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SUMMARY.

Thermal degradation of polymeric materials
may take place in two general ways. The first
way is by splitting off monomer units or several
monomer units joined together. The second, and
that found in the breakdown of poly (vinyl acetate)
and poly (vinyl chloride), is loss of side groups
to leavo conjugated polyene sequences.

In the first chapter of this thesis, the
previous work done on the degradation of
poly (vinyl acetate), poly (vinyl chloride) and
copolymers of vinyl acetate and vinyl chloride
is discussed in terms of the possible mechanisms.

The polymers used in the work described in
this thesis were prepared by standard methods and
the copolyinerisation of vinyl acetate and vinyl
chloride was studied before polymers, for
degradation, were prepared. The ratios of vinyl
acetate to vinyl chloride in the copolymers were

determined by nuclear magnetic resonance spectroscopy

The degradation of the polymers was studied



firstly in the solid phase and later in solution.
The degradations in solution were initially
performed in ethyl benzoate and later in tri-toluyl
phosphate. The reason for this is that the
kinetics of the degradations in ethyl benzoate
are dependant almost entirely upon the retention
of the acetic acid produced in the degradation.
This seems to cause a very marked acceleration of
the degradation.

The degradations in tritoluyl phosphate
solution showed the same relative stabilities
of the copolymers as was found in the solid phase.
Further investigations in this medium were carried
out with the object of investigating the
discolouration of the copolymers and the energy
of activation of degradation

The rate of discolouration was found to be
minimum at 10% VA and 10% VC and at a maximum at
50% to 75% VC.

The energies of activation have a general
tendency to increase from PVC to PVA with a slight

drop around 50% VC.



The effects of the reaction product and
oxygen on the rate of degradation are demonstrated.

The results found are discussed and a
mechanism for degradation is postulated. This
involves mainly an activation of VA groups by
adjacent VC units and then allylie activation
by the double bond so formed. The crosslinking
reaction is postulated to be a polyene
condensation reaction.

The controversy of the radical versus non-
radical argument for the degradation of PVC is
not resolved but it is concluded that the true
mechanism of degradation of PVC is probably a
mixture of each, the predominance depending
upon the conditions.

Finally, possibilities, for future work are

presented and the possible outcome discussed.
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CarTmeER 1,

TITERODUCTD TOM,

As this thesis is concerned with nolymers and
conolymers of vinyl acetate and vinyl chloride, it
is convenient throughout to use the abbreviations
PVA for noly (vinyl acetate), 7VC for noly (vinyl
chloride), VA for vinyl acetate monomer and VC for
vinyl chloride monomer.

1). Clasgification of Ponlymer Desradation lMechanisns,

Darradation reactions mav be classified according
to the agency or agencies cansing then. In this
manner, five major classes of degradation may be
enunerated —--- thermal, oxidative, nhoto, ultrasonic
and mechaﬁioal. Some of these major grouns may bde
subdivided by considering tThe mechénism of degradation.
Since this thesis is concerned only with thermal
degradation, it alone will be considered here.

Thermal degradation reactions may be classified
into two main grouns, namely substituent reactions

and denolymerisation reactions.

Denolymerisation reactions are characterised by

e

the runture of the main nolvmer chain backbone 5o

that at any intermediate stape in the reactilon the




2.
nroducts are similar to the narent naterial in the
sense that the monomer units are still distinguishable
in the chains. Tew tynes of terminal grouns may or
may nov anmear, denending unon the nature of the
chain scission nrocess. The uvltimate »nroduct Wili,
be monomer or closely akin to it. This form of
degradation occurs in poly (methylmethacrylate),
nolystyrene, nolyethylene, noly (ethylene
terephthalate ), etc.

The »nrincipal feature of substituent reactions
is that the substituents attached to the nolymer chain
backbone are modified or nartially or totally
eliminated. Thus the chemical nature of the
reneating unit in the macromolecular structure is
changed. If volatile nroducts are evolved they
will be chemically unlike nmonomer. This form of
degradation occurs in the colouration of nitrile
nolymers, in noly ( methacrylic acid ) and in ester
decomposition reactions in PVC, PVA and noly (tert-
butylmethacrylate).

' The degradation of tbg nolymers, with Which'

this thesis is concerned, occurs by a substituent

reaction.
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annum of the thermonlastics nroduction of Great

Britain (304 of the botal ), because of its

0

diversity of anplications amnd low cecst. It
original advantamge was that it could be nrocessed
on equipment develoned for the rubver industry bdbut,
as the applications diversified, the nrocessing
conditions became more demanding and the instavbility
of PVC at elevated Temmeratures pecame a vrovlen.
Also the noor weathering characteristics of DPVC do
not allow its full notential in the building industry
to be develoned.

W hen PVC ig subjected To various agencies such
as heat, light, ionising radiation, etc., it liberates
hydrogen chloride with accompanying discolonration
and. a general.deterioration of nechenical and
electrical ﬁroperties. Over the years, many tynes
of material have been successfully nsed to combatb
degradation but such stabilisers have been evolved
emnirically and the stabilisation of PVC has been
an art rather than a scieﬂée. I© is‘necessary to

understand the degradation nrocesses which occur so




4,

seivy end the amount of

)
H
(6]
3
W
@)
[©)

tim~ and energy »ut inte gtudying the various
degradation nrocesses they are, ag is demonstrated
below, as yet far from cleariy urnderstood.

The degradation of PVC is of very great
importiance as many of the annlications of the nolymer
reguire transnarent materials and colonur develons
durinrg th= desradstion, "hereas in most other
materials, the degradation 1s not important until
much higher nercentage degradations, when nhysical
nronerties bhecome affected, ir the case of PVC this
occurs much later than discolovration and is seen as
the material becomirng brittle ard also as
insolubilisation, This latter nhenomenon has been
accredited to the formation of crosslinked

(1-5) s X

structures - and studies have bpeen made of the

s (6)
rate of crosslinking .

The nolymer itself has been shown to have a
o - Tmeymd A $ e (7)

head to talil structure almnost ezclusively 4 and
(8)

. . , o)
studies of the nroducts of-degradation below 20CC

show that only hydrozen chlorids is liberated
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. 5.
(9-117

small anonts of benzene

}
L

whereas sbove 20070
and other alinhatic and aronatic hvdrocarbons havs

been detected, although chlorinated hydrocsrbons ars
- s ) A (0-11)

absent. "To chlorine or hyvdrogen is found - ’

but 47 of the volatile »nroducts are mnaccounted

for (12 .

AN

The ultraviolet and visivle s»nectrum of degraded
PVC is similar %o nolyene snectra (1,2,13,142 and
the colours nreduced are reminiscent of carotenoids.
These anrd the heed ﬁo tail strocture suggest that
the dehydrochlorinated nolymer wounld have the
structure

- Cl=CH -~CH =CH - CH = CH ~.

<

The colour has, however, also been attributed

- 153 .
to fulvene structures (157 snd, in the case of

2 s o 16)
nhotodegradation, to a surface layer of carbon ( 6’.

The methods used to study the decompousition
afe many and varied but common to most of them is
measurement of the evolved hydrogen chloride.

Then PVC is heated in an inert atmesnhere, at
.temneratures between 1SOOCJand 20000, 1t becones

highly coloured dwring the loss of the first 0.17

. ) .
of hydrogen chloride (87 and the colour suggests




6.

4

that seaucnces of seven conijugatad carbon-carbon
. o ) . (2,17 s

domdle donds are nregent v, ‘nother

observation is that, when dehyvdrochlorination is

talzen to comnletion, only very swnll traces of

(18

chlorine remain in the nolymer chain vhereas,

if there was random elimination, one would exnect
(T A S T > 4 - (1q\
1307 of the chlorine to be left -7, These
observations indicate that dehyirochlorination must
take nlace from successive units along the nolymer
chaln rather then at random. This tyne of
WAl 3 Thoa 3 3 ny 3 it (20> 3
benaviouvr has been termed a "Zinner reaction.

However three types of mechanlism have been
nronosed for the degradation, namely ilonic,
uninolecular and radical bui vefore discussing these
a brief outline of the work done on the »nyrolysis of
alkyl chlorides is apnronriate.

Alkvl chloride pyrolysis was shovm to proceed
by one of two mechanisms - radical or

. 21,22 .

unimolecular (Ll"‘>. The mechanisn of
decommosition for certain allkyl chlorides was

. (23) . . -
nredicted by Barton 7 by radical intermediate

studies and nearly all his oredictions have been

substantiated. However, this scheme suggests that
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4= N - e b Al ~ - - ~ e - - .
cne aatoanesigion of PVC should be first order, ouv

it loses hydrogen chloride more readily than PVC models.
he nossible exnlanation for this lics in the first
nronagation steps in which, with alkyl chlorides, a
tertiary hydrogen is initially abstracted whereas,

in PVC, it is a secondary hydrogen which is

abstracted first. This 1s denonstrated in the-
chlorination of PVC in which the methylene grouns

. X 240
disappear first (“4’.

A). ypes of echanisn.
(i). Unimolecular.
A unimolecular elinination mechanism for DPVC
dehydbochlorination would be exnected to be a randonm

"process but allylic activation 1s belleved to be

-7 Q'_ .
imnortant (3,4,13,25,2 and is offered as an

explanation for the "Zinper™ nrocess. There 1s no
direct evidenée that allylic activation aids |
homolytic scission and the idea has,been transnosed
from heterolytic scission mechanism.  There is,
however, one noint in favour of the unimolecular
mecheniem and that is that mnst of Tthe ™VC

stabilisers are not known Tfor their narticipation in

radical reactions.




)]

1
Lo

(idi>. Radic:

n

Jne radical postulate for thermal
dehydrqchlorination alsc has rather vagne sunnort,
The »nresence of free radicals has been demonstrated
in heab-treated (11) oVC bv electror gsnhin resoﬁance
snectbroscony, Unfortunately no one has yet studied
thermally degrading PVC by electron snin resnnance
and this counld be a nossible future develooment,
Arlman found that free radical initiators
increace the rate of loss of hydrogen chloride butb

26) . .
Bengonugh (26 found that they did nov. Both of

These claims are susnect as benzoyl neroxide for

[B]
ct

examnle does not nececsarily give an adequate
supply of radicals at about 26000,.although the
difference could arise from the different nhaces in
which the worlz was done. Arimen (1 ealsc found that
free radical scavengers do not inhibit the reaction
and he exnlains this on the basis of a very stable
radical intermedizte. He guvggests thet hyvdrogen
chloride is libverated from the monomer unit adjacent
to a radical and the radical is resonance stabiliged.

fe

26 ) )
Bengough (26) also found that radical scavenzers had

e

no effect on the reaction but There is alwevs The




ol

R
. KR S I 3 Ao - . g
AreeinT 1T o Ghot aome comhmds wnich ars redicnl

S

scavengera at nornal temmeratures do not disnlay the
sane effect at higher temneratures.

Rradical-activated elimination mechanisms such

1 . .
as Arlimants (1 have received very little suvnnort

and. the favoured radical mechanisrs involve free
chlorine atons, Az »reviously mentioned, no »nroof

of the existence of radicals in thermnally degrading

2VC has yet been nroduced but there are several

. 4 - . ., . 290
isclated »nieces of evidence cleined by Geddes, (29)
such as ‘low nre-exnonential factors in the rate

(30
constant with conolymers of vinylidene chloride 77 -,

d rate of denydrochlorinabtion in some cases
\

vhen free radical sources are added to the
21\

e S
”

DYC, but not in obthers, and a claim by Winkler
that some PV(Q stabilisers interfere with radical

chain nrocesses.
Stromberg (103 and Jinkler (207 both

postulated radical chain mechanisms for PVC

dehydrochlorination, »rooosing very similar

' initiabion

and termination stens. This difference ageain

suggests that the key to the pnroblem lies in The




Strombers © claims that hydrogen chloride
could not be elimirnated from PVC in'a molecular
nrocess lilre the elinmination of acetic acid from
i (33, . . A
PTAN7 Thecanse of gseometrical conasiderations and

limination rwust be stenwise as would bve

ct
I
(D
D]

tha case for =n ionic mechaniam,
(ii4). Tonic.
There is no direct evidence for an ionic

mechanism for the thermal slinmination of hydrozen

T

chloride from 2VC althoush there is considerable

<

indirect evidence, Allr1 chlorides in the presence

of base undergo elimination and substitubion
o

4N
ts (5'/. n

reactiong to give a mixture of nroduc
PVC there is a sinilar reaction but substitution is

suopressed and the nroducts are similar to the

(7).

