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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
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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
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his Comworkers * subgtantiaved
I RS R K] : - y o oot £ gy oo ]
this hypothesls with a large anount oI experimensal

N
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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—-_ ‘-..- -
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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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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,
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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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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
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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 /

.60

TRANSMITTANCE (%),

.. 50

1400 1300 1200 1100
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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
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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 ’ »
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(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
2hd ’ i2h
Pl 3 1)2 e s ] i
d;ﬁ;& L] S~ s .
z ¥
¥+ 7v r2h  dy \%22.,;:”;}
f?.'/'/;l.
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«{

fi

72 Y 7 a2
o (o . B XTR zmay | 2020 T3
RFWrrrdn " VFR R T gy dy  °

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



s

P——
SEOEYON 3
Hadad et od

(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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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



5
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.




)
1)
ey
et
(18}
00
&
&
]
=
et
o
4y
fromi
Yoo
has
b
frud
(o
P
Ll
[}
pXx]
Ao
0
ok
)

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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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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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.
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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
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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.


















































































































































































































































































































