as to isolate the cells from each other and the
apparatus is given a2 further half hour to settle down.,
At this tine the lamp is also switched on, care being
taken to avoid irradiation of the film. By allowing
the lamp to run for about half an hour hefore the
reaction begins, il is ensured that the output has
become sufficiently stable. It was found that if
these precautions were not taken reproducible results
could not be obtained. |

After fhe settling down period is complete the
lamp is placed above the cells gnd the reaction}is
started. As the oxidation proceeds, the volume of
oxygen in Cy 1is diminished and a corresponding change

of pressure results. The pressures in C; and Cg are



. now no longer equal and the levels of the di-octyl eschacate
in the two limbe of the menometer change, the level in the
limb attached to €y rieing and that in the limb attachned to
C, falling by an equal amcunt. The reaction ie followed by
measuring presesure differences at ten-minute intervals; using
a cathetometer. The'correspoading amount‘of oxygen absorbed
is caleulated as follows. |

I£ V(ce) is the volume of C, and Cyy Plom.Hg) is the
original pressure of oxygen in G, and C, (initislly the two
pressures are equsl), 4(sgm./ec) is the density of the
manometric fluid, ém ie the density of mercury, r is the
radius of the manometer tubing, 2h(cm°) ie the observed
pressure difference zund T(Qﬁ) i® the tenmperature at which the
reaction takes place, then the origcinal number of moles of

oxygen (no) in C, @nd C, is given by the equation,

n, = %%- waere R (em Hg, cc) is the gas constant

After Reaction
The new presesure in C, (P2) is found by applying Boyle®
Law (thie iz valid since the number of molecules in Co remains
constant)
| i.e0 PV = P2(V + T r°h)
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The new pressur big is : 1
ressure in Gy, Py, is related Cs P ‘ K\Q“ J
to this pressure by $he equation, - - - gfm\“J
. o i
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¥+ 7v r2h  dy \%22.,;:”;}
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The new volume of oxygen in Gy, Vs i glven by the
equation,
V9 =V - ® r"h
It follows then thet the number of moles of oxygen, nj, left

after reaction is given by the relstion,
2 TF
g = PVy
RT

N N N - SR
BTL (V «mrhe) ¥ T’:Féh = dy 2«{
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72 Y 7 a2
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The extent of reaction is then given by Ry = My,
» ;e PV 2 e 0]
1%,,,, £ve PV 2, 2hdAV 2h2a 7 g2 |
- = R e ey 9 Zh - €4 L S

Some idea of the sensitivity of the system can be obbained frou

the following informtion. The smallest pressure difference
which can be read ig 0,002 emy does h = 0,00l em. This
corresponds to an absorbtioh of 1,9 x 1?ﬁ noles of oxygen whei

the oxygen prescure ls 600 mm.Hg, The technique is also s

A3

micro one, since the normal sample weight is 5 x 1077 go
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(1) The VUlira-violel Lanmps

{2) Introduction

The need to use short-wave ulitra-violet radisition
(2537 i) has already been justified, and the source of
this was a Hanovia " Chromatolite! lamp. En.order Lo
iﬁvestigate the effect of longer wave ultra-violet radiation
on .the reaction, however, an Osram 120W MB type mercury
vapour lamp was used.

(b} Output of the Henovias TLamp

o -

e

This lamp employéﬁ & 10W pressure mercury arc
produce a typical mevcury emission specirum, the
intensities of the two rescnance lines at 1849 R and
2537 E being much greaﬁér than those of sll the othey
wavelengthe present. The output of this lamp is shown
in figure 8o

(¢) The Osram Lanp

The ultra-vioclet radiation was provided by a medium
pressure mercury arcC. The arc which is produced between
tungsten electrodes in s silica tube is in turn surrounded

by a lead glass envelope which pcts as an efficient filter
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removing all radiation with, a wavelength shorter, than

©
3200 Ao The output of the lamp is shown in figure

20 Beterriination of Absolute FHiimbers of Quanta Produced
by the Lamps

(a) Introduction

In order to calculate quantum yields for oxidation
the absolute numbers of quanta of each active wavelength
must be Imowrio The ideal way in which to obtain this
information would he to use filter systems to monodiromatiise
the radiation from the sources and then measure the numbers
of quanta of the particular wavelengths using uranyl-oxalate-
oxalic acid actinoraetryo0 In practicef however9 it is
impossible to obtain a filter system which does not also
absorb the monochromatic radiation, and it is therefore
necessary to measure the total effective quantum outputs
of the sourcesj that is the total numbers of quanta
produced by the lamps which are capable of photolysing
the actinometrie solution (all quanta with wavelengths less
than 5000 A) ~*o From the total number, the numbers of
quanta with particular wavelengths can be found as followso

If H is the total effective number of quanta produced by the
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lamp per unit time, then the number of molecules of

oxalic acid, (U) decoumposed per unit time is given by

n
Ugﬁz F) A)“ﬁh 0QOOOO&OOQCe;Ov\!nDDOBOOOQl‘a(}i)
o .

(The summation being carried out over all the n wavelengths
shorter than 5000 A4)
where F)\ 1is the fraction of the radistion emiited
at wavelength k s
A  is the quantum yield a® wavelength A
Ay, ~ is the absorbtion of Wavelengﬁh‘)x by the
actinonmetric solution
AW Is founé from the equation,

Ax gIOk (lme“kcl) oaooenooeoaoooooqo-aoao(Y)

in which Jo N is the incldent intensity of radistion of
wavelength, A , ¢ is the concentration of uranyl oxalate,
1 is the thickness of the layer of actinometric solution,
and k is the extinction coefficient, values of which were
obtained from the data of Noyes(65), |

It follows then that the absolute number of quanta

with wavelength N (QA) is related to the total effective
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whroo.

nunber by the relation

DN =
Q>\ = 33 tS0Dossd0coc oA NTOROE ro al il

The sctinomeiry was carvied cuvid .in the oxddation
apparatus in the thernmosiat st £6°C, eince ii wculd heve
been virtually impossible to reproduce otherwise the exact

redistion conditions outs

| Uranyl oxalate wasg
solutions of Analell oxallic scid and uvanyl anlirate.
The crude oxolate was washed aseveral tTlues with water and
dried thorouvughly in alr at 110°C for three hours.
Actinometric sclutions were prepsred by mixing b mi.
Q0,006 urenyl ozalete and 10 ml. Q. 0Ll¥ oxalilc seld in o

30 mli. besker, The very dilute uranyli oxalate was

£

congldered esgential on account of its very high extinetion
) . Py ey ‘F y~ 2 03 2 7 o Tatad 566‘? e
coefficient for 2537 A4 rwadiastionm (2900)7"Y7, dlgher

concentrations wonld have resulied in 0% absarbtion oFr
the incident 2837 A nuen51tj w;xhln the first 0.0I mm.
of photolyte, thus concentration gradients would have heen

set up and irregular results obtained. The solution was

then acidified (2 ml. concentrated sulphuri ¢ acid) and




titrated asgainst standard noitassiun v 1aqnﬂanau at
85°C, Bimilar soluticus were prepasred, introduced inio

the oxidation apparaius in besgkers and irradisted Tor lknown

during the
their contents titrated sgsinst the @8?-,n@qnace in the
manner descyribed gbeves

VYolumes of permangZanate aerrespamdimg to oxalic
acid decomposed were then obiained by difference‘anﬁ the
humbers of molecules of acid decomposged were then calculabaed,
Before apvlying equatlon (X) it is necassary to compuie

Eiﬁk ; A o The values of ¢ are obtalned from

the date of Foyes and Le;ghiuﬁ;’ s thoss of A}
from the equation (¥ (c’ané 1 being determined hy divact
measurement) and those of B\ from figures 8 and 9. ¥ is
then found and from it, by application of equation {(Z),

- the requirea numbers are calculated. - Tables 3 and

summarize relevant information.
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1849  0.084 2 - = - |

2537  0.84 0.62 1.0 0,580 3.1 % 107
2652  0.0018  0.58 1.0 . 0,001 6.5 5 107HE
2753  0.00I0 0058 1.0 0.0058 L BLAB w107
2895 0,003  0.58 1.0 0000174 1005 x 1omit
2967 0,001 0,57 1.0 0. 0057 Bodd = 1077
3021 0.0052 0,57 1.0 0,003 1.88 % 1oot

3130  0.0052 0,56 0094 0. 0027 186 x Lot
5650  0.0056 0056 0.62 00010 1.15 % 1ot

3663 0.0056  0.53 0,11 .'_ 0. 0003 1,82 x 107HF
4046  0.0067 0,56 0.56 | 0,001 1,28 x 107
4077  0.0087 Q.58 0.56 0.0021 .28 x 107
4339  0,0032 0,58 0,19 . 0.0003 1,66 x LOTHF
4357 ~0,0080 Q.58 0,10 0. 0005 3.1 x 1079
4358 0,016 0,56 0.10 " 0,001 608 T 10T
2P On A
= 0,5284

= 1849 ?& radiation is coumpletely absorbed by air and
therefore coniributes nothing to the photolysis,
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(3) Transmlasion of the. IITtra~vi.ol©t Hadlatlon
(a) Intgioduetion
fixe output of the lamps traversed two inches of
air>1 diio of water* 2 mmO fused, silica and 1 cm* of oxygen
(inside the cell) before finally impinging on the films®
The nature of the radiation eventually reaching the film
was modified to some extent by the absorption characteristic!
of these media$ and it. is. therefore worthwhile to examine

these characteristicSo

(h) gransmissipjn 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 oxygenP
the other constituents being completely transparent in
this region of the spectrum® She oxygen absolution
spectrum consists of two sets of bands» the one system
converging at 2400 X* and the more important Schumann-
Rungs systems having a threshold wavelength at 2000.3 and
converging towards XY81L A B s ' © Corresponding to
these two absorbtions are, two photo~disscelatlons of

oxygen moleculess$



o
s

O, + N7 ———p 0(39) + 0('D)

2
and
0p + hv —b 20(3E) respectively;  ozone is

produced concurrvently accoriing to the equations,
o(°'D) + O0p + M —3 0p + H
0(°F) + 0y + B —3 05+ U

M being ithe necessary third body.

o
It is obvious then that only the 1849 A lineé has an

<

energy associated with it which exceeds the threshold

fate

energy for the photo=digsocistion of oxygeng it i=
thus the only line which is sbsorbed by the aixm Noyes 'Y/
has pointed ocut that i cm. of air is sufficient to absorb

this line completely.

(¢} ¥ater
The absorbtion spectrum of 1 cm. of water is shown

12
in figure 10. With the exception of 1849 A radiation,

7

water in transparent to all wavelengths.