]

nroducts of thermal dehvdrochlorination

Dy

]—.

- Highly colonred nroducts are obtained by the

(35)

treatmant of PVC with sodium in licuid ammonia R

sodium methoxide and lithinm chloride in

. : . 36)
dimethylformanide </6-. In the latter case, the

%

N

chloride anion acts as a strong base and thus the

dehvdrochlorination is a trne ionic chain
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elininetion, substitution having no aeaninrs in this
czge, and The nroduct is a violebt colour which is
- =i - ) (5{7> 1 °
~redicted by Remnn "7 who shove that tvo colours
should arise, The first colour is violet when there
ig elimination only and the second is red when the
elimination is occnasionally interrunted by
snbsbitntion, VG vas fomd to ve degraded by
sulnhuric acid but net by sulnhuric acid containing

- . NG 1:0 N .
a Tew mercent of nitric acid ‘7 and 1t is clainmed
that the degradation in sulohuric acid is an ionic

zinner while, in the latter case, nitric acid adds

)

on to the carbon-carbon douvble vond, in a Taster
reaction than thst elininating the next hvdrozen

‘chloride, thereby nreventing allylic activation.

AT 15000, organic bases, for examnle benzyl

trimethyl ammoniun hydroxide, accelerate the

. 3 .
dehydrochlorination of 2VC <59/ The mechanism

nroposed is a slow initiation sten as in (i), then fast

o _

ANAACH . CH A — AmnCH = (Harw 0 BH + Cl
!
Bie—m—m H

attack by the base at the allvylic nosition followed

by slow cross-linking termiration. 1f the mechanimm




o' thomo i clo®i®o.roch ?orinat” “n g “irrj in fon? ¢ the*
v/on.Id be charge separation at the carbon—ehlorine
bonds and the catalytic effect of organic ba

vou "Id be by increasing this polarity . j 'The
obvious mneation which arises concerning the ionic
mechanism is whether conditions conducive to this
type of reaction are found in the thermal degradation
of "10. In answer to this, there is the evidence
o The thermal degradation of PYA S in which the
elimination of acetic acid is concerted but involves
a charge separation, and also of Marks et al, "

who found the dielectric constant of mo-lten "VC at
ISOQO to be the same as that of nitrobenzene at the
sane temoerature and to be considerably greater than
that of the solvents normally used in solution
degradation. It is possible that in this case a
heterolytic mechanism, involving allvlic activation,
is occuring.

B). Modes of Initiation.

The crucial stem in. the reaction is obviously the

initiation nrocess, the character of which
predetermines the subsequent degradation mechanism,

i.e. radical initiation imooses a radical mechanism



13-
upen the DOlyner» This applies less to the
uuimolecular type but it is still essential to know
the initiation step. Because of the inherent
instability of PVC comoared with the exoected quite
high stabi lity, it is reas onable to assume that
irregularities in the chain, or extraneous impurities
are cansing the initiation.

An excellent review of the expected effects of
different irregularities has recently been published
by G-eddes f}oq), and a brief account will be given here.

Free chlorine atoms could not arise from the
spontaneous dissociation of a carbon-carbon bond,

fill >

which requires 80 k.cal, v y.

Structural irregularities are the obvious point
of weakness in the molecule and their type and number
depend on polymerisation, conditions (slw 4o ?44 \; One
possibility is initiator fragments. If termination
is by combination, each chain will have two initiator
fragment ends and the linkage at the point of
combination-will be head to head. If by
disproportionation, there will be one initiator

fragment per molecule and half of the molecules will

have the other end saturated and half will have it



1Z L.

onsaturated, m.tho other imnoptppt terrnxroatin
“rocsm 1is chain transfer to itioromer v/hich gives

'v'x/v-Cilp 1P1, 01 + aA/'-OHo - 001 = Olo

(b.S ZItV 'Trc~s-"er to p c\X™er
as ohe chain ends m* sm”e vbd.e is the predominant

terninaoing reaction in f/C rolymem.sation 00 52,1.7¢zip.1}
end leads to branch nointo in the ro.!vmer, I
tertiary hydrogen is the most reactive for this
transfer in ?VC and thus the branch point will have

a tertiany chjorine atom as in

Q?he detailed structure of the polymer clearly
depends upon the relative tendencies for these chain
termination reactions to occur. Structural
abnormalities may also anise due to changes occuring
during storage and handling giving isolated carbon-
carbon double bonds and oxygenated structures r/i—9>.
Extraneous imnurities may arise at any stage from the
initial manufacture of monomers to the nrocessing of
the polymer.

for a full study of all these effects, there must

first of all be a quantitative determination .of their
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relative contributions and this means very extensive
choracterisation of the nolymer.

(1.'« At Chain Ends Tyoes of Chain Ends.
Chain end groups could cause initiation of
degradation and would obviously give a dependence of
the rate of dehydrochlorination on the reciprocal of

the molecular weight. This has been studied for
fractionated ' 5 and unfractionated
polymers and shown to occur at temoeratures below
20(5 C and with low molecular weight material but
when these results are extrapolated to infinite
molecular weight, a non-zero rate is obtained which
shows that ends are not the only initiation points
These results do not prove at which of the end-grours
initiation is occuring and consideration must
therefore be given to the two principal end groups,
namely initiator residues and unsaturated chain ends.
(a). Initiator Fragments.

In commercial oolymerisation, various initiators
are used and a study has been made of dependence of
rate of dehydrochlorination upon initiator type.

/ir- CO rz UgP
It has been shown , that azo
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initiated 'TC liberates hydromen chloride yore readily
than that initiated by a low-activity peroxide such
as lauroy! peroxide, 'This rolyo.er in turn liberates
hydroyen chloride more readily than that initiated
by a hiah-activity oeroxide such as benzoyl peroxide.

Ulster groups have beer, found in PVC initiated
by acetyl peroxide but hydrolytic removal of them
had no effect on the thermal dehydrochioi?nation (;'151—.
The model compound for the end group 2-chloropropyl
acetate does not decompose at 17° 0, out this means
very little as its structure is not. very similar to
the end group and thus the choice of model is noor.
The first evidence suggests that initiator fragments
in themselves do instigate thermal dehydrochlorination.

The probable mode of action of initiator
fragments would be by breakage of a weak bond in. the
fragment to give an adkoxy and a macro radical
R - 000 - CH9 - CHCI~W —> R - CO« OoCl? ~ CHCI'ro
If an. alkoxy radical is produced which abstracts a
secondary hydrogen, in PVC, the macro radical of
-/inkier Is (Op?d OPa.gation stem is proo.uced
vruanCIiCl - CH - GHCI - 0Ho - GFiCl - CHp""

) . 2n €01 ,
Por this to occur it must be assumed ( "Jg" that the



17.
ol.uoyv radical prefers to abstract the secondary
hydrnmen ,, xt has been shorn. however, that}nrlike
the chlorine atom which does areter the secnrdar”r
hydroyen, the alkoxy radical gives preference to
the tertiary hydroyen ", However, only a
small amount of secondary abstraction is necessary
to oroduce a considerable amount of dehydrochlorination,
if the kinetic chain of dehydrochlorination is long.
the tertiary radicals will act as terminators, or
combination sites to give the crosslinks which are
found in material degraded in nitrogen or

5 g 55>

n q .
vacuum Vv ASTTIN y. free chlorine atoms may oe

formed

&« ] _oqt _ rygi _ qv”h

\AuCH - CH - CRCl CHo"~ RCH - CH = CH - OHo~ ~ + CIl-
aud would be formed more readily if the aHylic

grouo was terminal.

Before the role of initiator fragments can be
established, some method must be developed for

measuring their concentration..

Razuvaev A has used radiotracers to study

the initiation in polymerisation of VC and a



ssimilar technique -.night be useful although no one
has yet used it. The concentration of initiator
fragments need not be directly related to the oxygen
cont ent , as the latter does not
distinguish initiator fragments from oxidised
structures in the chain.
(n). Tinsatorated Gronus.

Tinsaturated end grouus are the result of

. . . . . (hs Lif\
termination by disuronortionation or transfer Vv J
and cprbon-carbor double bonds in PYO have been

(p O~ L
detected ? ' and quantitatively-measured by
(60 > . .
lengough ""J by ester exchange with allylie
0

chlorine. This work (§’~’ showed an unexpectedly
high number of allylie grouus in low molecular
weight material, which could exolain the anomalous
dehydrochlorination behaviour of low molecular
weight material.

Support for.the allylic chlorine initiation

site comes mainly from the assumption that the

"k
allylic carbon-chlorine bond is more labdile (810,25 "
>
Model compounds decompose more readily than the
c A
saturated analogues vJ'~' and ha.ve energies of

o A
activation comnaraole no oha]rm %2‘ f51«26,65,64,146



my

These models are, however, prone to neroxidation
and this could well be an innortant factor. The
o.itxerence oetween two sets of results J + shows
the importance of purification.

The assumption made that allylic grouus
eliminate hydrogen chloride readily is not
necessarily true as the dissociation energy
quoted 214"1”) for the ally! carbon-chlorine bond of
>8 k.cal/mole is based on very little evidence.

Mild chlorination, causing no substitution,
stabilised 'm the polymer. 0Ozonisation of the
virgin polymer gave very little drop in molecular
weight but, in suite of this, 0.0,055' unsaturation
could be in the polymer chain and not terninal;which
is 205 of the measured unsaturation. The presence
of terminal double bonds was shown by the fact that
formaldehyde was produced on ozonolysis.

Stromberg’s scheme requires free chlorine
atoms to be oroduced with an energy of activation of

40-60 k.cal/mole and the'allylic chlorine bond energy
(66)

(66§N thus a

has been claimed as 60 k.cal./mole
irradiation removes hydrogen chloride

nolymer ureuared by initiation by y irradiation is
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1JMQ T saours.ted than ‘ohB.t oreoared '"by peroxide
initiation, T initiated polymer is more stable,
hr”,'ever, than peroxide initiated nolymer, implying
that the degradation is not critically dependant
upon allylic chlorines.

The stability of ally! chloride itself was used
as evidence against n.nimolecular elimination
at chain ends in wg hut they could act as secondary
initiation sites reacting with occluded radicals?J
or with radicals derived from dissociation of weale
links.

(i1). Possible Sites Pithin The Chain.

Jhen the rate i1s plotted against the inverse of
the molecular weight a straight line is obtained
which does not give zero rate when extrapolated to
infinite molecular weight " This shows that
not all the initiation occurs at chain ends. More-
over, Baum and :7artman /OSNshowed that removal of
the carbon-carbon double bonds reduced the rate by
50%, further evidence that some other type of initiation
site must be present. These other sites must lie
in the nolymer chain, and branch points are most

strongly suspected although other possibilities
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must be considered.
(a). 3ranch Poinis.
The presence of branch points was predicted
from the kinetics of transfer to dead nolymer during
i (LLfsim 4.8

1 ° .
noiymerxsaoxon and has oeen confirmeo.

only oualltatively,
"Reaction with lithium aluminium hydride gives

a hydrocarbon nolnner with a noleer Inr weight r

rearr ruemenv ( 1kr

of chain ends oer molecule is very much greater than
two ¢ Deviation from a linear correlation of weight
average molecular weight end intrinsic viscosity in
fractionated P/C have been attriouted (ng'> to long
branched molecules in the high molecubar weight
fractions.