(d4) Pused Silicao. The transmission of fused silica is

shown in figure 11, it is similar to that of water.
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{e) Yonochromaticity of the source

It has been shown that 93% of the output of this

lamp is composed of the mercury vesonance radiation wiith

Ls]
wavelengths of 1849 n ang ZB37 A, and
the are to polymer path the intsnsity of the former

reduced to an exﬁrem&ly low value. The intensity of

latter; however, is only slighitly attenuate

then that since the intensitissg of the long

radiation are negligible compared wit

that the radiation reaching the polyme:

A L*
9
monochrometic (2537 A).
It is i@ftvﬂz that the 1849

abgorbed by the alr, since photolyais
cell would occur yieliiﬁg ozone, which could concelvabls
altér the course of the reaction by degrading the volymer.
4 Qdirect and very sensitive test for czone (potassium
iodide) was applied, and it showed that the amount of

ozone asccumulating in the c¢ell duxing an hour's irradiation
was not sufficient to be detected by this method.

It appeared then that ozone, if present at all, would not

have a sufficiently high concentration to affect the

reaction to any significant extent.
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{(4) The Ultra-Violel Spectrum of Polvsivrene

In a photochemical study ithe ultra=violet absoroilson
characteristics of the phetolyte must be investigaicd and
the nature of the absarbing groups established. ?iézre 1E
shows the absorbilon gspectrum of a 0,0044 mm. film of
polystyrene. The abscorbtion pattern is a very simple one,
the benzene rings attached tc the main chain being the

chromophoric grouple

{8) ?erifiqation<Qfm$aaberﬁjahLaw

Before attempiting to ob¥alin gquanititative informaition
from rates of GKJdmuiOﬁ of vearious thicknesses of poly-
styrenc films, it had to be esitsblished that the intensity
of radiation was indeed exponentially attentuated througbout
the film, that is that Lambert's law was applicabie9 if
this law is obeyed,

=ul . -
1% = Jo e~ where 1It, Io are the

transmitted and incident intensities of radiation of =
given wavelength, u is the extinction coefficient, and

1 is the thickness,
In other words, optical demsity

lo u
= 1°310 Tt =kl (k=355 )
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She optical densities of films of various
thicknesses were obtained for 2537 % radiationO
She results are shown in figure 13c It can be
concluded that since a linear relationship exists
between optical density and film thickness, that Lambert?s
Law is in fact obeyedo Lhe value of the absorbtion
(extinction) coefficient9 obtained by a leaet-squares

analysis of the data is 1825 (emO units)o

(6) Estimation, of Scattered. Intensity

An 'examination of figure 13 shows that when the
line is extrapolated to zero thickness it does not pass
through the origin® there is* in fact a small intercept
on the optical density axis,, 3?his absorbtion at sero
film thickness can be associated with a loss of 2537 g
radiation through scattering and reflection at the film
surface9 and allowance must be mads for this when
quantum yields are being calculatedO fhe actual value
of this scattered intensity is lo02% of the incident

o
intensity of 2537 A radiation®
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SECTIC QEE

Anglyvtical Technicues

(1) Infra-red Snecircscopy

Infra-red sbsorbiion spectra of polysiyrene filus
were measured uging o Perkin-Hlmer Hodel 237 Spectronhoioe

asurenents were made ou

(S0

<

i

Lyl
33
Lt}

=

[t}

meter, Although most
films which were much thiunner than the o
thickness {0,075 mm.) for infra-ved snglysis, 1
found that this insirument gave perfectily satisfactory

resulis, Films were ususally mounied in the brass C-rings

to prevent warping during the measurement period.

(2) Ultra=viclet Speectroscony

Ultra-violet absorbition specira were determined
using a Perkin-Elmer Model 137 recording ultra-violet
spectrophotometer,. Films were supported on the brass
rings during measurements, in order ito prevent warping
which can lead to artifically high absorbtions.

In order to investigate instéﬁtaneous changes in
ultra=violet absorbtion during irradiation in vacuum,
nitrogen or oxygen it was necessary to modify the

measurement technique as follows. Pilms {0.0044 mm. thick)
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mounted on rectangular brass holders, were introduced into

2 mme fused silica cuvettes which were then Sealéd to 1 mua
Pyrex stop-cocks through metal adaptors as shown in figure
14, Thie apparatus was then attached tc 2 high vacuum
system and thoroughly degassed. In the case of subsequent
irradiation under high vacuum conditions the degsssing was
continued For 24 houre, and in the case of irradiation in
preéence of oxygen or nitrogen the apparatus was pressurized
with the sppropriate gas. The stop=cocks were closed and the
units removed from the vacuum system and mounted under the
source of ultra-viclet radiation. In order to obtain the
instantaneous ultra-violet spectra the units were placed in
the spectrophotometer, the cuvette being placed in the slot
a8 in normal measurements on solutions.

The advantages of being able to make a series of
measurements under standard conditions in this way are
threefold.

(1) Fiims which have been irradiated in nitrogen or under
high vacuum conditions are not brought into contact
-with atmospheric oxygen during measurements, Thus
the spectral changes observed are entirely the results

‘of irradiation, and not 0of a combination of i:radiation



FIGURE 1k,
s Tl @’
£7
/
| 8.

C=Cuvette, A--Brass adaptor;FmFilmgSmStopcock,BmBrass

holder.



8¢
and subseguent oxidation.

(2} The progress of the reaction can be followed

virtuslly continuo usly, since the dime requived %o
make a meaauvenent and return the a atus to iths

appropriate radiation condivions is negligible.

{3) Pilme which becone progressively nmore biittle o5
irradiatian do not reguire ta‘be hagndled; thus damagse
is avoided and Films reumain iantact thioaghaut the

investigations.

{3} Colouvimedric Ansnlvsis

The extent of colouraltion of polysityrene fiims
during irradiation and oxldation was determined using
an B.E.L. " Spectra® colourimeter, the sample compartment
and 1id of which were modified %o accammb&ate'the apparatus
shown in figurse 14, The techniques of irradiation and

measurenent were the sawme as those just described.

(4) Gas Analysis
(2) Introduction

Irradiation of polyestyrene under high vacuum

conditions and in nitrogen leads to the production.of



81

non“condeneable (at «=196°0) gaseous material which was
suspected to he a mixture of hydrogen and methane® The
possibility of carbon monoxide and carbon dioxide also
being present was not excluded9 in spite of the fact that
neither can be immediately be accounted for in terms of
the polymer structure®

Since the total pressure of the gases is extremely
small 9 conventional gas analysis techniquesare not
sufficiently sensitive and it was therefore necessary to
modify the existing techniques so that they could be

applied at low pressures®

(b) Apparatus

The apparatus shown in figure 15 forms part of the
high vacuum system already referred to® fhe gaseous
materials are produced is the fused silica cell” G% by
the irradiation of polystyrene films with 8537 g radiation9
and the resulting pressure 1is measured on the McLeod gu&ge910G
By passing the mixture over cupric oxide (MoAoK® grade)
heated to 300®G + 3°0 in the quarts furnace5 it is possible

to oxidise hydrogen and carbon monoxide selectively to

water and carbon dioxide respectively9 and on increasing
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the combusition temperature to 350°C methane can be
similarly oxidised.

The furnace conelsts of a quartz tube round which
Nichrome tape (20 L1 per yard) and asbestos were wound.

The Nichrome is heated electrically, power belng suppliced

from a * Variac? transforms®.
{e) @alibrati £ $he Avpavaius

The spparatus was ezlibratsed for quanti itative
anélysis ag follows. Af%ter evacusting the entire svatan
$0 10”6 t0r39~step«cseka Tlg Tes Eﬁ QTS "1esed {the kev
of ?2 in a horizontsl pos sition) ané nitrogen was intro.
duced into the bulb, B and Llis pressure recorded on the
mangmeier, Mlo The volume of B ;that is, that volume
separated from the remainder of the aepparatus by Ty,
had been previously determined accurately by weighing it
empty and again full of water. Tl was opened and the
nitrogen allowed %o expand into the whole volume, ithe
resulting pressure being measured 0? Klland Koo Tl was
again closed, I, opened and the apparatus again
evacuated to 10“6 toxrT, After closing ng Tl wasg opened
and the process was repeated. By applying Boyle's Law to the

data obtained, the volume of the apparatus was found,



with crughed (30 ;

had been activated
180°C, The columm tempe rature durine smelvees was A0°0

Beecause thesge gasecus producits were non-coundensable,

2

vhe normal technigque of injection Bad to be modified, and the
apparatus used is shown in the lefi-hand side of figure 15.

The products of drredistvion ave imtroduced via Ty and T, intvo
the'bulb of the sampler, ¥, the tip of which is cooled io

¥

=196°C in order to obtain meximum transfer of gases. T, is

closed and the sampler is then detached from the apparstus and
placed in sevies with the column and a supply of the cavriey

gasg, which in this cage ig nitrogen. Té ig opened and the
gampler is pressurized with nitrogeng.,’f5 is then opened and the

dilutbed éample_is'admit%e& to the column.



CHAPTER 3

<1

The High-vacuunm Fhotolysis of Polystyrene

1. Introduction

It has aiready been pointed oub that in this
investigation of the oxidation of polystyrene, the reactions
are photo=initiated by shori-wave ultrae=violet radiation.
Before iunvestigating the axiﬁatiom pr0ceﬁs itself, however,
it was decided to examine the phoiolysie of polystyrens in
an atsempt to define the scvion of vitra-=viclet radiaticn in
promoting oxidation, This can only be achieved if oxvgon
rigorously eliminated during irraéiétianm gdunce the build up
of oxygenated structures ard thelyr subssquent decomposition
would inevitably introduce complicating side-resctions, which
could completely alter the course of the reactlion. The

photolysis was therefore studied under high-vacuum conditions.