Transfer to Polymer occurs by abstraction ox

tertiary hydrogen to give a radical which adds monomer

to fjjyo »n hrarch at a carbon bearing a tertiary
chlorine atom. Tf th® polymerising radical is adso
capable of abstracting a chlorine atom or a secondary

hydrogen atom, three structures are possible

(ryr\y
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Tertiary chlorines have been shown to be
(fq

concentrated in the high molecular weight material”

as might be expected from the dependence ofrate upon

the in.verse of nolects//ar weight .

The predicted thermal lability of the tertiary

carbon-chlorine bond at a.branch point is based on
. .. . 7} >
analogy with the reactivity to solvelysis (7}

Kharasch ¥~ ~ has argued that this 1is nor va .idas



there is a decrease 1”7 electronegativity from
secondary carbon to tertiary carbon but this is more
than compensated by an increase in the polarity of
the carbon-chlorine bond, which is increased in
strength by the partial ionic character. Thus the
tertiary chlorine is labile to heterolysis but not
homolysis but may, in PVC, be involved as a
secondary site of initiation* The high activity of
the tertiary chlorine in heterolytic reactions has
been nut forward as evidence for the i1onic nature of

. . (no >
“he dehvdrochlorination '

Dru.esdow (7.1 claimed that the tertiary chlorine
structures gave, by dehydrochlorination or hydrolysis
and dehydration, allyl chlorine groups which initiate
the dehydrochlorination. .Then polymerisation is
carried to greater than Ipp conversion, thus
increasing the amount of branching, the rate of
dehydrochlorination of the product is also increased,
which implies (roao that branches are acting as points
of initiation.

A claim that loss of hydrogen chloride was
difficult until activated 'by two conjugated carbon-
carbon double bonds was based on copolymers of VO

and 2 - chloroorooene in which the rate of evolution
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of hydrogen chloride is proportional to the square
of the mole fraction of 2 - chloroprop-ene, which is
claimed to be a measure of the number of
adjacent co-monomer units.

In ooly (& - chloro acroylonitrile ), which may
be considered as substituted PVC, the carbon-chlorine
bona strength is lowered to 60 k.cal./mole VY which
results in increased initiation, giving a higher rate
of hydrogen chloride evolution.

The behaviour of tertiary chlorine structures
in dehydrochlorination is more in keeping with the
unimolecular mechav ism rather than the- radical one
since the formation of a radical at that noint is
energetically unfavourable- but the structure may
lose hydrogen chloride to give allyl groups which
are a requirement common to both mechanisms.

(b). Random Unsaturation.

Elimination of molecules of hydrogen chloride
by the action of nucleophilic reagents during
preparation and storage of oolymers would lead to
carbon-carbon double bonds in the polymer chain.
Small concentrations of carbon-carbon double bonds

have been found (‘Q’g’) and an indirect determination
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ni their corcenbration. has been ecccm lirhed ' 9
bv ozoneltsio and mo! ecu 3» wci nht negsmomeuts
This structure has still to be shown to be an
initiation, site but it has the same claim as
terminal double bond groups and, furthermore, is
liable to oxidative attack wr to yield nossibly
aotive structures contairing corbIn-oxygen bonds.
(c},, Oxidised Structures.

The evidence for initiation by oxidised
structures is inconclusive but they could constitute
initiation sites with a low energy of activation.
PVC has not been studied in this direction but other
oolymers have f73 Mg YR A nossible reason for
his omission is the complicated oattern of thermo -
oxidative breakdown in PVC. The hydroneroxide of
polypropylene forms under very mild conaiuions "J
and can be orepared through the brominated nolymerC\'Jrf
which is similar to PTC.

Probably the best method of estimating
hydroneroxides in PVC is by reaction with ferric
thiocyanate (101 A spp'_\ and up to 500 p.p.m. ;;ll'A
has been found. PYC of low particle size may

oxidise ” “w “henols in the absence of cyvgen which
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is explicable by the existence of oeroxide grouuse
Trace metals give an increase in rate of
dehydrochlorination .., ssibly by catalytic
decomposition of the hydroperoxide (O'n—>. Pecanse
of the constancy in rate of dehydrochlorination over
periods of hours 0,26,.51,54,92,34,85) one mugt
conclude that either the concentration of peroxide
remains constantwhich means that, unlike most
peroxides, it is stable, or a ranid decomposition of
peroxide takes olace with no termination. It has
recently been shown (7'0§that relatively stable
neroxides are canable of initiating the loss of HCI
from PYO at elevated temperatures without the
necessity of being incornorated in the chain.

It Is interesting to note that poly (chloroprene)
loses HC'l at 14I)°C only when martially oxidised.

The initiation by oxidised structures 1is
difficult to correlate with a unimolecular mechanism
but it is 1ideal, for a radical mechanism.

(d). Head - to - Head Units.

Head - to-head structures.have been cited as

initiation sites for a molecular chain and these

could act by abstraction of a tertiary hydrogen atom



macroradical to give a carbon-carbon double bond and

a free chlorine radical as required N'eby Barton*s

scheme.

However, coimlately SHead - to —Headl PYO can
be made by chlorination of brans -1,4- nolybutadieneA(O"ﬂN
The stability of this product is onlyeslightly less
than that of PYC, suggesting that a single head-to-head .
unit in 1000 is unlikely to have much effect.

C;. Stereoregularity.

The effect of stereoregularity on the thermal
stability has oeen studied by varying the catalyst (P41
or polymerisation tennerature but any effects
of stereoregularity achieved are small and
overshadowed by the influence of other agencies. It
is known in general V1", but not explicitly in PYC
that crystalline regions in polymers are less readily
oxidised than amorphous regions, This would suggest
that stereoregularity should have some effect.

(f). Extraneous Impurities.

Extraneous impurities may cause much increased

dehydrochlorination ' 19~L u'7 ' and careful

purification *4,56) characterisation of the
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polymer is necessary to eliminate these effects.
G). Termination.

The other stage of the dehydrochlorination
reaction which has to be carefully studied
mechanistically is the termination reaction which
controls the final polyene length and the kinetic
chain length in a radical mechanism.

The average polyene sequence length has been
reported as seven fo twelve R 7 onql) anq this
shows that some agent is Preventing the
dehydrochlorination process going right along the
polymer chain. This stoppage could be caused by
irregularif:les in the polymer chain, as inert
groups inhibit the extension of the Polyene chain fzn N
but it is most unlikely that the irregularities would
occur with sufficient frequency to account fully for
the small average length of double bond sequences.

The unimolecular mechanism has strong support
here in that after 2 to p eliminations the allylic
activation is claimed to become weaker and this

limxus the sequence length 620"

In the radical mechanism two termination steps

are possible, namely termination and transfer.
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‘hiehever of these is predominant vould depend
large?y upon the temperature and thus, if this wore
the ease, the colour should varv with reaction
temperature but this has never been invest'fgated

stpumoera (10)*postulated three termination

STOPS

R- > HOI (2)

R - R® a R - R (3)
and, by neglecting (2) and (3) showed tha.t the rate
of dehydrochlorination was proportional to monomer
concentration to the power 1*5. This he verified
experimentally as did Grassie aha Grant (Vn-l;cjy for
poly ( & chloro acrvlonitrile) but the measurements
in both cases were carried out at about 5nh
degradation and at a high temperature and thus may
not produce the same result as would be found at lower
temperatures and lower extents of degradation. This
was illustrated by fengough (or >x’llrc"Awho found the
rate to be first order in monomer unit concentration,

at lower temperatures and a closer scrutiny of
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I[tronberg’s scheme is therefore called for. The
b?If* order is introduced solely by reaction 1 which
1s conomatron ox two chlorine atoms his is
unlikely because of their high reactivity and low
concentration. Also chlorine has never been
detected in the reaction products (possibly, however
it could add to unsaturated products).

¢..'inkier 920) suggested a set of transfer and
termination reactions, their relative importance

depending on the temperature, but all of which limit

the Polyene seouence length.

Cl U, (HOI” 'CHp - 001 CP
m OHOI* — HGI - CcucCin®

(3)

OH - OHOI -vwvuvGH: CHO1~W r’

-wwCl —OX 0. /wWwOHHO: — CHOI (5

Reaction (1) is a transfer reaction in that the

tertiary macroradical formed is capable of
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ab. "tracting a secondary hy.'rogen from another chain.
This reaction world become a termination reaction
if the macroradical then combined with another.
Reaction (2) is a pure transfer reaction and limits only
the nolyene sequence length. Reactions (3) and'(4)
are fernination steps. reaction (4" resultingljp a
crosslink if the radical. X is a-polymer radical.

The most common explanation for cross lurking is
the combination of propagating polymer radicals f:o :
Druesdow 7 gave several explanations including
cOpolywerisation of polyene chairs and Riels —Alder
reactions but the most popular reaction with
supporters of the unimolecular mechanism is
intermolecular condensation with loss of hydrogen
chloride (fi’737a Such a reaction would probably
require a highly reactive chlorine atom, such as an-
allylie chlorine, to give cross linking.

It has been suggested that cross linking is

'

favoured in stereoregular polymers which have a

more favourable" spatial arrangement of polymer
molecules to give the crosslinked structure.
-v/x/ipCHp - OH - .dl2 - CFOl
- CGI - OHo - CHC1
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which is capable of initiating the loss of hydrogen
chloride in four directions. This would suggest
thrt crosslinking would be accompanied by an increase
in rate of. dehydrochlorination and this has been,
demonstrated ' experimentally.

fergough " concluded-that, as azo-bis-
isobptyronitri? e had no effect on the.rate of
crosslinking, the reaction was non-radical. He
also concluded that it was mechanistically unrelated
to the zipper dehydrochlorination since stabilisers
for this reaction in general have no effect on
crosslinking.

In unstabilised polymer, crosslinking is of no
reek importance industrially since, by the time its
effects become noticeable, the polymer has become
coloured and thus unacceptable. In stabilised
polymer, however, where colour is inhibited, the
effect of crosslinking may be of considerable
importance Vv
D). Effect of Atmosphere.

(1;. Oxygen.
The effect of oxygen or the degradation of PVC

is very pronounced in that it increases the rate of
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dehydroohlorinstion (5,4,25,26,50,65,64,72,88,92);

bleaches the degraded uolymer- (4,8,25,26,56,65,95'*
and reduces the molecular r;eight O’>4> °u,.V'_
Bleaching may ait times be advantageous but may
be offset by an increased rate of deb”droch)erination
"To charge in molecular weight may be obtained in
thermal treatment if the rate of scission is made
equal to the rate of format3*on of crosslinks by

careful 1.-mimlation of oxidative chair scissione®

r7\
'

There i1s eXPerinental evidence for increased

rate of dehydrochlorination by the small amounts of
oxygen, present in technical arp.de nitrogen compared
to highly pure nitrogen. In. air or pure oxygen, the
rate of dehydrochlorination is accelerating and this
has to be borne in mind when postulating a mechanism*
I[f has been shown (10 that the rate of
dehydrochlorination is proportional to the square of
oxygen, pressure but these measurements were at high
temperature and pOf degradation. In solution
degradations no change in rate, was reported when
the carri op gas weQ blown gver the surface of the
solution but the concentration of oxygen at the

reaction site would probably be lillle chonged.



of PYG cannot usefully be made in oxygen because of
the incomorati on of oxygen into the n'olyner.
Oxidative degradation is usually a radical
nrocess and thus the increased rate of
dehyarochlorination in oxygen produces a problem for
the supporters of the unimolecular theory. This has,
however been explained away by claiming that it is
caused by oxygen attack on the Polymer to form labile
sites (4‘*,25’95) However, hydroquinone, which has
no effect on the rate in nitrogen, reduces the rate
m oxygen almost to the same as that m nitrogen gvuz>,7p
and this has been interpreted 6&7‘2) as caused by a
non-radical reaction in nitrogen on which is
superimposed an oxygen - catalysed radical reaction.

The radical dehydrochlorination theory is easy

. . . . (on g0
to reconcile with oxidation. A screme v '’T'¥'
has been put forward, Fig.!., in which oxygen adds

to a propagating macroradical to give a oeroxy
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radical which abstracts a secondary hydrogen from a
PYG chain to give another radical capable of
mpropagation . The hydroperoxide may decompose into
two radicals each capable of abstraction of hydrogen
giving three kinetic chains from one, causing an
acceleration in rate.