2. The photolyels of Polystyrene

The photolysis was carried out in the oxildation
apparatus (figure 5) so that any pressure changes arising
from the evolution of volatile material durlng irradiation

could be detected amd the smounts accurately determined.
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A polystyrene film* 0®0044 mm© thick was placed in
the oxidation apparatus which was connected to the high
vacuum system (figure ?) which was evacuated to 10 torr* M
pumping being continued for 24 hours®

The apparatus was then isolated from the vacuum system*
the lamp switched on and the progress of the reaction followed
by observing pressure changes«

Figure 16 shows the pressure developed in the cell
containing the film as a function of time of irradiation®
After three hours the reaction was interrupted* 8top~cocks*
™ 9 and opened (figure 1?) and the gaseous products
were expanded from the cell* C$* into the small calibrated
bulb* B, (5 ml*) which had been previously evacuated to 10“‘g
torr®

The pressure of the gas was measured on the manometer9
M9 the bulb* B* was then immersed in liquid nitrogen (~196°C)
and the pressure again measured® The small resultant decrease
in pressure was accounted for completely by contraction of a
permanent gas by cooling to -196°C« The gaseous products of
the photolysis reaction were therefore non-oondensable at this

temperature*
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It had to bs eatablidhedg however, that this non-
condensable gaseous mabterial was & gewnuine product of the
photolysis « polysityrene, and not, for exsmple, of the
photolyeis of the momomebtric fluid. A blank experiment was

therefore carried cut and no pressure change was observed after

&

’

twenty-four hours irrediestion. - It was thervefore concluded
thet the evolution of volatile material was associsted witl

the photolys=is of polystyrens

%o Anslysis of the Gageous Producis
Since the gaseous producis are non-condensable. ay
=1956°C the substances most likely to be prezent are nitrogen

Ty,
=
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Q,
)
(@]
€2
o
[
[
c':ﬁ
fout
g..
!
D
b4
93‘
-!'0
o
&’
Gt
o
o
»
wekd

degaszing of the £ilm}

The mnaivsis was cayrried out in the cpparatus shown
in figure 15, the film being irradiated in the silies cell
under conditions identical to those described above, . The
gaseous material was submitted to combustion over copper

oxide heated to 300°C + 3°C, and the productie were conrdensed
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in the adjacent liguid nitrosen trap. The progress

combustion was followed by measuring the pressure of the

residual non-condenseble material using the Eﬁieo&’gauge@
It was found that after about 100 minutes the pressure

ol

in the apparatusg had reburned to ite original value,indicating

3

that there was now no non-combugtible materisl present

(figure 18). It is thus extremely unlikely that the

If pethane and corbon monexide were present their

dioxide
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carbon dioxide (=~78°C). No pressure increase was observed,

suggesting that carbon dioxide w&s not present, and thus

X

that %he original wiwture nonmaiﬁed neither carbon monoxid
noy methans,

Although these £indings strongly suggest that hydrogen
is the only product of the photolysis of’polysﬁyrene, some
indepeﬂdent verification 13 required. This result was
confirmed by the vapour phase chropa tographic amnalysis of the

gageous waterial . The reeults ave shown in figure 19.
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Obviously if the rezetion were uniform th rcurﬂou' the
(]

ould be expreszed ag, for exanmple, moles of

)

hyérog&ﬁ produced per gm. of polymer, and similarly if the
reaction were entirdly & surface one, vhe rate could be
expressed as moles of hydrogen producsd per unlt area of the
surface. In this case, however, the reaction is aeith@fg

and it wae decided to compromise and to express rates as

the film thickviess belng kept constant at 0.0044 mm, This
is esgentially the average rate of hydrogen production

cell, Gy which hag & volume of 130 .o This ie then
converted to micro-moles of hydrogen per 8G. cm. of polymer

£ilny, 00,0044 mw, in thicknems, i.e¢. per 0.00044 c.ce Ths

5..,:

corresponding number of woles per .. is then found by

GQ

proportion.

(2) The Tiffect of Radiation Intensity

Hueh information regerding the mechanism of a
photochemical reaction can often be obtalned frcm a atudy of
the variation of the rate of the reaction with the intenéity

of activating radistion.



The intemsity of 2537 A radiation incident on the

film wos varied both by varying ithe film-gre distance, the

ptve]

relative intensities being

law, and by th use of i3

the £ilm and the arc.
copper gauze of variocus mesh siges, the transwisslons of
which had been accu rately determined by actinomedzy.
Corresponding rates of evolution of hydrogen were
obtained by measuring the pressures developed in the cell
during ivradistion end eouverting these to the appropriat
units. The rwesults are ghown in Table 5.
The rates of Hydrogen production were then plotted
againsi; various functions of the radist on intensity and
8 linear relatlon between the rate and the first power of Hhe
intensity wes found to obtain (fisuwve 20). The actuel valus

of the intensity exponent derived from figure 21 ie 0.976,

{b) Determination of Ruanitum Yield
Thé‘ 'éalue of the auantum yield for & reaction can 0'**@11
give informtion about its mechanism. In perticular chain
reactions often have werall guantum yields greater than unity.
Under these experimental conditions, the rate of hydrogen

production per sq. cme of polymer £ilm 0.0044 mm. in thickness
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was foun® o be 9.5 x 10

ha

4]

zn ophical density
&

th 253?& qu 2nhs dncide
the aualtu outout of

-

eingteing per 2g. en.

of quanta abgorbed by

einsteing per s¢. om. per second. The guantum yield (b
can be defined o288

. Bumber of moles of hydr
-~ 1:‘?:141.__ um::x:;z fo fm;'

Humber of cinsteins o

b
¢

%5 x 10

i

The guantun yidld being less than unity means thas thers ig

L

v no positive ovidence that hydrogen is

reanition.
% 5 . B = 9T T a 5 i b ’ .
{e) Effect of Isleculsr Yelsht and the Preser

Fragments,

It has been suggested in an @&?11@? section that
initiator fragments attached to the chains may be photo=active
sites. Thus polymers eoniaining°thaae might be expected to
have higher rates of photolysis than the thermal polymer. The

object of the investigations to be deseribed was therefore



T
Oy

and seconily, and &% the same tima, the effect of the

Standerd films of each were prepared by the methbod 2lrendy

described, ond corresponding vates of hydrogen evolubtlon were

obtained, The results ars presented in Table 6 and figurs

22 from which it sen be seesn thaet the measuved rates ars

comparable and probebly consiant within experimental error.
The effect of the molecular welght iz isolabed by the
obgervations on the themsl polymers 81 and S0,

It can therefore be coundludszd bthat the rate of i

evolution is indepenient of the moleounlar weigh

of molecular welghte examined and 1% ie slso indenendent

hydrogen

in vhe rangs

presence of initiastor fragments in the concentration range

exanined. Unfortunately it was not poesible to investigate

very low molecular weight material prepared using high

initiator concentrations, since the resultant films were so

brittie tet they dieintegrated completely before

of %he
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Table 6% Effect of molecular weight on rate of photolysis

of polyst;yrene C0«0044 ms6 £ilms9 at 28 °GP radiation

intensity » 100$)*

Initiator Polymerisation Molecular Rate
Polymer concentration temperature weight (ndcro-»moles
(*) . e 7°C) (x 10-5) Hg per e*o*/
second)
¥ 00001 60 301 2%10
2 Ocooa 60 2*186 2.16
= 0.1 60 1.86 2.25
4 0o2 60 1059 2a02
5 0o4 60 iso 2.3
0 90 4095 2016
* S$5 0 60 15 ! 203

*

Prepared by I# Graseie



{~oes/° @e\,mﬁ mmﬁoaao.um.nxvlﬂﬂﬂmc

TZE  dahLDId




103

they could be removed from the mercury surface* Pressed
fliras showed similar brittleness* She lower limit of
molecular weight which could thus be investigated was

K
approxi®telj 10" *

Cd) Effect of Temperature
Hates of evolution of hydrogen were obtained under
otherwise identical conditions at a number of different

temperatures9 the results are summarised in table 7*

fable To Effect of temperature on rate of hydrogen production

(film Go0044 n« thick® radiation intensity ® 100}

Hate 1
Temperature (sicro~xaol(@s I , 1log rate
(°A) $ per CoCo (x 10J)

per see,)

301 0,216 3%32 -0, 6655
311 0,292 3.22 m*0,5346

2%9
321 0,383 312 -0,4175

333 0,576 3.00 -0,2391
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From the gradient of the graph of log rate versus the
reciprocal temperature (figure 23) a value of 209 k®caic per
mole 1is inferred for the activation energy for hydrogen
production® This small temperature dependence is what

would reasonably be expected itsi $ phc)toeliemioal react! on®

() Effect of Wavelength

Several films were irradiated with a similar (to the
2537&3 intensity of 3650£ radiation and the reactions
investigated in the usual manner* Mo hydrogen was detected
after long periods (100 hours) of irradiation® It seems
likely that the threshold energy required for the production
of hydrogen is in excess of that associated with the 365G§
radiation (7708 k©eal per mole)®© If this energy were indeed

sufficient to break the C~H bonds9a constant rate of hydrogen

production .of appr oximately 1/80 that of the rate of hydrogen

o

production on irradiation with 2337A quanta would be expectede
2

eince the ratio of absorbl!ion of 2537A quanta to the

©
absorb!ion of 3650A quanta is 80sl$ assuming of course * that

the transfer of absorbed energy to the dissociating bonds is

equally efficient in both oases®©
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Discugsion of the Photolysis Process

1. Origin of the Hydrogen

(a) Primery Procegses

The primary stgp in the producition of hydragen

s,

during the irradietion of polystyrene with 2537A quante

migt luvolve the fissiorn of €=}l bonds to form hydrogen

atoms. Thigs however,; cannot he browht aboub by the

direct inmteraction of the G=H bonde with the radi iation,
R [#]
gince only guants of shoriter wavelengthe {about 1600QA)

are absorbed by such bouds. The 2%%74 guanta are. howevaer,
absorbed strongly by the benzene ringe and the dissociatien
of the C=H bouds will result from the btrangfer of the

vadiation energy scquired by the absorbing centres to ths

dissociating bonds.

In polystyrene there sre thy se different types of U=
bonds which could comceivably be brokens These ave terilary
and secopdary C-H bonds in the backbome of the polymer znd the
C=H bondse of the benzene rings. These bonds are not all
equivalent and %heir order of byreaking will be determined
principally by two factore, bond dissoclation energy and

et

resonance stabilization.



(a) Bond Dissccistion Tnersy

The dissociation energies of the three bomis in
question sre as follows,(71) |
C-H (benzene rinz) 104 k cal./mole

C-H (secondary) - 76 k ealo/mole
C-H (tertiary) - 71 k csl./mole

It follows then that the tertiary bord will be the mosiz

- readily brokemn,

(b) Remonance Stabilization

1f fission of the teritlary boud occurs the resuliing

radlcal will have resonance g‘r;‘a.“:)if!.:x‘za*i,:’u:»ng

NwCHZ - é - CHz GM%AAGHQ = (? = GW%‘:@%}MH cal(!) = QPZ,WMGU

h 4 ,

@
Wo comparable resonance stabilization would be

available to the radicals resulting from the fiseion of the
other two C~H bonds.