Cxygen can. a]so form peroxides with V0 at room

(pr- ZQY?ZO gp 03s

temperatures - thus increasing the

number of labile slles.
(88,

The suggestion that the increased rate of

dehydroch lorin.ati on in. oxygen is caused by the
reactivation of termination sites can fit into the
termination steps postulated by -'/inkier. If
a chlorine radical abstracts a tertiary hydrogen
rather than a secondary hydrogen, a radical is
produced which is incapable of propagation but can
carry on the kinetic chain by transfer. This
radical may also react with oxygen to give a
hydroperoxide which is capable of further initiation
thereby continuing the kinetic chain.

Chain scission in the presence of oxygen has

(a PQ>

oeen exolaired by rearrangement of

hydroperoxides,,



propagation . ”

CHCI - CH- CHCI + OH
I
0 [ ]
CH2- CHCI
v a/ CHCI- CH-CHC!1 CH - CHC +m H20
OH
. nr
CH — CHCI propagation

Y
PropagQtion

Chain Branching Reaction Mechanism For
Dehyarocnlori nat ion in Oxygen”f9l
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and also by rearrangement ¢ alkow radical

iriterneaxaues (2059-6;
OHO] .  fIPIR3 —07
CHCI - OHO 0001 - OH
AN(F Q - 901 — @) —E€HaI22->f-v-0Ho — 06QF ugHo - CHCI'VWX
< (TT'
O u H__

The radicals formed by scission can continue the
dehydrochlorination reachion, radical T by abstraction

of a secondary hydrogen from another nolymer chain

- Ofio « 6?“9.11 '"W'\PRTQ —©0TTO3
(D)

Oillp - OH2GI s-WH - CHOI-~%

and radical (II) by liberation of a free chlorine

atom-for propagation.

Oflp “ BYAI — Wfo SV - CH = O0I11l. 01’
(XI)

Thus the polymer chain scission in the presence

of oxygen could be a transfer process.
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(11). Hydrogen Chloride.

The other agency which may be present in the
atmosnhere immediately surrounding' PYC during
processing is hydrogen chloride and controversy over
its ability to catalyse the dehydrochlorination
reaction has been in existence for many yearse

Technologists have, for a long time, suspected
that hydr'-'gen chloride catalyses th.- degradation but
chemists have not agreed with this view. Arlrnau
published evidence discounting this catalysis. His
conclusions have, however, not been fully confirmed
and recently evidence in favour of catalysis by
(ip 07N

hydrogen chloride has become available A

closer examination of earlier work is therefore
required.
(pay , . :
/a? lman’s >J results obtained by nixing HOI with
the carrier gas show that there is a slight
accelerating effect on the rate in nitrogen but a
slowing down in oxygen, which is to be expected since

(o 08 JoR

oxygen is stronylv accelerating J and” is

being replaced by a less strongly accelerating agent.

(7). .
Druesdow ; interrupted the flow of carrier

gas which allowed the concentration of hydrogen
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ohInride at the reaction site to "build un and found
the rate to be the sane before and after. He claimed
thin to be evidence #gainst catalysis althou-gh he had
previously observed that the rate decreased with
tine when the carrier gas flow was maintained
throngh rit the ran.

These results did not .justify any firm
deductions but the negative conclusions which were
drawn were acceptable, because of the difficulty of
fitting catalysis by hydrogen chloride into the
theories for dehydrochlorination.

Rieche <« - found catalysis in nitrogen, air
and oxygen by interrupting the carrier gas flow.
Hydrogen chloride normally escapes from the polymer
quietly but in thick films, it is nossible for it to
remain in contact with the nolymer for some time and
cause acceieration of dehydrochiorinacion g?/ﬂ?.
Talamini 9 using a vacuum system could get up to
2.5 times the rate of dehydrochlorination in vacuum
by adding hydrogen chloride. Two recent oarers (do, Q8N
show that when the hydrogen chloride, which has been

allowed to build no, is removed, the rate returns to

a constant but is higher than the unautocatalysed rate.



Bis catalysis by hydrogen chloride is very
difficult to explain, as ho:iolytic dissociation is
unlikely below 202"G and electrophilic addition to
conjugated carbon-carbon double bonds would not
give any structures capable of initiating further
loss of hydrogen chloride. Dissociation of
hydrogen chloride is the cause of catalytic pyrolysis
pi neopentane (/qu but this is at a much higher
temoerature. If it is radical chain mechanism
initiated by peroxide, the effect could be explained
by the known effect of hydrogen chloride on the
decomposition of peroxides {/inn)J. Tt could also
react with iron parts of the processing equipment
to give ferric chloride which is another catalyst Clo ,88 7
for the dehydrochlorination.

Autocalysis has been attributed to another
product of degradation namely crosslinked
structure (21
E). Golouration.

The most critical feature of PYG degradation

and the first awoarent effect of it in urstabilised

PYG is discolouration, although in stabilised pYO
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it may be less invonrtert. nha coboup of the
degraded oolymer i1s controlled by dehydrochlorination
but all attonrots to get a preci.se relationshin have
beer thwarted. "ho first obstacle is the
quantitative measurement of colour in ai11 forms of
degradation and in the oreser.ee of additives, in the
solid or liquid phase. An anoroximate sepuence of
colour is oink red brown. blade in an
inert medium while in oxygen it is yellow --—- orange

brown blade. The analysis of these colours,
with resoect to the chemical species present in the
degraded °VO0, presents two difficulties. The
first difficulty i1s the onantitative measurement of
colour and the second is the interpretation of
colour with resoect to model no3.yen.es. The second
is the more difficn3.t nroblem to overcome.

(:ad. Measurement of Colour,

Colours ere usually comnared by_e”e and this is
of course very unsatisfactory. There °re various
empirical techniou.es in use for screening
stabilisers fion 1 impl, and some attempts have
been made to eliminate human error by colour

. (P, _10/IP .
matchina va> m p-nd measurement of transmitted
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o
light at a particular wavelength \(/(lp,?gl_?l-__g;t The

last method is not a good one as the absorption
spectrum is so soread out.

The maximum difference in extinction
coeificients between 4520 A and 7260’ A has been

nn s,

: . >
taken *as an assessment of colour intensity but

orobably the only meaningful estimation would involve

some integration of absorption over a range of

Ao A A

wavelengths

In the region of the soectrun from 2600 A to

0
6000 A thereis abroadbackground on whichare
. 1‘14 ?579QJ]1106*,10$F119 1491

surerimposed 10 to 11peaks

. . 05 50
which are absent in noorly resolved spectra
The soectra of thermally degraded PYC 02’HO; are

very similar to that degraded ionically by lithium

chloride in diinethvlformamide (\;7‘li. Peaks m. the
spectra of pressed f+i"g of thermally

degraded. PYC are slightly displaced from those in
solution spectra but the snectra of PYC, degraded by
initiation by irradiation with 1.5 - 2 m.e.v. electrons
at - I96nC, are very different (QIJI'O'Q’“AI

There is now little doubt that the colour in

degraded PYC is caused by conjugated polyenes of the



°hructlire

JT - ((Ti = ~ CHOI

and a value of n would be of great help in
postulating a necnanism for degradation.

foyer (1) used a statistical. approach,
assuming a distribution of polyenes with n = |
unwards. He showed, on the basis of a unimolecular
e*inination mechanism, that the number average value
of n, is related to the extent of reaction and the
relative reactivity of the allyl activated elimination,

(11). Analysis of Soectra.

To malyse snectra, soectral details are
reouired of all the individual nolyn.es concerned,
in terms of wavelength and extinction coefficients
of the maxima. The absorption spectrum of a simple
polyene consists of 4 or S peaks “7J1] A ;\/and
addition of a further carbon-carbon double bond has
the effect of displacing the entire soectrum to
higher wavelengths. Thus, for a distribution of

polyenes, the presence of fine structure will depend

on whether oeaks of individual polyenes amplify or

. . (HD no 118>
can.cel each other. Another consideration 1 !

is that polyenes will absorb at different wavelengths,
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denending on their substitution nuttern, giving

four forms

CH - (0il = CH),” - CH = OKp (1)

RpiC = CH - (& =CH) p - CH= CH (I1)

R-JKO = CH - (OH = CH” p_ OH = CHP (ITD)
R*00O0 = OH - (OH = CH)p P - CH= CHR, (IY)
There v/onld he s. five T™HI shift from I toll, from

IT to IIl and from III to IV.

There is a tendency to assume that each "peaku
in the spectrum corresponds to the longest
mwavelength peak of an individual polyene but overlap
of several minor oeaks may give peaks in the
comoosite spectrum. Several other factors affect
the location of absorption maxima such as bathochromic
shifts, which are dependant uoor the nature of the
solvent 21197 grid are proportional to the
number of earnon-carbon double bn-nds in
conjugation it i« also worth noting that

trans isomers absorb at higher wavelengths than.
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. . n 1s5yv
Gir 1somers m 0

vOvppgp ”nfh up to "4+ or IB carbon-carbon

double bonds in coniuwation have been prepared and

11P1(5"
. but polvene

their spectra recorded BgJ
er.ces much lo”mer than this are respired as
models for degraded TWC. Since the copiu.ma.tior

117 1Po —1%m >
( T»  n Vo

theory is rot verv we3.l defined
however there is no way of calcu..bating the absorotion
snectro. of higher nolyeres. ifaoirical relationships
between the value of n and the wavelength of maximum

absorption do not hold when n is greater than 10.

many of these are based on the Lewis Calvin

(L -]

eouation [ 4
A = kn
out Dewar (24 suggested
A = 03 -a ™ Py
in which .0 and a are constants. These two equations

have been combined by Hirayana ~'“"'to give

A - A LB
I'Tone of these predicts the wavelengths of absorption
maxima, for n greater than 3.0 very well. Bxtinctio”
coefficients are only known for low values of n and

it is unknovm whether they increase or decrease when
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r is greater than 6,

A min.mu.ni number of 5 to 7 carbon—earbon double
bonds are needed for colour and most quoted lengths
of polyene sequences are between 5 and 20 s ’P"“/i.
Tmo fme structure ceases at about 5000 A, which
corresponds to the longest wavelength weak of a
polyene of about 3,5 carbon-carbon, double bonds rAlO1‘ny
in conjugation. The neaks of higher nolyen.es come
very close together and may be so superimposed that
they give no fine structure or the spectrometers may
be insufficiently sensitive to detect any fine
stnicture which is present.

Dehydrochlorination by some basic catalyst way
give nolyene sequences running the length of the
polymer chain giving a violet coloured polymer. . The
espectrum of this polymer covers most of the. visible
range and has a maximum of absorption at 5500 X
with no fine structure C-'57)—A /hen substitution
can also occur, the polyene sequences are much
shorter, the spectra show fine structure below

0
5000 A and ere confined to wavelengths below 6000 A

0 (7,n

|
/
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Jolyen9 seoisence lengths renorted, of 5 to 12 ('1";

rod 7 to 70, aro interpreted ' as proof of a short
chain radical dehydrochlorinabior process. In a
radical chain process, short nolyene chains are more
lively to be explained in terms of a high transfer
rate. The orrm colour in degraded PYC has been
claimed OZ"'Nto be caused by polyenes of length up to
17 v.'ith a most probable value of p whereas, in the
violet material obtained from ooly (vinyl bromide),

the length is UP to 75 with a most nrobable value of
i1

Oy”y-on has the effect on thermally degrading PYC,
of producing more hydrogen chloride but less colour
as previously shorn. This lessening of colour has
been shorn r311p to be caused by a displacement of
absorption to the ultra-violet region from the visible
region, with loss of fine structure.