, It would thus appear that the most energetically
favourable initial step in the production of hydrogen is the
fission of the tertiery C-~H bonds. In practice, however,

the situation is likely t¢ be more complex, since the energy
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associated with 2531¢ radiation (112 k e&l/xsole) is
sufficient to break all of these bonds* provided of course*
it can be effectively transmitted from the benzene rings*
and hydrogen atoms are probably obtained by the fission of all
three bonds®

Although the energy transfer to the CMI bonds would
in this ease be expected to be a reasonably efficient processe
the low quantum yield (10 ) for hydrogen production indicates
that the dissociation of 0*41 bonds affords only a minute
dispersion route for the absorbed energy® Ho evidence for
G=€ bond fission was obtained either from product analysis or
from molecular weight measurements* and it is unlikely that
this process would account for the discrepancy® It is much
sore likely* especially since the reaction takes place in the e
condensed phase* that the absorbed energy is dissipated through
such quenching reactions as recombination and oollisioml

deactivation«

Although several secondary reactions are possible*
the present data permits the evaluation of only one* namely
the production of hydrogen molecules from the hydrogen atoms

produced in the primary process®



. N N

The most obviocus route

through the ¥

Thie process, hu?&ve » bakes place only in presence of &

third body, or on the walls of ihe
only these hydrogen atoms produced on Lhebgu rface and within
a few avomic diameters of it will escape and participate iw

such a reaction. Hydrogen atoms produced at lower leovels in

the £ilm will abstract further hydrogen atoms from the

polymer, Iun both of th
forned for each molecule of

their mobilitics ave low it

o]

combination will be compl

therefore be concomlitant with hydrogen production.

hydrogen evolution ie the abetraction of a hydrogen alom frow
the carbon atom adjecent to the radical centre producad in
the primary process by the hydrogen atom produced in the
primary process thus,
H
R © "
- %» CHgWM/““%'N“'CHz - g = CHg =W (Primary process:
Ph n

+He
#o~CH,
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in the chain,

2. The Winetics of Photolysis of POIV”+??§ﬁe

These reactions can be f ormulated in the following

scheme, in which RH represents the palymer and R, the chain

radical,

Primery Process

ny
(1) RE ——>  R- + He

L&)

Inds

Secondary Processss

(2) He +RH =% BEp + &

(3} He + R« =% Hy + U

(4) H+ H+ ¥ or 8~ Hyp + ¥ or S
{5) B o+ B > R =R

M is & third body, 8 & surface, U and R-R are non=radicali
products (U veing unsaturated). oince the overall rate of
hydrogen proaueulon depends on the rate of production of

hydrogen atoms and since the resction is not a chain process.
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the rate espression for hydrogen production is 9

& (Bg) _V
d¥

1 «©* m (HE) I

at X

where I is the intensity of radiation®

Evidence for the Proposed Heoliarrl.ra of Hydrogen Formtign

1° ¥ g&aetie_ Evid®noe

She rate expression derived above on the basis of the
proposed reaction scheme predicts that hydrogen will, be
produced at a constant rate and that the intensity exponent
for the process will be unity® An analysis of the experimental
data leads to similar conclusions* and it can therefore be

inferred that* at least kinetically * the mechanism is plausible®

20 Cross-3.inkfng

fhe mechanism also predicts that cross-linking of the
polymer chains will be concurrent with hydrogen evolution®
Although no systematic study was made of molecular weight
changes occurring during photolysis* it was established that
croae-linking did indeed occur* a rapid insolubilisation and
embrittlement of the polymer becoming obvious after short

periods of irradiation®
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~Jjio Evidence
In addition to hydrogen production9 one of the
reactions also yields unsaturated compounds (R° * H°-> IF)
the double bonds being formed in the polymer backbone®
Spectroscopic investigations did indeed reveal the presence

of such unsaturation*

(a) Infra-red Spectra

Infra-red spectra of the polystyrene films undergoing
photolysis were obtained at intervals during the irradiation®
A shoulder appeared at 823 omQ ~ on the band at 840 cm® ~
after about ten hours (figure 24)® Absorbtion in this
region has been attributed to the out cf£ plane vibration of

the C-H bond in a tri“substituted ethylene

RjRoG ® CHR~

The structure expected from the reaction just mentioned

would $§ in fact* be a tri-substituted ethylene@
OH2 - C«CH - QE2~ #
Fh

Quantitative interpretation of the formation of this compound

in terms of its infra-red absorption* however* is extremely
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difficult* since the new hand overlaps an existing, hand®
She corresponding ultrarvlol@t spectra do not Buffer from
this disadvantage and as such are more amenable to inter-

pretatione

(b) Ultra-violet Spebtra

Ultra-violet absorption spectra of the polystyrene
films were also obtained during their irradiation* a general
increase in absorption throughout the 2.300? to 3500£ region
being observed® .Rates of increase in absorption in the
240Q§ and 2900—5000: regions9 however 9 were appreciably
greater than those in the 2500A to 2800A region (figure 25),

Absorption in the 2400: region is oharaoieristic of
compounds having a earbon-earbon double bond in conjugation
with a bensene rings styrene* for example * has a maximuBB

6 /*P2\

In its absorbtion speetrum at 244Q%.

Table So Optical Density changes on Irradiation (0.0044 m *

film, at 28°C( intensity N 100/1),

Tims Optical Density Increase in
(sins¥*) at 24-001 Optical density
0 4«90 0
15 5.15 0»25
' 30 5.45 0*55
45 5*70 0.80
60 6.00 1.10
75 6*200 1.30
90 6*42 1.52
105 6.70 1.80
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Pigure 26 shows the optical dewnsity inerease st

[o] c .
24004 as a funetion of time of irvedistion. It ean bhe

seen th"+ the awmount of ungaturation, in common with tha

&% L - B B e e T T B I P | K
anount of hydrogen formed increages linearly with the

: &
of irradistion, iundlicating that double bond formtion Lo
concomltant with hydrogen formation.
Vacuvnm irradistion was alsc sccompanied by a v )
discolo&r@m;on of the polyner. This could be atvtribuised to

the build-ub of conjugated doubls bonds

bone, the method of thelr formation belng analogous To G

described above. The sbsorbtion in the 3@00& region could
also be acgcounted for in iterms of such a aonjugated shyucturs

This and other aspects of colouration are discussed ln dotall

2

in a subseguent chapier.

40 EPI‘& i‘:}.n i 0‘0 [ _( :qitr(}gegz

A1l the proposed hydrogen-producing reactions depsnd
on the mobility of the hydrogen stoms. Reaction (4), fov
example9 would be depressed if the mobility were decreasaed,
since the escape of atome from the surface would be rendered
more difficult. Reactions (2), (3] and the reverse of (1)
would, on the other hand, be facilitated by limitations on

mobility, since the atoms would tend to react iun the immediate
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vicinity of their formation* The higher probability of
reaction (3) under these conditions should be reflected in
the ultra-violet spectra of the polymer files undergoing
irradiation©

To test this hypothesis9 films were irradiated
in presence of various pressures of nitrogena Under these
conditions the mobility of the atoms is reduced, yet the
nitrogen is sufficiently inert not tO participate in the
photolytlc reactions®© Rates of increase of optleal density
at 2400'f(’)cwere obtained at each nitrogen pressure® and these
are shorn in fable W
fable 9® 'Effect of nitrogen on the 'Optical Bensify Increases

(0®0044 M1s0 filMg £ ™ 28@C» Intensity **10C%u

Jlf rm—gm. ItO©sasre

(smu Ho<*}
.0.200
0,310 100"
0*460 200
0«538 30'0
0,681 400

0,909 €00
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Pigure 27 shows the effect of nitrogen pressure, and hencs

mobility of hydrogewn stons on the production of umsaturaition

in the polymer, 1t can be sesn that the decreased mobl Livy

] R JR. wprd . oy = = LR e B Py -2 ez gy T o <} < 2 Gy e o Fari
of the atowmiec hydrogen leads to an increase in the rase of

Wa}.lg%? on the basls of resulite cbialined

linking, Agcording 1o a hvdrogen
fission of 2 C=H bond in the polymer ha
double boud of a neighbouring benseme ring to form & cyoloe

hexad;enﬂ? radical which conbinesg with the other polyn

radical to forwm a eross=Llink.

A~ ~CH

i, = CH « CHy— ans an-CHy = g.}H = CHg~+

| o TR

_ - -

.........}7 ' Aol Bp = — CHa v
l X

= CHyWv H 22

8

-~ ~1X

=G H2

)
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overall reaction would be Icinetleally indistinsulsuable
from reactions (2) and (5) above 9 and since the cyolohexa&iene
ring contains a tri-substituied ethylene group9 this structure
would account for the absorbtion at 823 cm® The cis
di-substituted olefin also appearing in the vteg$ however*
should show an absorbance in the. 673 ozn?ﬁ to 728 csuﬁ%
region79« .bespite the fact that there is an intense
absorbtion in this region by the polystyrene itself9 Kargin
ef al have observed a shoulder at 623 cza®’“ on. the 700 cm®*"5
peak following the bombardment of polystyrene with high speed
electrons5 and this has been attributed to the cis olefin shewn
above® lo such absorbtion was observed in this investigation.;)
Shore 1is also a serious objection to the application to the
theory of Wall on the basis of ultra-violet spectrax The
cyeXohex&diene 1is essentially a substituted butadiene and it
is extremely unlikely that even the high degree of substitution
would be sufficient to account for the very large bathoehromic
shift observeds the spectrum of the irradiated polymer showing
high absorbance in the 24005 to 350Gg region (butadiene has a
maximum absorbance at 2X70A) O It thus appears that this
react!on9 although possibly contributing to the cross-linking
process9 is of much less importance in the photolysis than in

the radiolysis and electron irradiation of polystyrene®



CHAPTER 5

Oxidation of Polvstvrene

Polystyrene films, 0,0044 mn in thickness, weve

“oxidised in the apparetus described in Chapter 2, the

progress of the reactions being followed by meazsuring the

amounts of oxygen absorved. REesuite of a typleal run are

given in Talble 10 =and shown in figure 28 (bottom cuvfa}

Table 10. Oxidation of polystyrene £ilm (0,

0044 mwm thlicl,

oxygen pressure = 600 wm Hg, intensity = 100k,

tenperature = 28°C)

¥

Time Extent of Reaction Time

Extvent of hﬁgﬁbibﬂ

(mins.) {picro-moles of Oy (wins.) {micro-moles De )
avsorbed) )
0 0,0 | 80 2,544
10 0.324 90 2.982
20 0,678 100 3.254
30 0,919 120 3.633
a0 1,30 140 4,03
50 : 1.72 : 160 4.22
60 l.88 180 4,45
70 : 2;3 : - 200 4,48

oK S RS




EXTENT OF REACTION (Micra-moles 0,)
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I% can be seen from figure 28 that

absorbtion of oxygen the rate of
rate after three hours being sbout one £ifth of the initizl
rate. Since this occcurs a8t & minmute extent of oxidsatlon,
it is unlikely ¥tkat the deceleration of the reaction rate
will be caused by the depletion of the polymes through
oxidation, and an alternative explanation must be sought.-
This behaviour may be due to one or more of the following
factors,
(a) Diffusion

It is possible that the initial fast reaction
represents the oxidation of the surface layer of the polymer

n rate 18 due to the oxidation of

e
o]

and that the deceleration

ke 3

lower lavors bscoming dependsnt on the diffusion of ayygon

throush the polymer, in other words, after the pol

FIO T
ymer

surface, which is in direct conmbact with oxygen, has reacted

the reaction becomes dif fusion~controlled. This conclusion

, however, incoupatible with the findings of Bar:c'er61 and
Stannett62 whose data predicts that the rate of diffusion of

oxygen injto these £ilms would be several times greater than

the obgerved rate of oxidations
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A sore likely explanation is that the rate of
diffusion decreases with the crosslinking which accompanies
oxidation¥* As the surface and layers immediately below it
become crosslinked 9 the rate of oxidation at lower 1lstels
within the film becomes less on account of the decreased
permeability of the crosslinked matrix which separates them
from the csygen supply® Soholer et al’v7S hare found that
the rate of diffusion of oxygen through the crosslinked
polyethylene is less than one half that through normal

polyethvlene«

(h) Reduction of Light Intensity

It has been shown'O that carbonyl and other
unsaturated chromophores are formed on the chains during the

i

oxidation of polystyrene« Since these compounds have high
extinction coefficients for 2537?? radiation*, a build up of
these on the surface would result in a considerably
attenuated intensity of radiation reaching the bulk of the
polymer* Thus the surface layer containing these hi“Lly
absorbing groups would act as an internal filter protecting

the bulk of the polymer from the activating radiation, and

this would be reflected in a diminished rate of oxidation*
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(a) Formatlon of Ix& :lbitoga

Jellinek.&’p has shown that inhibitors9 like bensaldehyé&e *
formed during the oxidation of polystyrene 9 can suppress the
chain eelesion which occurs during oxidation* It is
conceivable that such compounds can also retard the

oxidation process itself,

(d) B1ic Reaction Mechanism

It hae been observedqm that in the later stages of the
oxidation of eumene the oxygen absorbtion ceases9 the
predominant reaction being the himolecular combination of
two peroxy radicals to .yield an oxygen molecule and a non-
radical producto It is possible that this effect may also
operate in polystyrene oxidation* If is unlikelyP however9

especially since the extent of oxidation is extremely low9

that this effect alone could account for the observed facts*

(e) Formation of Volatile Products

The reaction was followed by measuring the decrease in
the volume cf oxygen in the cell 8 due to absorbtion by the
polymer* It follows thenB that if some gaseous products
are formed in the cell during CKté&attone their volume would

compensate or partially compensate for the volume of oxygen



lost by polymer sbsorditiong and the result of this weould
of

be an apparent deceleration in the wate oxygen uptake.

]

If thesme products were cspable of absorbing the

£

2537A ra@iaz;cng (benzaiiehyd for exemple, has a high

extinctlon coefficient for this radiation) however, &

in

genuine reduction in the rate of waidation would resuli. on
‘account of the decreased intensity of this veaching the
polymer,

Since the effect (e) was the wost amenable to wiudy

L]

1t was decided to lnvestigate the producition of gaseous

material during oxidation. Although ¥Wall has shown Hhat
there ie 2 fairly large number of different specles Tormsd,

most of them can be selectively removed by the introduction

'

of an aporopriate absorhent ionto the oxidation cell.

- The oxidation was repeated in presence of 5 gu.

-

anhydrous maghealium pexrch

ety b g s " \ UL T T
Lorate (M.A.R. grade), this being

Lo
3

contained in the glass cup attached o the glass suppori for
the £ilm (figure 6). Magnesium perchlorate removes water 4o
the level of 1 part in 1oﬁ; Ap before, amounts of oxygen
absorbed were obtained as a function of time. The resulis are
shown in Table 11 and figure 28 (middle curve). It can be

seen that although the overall charactieristics are sipilar o




iz8

those when absorbant material is not present, the appsrent
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smount of oxygen absorbed is greater. This suggesis
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8 being absorbed by it

o0

magnesium perehlorate. The resuli aleo suggeste, howaver

n

- s,

that water may not be the only gaseous mieriasl beiug

L2

et

produced.

&
1)

The experiment was Tagea in gresence of e@nvz
amounts of magnesium perchlorate an
grade), the purpose of the latter beinz o remove any curbosn

dioxdde formed duving oxid

are also given in iable 1L
can be sesn that the measured rate is congtant and vhad

the apperent decelersiion in rate can

for in termeg ¢f She production of carbon dloxwlids

- This finding Jdoes not exclude the possildility of

il

participatian by seome of the other Factors mentioned above.
It is difficult, however; to recomcile the above finding |
with any significant participation in the initial st& o5 of
the oxidation by these other factors, and it is likely that
each willlbecoma increasingly important in the later stages

of the reaction.
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Table 11
Osidal;ion in presence of Oxidation in presence of water &
water absorbero carbon dlacide absorbers
Time Extent of Reaction Time Extent of Reaction
(mine, J {-micro-moles Og (misiSo) (micrO“iBoles Og
absorbed) absorbed)
0 OcO 0 0
10 0,351 10 0o388
20 Qo068 20 0.712
30 lo01 30 1.013
40 1.312 40 1.53
50 1* 748 50 '079
60 2003 60 20'44
70 2,42 70 7,56
80 2082 80 2098
90 2698 90 3.24
100 304G 100 3c44
120 3%92 120 4012
140 4054 140 4.85
160 4090 160 5021
180 5e38 180 6,22

200 5® 66 200 6,87



It zecems reagonzble o assune, however, that ihe
consvant rate measured in presence of carbon dioxide and
water absorbents is a frue measurs of the vate of OXY Zan
uptake by the polymer; all ueasurements quoted heresfiew

in this thesis have been measured in this way.



pae)
A9
et

CHAPTER &

Oxidation of Polvstyrene « Effeet of Variables

on rate.,

The effects of several variables on the rate of
oxidation of polystyrene wére investigated. The standard
conditions of the reaction are radiation intensity 1007
(as defined in chapter 3}, oXygen pressure 600 mg Hg, film
thickness 00,0044 mn and Lemparaiure 28°C, Rates of
oxidation are quoted a2g micro-moles of oxygen absorhed per

second per cc of polymerg

(2) Effect of Rodiation Intensity

The intensity of 2537A radiation ineident on the
polymer filme was varied both by varylng the sre-film distance
and by interposing sctinometrically calibrated inteunsity
screens between the are and the film, Corresponding rates
of'aﬁscrbtion of oxygen were obieined and thege ave shown in
Table 12, The results are also presented in figure 20
from which it is clear that the rate of oxidation of
polyetyrene is proportional 0 the firset power of radiation
inteneity. The actusl value of the intensity exponent
cbtained from the plot of log rate versus log intensity

(figure 30) is 1.098. This value, being close o unity,



log(RATE)

OXIDATION RATE (Micro-moles 0,/cc/sec.)
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suggests that bimolecular combination of radicals is not
an important step in the reaction9 a situation which would
be expected from the very limited mobility of radicals in

the condensed phase at the temperature of these experimentsO

fable 12
v RS apag e —
Distance Transmission Relative log Oxidation log
(cm*} Intensity Intensity rate (micro Rate
W moles Op/
eo/see)
7%375 100 100 20000 0*434 -0*3625
9*x250 100 64*3 1*808 Co 289 -0*5391
13®000 100 32,2 1*508 0*136 -Go8665
14*800 100 2468 1%3945 0*112 ®009508
7*375 43.1 43%1 1*6345 0,191 -0*7X90
70375 21.7 21,7 1*337 0*102 -0*9914
7%375 10,1 10cl lo 004 0*0365 -1*%4377
e *
(b) The Quantum Yield
The quantum yield? for this reaction can be

conveniently defined by

dumber of moles of Op absorbed per unit area of film per sec¥*
dumber of einstems oi 2537A quanta absorbed per unit are?a
per second*

The rate of oxidation of a 0*0044 mm film under standard

=1 o
conditions is 1*93 x 10“* moles/sgeccu/sec* and the



S
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gorregponding rate cof ab30£¥ cion of 2573 guanta is

@) mg : . N
2,71 2 10 7. & wvalue of 7,12 x 10°° gan thus be inferved
for the quentum yield for the oxidstion ?f@eﬁﬁﬁe Thia Low

velue { < L} probadbly indiecates that the oxidation of

polystyrene does not proseed by & chaln reachion.

{c) Effect of Oxygen Pressure

The pressure of oxygen in the apparatus was varied and
corresponding oxidation rates were obtained. Table 1% znd

figure 31 summarize the data.

Table 13
Rate of Oxidation vgen Bressure
(uioro-molea Op/ce/sec) - ?mm Hg)
0,434 600
¢. 325 ' 450
0.214 300
Oe 0982 ., ’ 153
0, 0311 - 50

It ic clear that the rate of cxidation is directly
proportional to the mygen pressure in the pressure rangs

studied, This result is in complete disagreement with the



RATE OF OXIDATION (Micro-moles/ecc/sec)

FIGURE 31,
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observations of Holland.{g'!1 and Batemanp9 who concluded that
in general the more difficultly oxidised substances showed little
if any pressure dependence above a few mm* Hg of oxygen*

It was therefore suspected that the effect might be an
artefact of the system*, possibly associated with the rate
of diffusion of oxygen or of products within the polymer*,
and not a genuine characteristic of the reactions The
experiment was repeatedB the oxygen pressure being varied9
but the total pressure in the apparatus being kept constant
at 600 mm Hg by the addition of the appropriate amount of
nitrogen¥* These results are presented in Table 14 and \
figure 32« It can be seen that the results are almost
identical to those obtained in trie previous investigation¥*,
the rate of oxidation is thus dependent on oxygen pressure

in the range of pressures examined*

Table 1.4
Rate ox oxxdaxlon Oxygen pressure Nitrogen pressure 'Total
(micro*iaoles Op/ (mm Eg) (mm Hg) pressure
ec/see)
OCo 434 600 0 600
0,33% 450 130 600
0a2265 300 300 600
0ol24 150 450 600

00039 50 550 600
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(@) Bffect of Lioht Intensity at Low Oxygen Pressure

It has been shown that at 600 mm Hg of oxygen, ihe
oxidation resctions, however, the mechanlism changes &b low
pregsures of oxygen, and 1t i=s sometines possible Ho

diagnose this by 1nvsa tigating the luntensity exponsnt 8t Low

Pressures.
R@twﬁ of oxidation corregponding to varying intensitles
of 2537.& radlation were obiained, the o¥yzen presgu in

the apparatus beiung 20 mp Hg. Table 15 and figure %% show

%)

e

the effect of imbtensity on the rate 8% low oxygeon pressure.