The bleaching in oxygen is probably by oxidative
attack on long polyene sequences to reduce their length
The classical theory of oxidation of unsaturated
polymers is by hydroperoxide formation at aHylic

L : o T2y :
positions and then chain scission but it has

been suggested that oxidation in PYC is by 1,4-
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r*pr'@JTirn’ 0S owrepp to 0 "1y to rThir* 0 poyn'v*d©
which by dissociation and rearrangement gives
ocissiop (g 17'0’. 11 has been suggested that
oxidative bleaching of degraded FYC, at ambient
temperatures, requires light riga’l,]QdSi'O(Ep' but the
accomoanving nhotodegr*ad.ation mey canse difficulty
in proving this reouirements Ad1l the suggestions
are for shorter nolyene sequences and carbonyl
bonds when PYO is degraded in the presence of
oxygon and these are borne out by the experimental
results.

Any process reducing discolouration is
beneficial to stabilisation and it is unfortunate
that those materials which prevent a radical chain
initiation on propagation mag- also minimise a
beneficial oxidative bleaching. This fact would
be weld borne in mind vihen choosing additives for
PYC, as many materials can. exhibit antioxidant
properties at high temperatures and this may be
detrim ontal to stabilisation.

3). Review of the Stabilisation of PYO.
(e 19 Uttty

) |
Several reviews " have been

published on the stabilisation of PYC but there is



Zjo0 o
vor*'r litf e 1 about the precise wa” ja which
the aj0 used interfere with the desradati on.
Ayrfi~ii the only feature common to all nYC
stabilisers is the ability to react with hydrogen
chloride, which H practice alleviates the situation
caused by the catalytic behaviour of hydrogen
chloride but does not prevent the uncatalysed
dehydrochloriuation.. The rate of evolution of
hydrogen chloride in the presence of acid accentors
can be very misleading since stabilisation appears
to be achieved through a stoichiometric uptake of
hydrogen chloride whereas true stabilisation as
regards inhibition of colour formation, and
cross linking may involve or.ly a very small amount
of stabiliser.

/hen use 1is made of metal based stabilb sens,
rapid dohydrochlorination takes place when the
stabiliser is satu.re.ted and this is attributed to

ns

n 70g >1§ZL"JIS Sl/ .

There is little in common among inorganic

ecatalysis by the metal chloride

lead salts. heavy metal soars, orgapotin compounds

and enoxides except reaction with hydrogen chloride.

They may, therefore, act in different ways.



y-J .

They could act oy elinination of l.abilo sites
resoonsibie for initiation of dehyclrochlorinatior,
on oy interference with the propagation mechanism.
However even if dehydrochlorinati on is allowed to
occur, the "Pr0 can still be quite acceptable if the
stabiliser reacts with the nolyene structure- to
eliminate discoloiiration. Oroosi.inkipg and
oxidation are examples of secondary reactions on
which certain materials can. exert a stabilising
influence.

In order to investigate stabilisation, the
chemical and physical effects must be separated.
An. example of this is the dispersion of the stabiliser
in the polymer which is dependant upon the physical
properties of the stabiliser, its compatibility with
the PV0 and the work done in the mixing. For
example the metal soars from pure fatty acids are
not as good stabilisers as those from industrial
fatty acids and'it has been suggested "4'%gi that
this is caused by the less pure industrial sample
having a lower melting point.

Some compounds, incamble of having ary

influence on the degradation by themselves, can



enhance t o act?.or o1 others and this ha0O been
asci* .>_.oeo. OkH 0o an 1imnroved luoricatioT of the
misd mm by plasticising the ?YG >r emulsifying the
stabiliser.

Comereis.] 'HO, from which extraneous
) . . o s (54-1
innuriuies cave oeen removed, is more st&ole -
then commercial but basic lead nhoswhite lowers the
rate of degradation of unounified HO to that of

/QQ'

ourified "HO alon.0 1*0 This act? on 1°

nreournablv bv “to”sims extraneou.s impurities from

Labile groups on the polymer backbone may be
deactivated ir several ways b”t the most- obvious is
direct substitmili on, 11 ha.s Oee:c ollown th at esOme
wotal soaps and dialkyl tin diearboxylate
stabilisers are retained by the polymer after heat
treatment (]7%'-1 Usually, this retention
is less than ].k but it could be sufficient to block
all the reactive sites. The carboxylate part of
ahe stabiliser is the part mostly retained v vy
By repeated solution and precipitation these

stabilisers could be removed slowly aid could be

rapidly removed by treatment with hydrogen chloride.



lhs s3uggests that the stah 12ser 5s weak3v boiir.d
by some coordinated bond to the polymer at the
reactive sites. "By resrraryenent of this
coordinated structure, it is surgested that
chlorine atoas could exchange with carboxylate
groms and this raight exolain why the carboxylate
group 1s retained 9[0 a greater extent than the alkyl
groms and this rev ester group in PYO is more
resstant to thermal decomrosition than was the
tertiary or allylie chlorine replaced by it and thus
degradation is postponed. Support for this has
recently come from Bengoughds work fy -> on ester
exchange between cadmium acetate and tertiary and
aHylic chlorin.es in HO.

Hr oxide structures are possible initiation
sites and thus on examination of the behaviour of
stabilisers to peroxides is of value. Some
antioxidants are used as auxiliary stabilisers.

The primary purpose behind the addition of
alkyl and aryl phosphites 1° for act* op as chelating

agents to eliminate the catalytic effect of metal

chlorides in the system but they may also act by
RN

deactivating hydroperoxide initiation sites Vv y in
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o ic
o/vinv systems -’yf are canad <€ of decompos Eng;

peroxides in a harmless manner and sone sulphur
pZjl __ 7ZLg?
compounds 5% can deactivate hydro”eroxides
"a a non-h'mo]ytic fashion. This deactivation by
su?nhur co mounds is more efficient than normaT
antioxidant: chain inhibition mechanisms and could
account for the enhanced stabilising activity of
organo tin compounds containing sulphur I'.
Orysno tin compounds similar to those used for
stabilising PYO react with hydroperoxides to give

. (1))S
products which do not affect HO «"“° . It ha.s

op " } o
been shovm (oR that conventional stabilisers

retard the decomposition of hydroperoxides arm PYO
stabilisation is possibly accomplished in a similar
manrer.

Catalytic conversion of hydroperoxides to

. . iod>

alcohols is the basis of a novel system 7 wmcen
involves metal borates with hydrochloric acid giving
boric acid which catalyses the conversion of

peroxides in PYC to aleohol®. At elevated

temperatures, the boric acid gives metaboric acid



nh

ui forms esters with the alcohol groups

Z)p9 Ong'j [X[:Tl,), _Z-‘P( A 01
: - C.
P/OTT\
Ao T ey ®  JHOH) - CKCI
]s50
VOHV -> go fnFp H90
"DO(0X77 /yyoxrp _
of

it has been suggested k(IL(_) that stabalisauion
may occur by disruption of the radical chair
propagation step because radioactivr tv appeared in
the polymer when iu‘O butyl labelled dibutyl tin
diacetate stabiliser was used. Transfer to butyl
was proposed as the termination of the molecular

chain but this was. later repudiated



""I'nrinvlop.es and other long connucatod nolyene
systems such as dehydrochlorinated PVC exert a
stabilxsing influence nossibly by formatior of
resonance stabilised conjugated biradicals which
have insufficient energy to continue, the propagating
onam ("IQ’IZJhSI)S

The principal aim of stabilisation is normally
to prevent colour and, in this light, increased
transfer would work. if loss of hydrogen chloride
is increased, discolouration can still be prevented
if the conjugated system is modified, possibly by
dienoohiles which could disrupt the system so that
the absorption is only in the ultra violet region.
It is possible that a number of systems function in
this way (1%‘90121‘91?&9(:”“{9177 9" m, Another similar
effect ia observed in oxidation and s<me neta?-baaed
stab? Users have been identified as oxidation

i 7)0 "~
m 1op91 )'_'

catalysts ;T Antioxidants are obviously

to be avoided if oxidative bleaching is desired.

It would appear that, although stabilisers
function in a number of ways, the same overall result
1s obtained.

4). Review of the Thermal Degradation of PYA.

PVA does not have the same variation in uses
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that has made HO one of the plastics produced in
very large wuiantities at the present day. HA
does have the advdntage over PYC that, in an
unstabilised form, it is far none thermally stable..

Because of the rather limited uses of WA. its
degradation has not been studied by so many workers
as has ,?7Y0 degradation. ‘pother reason, for this
po-r 90 that the degradation behaviour <f ha was

) . rng 7./iq7
selucidated very clearly by Crassie . Thus,
a review of the work carried out on the degradation
of PYA virtually amounts to a review of Grassie *s nori

HA was found to be stable in. vacuum uP to 190 '0
end, at higher temperatures, lost acetic acid leaving
a oolyacetylene chain as in PYO. The reaction was
shown to be a chain reaction proceeding without the
agency of free radicals, Initiation was found to
occur at the ends of the polymer chains and could
occur at any of the Possible end structures. The
initiation and propagation reactions were interpreted
in terms of well Ienovn chemical reactions-.

A highly colorred conjugated residue was
obtained and this was interpreted as suggesting that

acetic acid-in evolved, not molecule by molecule at



rando >ut one after an >ther along the chain I~ >ther
>iece of svid nee "™ut f )rward 1 e fav air of s chain
roectvv,-. "rp the fact that ©° «°I1 amounts of oxygen
inhibited the reaction completely and it was
suggested that this was by reaction with the double
bond at the reactive Point in the chain.

This chain reaction was explained by the fact
that removal of a molecule of acetic acid leaves a
carbon-carbon double bond which' has a methylene group
in the ¢¢ position adjacent to an acetyl group. This
methylene group will be highly reactive and thus loss
of a further molecule of acetic acid is facilitated.

It was supposed that initiation was by some
mechanism similar to the pyrolysis of simple acetate

(150,150%)

esters
The propagation is presumed to go through the
chain to the far end and this is quite reasonable
since the polymer has a head-to-ta.il structure 95-1’ i55N
It is Possible that structural irregularities in
the chain .may arrest the progress of the reaction.
The overall energy of activation was 55.6 k.cal,/

mole and branches caused deviations in the kinetic

neasurements.



Ahno; "-A or-been shown to clegro.de by a
"i-raaica l chair -necharisn which is very different
so tro most rxdej.y accented node of PYO dearadati on*

The yeoducts of degradation have been
ex'-.mined by ma?s soectrometry and found to be nitrouen.
carbon monoxide, ethylene, carbon dioxide, acetic
acid, benaene and toluenec.

5/. Review of Degradation and uses of Go”oliners

of VA and .VO.

These copolymers have a aide variety of uses,,
very often as a substitute for HO. Their main
uses are for gramophone records, vinyl flooring and
adhesivese The 'uroose of adding VA to PYO is to
lower the. glass transition temperature thus making
the polymer rpoc.essable at lower temperatures end
thorefore more ecoromicallv,

The interest in the degradation of the copolymers
sterns from their tendency to begin to degrade at the
processing temperature as they are more unstable than
PYC * Also new uses of the polymer have been found
in the manufacture of transparent articles, such as
transparent egg boxes, where it would be

advantageous to avoid discolouration while' using
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:;innection moul.ding.

e/ery little published "Iteratlore is avail able

or. the degracation of these com! ymers. One
(7nz) ) )
paner m' purports to discus: the nechanion of

toeir oreardown arc! connare it with the mechanism
tor -vn» This c?aim is not substantiated end no
information Is to be obtained from this roarer.

*The only other oarer which reports the
d. /radation <f these co . lyners desoribes the .se
(164-1

Cop

01

., to separate me two acia products -
acetic acid andhydrogen chloride. mhe ratio of
acetic ecid to hydrogen chlorl.de found was almost
identical to the ratio of \* to MO obtai.ned by
infra-red mectroscooy. Also, by the nature of the
calculations * it was shown that the predominant
products by far are acetic acid and hydrogen chloride
In the stabill sation of these cop, lymers at
present the tendency Is simply to add in something
which will stabilise HO, hoping that it will work
r,asonably woll.
6 . The mu-“nr>g of th1ls /ork»

The Purpose of this work was to examine the

different facets of the degradation of copolymers



sc.
of VA and VO in on p.ttemt to f?r.d out how they
doan''de. v,h~r thev degrade and also how to arrest
the dearadat'loo , It won also hoped that the
study of the conclyner.n would heln to cl.arify
the present very coufused position. regarding

the riechanism of PVC degradation:..
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OPARTIR TT,
R;r'MRT'"1 2A7J..
1) . TT6 'vii‘ati oji of Polyrers ¢
A’ "uriii.cati on of mo M*nors .
Vi ( Herein and -/IHia-13 1td. ' was distilled

under* an. inert atnosnhere. the fraction'disti Illng
al‘i 7096 —72A(l0 was used. 'Thin, procedure removed
both inhibitor and impurities.

VO ( 1.0,1. 1td. ) was used fron. the cylinder
and treated as described in the next section.

B}, Pijllpy Dilatometers.

fhe initiator for 70lynerisati on was aso-bis-
iso-butyronitrile ( ISastman Podah Ttd. V orevioguslyv
recrystallised from ethanol. It was introduced in
the form of a solution in benzene, the benzene then
being removed on a suction oumo.

VA was poured into a reservoir., degassed four
times, distilled into a graduated reservoir and,
finally7distilled into the dtlatometer containing
initiator.

VO was distilled from the cylinder, through a

needle valve, into a reservoir, degassed five times,



cl''"ci iled into a graduated reservoir then distilled
into the dilnterneter, fi?he distillations were
carried out from a reservoir at - 67'C at which
hejperat¥re the vinyl chlorido is a Ilowuid,,

0)- .to/vw©Orio ati. on .

?(>3.ymerisations were carriedyooutloir\lfjb%l(;[o ters'O
oYy by normal dilatonetrie methods”. lore had to
be exercised as certain mononer mixtures for
preparation of s co 'wolymer with VC content around
A5: exro3oded during ooly.nerisati on..

D). ppeci.pi.tation. and Drying of the Polymers.

The un'iy'ers were nrecimitated ip two ways
denend!nr; on con.nosition.

(a). Gonolyrners of high VO content were
dissolved in eyelohexanone and nrecinitated in
methanol. this nrocess was reneated three times
and the conolymer was dried in a vacuum oven for
several days at about 45"0.

(b). Connlymers with over about 40 ! vinyl
acetate were nrecinitated from .acetone solution
in. a suitable water/methane ]l mixture, the composit! "n
of which had to be varied with copolymer comnosition.

The conolymer was then “freeze-dried" using benzene
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2) . TeRiiicd Th se Donradati on .

The s.nnsratus j-n which these degradations were
rerformed is shovm in figure 2. The liquid in the
flash A was continuously boiled, the degradation tube
being heated by the distilling vanours This system
has the advantage of maintaining a stable.
renrodncib"le te"merntnp-e. luotti.r*n& cr’u ed bv
changer, in atmospheric oressure were sna.ll enough
to be neglected as was evidenced by a thermocouple
placed in. the apparatus.

A). In Tthyl benzoate.

The degradation tube for the reactions in ethyl
benzoate, ( Mersey Chemicals 1td. ), which was
distilled before use, is shown in detail in figure 5.
nitrogen was passed over the surface of the solution,
the concentration of which was about 100 mg. of
copolymer in 10 ml. of ethyl benzoate. Degradation
yielded a mixture of hydrogen chloride and acetic acid.
The hydrogen chloride was carried over by the
nitrogen a”d collected in the water trap. The acetic
acid was retained by the ethyl benzoate from which

it was removed by extraction with water. The
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Figure Z

Apparatus for Solution Degradations,
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Figure' 3
Apparatus for Degrcda tions in Ethyl Benzoate
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bo,
amounts of each acid liberated over successive time
intervals were determined by titration as described
in II 2 B (ii1).

In another series of degradations the nolymer
solotions, after degradation, v/ere used to obtain
ultra-violet snectra of the degraded nolvmer, as
described in Il 4 and molecular weight, as described
in Il 5.

B). In Tri —Toluyl Phosohate.

Tri - toluyl yhosnhate was kindly donated by
British Peon Itd.

(1). Degradation.

The apparatus used was shown in figure 4.

The only differences between this apparatus and that
used for degradations in ethyl benzoate were that
the nitrogen was now bubbled through the degrading
solution, to remove the hydrogen chloride'and acetic
acid, and that there was a thermocouple in the
solution. The percentage degradation with time was
calculated as for the degradations in ethyl benzoate
but, as the products were being removed from the
system into the water traog one degradation gave

as much information as many separate degradations
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Figure

Apparatus for Degradations in Tritoluy] phosphate
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(1A . Hat Aos of ?Produets.

At twelve hour intervals, the ratio of acetic
acid to hydrogen chloride was determined by
titrating the oroducts in the water trap firstly
with a standard solution of sodium hydroxide to
determine total acid and then, to determine chloride
concentration, with silver nitrate solution. A fter
this time interval, sufficient acid was present to
permit the use of silver nitratev  The ratio
calculated was moles acetic acid to moles hydrogen
chloride in each case.

(111). Ultra-violet Spectra of Degraded Solutions
The problem here was to obtain samples for
ultra-violet measurements as a function of reaction

time without disturbing the reaction and thereby
taking full advantage of the continuity permitted

by the flow of nitrogen through the solution. This
problem was overcome using the apparatus shown in
figure 5.

Sauries were taken by closing K-, then K? then
omening J~. The oressure”of the nitrogen was then

increased to force the solution uo the inside tube.



Figure 5.

Apparatus for Solution Samples.
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The .-joint Y had to be held by hand to opevent its
s pranging anart because of the nressure inside the
aonsratus. The” the level was brought no to the
nark T, the sample v/as taken by means of a syringe,
through 'a serum can (S.0O.) and the annaratus was
then returned to normal operation by lowering the
pressure of nitrogen, closing K7 end omening EV,
to " N5,

cart of the ad.ipuot removed was nlaced in a
2 mm cel] and the rest into a sample tube for
further use, if necessary.
rr . Ac°tic \cid. T?etent?on.

Acetic Acid was retained by ethyl benzoate
but not by tri-toluyl ohosphate. This behaviour
was investigated but found only to be caused by
the difference in volatility of the two solvents,
it being impossible to pass nitrogen through the
ethyl benzoate solution as the solvent v/as carried
over.

D). Effect of Solvent.

The effect of solvent on the characteristics

of the degradation reaction was studied for PVA

and PVC by using different solvents to make up the



hit-,on for degradation. The solubilities of the
polymers restricted the number of oossible solvents
to ethyl oenzoote, di~chioro—+anthalere and
benzoohenone, the last being very poor for P7A.
The apparatus used v/as as in figure p.
hi). -Ifact of Temnerotnre.

These studies were carried out on tri-toluyl

phoouhate solutions by changing the continuously

distilling liquid in the flask A at the base of the

vapour packet. The aonaratus used was as in figure A
p). 30 iAcl phnpe vercadati ono .
A) . In Dynamic 7blecizlar 311 11.

Initial degradations in the solid phase were
carried out using a dynamic molecular still annaratus
which is shown in figure . This aonarati'is v/as
basically similar to that used bv" Grossie and Melville
The polymer sample was olaced in a stairless steel
tray and a sintered stainless steel lid was
screwed in olace. This tray was then screwed into
the heating block, which was also ofstainless steel,
the system was evacuated and the degradation carried
out. The products were tramped in the three-armed

tube, dissolved in water and titrated.

(154)



luring the degradation, the system is continuevisly
ri.in.yed out.

"'N. li'lierme.l Volntili sation /w‘a] 1in

The saimles were degraded in the aouaratus show
n rc>
m ngure 7 which is that of rdTei] 1 m y. This
apparatus is also continuously pumped.
(1). Initial.

These were done in the solid ohase on sarmies
of about °5 mg., the exact weight being noted in
each case. The outout of the uirani gauge was
continuously traced on a recorder chart, marts
being -»ut on this trace at one hundred degree
intervals in the temoerature of the inside base
of the degradation tube, which has been oreviously
determined with respect to the oven, temoerature.

In this series of experiments, the volatiles
were merely punned away, no attempt being made to
collect them from the trap after the run had been
completed.

(11). Further.

It was intended to trap the products from the

two main peaks, separate them by gas liquid

chromatography, and run mass spectra on the effluent
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from the gas liquid chromatograph .

Mho smmole size used for degradation v/as about
10? 11-., mo. the oroduct samoles were collected
07' distilling the oroducts from the trans into
cnnvenier.tly shooed tube® of the form shorn in.
figure 8. It* this, the serum ‘can war, for erhrsetior
of a sosole of the gasmater'* °~ *ith a 0\°s syrinpe
4-). Ultra-—violet Soectra*l "easurements.

Uitr a-violet soectra of the degraded polymer
solutions were talcen on a Unicam S.P.800
soectroghotometer, with solvent in the reference beam.

Original soectra. were carried out in 10 mm
cells using diluted solutions.

hater, more auanlS5tative, snectra were measured
in .0 mn. cells using a solution of the same
concentration as the degrading solution nr the
degrading solution. itself.

5) Molecular eimht Measurement.

Molecular weights were measured, on a Mechrolab

High Sneed Membrane Osmometer, in ethyl benzoate,

using an TJltracella "feinst” mra.de membrane.
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leterminatior of oho Heactivity Katies for the
Coro-yoor?sntiornn of Yirvl Acetate and Viml Ohlorid©

Ore of the first essentials in dealirfr with
mcore/yners Is to be able to determine their
composite ors . Several methods have been used ir the
mMast” usnpi ly inynivine* direct chemical analysis « This
method can be suite accurate but tends to break down
when one ir dealing with cn—-monomers such as toethyl
methacrylate and ethyl acrylate, which have exactly
the same molecular formula* A* analytical method
which han come into general use in recert years is
nuclear magnetic resonance which distinguishes between
protons in different environments. This method was
deemed to have considerable promect in dealing with
the copolymers with which this thesis is concerned.

1) . I’he Cono lymeris a.tion dguation .

/hen two or more monomers are corolymerised
together conolymorisation can occur. The
composition, of the copolymer obtaired may be varied
by varying the .concentrations of the monomers.

Theecomposition of the cooolymer will depend on

the reactions which use ve monomer namely the



v-wp~T)t? £~ y 'actio" s, Tn JHo co-ol*"TTiepisabion
0'T0O m*mo -ierg I'y and T, i nor cronar-cation stens

pop involvor! nr. foilov*s'—

>0mojrg 1,.0 > 71
TT—P - 7 O

0 e w2 1

I'Q 0" w0

in which Hj and MO are the radicals derived from

i and M respectively. The rate at which monomer 1

is used up is

d 4

i HJ ! -P1 o

and the rate at which monomer 2 is used uo 1is

w1z 7 i bpo [hO
Gu ]

In the stationary state, the concentrations of M,
and [i0 must be constant and also tin? rate of
conversion of i- into Mpv must be equal to the rate

#* *
oi convers7.on ox Ty imiee T; ~ therefore
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T 13 . i
o -0 a1 0
N lo ) r |
Mo I
-J 't91 1 -
this value of is substituted in equations (X)

and (y) and the eouation resuiting 'from eonation (X"

is divided by the eolation resulting from eouation (Xs,
=1 i L
d -l 1
T %
d - « ip % [.: L jgn  —
pi .
vihich redlices to
-i — 1 Tn
d s ro
-0 !> _]]

which, when solved for r0?rive,’

rs .
a > -, N - 1 44

[*mj 1ia —

p ~

m which 17| and ore the molar concentrations in

the monomer mixture. and d  end d are the
J -



w0

concortraitorr of the monorlor vittts in the wmoo!lvrnor
chain - if. now, the molor ratio of norm'mops i** the
n'.mc'.wr mixture- end the ratio of the monomer units

in the eo.lliriGIl chair ere hoove5 o <spsoh of p, vemuis
m may bO drawn using ecu.ation (Z)* Tf this
procedure is carried out for severe.], corolymers, a
series of straight lines is obtained. the
coordinates of the noiut at which th©’r meet perrecent?
the solution of the simultaneous equations and thus
give the true values of p, and r0. However. in
nra.ctice, it 1is ppspUr foll*! that ail the Hues

ape covecurxor> end the "Hm* s n'f error are usuallv
esti 'ated. from the mapn.itu.de of the area in which the
intersections occur. A typical a.lot of r-, versus r0
.is shown in finure It

2). in orimental?