Table 15

Rate of nwidation ' Relative intensity

(micro-moles Ov/cc/sec, ) | (%

0,515 1.00

0.307 64,3
0,307 43,2
0,306 21.7

It appears that at low oxygen pressure the rate of

oxidation is independent of intensity in the range of




- s

intensitie Euﬂlé& {(10% to 100k}, ttat 1s the inten:

exponent has 4 value clo
that there is a high ratve

that the rats of oxidation

interaction of oxygen with these,

£

The effect of the presence of varying smounis of

JAndtiator fragments iwn the chalung on

of polystyrene was investigalied by obia

oxidaticn of polymers preparsd using veryliung smpounts of
2,2 '=anolgobutyronitrile, nforpaticon regerdiing the

< < £F 2 o gy . unm M Y M we o3 SRR 3 ST e} e
effect of wmolecnlar welghit on aidisibility

Table 16

Rate of oxidation Polymer Polymerization Inltlator Hol.Wy,
{(micro=-moles 02/ Temperasure congcentr, z 10D

cc/zec) _ (%)

0,434 1 60 0, 001 Fa 3L
0,439 2 60 0,002 2,188
0,454 3 60 0,10 1.85
0,415 4 60 0.20 1,59
0.430 5 &0 0.40 1.5C
Ced34 51 - 90 none 4.93
0.443 8G3 60 none 151
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Figure 34 shows the effect of threse variables on The

ra te of oxidation. Haves of oxidatlion are very similar
and 1% thus seems unilkely that within the ranges of lhese
varialies investi igated that eitber the molecular welght or
the preﬁencn of cavalyst fragments has a profound effect

on the axidation resetion, 2 finding which is compatible
with & random addition of oxygzen to the polymer. It was

not posgsible to investigate the effect of very low moleculsy

of the difficult

welghts on the rate of oxidaition own account
of obtaining filme from thesse materials,
(£) Effect of Temperature
Hateg of owidatlon were cbiained at a sevies of

temperatures, these are

Rate of 1&&+l§ﬁ 1oz
(micro»mﬁlen On/
ce/sec.

0.434
0,556
0,712
0,951

=.3625
=0.2549
=0:1475
=0.0218

330

303521
3.222
3.120
3,03




The wvalue of the ene

rgy of activation derived from the

graph of log rate versus reclprocal tvemperature {(figure 35}

ig 6 k.eal per mole, & low value, chayr
photochenical reactlons.

{(g) EZfect of Filwm Thi

acterigtlie of many

T
ey

It has already been pointed out that becauze of the
[
non=uniform absorbiion of 2537 & radiztion throughout
polystyrene filme the rate of oxidation is also non-unifo

throughont the films, it was

define the actual way in which the rate varies across a filn.

A geriece of polymer filme of warying thicknesses wes

prepared, the thicknesses being calculated ff om optical density
data at 2537 Ee Corresponding rates of oxidation were found
for these filws: these are expressed ae nicro-moles of

oxygen absorbed per s8¢.ch. of £iim and are sumperized in

Table 18. The variation of rate with filwm thickaess can be
explained in the following way. I£ I' is the number of

quanta abﬁcrbe& in a layer &€ cm. thick with 2 unit cross-
seetlon at a depth € cn., from the surface on which the radistion
is incidenﬁ§ and I, is the number of gquanta entering the sysien

decided to luvesilg
ickness in an attempt ©



Table mg

-t A
Rate of oxidation Thickness 3y ) at g 25
(micro-moles Gg/ (cm) x 10°
em2/eec.)Xi”.

1042 dofa 00928 0,3968

1,135 2 94 10240 0,2894

1*991 3.76 le582 0,2050

20184 4c4 16852 0,1575

20361 5,13 2c260 00,1043

2.59 S, 6 2078 0,0620

I® ® d[1o(1V9 e)j/a £
aio e_aJt

where a is the extinction coefficient*

I3

0,6032
0,7106
0,7950
0,8425
0,8957

0,9380

But the rate of oxidation is proportional to the intensity of

radiation
i©ce©® Rate = kX in which k is a constant
So local rate s rg

rg " k a Xq e

Total rate of oxidation*, R9 in a film X cm® thick9 is given

by the equation”



&Eﬁa‘,

The rate is thus proportionsl 0 (L=~ ). It has been

snown thet the value of the extincition coefficlient, p at

| : £zom the oq ooy f is 1825
2537 & devived £rom the eguation lemzu 2 o=y £ o is 1825 (cm.

units)g I+ follows then that the value of o derived from

the equation loge -%J =& f will ve 2:303 ¥ 1825 i.e. 4210

¢

LR RS v oy 2L s g e ende ooy '
{emo. units}. TFipure 356 shows the rolstion belwesn rate angd
= C PO, SO IS N N I R T o 4
l=¢ o it can be =zeen that over the greater part of the

wgreenent between
these twe guaniities, showing thet in comnmon with the
radiation intenslity the oxidation vate ie exponentially

-attentated acrose tThe filnm. Hecause of the very high

o

FRRRY

extinction coefficient at 253%7 &; absorbtion of the incident

radiation is 2lnoset complete across a £ilm 0,01 om thick.

I+t follows then that the greater part of the photaﬁoxidaticn

will take place in & 0,01 mm layer of polystyrene adjacent to
the 1lluminated sufface, the bulk of the polymer being

relatively unaffected.



10% RATE (M'icrc:o@mol@&/cmg/'&ew > )

-3

feud

%4

| FIGURE 36,

MB )
e

s Y

I, , Lo Q’E :

- ”M‘
o
} i | : | .
0~4 05 10




3

The range of film thicknesses inveatigated was of

]

necesgity conpa ratively DAYy ow. Gomplicatione due to
diffusion of oxzygen into the polymer would bhave been inmtroduced
in £ilp thicknesses greater than U,01 =p and films thinner than

0,002 mm, G0 not have sufficient mechanical strength,

{h) Effect of Wavelensth

Pilws were lrradiated with & similar {fo 2537 A)
@ -
intensity of 3650 A radiation. Figure 35 is 8 typilcal

reaction curve, the amount of oxygen abaorbed by & siandard

different from thosge ovserved in ovidsetions photo=initiated
with 253; A radizticn. It can be sesn that after a long
induction period of GO hours the ¢ reaction proceeds at 2
eonstaﬁf»rate of one fortieth that of the reaction initiated
by 2537'§ ouenta, suggesting that the initiation steps in the -
~ two reactions ére differehi:a This.subject is discussed in

detail in the following chapters
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Table 19

Time Extent of Reasction Time  Exbtent of Resetion
(days) micro-moles of Gz {days) wmicro-moles of O

0 0 8 2,72
1 0,052 9 37
2 0,080 10 . 3463
3 0151 1 438
4 0,378 12 4.84

5 0,755 13 5.2
6 1.44 14 6,04
7 1.82

)
S‘ .
s
Pack
g.
w4
ye]
n
d-
Y
[
par
{3
:,_9,
i
[N
&
L]
D
=3
(o]
&
Lt
o
B
be]
2,
Iy
¥
u..
Gl
ct
=~
Y]
e
fes)
™)
oD
]
~
{-J
o]
joie)

hydrogen atomg to0 thew, Altvhough many of these compounds

have been used commercially teo stabilize polywer sysiems,
Information regarding ihelr ability to suppress photo-oxldations
iz limited, snd the purposs of this investigation was to aszesy
the effect of free radicsl inhibitare on the photo=oxidation

of polystyrene.




The cholce of inhibiter was debtermined by two Tachors,

@ - - -
A radichion and

{1} abmorbtion of 253%7
(2) compstability with the polymer.
: o
(1) Abzorbtion of 2537 A vadiation: It would hsve been

extremsly difficult to assess the effeet of an inhibitor
which also shoved high absorbtion at 2537 4 since it could
inhibit the reaction by reducling the intensity of the
activating radlavion, or perhaps even act &g a photo=

gensitizer.

(2) Compatibility with the polymer: The inbibltor must be
compatible with the polymer both in solution end in the form
of & f£ilm in order that it can be uniformly incorporated in

the £ilm.

violet spectrun of a cyclohezane solutlon ig shown in figure
38, That it was indeed an effective free radical inhibitor
was Qemonstrated by carrying out & polymerization of styrens
at 60°C in presence of 0.1% of this compound; an induction

period characteristic of the presence of free radical inhibitors
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wag observed. Since very smell amounts of inhiblior were

surface, a sensitive method of detb:
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inhivitor actually present in the films vas reguired. This
was acnieved by measuring optical deneities at 2800 ﬁ of
films containing inhibitor, the extinction ceefficiant of
butylated hydroxy toluene (BoH.T.) at 2800 £ () having
been previously determined, The concentration of the

inhivitor was found from the equatioun,

D= (o + pe)

~wheve D is the optieal‘éensity at 2800 A x@ ig the £ilm
tunlcknesgs, ¢ is the concentration of iunhibitor in the £ilm,
and o and § are the extincetion ccefficlients of polystyrene
and B.H.T, respoctively st 2800 &,

The inbibitor was introduced into the films during
their formation from chloroform solutiony, 1 c.ec. of stock
golution of inhibitor in chloroform belng added to the
polymer sblution on the mercury surface. Rates of oxidation

of these filrs are shown in Table 20 and figure 39,
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Table 20

(e ey Szt ot vpgieied
00434 ~ 0,0
00429 - 0.1
0.434 0.2
0,420 | 0.3
00439 0.4
0.425 | 0.5
0.429 | 0.6

The rates of oxidation in presence of varying amounts
of the free radical inhibitor are comparable and are almost
identical with the rate of oxidation of the polymer
containing no inhibitors. In addition, the characteristics
bf,cxygen uptake in presence of the inhibitor are identical
with those of the pure polymer, no induction periods being
observed. | |

The failure of free radical inhibitors to stop the
reaction must be largely a consequence of the limited
interaction of the inbibitor molecules with the radicals

produced in the reaction, resulting from their lack of mobility
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in the condensed phase«

{5} Qgidation in Presence of Light Abjgorbegs
It has been found that certain compounds, in
particular 2~hydroxy benzophenone are effective inhibitors
of photo-chemical reactions by virtue of their ability to
absorb the activating radiation in preference to the
substratesi77h these are commonly termed ultra-violet
absorbers» All these compounds contain the f£-hydroxy
phenyl keto-group and it is believed that the conjugate
hydrogen bond chelate group formed is responsible for the
strong absorbtion of short-wave radiation® The grouping
also appears to confer stability to ultra-violet radiation®
The compound chosen for this investigation was 2-hydroxy
4“*methoxy benzophenone, on account of its compatibility
with the polymer® The salient features of the molecule

are shown by the formula9 and the ultra-violet spectrum is

shown in figure 400
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It wes iuntroduced into the filmes in chlorcform

golution Qurine the casting process, co oncentravions

data 2t 2900 A, The concentration range investigated was

from zero to 6%, since it appears that the ovtimunm

{76 . qts
canoeﬁvratian ie between 2 and r/‘79}3 Rx"ea of oxidation
of films cowntaining varying amounts of 0.V. absovber ars

shovn in table 21,

fablg 23

ey

Rate of oxidation Genéenrraaiea of 2=hydrox
{miero-moles Op/ce/sec.)  4-methoxy bensophenone ?
0.434 o 0
0,592 . ; 165
Q779 3,0
0,720 | 4.5

0:680 : 6,0

Figure 41 shows the variation of rate with U.V. absbrber
concentration; two features ere immediately apperent.
The rate of oxidation in presence of absorber is greater

than that of the pure polymer throughout the concentration




range inveatigated, and in sddition the rate of oxidation
pagses through & maximum (about 3% UV, absorber).

From the firet of these observations it would scem
that eitner the U.V. shsorber is scting as a2 photo-
seneitizer for the polystyrene oxidation, or it is itself

(80) fugaests that this

being oxidised, The work of Kasgha
is not so, since it is possivle for these molecules t0 lose
their ecxcese electronic energy as thermal energy before

reacting, that is;

AH#? —— {AH) + xT
{(AH) ——> AH <+ hv

in which AH#* is the excited U.V. atsorber molecule,

(AH) is not sufficiently energetic to participate in photo-
sensitizing reactions, and Al is the ground state of the
melacule, Thege observations are, however, in turn
1ncompatible with the recent findings of Hirt and Schmitt(gl}
who showed that the high vacuum irradlation of U.V. absorbersz,
with 2537 A quanta resulted in sppreciable photolysis of these
compounds. Photo-sensitization of polystyrene oxidation and
oxidation of the absorbers themeselves are thus quite feaeibls,

The quantum yield for photolysis heing low, however, means



that a large part of the acquired energy is beling
degraded t0 theruwal energy.

The second observation can be explained as follows.
Because of the very high extinction cosfficient of the
light svsorver at 2537 4, the intenslty of vhis xadlation

penetrating the bulk of the polymer and hence the rate of

oxidation of the polymer will decrease
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With increasing absorber concentya
progregsively move of the activating radiation is belng
absorbed by the absorber in the surface layers so that the
amount of polymer capable of
with inereasiung absorber concentration, Since nmore of the
energy acquired by the absorber is couverited %o thermal

energy whan is usad in the photolysis process, the

oy

G
sorvtion of 2537 A rvadistion by the absorber

inereasing a
in preferemce to the polymer will not be matched by a
corresponding increase in photosensitization and self-
oxidation.by the absorber; the overall rate of oxidation
will thus decrease with increasing absorber concentration.
It is significant to note that whereas concentrations of 2

to 5% of U.V. absorber are used and recommended commercially,
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concentrations of about 10% would be required to decrease
the overall rate of oxidation ﬁo a vaiue less than that of
the pure polymer. The effect'of the U.V. ébsorber then is
0 protect the bulk of the polymer from photOcoxidation, the
surface and layers immediately below 1t being sacrificed in

the process.
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CHABTER 7

The Mechanism of the Oxidation Reaction

(1) Pripary Processes

1t has already been shown in Chapter 3 that the high-

. ]
vacuun irradiastion of polystyrene with 2537 & guanta leade

to the Ffiesion of C-H bonds with the prciuetion of hydrogen

atoms and long chain radicsls, that is RH =R~ + H° ,

Since this is purdly a photochemical process, resuliing fro
the sbsorbtion of 2537 i quanta, 1t is unliikely that the
pregence of oxysen moleculesg, which do not absorb these
quanta and are thus in no way modifiled by thew, will alier
it fundamentally. The mobility of the hydrogen atoms will,

however, be reduced by the prezence of oxygen, and fthere is

g
1ikély 0 be appreciable vecounbination as represented by
the reverse procsegs in the sbove squacion. The initiaton
step in the vhoto-oxidation of polysiyrene thue involves

" the production hydrogen atoms and chain radicals,

(2) Secondary Processes

Although a very large nuuber of secondary reactions
involving these radicals is poseivle; it is fairly certain

that on account of the oxygen molecule being itself a



P

diradical; the 1nﬁsiafi@n step will be followed by = rapid
'CCE%inatiQﬂ of thesé ‘radicsls with oxygen molecules to form
the corresponding peroxy radieals
Hc '-}- P % ". . ©
02 ;502
Re + 0, —>RO,"

It ie not possible to sbate une@uivccally the point
of attvack of the oxygen on the polymer molecule, since all
three types of chain radical (the radicals formed by
bresking secondary, tertiery aund Lenzene ring C=H bonds)
will be pregent simultanecusly. 1t can be predicted oi
the basis‘cf the following info “mﬁtlomg however, that
attack of GX?” en will be predominantly on the tertiary
substituted carvon atom. Pirsgtly, the tertlsry chain
radical and the resulting peroxy radical are considerably
more resonance stabilized than are the other chain and
péroxy radicels, thus the produciion of tertiary radicals
will be favoured. Secondly, no evidence for attack of
oxygen at the secondary carbon atom or at any of the benzene
ring carvon atoms yet existe, whereas a large volume of
evidenze for attack at the tertviary carbon atom in not only

polystyrene, but glsc in ite model compound, numene, has



already agerued. For example, production of benzaldehyde

during oxigation of polystyrens can only be rationsliszed in

e

teras of at%ack of oxygen at the tertiary position.

 The peroxy radicals will then, by anslogy with the
Bolland mechenism, absiract hydrogen atons from the
polymer to form hydroperoxides; and at the mame tine chain
radicals will a regensrated according to ths eauaviong

R02°' + RH —> RGQH + Re o I% has heen shown

i1
oxidation of olefins, this, the vital gtep in the chain

agsociated with systeus in which hydrogen absiraction by
the peroxy radigals is sterically diffieult. It is cbvious

that the

0

orr

b
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[+
e
Q
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g etep in polystyrene ig going to be
of o bulk and lack of
mobility of the large radicalsa., It follows thoen, that ths
kinetic chain i Gﬂﬂbﬁ is going to be aa:rcsp%nﬁingly short,
In facty no positive evidence has been oviained 0 sugzsst
that the oxidation of polystyrene lg a chaln reaction, and
this is presumably a direct result of the characteristics

of the radicals involved. Evidence exists, however, for

the formation of the tertiary hydroperoxide, although existing



are formed by the above mechanism, bui being both therno-
an@ photoe-lalbile they will be dscomposed alnmost as guickly
ag they are produced; +thus the sitaticnary concentration

will be sufficiently low to precliude their destection by
of o

been found t0 lead to autoceatalysig in olefin oxidation,
Autocatalysis, however, was not cvserved in polystyrene

oxidationg thuﬁ it appears that no spyreciable amounts of

(\3

hydroperoxide ave formed. The yisld of hydrogen pe evoxide
. Fed

will no doubt exceed that of the polymer hydropercoxide on

account of the greater mobility of the gl
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radical, and being volatile and thus decomposed predominantly

in the gas-phase, it is unlikely that the hydrogen peroxide

will play any major part in the oxidation of the polymer,

It has been cbeerved that cross=linking of the polymer
is concomitant with its oxidation. This can be readily
explaine&kin terms of bimolecular combination of chain
radicals,there being three types, R°, RO,° and RO (from
the-deécmpoeition of the tertiary hydroperoxide) present.

Both combination of like and different radicals can lead

to eross-linking, for example,



2R ——P R =&
R + RO, ———> RO;R
RO + ROy —— ROR + 0O,

Partial cross=linking will, bowever, lead to & further
immobilization ¢f the chain radicals, thus sutual
destruction will be inhibvlied to a cerizsin extent and‘ﬁhé
oxidised polymer will contain residusl radicals. That
thls is @0 bas been demonstvated by paramagnetic resonsnce

{82) (83)

studies and chemical studies.

(3) ¥he Kinetics of Oxidation

The reactions discussed 2bove can be supmarized as
follows | ‘
(1) BE —2%-> R+ B Tnitiation, py
(2) Bo+ Oy ——3 ROp° ko (R°)(05)
(3) He+ Op ——3 HOy® k5 (H°){05)
(4) ROy + RH -3 ROpH-——3 RO+ OHe
(5) HOp® + RH —-——p Hy0p —— 208(?)
2R ~—
R0y
2RO—>
R + RO5™

e8tC«

Croes linking reactions



chain rezgation the overall rate wily

ark
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Since thiz is 2

3

0t
be determined by the rate of initiation, thus

= ¢ ﬁ\
Rate ==4402) - x(an)z

in which X iz & constent and I is the intensity of 2537 A
radiation. A firset order dependence of rate on.radiation
intengity has indeed been observed. It has also been
observed, however, that the rate is 3 function of the oxygen
pressure, whickh means that addition of oxygen must slso be a
rate determining etep. Thig gituation would arise of the rave

o

of production of radicals was greater then the rote of their

1, 1 =

reactlon with oxveen, that ig, 17 the concentratvion of R and
o T 9 $
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He rodlieals exceeded thos 703 and RO radicals.

It is 1likel 1y then, that ginece the reaction ls photo-initisted,
the rate of initiation i1s hilghy the overall wate wlll then

£

also be determined by vthe rate of interscition of the oxygen

with the initially Torued vadicalge din other words, the rate
o v 43

L

of oxidation will be & function of oxygen pressure.

If the rate of initiation ie high compared with the
rate of addition of oxygen, that is, if rI‘;> k2(3°)(02) +
k3(H)(02) the overall rate would be expected to be
independent of 13 in other'wordsg the value of the intensity
exponent would approach Zero. Such a situation would arise atb

low oXygen pressures This has indeed been ohserved, the rate



of oxidation being independent of radiation dntensity ak
20 ma, Hg oxyzen. When the rete of initiation is

comparable with that of oxygen asddition, that is,

lw,

-~ }’_, N - '__:s
when Ty e 9{5 Q;fﬁ‘} + kiR (Qf}>
the rate will be depondent on bothl oXygen pressure and
radiation intensity, as has been found.  Thus two rate
expresgione esn be disw
(a) at low oxygen pressures,

“,(1((}2 _ -
==SL = gy (RH)(0,)

e

and (b} at high ocxygen pressures,
<d(0n) _ Ty
- ¢ I (RE)I(0)

in which aLx@ma ku are the respeotive éonetants of
proportional ity. It covld be argued, that if the reactiom
is diffusicn-controlled, the rate will be a function of
oxygen @reéeure and that at low CXygen pressures the rate
will be independent of the radiation intensity. It is
unlikely that the reaction is ¢if fusion-controlled, however,
‘since Barreris data predicts that the rate of diffusion of
oxygen into filme 00,0044 mm in thickness will be several tinmes

greater than thelr oxidation rates. lMoreover, if the
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reaction were ¢iffusion controlled, the rate would be

o 03

independent of £ilm thickness, since effectively ithe same

!

thickness of polymer is being oxidised zach time on account
of the suape of the oxyzen concentration profile throughout

the filns, Yo such relation bhetween rate and thlckness hae

SL

been obsgervedy the rate of oxidatlion is proportional
“{exponentizlly) to the film thiciness.