Bv virtue of there beinc: different numbers nf
m'erotons in each of two enemy states , transitions
between the states can be induced which will give a
nett absorption of enemy which is called resonance.
This energy is in the radio frequency range and this
method is called nuclear magnetic resonance

spectroscooy.



A). Itapt.etic 3hioldin.g.

Tf nr atom of a molecule in alaced in a
magnetic field, it acQuires a magnetic moment by
virtue of the induced orbital motion of its e*laotronf
Fhe magnitude of this secondary magnetic field 1is
nronortioral to the am lied field Ho' 3?be local
magnetic field at the nonition of the nucleus is

not H 9 but differs nlightIn from FO

0

E Omnppl > = Fo M v >
in which o 1s a non-dimensional constant called
the screening® constante The screening reduces the
separation of the nuclear energy levels in a

magnetic field as shown in figure A.



Ep + v29 81,+]

ft
A Energy
A
9S,HO
S S
Ascreened nucleus
/ in a magnetic
;' field.
\v E0 - Va9 &H _a

bar2 nucleus in a
magnetic field.

As a result, the energy quantum required for a
transition between states 1s smaller, and therefore
resonance will occur at a lower frequency, or at a
higher am lied field.

For a series of orotons in different chemical
environments, there is a cdrresoending series of

screening constants. As a result resonance will



soccur ir a different part of the snectrum for each

ohamrro'l 1w ritircb “r*tor « Thl « d*sfnacement 1is

known aa chemical shift. This rear Its ir the nrnton
p i n
nopprr
'y!3
giving absomtion in a different cart of the spectrum
from the nroton b i1 b
Oq
I.
ai

» Olrmpl Jr.fonejt~r r O0rUrOnfj'nl0.
The underlying “rincinle uermitting the use of
proton magnetic resonance absorntion as a. euantitative
measure of a rarticular substance is that the sional
strength is nronortion.al to the number of protons
giving rise to that signal. The intensity of-a
signal is measured by taking the area under the
aoprooriate neak in the snectrum and this is made
possible by an integration technique which may be
built into the .yectometer .
0). Premanation of the Comolymers.

The conolymers for analysis were prenared iw the

same way as thmse for degraaation (see chamter TT).

10 ml. quantities were nolymerased in bulk a.t 60°0.



PM..
A0 vt e g Lo <ife - f o pi(a-fTTep v T0 Tt prn A tT1 p O 1
or -i'-d-biot”r, They were mrecimitated ir various
ways demending on the composition (see also chanter IT)
o". desu Mts ,

The soectra of the copolymers — a tyoi.eel
r*ectrur is shown in flmre 9 — wer.e comoored with
those of PVA and PVC as shown in figures. 3.0 and 13.
respectively. It was thus shown that the tertiary
protons in the YA units give the peak A at 4.8 r
the tertiary orotons in the VC units give the peak
at 5.07F . 'The absorntion at 8 is associated with
the methyl and methylene protons in. both units.

The nuclear magnetic resonance soectra (JI.If.R. 1
were obtained in ODClv solution using a Perkin - Ulmer
RIO 60 !"c/s spectrometer. The compositions of the
cono3.yne.rs were calculated from the ratio’of the areas
under the two tertiary oroton peaks as measured by
the attached integrator. An integrated spectrum is
shown in figure 12. The results obtained for the
ratios of monomer units in the cooolymer chains,
along with the molar ratios of monomers in the

original monomer mixtures 'shown in Table I.
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‘able T

Oo®olymer Gornuosition Data

I.bnoner 7bytune Conolymer
p 4 oo
.1 f C'l dvb
1. 9 70 a»?9_;
9 0.pO O ]IS
34.00 7.67
8.15 3.195
P 0.364 0.147

the equation

A . o
The reactivity 't e obt
,.-

and the resulting nlot r-j versus r0 is shov/n.

in figure 13.
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Fig ure 13.
v
Plot of T versus 12 for

Vinyl Acetatc/Vinyl Chlof.de

Copoly mers
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fohc results derived from figure 19 are shown in
table 9 ealory with other rear Its obtained orevions.lv,
noting- the methods by which they were obtained.
4). piscnssion.

'Phu.s the vinyl acetate / vinyl chloride system
nreves to be oarticularly amenable to this tyre
of analysis and the results so obtained, as shown
in table.?., are in good agreement with nrevious
values based on chlorine analysis, which are
nrobably more accurate than those obtained by

dehalogenation by sine.
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CHAPTER 1V,

Ijiitial Ipvestigatl ons .

1) . In the jlynarnic_Molecular_ Still.

The approximate temperature at which degradation
proceeds at a conveniently measurable rate was
determined by inspection of a Pirani gauge plot, as
in figure 14, which illustrates the relative
rate (volts) of production of volatile material as
a function of time and temperature. The first peak
in figure 14 is attributable to trapped solvent
being released from the noi7/mer on melting, and the
second to volatile products of degradation.

At the point A on this plot, the degradation
is proceeding at a measurable rate and this would
be a reasonable minimum temperature at which to
perform isothermal degradations. It is clear
from figure 14 that temperatures around 180°C
would be most convenient for detailed studies.

Another requirement before detailed degrada,tion
work may be commenced is a knowledge of the products

of the reaction. As stated in the introduction,
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these have been ahova ho be aimoat exclusively
acetic acid, and hydroyen chloride but it was
decided, to check that this was the case with the
oresent nolymers.

This mas accomplished by heating the nolvmer
sample'un to noirt B *r fisure Id-, at which noir.t
all the solvent had been driven off and no
degradation had occurred. The nolymer was
maintained at this temperature for about one hour
and the percentage loss in weight obtained. In
later work, the weights of material used were
corrected by this amount. Subsequent loss in
weight at higher temoeratures was found to be equal
to the amount of acetic acid and hydrogen chloride
collected, within the limits of the experiment,
2). ByJThermal Volatilisation Analysis”.

A typical plot of oressure, as measured by
Pirani output, against time, or temperature, for
these degradations 1is shown in figure If. This
indicates a similar threshold temperature of
degradation to that obtained using the molecular still.

The greatest advantage of this technique 1is 1its
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Figure fJ.

4Q0°C

Typical Plot of Piran'ti Reading
Against perature by Thermal

Volatilisation Analysis for a

so/so VA VC Copolymer

r 60

-50

-30

- 20



ability to demonstrate the relative stabilities

of the different copolymers. This is done simply
by superimposing the various pressure / temnerature
alots as IP. figure 16 when minor differences in
threshold temperature are clearly evident. These
are made clear when only the low temperature sections
of thfi curves are plotted using a wider temnerature
scale as in figure 17?. The relative stabilities

are set out in table 6.

Attempts to use these results tn calculate
enemies of activation were unsuccessful, principally
because of the different responses of the Pirani
gauge to the two acid products.

3)- Py fh ermogpavimetru.

Another method of checking initial temperatures
of degradation is by thermogravimetry and, although
this techniciue was not used extensively in the present
wort, figure 18 shows thermograms for PVA, PVC end a
50/50 copolymer, obtained using a Du Pont 650
thermal analyser. The fact that these are single
step curves suggests that there is only one mechanism
whereby volatiles are being produced at temperatures

below 4-25°C.
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99/1.

'PVA.

-10/1 .

95/ 5%
FVvC.
60/40 .
25/75 .
1/10.
300°C. 200°C. 200 €

Traces from T. V. A for Various
Copolymers (Ratios are VA/VC)



Figure 17.

PV.A -

PVCT

300 C 200°C

Trace of Pressure Against Temperature

for all Polymers (VA Content Fjrs”
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Fjgure 18.

Weight Loss

of

PVA?Pvc
Copol ymer.
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TAT?IB
Relative stabilities nf conolyners (in decreasing order)

¢+
as neay,iTred by T.V-A.

FyA : 100/1 : 10/1 : 19/1 : PYC : 1/100 : 1/10

75/25 : 25/75 : 60/40 : 50/50.

TABLE 5.

Relet.ve stabilities in tri-tolryl phosphate.
A 1Jfo oc

PVA : 100/1 : 19/1 : 10/1 : PYO : 1/100 : 75/25

1/10 : 25/75 : 60/40 : 50/50.

In a]J. these tables the copolymer conrositiers are
giver, with the YA content first and the arrangement

is in order of decreasing stability.



102.
A, Jn Ethyl Bensnote Solutions.

An attempt to measure rates of degradation,
by mating continuous observations of the pH in the
water trao, oroved fruitless, possibly because a
mixture of a strong and a weat acid was concerned
and the weat.acid is relatively undissociated at
low pH.

Thus, another method, had to be devised for
following the degradation reaction in ethyl benzoate
solutions. It was noticed that the solutions,
after degradation, were quite intensely coloured and,
therefore, that ultra-violet spectra of the degraded
solutions might give a useful measure of the extent
of degradation. A typical ultra-violet spectrum
of a degraded polymer is shown in. figure 19 and a
typical series, illustrating the effect of time of
degradation, 1is shown in figure 20.

As already discussed in chapter 1, the peats in
these spectra are due to carbon-carbon double bond
conjugation of various lengths. The series in
figure °0 shows that there is, after a certain time

of degradation, a decrease in the actual number of
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10s.

Img polyene sequences 'while there is a very sharp
increase in shorter senne”cies. This nher.omenor

was thought to be attributable to crosslinking by a
Diels-Alcier type reaction between two long conjugated
chains or between one long sequence and a double
bond. This obviously had to be further investigated
and the results of this investigation are rerouted

in Charter VI.

The relative stabilities obtained, by insrectior
of such snectra of the various copolymer's are shown in
table d. It is obvious that there is a tendency? .for
poivoers containing more VA than VO to be more stable
at first, but the situation is reversed at higher
extents of degradation.

Attempts' to measure the ratios of acetic acid to
hydrogen chloride titrimetrically, as described in
Charter 1, were unsuccessful since i1t was found that,
under the experimental conditions, the acetic acid was
not being efficiently carried over from the reaction
vessel to the water trap.

There was also evidence that this retained acetic

acid was catalysing the degrading reaction.



1.06,

This led to a modification of the technique
which involved extraction of the acetic acid with
water from the ethyl benzoate solution. It was
thus possible to measure rates of degradation in
ethyl benzoate solution and obtain the ratios of
acetic acid to hydrogen chloride in the
degradation products.

This improved technique also made possible a
more quantitative estimate of the relative stabilities
of the polymers in ethyl benzoate solution. This was
done by plotting the percentage degradation, achieved
in a fixed time, against the oercentage VC in the
polymer as shown in figure 21.

5)e In Tri-to In.yl Pho_sphate”

These degradations, performed in the apparatus
shown in figure 4, also gave a coloured solution
which was diluted and the ultra-violet spectrum
measured. Because of the fact that all acid products
were blown out of the tri-toluyl phosphate solution,
it was possible to measure continuously the amounts

of acid coming over into the water trap.

In. the light of nrevious experience with pH



1r'@

TABTP 4,

Relative stabilities of copolymers in ethyl benzoate.

AV i&o °(
Time Relative Stabilities.
1 hr. PYA : PYC : 100/1 :1/100 :19/1

1710 = 10/1 : 25/75 : 50/50 : 60/40
75/25.

2 hr. PYC : 1/100 : PYA :100/1 :1/10
1o/ = 25/75 : 10/1 : 75/25 : 60/40
50/50.

5 hr. PYC : 1/100 : PYA :100/1 s1/10
o/t 25/75 ¢ 10/1 : 75/25 : 60/40
sO/50.