it hes been shown that the cheracteristice of the

3

reaction are ﬁifIQY nt when radizticn with & wavelength of

3650 A ig umed, Sinee the ratio of absorbance of 2537 A

o

to 3650 & quanta is 8031, it would be anticipated that the

.0 )
rate of an oxidation reaction initiated by 3650 4 radistion

w
o

would be 1/80 that of the corresmponding reaction initiated by
a similar 1ﬁtensit; of 2537 i radistion, provided that the
initiation stepe and tﬁe quantum yields for initiation are
identlical. There is no evidence of tuls,; instead an
induction period is ocbserved, suggesting that the initial
steps differ,

An examination of the dissociation energies of the C-H
bonds in the molecule reveale thet whereas the 2537 E radliation
has agsoclated with it sufficlient energy (11298 k.cal/mole) %o
break sll three typee of C=H bond, the energy associated with

3650 A radiation (78 k cal/mole) is only slightly in excess

of that regquired to rupture the secondary and tertiary C-H
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valuee of ine disscecisti

I3

bvouds, agsuming that th

)

N oenergles
of these bonde in polystyrene asre similar Yo those for the
corresponding bonds in model eompounds (76 and 71 K.cal/mole)
Although this predicts a decrease in the rate of inltiatliom
and hence in rate of oxi
has s wave~length of 355

3 o1

induetion periocd. It is likely thersfore that the mecondary

and tertiary C=H bond disscciation energles are in excess of

@ .
that associated with the 3650 & vadistion {78 k.cal/nole)

and that the initiation step does not involve fission of C=U
bond e, This can be interpreted in terme of a partisl loss

-

of resonace sbabllization in the tertiary radical due %o
¥

[

the geometry of the macromolecule. he evidence of this

theory, no hydrogen was detecited during the high=vacuum
S

It seems posaible that the initistlon step involved
reaction of oxygen with residual radicals from the polywerization
prb?ess to form hydropercxides and eventually ketones, both of
Whiéh will yielé radicals on pﬁotolysis by 3650 E radiation.

The inductlon pariod can thus be associated with the building
up of a concentration of such radicals which are capable of

initiating further oxidation.



CHAPTER 8

N

The Colouration of Polystyrene

Althoush the investigation of colouratlon of volvebvyyer .
&y =y s & o o

b

was not the object of thias work, pelystyrene colowaiion has

been encountered during iteg high=vacuum irradiation,

g g ;
irradiation in nitrogen and ite oxidstion, end this chapier
dealp briefly with some agpects of colourstion.

An explanatlon must be sougnt for not only the origin
of the colour, but also for the fact thet under all the
conditvions meﬁi‘eméd above the actual colour produced is
yellow, no bathochromic shift in visible absorbdiion being
produced on combinued irvrasdiation or oxidation.

The characheristics of colouration of standard film
uader different cordiiions ére shown in figure 42 in which
colouration, expregeed asz oun increase in optical density atv
44900 Ag ig shown as a function of reaction time. It can be
seen thai colouvration of polystyrene films under all conditioas
increases linearly with time of exzposure to the sctivating
radiation, the rate of colouration in presence of nitrogen

belng greater than thet in presence of & similar vressure of
2 g

a for irradistion in

-‘\‘

0Xygene Table22 summariges relevant dat

vaguum, 600 mu. Hg nitrogen and 600 mr. Hz oxygen.



INCREASE IN OPTICAL DENSITY AT L4L00% (om.umits).
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PIGURE k2,
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Iable 22
Increase in optical density at 4400 A
Time Yacuum 600mm, Hg 600mm, Hg
(mins.) | Nitrogen Oxygen
0 0 0 0
30 002 0.5 0o4
60 05 0.9 6.7
90 - 1.3 1.1
100 0.7 - -
120 0.9 . 1.8 1o
150 - | 2,0 1.7
160 1.2 - .
180 - 2.6 | 2.1
200 1.5 - -
220 - 342 2,6

240 1@8 « ) =

gin of Colour during High Vacuum Irradiation

It was seen in Chapter 4 that whereas hydrogen
- atoms produced on the surface of the film and within
a few atomic dlameters of it ceombined to form molecules
on the walls of the cell or in presence of a third body,

hydrogen was formed in the bulk of the £film by the



et
-~

i
oo

interaction of hydrogen atoms with the polymer; i.e.

He + R~ Hy + R*

Avsitraction of hydrogen from the carbon atom adjacent
to the one at which the initial vond fission occuré could
aleso lead to the formation of a double bond between the
two atoms in guestion, that is
H
/W,__% - 0Hy - (EH-WANV
h Fn

Al = CH, - {lEFr—W
Pn Fh

The "p:vz:eaenee of the double bond renders the hydrogem on the
carbon atom in the a-position (tertiary carbon atom) more
lablle by lowering the dissociation energy of the tertiery
C-H (*) vond. " |

C = CHE =7C = CH,
Po Ph
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Although the photolytic production of hydrogen from a
polysiyrene chéin.ie & random process by virtue of the
random nature of the sbsorbiion of cuanta by the polymer,
the probability of bresking a tertiary C-H(®) bond which is
activated by a double bond in addition to the benzene ring
will be greater than that of normal tertisry bond fission.
It is conceivable, then that this bhond will break
preferentially and if¥ the hydrogen sbstraction process
mentioned above is repeated, two conjugated double bonds

will be formed, that is,

v v
Mm?é’CHe?wCHQG?M
Ph Th Ph
|
+He

W’?scﬁaéecﬁgeww

i
Ph Ph Ph

!

M—C = CH = 0 = CH = CH—MN
Ph FPh Ph

Although the presence of such structures would account
readily for the observed infrared and ultraviolet absorbtion

characteristics of vacuwm irradisted nolystyrene, it ia
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difficult to reconcile absorbtion in the visible region
with such limited conjugetion. If, however, three
conjugated double bonds are intrpﬁuced,into such a structure;

that ig,

= & CH' = C =CH = ? = CH -

Fh Th Yh

visibié absorbtion will he conferred on the moleculeq(84)

It ie possible that the colcouration of polystyrene on
irradiation in high vacuum is associated wifh the production
of conjugated double bonds in the backbone of the molecule
in this way, these beinz Tormed by hydrogen absiraction from
carbon atoums in the 3=pogsition. The production of the
viaible chromophove shown above requires hiydrogen abstraction
to occur at three gonegecutive rounomer unite and althouch the
presence of one or perhaps two double bonds will, to some
extent; direct the ahstraction of a third hydrogen aton,

the probablility of formines three or more conjugated doubls
bonds will not be very sreat. Hence 2 possible explanation
for the ohser#ation that no bathochronic shift in visivle
absorbtion is produced. Fven if it were possible to

produce large sequences of conjugated double bonds it is
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unlikely that they would exist permanently. This is
clear when the geometry of & large conjugated structure

ie considered. On congtructing nodels it is found that
the conjugated centres are coplanar only if thers arve
three or leas double bonda; it is iwmpossible to retain
even an approximately coplanar configursition when &
further conjugated double bond is added, since two benzene
rings coinclde, if more than three conjugated double bomds
are formed in the chain, the molecule will rearrange, thus
the coplanarity of the unsaturated system necesgsary for
resonance and the ageociated visible abesorbtion will be

2

destroyed. Hence it would be impossible t o produce a
bathochromic shift in visible absorption and the colouration
will be associated with the three cengugated double bond

systen shoWno.

Colouration in Witrogen

If this mechaniem of colour production is correct,
then since the prssence of an simosphere of nitrogen
imposes a restriction on the mobility of hydrogen atoms,
the probability of hydrogen abstraction from adjacent
carbon atoms, and hence the rate of colouration will inerease,

Moreover, there should be a correlation between nitrogen
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pressure and rate of colouration, since the mobility of
hydrogen atoms is inversely proportional to the nitrogen
pressure,

The effect of varying pressures of nitrogen on
colourstion rates of polystyrene on irradiation was
examined. The results are given in Table 2% and figure

43,

Table 23
Rate of ineresse of optical Hitrogen pressure
density at 4400 & (mm. Hg)
0,05 0
0.535 ‘ 150
0. 65 300
0,800 ‘ 450
0,900 600

It can bve seen that the rate of colouration is directly
proportional to the nitrogen pressure, & result which
ﬁould be predicted by the mechanism of colouration
suggested aboves It can aliso be predicted that the

more facile elimination of hydrogen asgociated
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FIGURE 43,

| i L

61 ; 300 560 800 = 600
. NITROGEN PRESSURE (mm.Hg)
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with irradiation in nitrogen will reesult in the formation
of extended conjugated structures. Thus if the absence
of a bathochromic shift in visible zbsarbtion is assoclated

with a limited degree of conjugation slone, and not with the

Hn

geometry of the molecule, irrvadiation nitrogen should be
accompanied by 2 rochromic shift, ¥o such changes in
spectra were, however, detected and it thus appears that the
geometrical factor is of greater importance in defining the
extent of conjugation, and hence the sctuval visible absorbtion
pattern, the intenzity of the particular colour produced, is
however, largely determined by the extent of hydrogen

abetraction,

Colouration in COxvsen

It wae seen in Chapter 1 that the development of
colour inm polystyrene during oxidation was attridbuted to the
formation of either substituted quinomsthanes or to substituted
benzal-acetophenones, Although present evidence favours the
latter hypothesis, Wall, its origiﬁatdrg was not able to
provide & mechanism whereby carbon-carbon double bonds could
be formed. In other words, the formation of the carbonyl
group could be explained in terms of hydroperoxide decomposition

but the origin of the carbon-carbon doudle bord in conjugation



with it was unknown,

It is conceivable that hydrogen abstraction occurs 10
a wminor exi;en*‘s in the pre:aeme ‘of'- oxygeﬁ;, that is, a hydrogen
atom might oceasionally absbtract a further hydrogen atom as
in vacuum irrasistion instesd of reacting with oxygeng a
double bond would thus be formed as before. If oxidation
and hyaroper(}xic’ze fTormation accompanied this process,; the

chromophore suggested by ¥all would result, that is,

A= ?H e _CHZ - %11{ - CH2 =S
Ph Th
hv
s N
/vwm(l? mGHZmTH«=CH2wwv
Fhr Ph

/VW“({“CH"?H@CHZM

Ph Ph



Decompositionl?

Q0
i |
/vmmﬁ>? =CH = ? + HOCHz=An
Ph Fh

(vengalacetophenone)

If this were true, hydrogen would be formed during oxidation
{49,50) |
of polystyrene., Wall kas established by
nass—-spectrometric reasuremenis that hydrogen is indeed
formed, thus there is some evidence for the suggestione
Again no bsthochrowic shift in the visible specirum
wag chserved on contliuued oxidation. This may be a resuld
of the geometry of ithe molecules, but the chrowmophore being
a potential‘photolyte;/it appears that photo—oxidation will
occur before appreciable conjugation can be bullt upo.
Thie is also very probably the explanation of the observation
that the rate of colouration in presence of oxygen is less

than the corresponding rate in presence of an equal pressure

of nltrogen.
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