4 hr. PYC : 1/100 : PYA :100/1 :1/10
19/1 : 25/75 : 10/1 : 75/25 : 60/40

50/50

In all these tables the copolymer compositions are
given with the YA content first and the arrangement

in order of decreasing stability.
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mpour nerts in the degradations in ethyl benzoate,
it was cleop.iy more advantageous to non acid - bare
t 1tT?af,gon ? '"ti £H nhP”-' T~"hfha loimn pn 1 irator
thne r bt °© i a measure of total acid concentration #
In thin' system, it was far more simple to measure the
relatiye stabilities. These were obtained by
tahirg values of the. oerce”tage degradation at a
certain time and they are shown ir table 5 and also.,
olotted against the nercentage VO in the polymer, in
figure 22.

Oomnaring the data in tables and S, it is
clear that, apart from minor variations, the
relative stabilities in the solid phase and in tri-toliiyl
ohosohate solution are the same. The stability
sequence in ethyl benzoate is quite different. Perhaps
the most outstanding difference is the fact that
PYA is the most stable material in the solid nhase
and in tri-toluyl phosohate solution while PVG is

generally more stable in ethyl benzoate.
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pI*W'D ir
7T +tlc wlr'io'bd
AN ofri -ifl p .of-fi- Ap '
Ino "bollp"! nmrv,Y,t each acid a~d bhp t*'t0! nr~d

ti> QP eyoeoted . Shonlfl ona hundred n<m.Pint &P the
add o30iis% or the ~'"brnpy' dbain be Tiborated, was
eeleuAnted. for each coOolvmer. Those results are
r,iiorr] in table ¢ and refer to the amounts of acid
eT*ecter]l from fOQ milli*“repe of em'*olvrner ° All nroted
mm'creophe.p;e degradations are with reference to the.ce
vainea.

A). Tn Rthyl Remo ate,

'the extent of degradation la theae runs '"oo
calculated by measuring theacid in. the water tran
together with acid washedfrom theapparatus, and that
obtained by extraction. from the ethyl benzoate with
water. The total acid was titrated with standard
sodim. hydroxide solution using nhen.olnhtha.lein as
indicator and then with standardised silver nitrate
solution using dichlorofluorescein. as indicator, thus
determining the total acids and chloride respectively.

Runs were carried out lasting from one to six



nprtifp of Acinr PMoro'irtifci-r.o 1ono iierra.doti.

of Different CoT>nivmers.

Qn)f T~roor> T 1limo 1lo0 of loid

Oo’fIQ. RifiQT! from 1170 jvfr,

VA/VC. Oofo,l hr.oiic ITvei 770°071
Moo /NoT 6 Chloride

Vv 1.165 [.163

887! 1. 1O0R 1.155 °©.01328

19/ 1 1.180 1.121 0.059°

10/1 L 191 1 ORR 0 10p7

05/05 1.255 0.97 0.2645

VO /710 1.30 6 0.783 0.672

0 .9/1 1.260 n.644 0.71.6

25/75 1.462 0.366 1.097

1/10 1.540 0.146 1.401

1/82 1.596 0.01923 1.577

PYO 1.6 1.6



1.1A.
hoor~ . 'hr'oere ontage depredations for ti mo
i ~"pv ¢ "fpyn tnon c°inninted poG ol”™ttod onmainat
line ercertape VP Ip the Vv.'iimer as c-i-,;rm in
finures °1 (nege 178' and 17?. These demonstrate
tW'- Ar'T'hi 1ijyyr m vimp op 10r MJ °mr) “p-noy vrj
The highest stability of all is seen to be at 1001 VO}
i.e. .WO. 8Wee bulb PYA is icnown to be Quite
con.eidersbiv mono otahle than bullr nyo, tm'wover,
degradeti OP in ethyl benzoate is cleariv abnormal.
Another indie atw’.or of abn<rma.litv is the olot
of percentage degradatlon o&Binst time of degradation
which is sbo,F in fi 24-, This illustrates the
fact that small concentrations of VA units catalyse
the reactier while at high VA concertrati.ons the
reaction curve to.he® on autocatalytic characteristics»
These two pieces of evidence suggested that
either the solvent B catalysing the degradation,
and. it is difficult to imagine in whet manner it
could, nr the retained, acetic acid was acting as a
catalyst. That acetic acid is retained almost
Quantitatively in the reaction tube under the
experimental conditions is confirmed by the fact that,

when acetic acid is added to ethyl benzoate containing
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mo 7 o.ywer and. the solution is subjected to the
deyradatjon c'vnditiors, virtually no acetic acid
apoenrc in the water tran, unless the tube leading
from the degradation tube to the water tran is
continuously heated, under which conditions cone
acetic arj'vd anpears, but not in a reoroducibly
onantitative Fianner.

It vnr thus decided to find another solvent for
the degradations' which had a wuch higher boiling
noint that the nitrogen could be blown through the
solution and n/'t over 1it, in an attempt to remove all
the acetic send, without i”"°s of solvent.

Tp j-o nni_to luvl Phosnhate.

T)ioctyl nbthalate, dichloronaphthalene, and
benzooherone were tried but they were either too
difficult to handle onantitativeiv (e.n. mdichloronaoh—
thalene- which is a mixture of solid and lieuid isomers
having different welting nointo), or they did not
dissolve PYIl ( which was the difficulty with
benzonhenone and dioctylnhthalate' .

Tri-tolu.yl nhosnhate was easier to handle
quantitatively, dissolved the whole range of

conolywers and had a high enough boiling noint.
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it van thu*- decided to n.re it for degradations,

tt "m.s later found, -however, that tri—toluyl
oho”ohate could not be used in a Hechrolab High
7need Osooneter because of its high viscosity, and
the could not be nrecioitoted from it.

'thus, molecular weight measurements were
confined to samnl.es degraded in ethyl benzoate.

do ascertain whether acetic acid could be
removed quantitative!v from tri —+°luyl ohosubnte,
conoen.tratfons of acetic acid, of the order of those
eyoected diiring degradation rlms, were added to
tri—toluyl nho”ohate containing no polymer. This
was unbiected to the conditions of degradation and
it was found that, although some acid nrobably
condensed inside the apparatus before eventually
entering the water tran, all the added acetic acid
had arrived at the tran within 90 minutes.

Before nroceeding to an extensive quantitative
investigation of the reaction in tri-toluyl phosphate,
it was considered advisable to check that the
temoerature in the reaction vessel was constant over
a period of 7 davs which was the am roximate

duration of the orojected. longest runs.' A thermocouple,



118.
protected "by a glass sheath, way placed in the
solution and its output fed into a recorder. This
showed that any variations in temperature were
within the limits - 0.5°0.

Threproducibility of the experiments was also
checked and figure 25 shows the results of two
degradations on the same conolvwer. mhis sho’vs
complete neurodncibility and gave confidence that the
experimenta 1 technioues were satisfactory for
kinetic work.

Tn tri—toluyl nhosohate, the degradations were
cantin.uon.s in that measurements could be made on the
extent of degradation at various times throughout the
experiment, since the products were removed
completely from the system. Thus, only one
experiment was required to obtain a series of values
of percentage degradation, against time,- which has
many obvious advantages over the situation in ethyl
benzoate, when a series of degradation runs had to be
carried out for each system.

As in the case of degradations in ethyl benzoate,
the percentage degradation for a'fixed time was plotted

against percentage vinyl chloride, as shown in
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]oo #
fi"viro os (onrce 11.0 "¢ Th** G ol'ifVio a flir'HhTh 79
sbabi 1 1tv at aboob &> VO and pVo bbe m”ct sb'nb?e
nrb09ial ?9 ""AA Which S5f2 reasomblo qi.nos ib 1p
Vo m fir' be -ppi? m”re sbable bhan 71VO« "bi 9 ir bhe
finqt indicat! 09 nf qooo sini 1an¥*bv bebw©On q°? Ubi"n
and m ifd rMincp dearadabians,

V'ts- 7ft2:r° o1+n made ot 00 dOyro.d abt op.
a.qpi9sb billl© fop eno.h fin and. o. bTYioo1. evomnle iq
C»Trm in o f-i fynr*©  9A # T*hin i+ 77¢"brabes tb A1 bbo rabe
ir n,onnbo°b un bo 9¢bo-ib Or'f dporadabion, bbp vabie
boil'ly d7\ffenenb for oo0ob oolTmr>Qr. and bhere io bhen
bbo eooobed fallinft off in ra.be. Values of bbis
constant ra.be ar*e shown table 7 ?7n percentage
degradebion rer bom?. with composition also shown.
Absolute rabes r*f evolution of acid in tritoluyl
phosphate are obvionsly very much less bhan bbose in
ebhyl bensante, bbus necessitating a very much longer
bime for each run..

An ultra. violet spectrum wprs baker ab bbe end of
bbe denradation,

ijjn svsbenmabic experiments were carr'i ed o’lb bo
examine bbe effecb of coneenbrabion o9 bbo rabe of

degradation bob some results are collected in bob'le 8.
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rjniv.' I'p~eP
ittor
VA /Tro

TirA

Ino s\
10/1°

10/1

75/.28
00//1Q
0 O/1
OS/0S

1/10
1/82
FVC

p A'pTri mp

Rate A
fr def?radetior / hour.

p on]

0.012
0.0458
0.12.8
0.291
0.810
0.812
0.820
0.4*%0
0.18.

0.164
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m 'O Q
Cry m voor J—Xyrner Oo'T”or 3.ijion
Hn-nn" jti on ICQ :mjrr/ 1p pl 15~ P/ 1n Til
VA4/NC 2noe ( 7 deornd, / Innr '

C. = V& C°C

19/ 1 8.04S3 0.0707
75/25 0.271 0.401
60 /40 0.810 0.925
0.9/1 poopo 1.155
25/75 P PoOP 0.867
1/10 Oo4%n 0.543

1/R2 0.18 0.2*2
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'"e'bodrcabe bhob, bhroughoob bhe cooplv”er

Of iv: )y v o 2anf-'©. 0l CCO I° de”Ordo'HbP =P ffabo
I 'o ooreerbrabion of mn/yr.ers TInforburab©lv * bhere
J "ficicrit; clelbp. bo nernit any conclusions bo be
dro-7r. from th-oe re.9nl.bo =

fan off iob of ohar*p.*o of bemrerablire on bbe robe
f derrudrbior will be discussed labor. m f-' abbemb
was onaq ki rbndy bbe e.ffecb of molecu.la.r we?s*hb of
bbe cono ly'®er»o or bbe re.be of deo:radabior, an bhis
t70 11d b”ve beer a very diTficnlb ard bime—eoren.mjrp:
exercise ard bbe resulbs woold have been exbremely
difficnlb bo intarmeb.

0) [ffecb of WvwOri..

This -could nob be irvesbigabed in ebbyl benzoabe,
since ib mould have beer necessary bo rass bhe oxygen
over bhe surface of bhe solubion, which would nob
necessarily have changed bbe concenbrabion of oxygen
in bhe bulk of bhe solubion.

In bri-boluyl yhosyhabe, however, a blanv
exoerinenb denonsbrabed nobiceable discolourablon
of bhe bri-boluvl nhocrha.be and, albhourrh libble
evolu.bion. of rhomboric acids was r.obleed, ib wan

decided nob bo underbake a onanbibablve invesbigabion,



125 *
*ip.iibabiy-~iy. p verv decided cabalvbic- offecb was

nh'n ~rved am rhhn”y j= figure*7 ar (‘e—fip# gb is n”b

ai **p Ipora bheoe pernlbs whebhar* bhe owwfta cabalvees
bhe brpn'd'"m #f bhe nolvmer, nr cabalvses bhe
brr-nycfwr. of bhe bri—boluyl uhnsnh3.be bo give
nmducbs Thich cabslvse bhe nolyyer denradabion-

t)) Iffecb of ?rodnebs .

This man invesbioabed by s.hubbing off bhe nibrogen
fIrw bhen swibchirg Ib on again afber some bine. The
effecb of bhis was bhab afber bhe acids, which had
accurnula.bed in bhe solubion while, bhe nibrogen was
swlbched off, had been removed, bhe rn.be sebbled
down bu p consbarb value once more and bhis cursbarb
value was bhe sane as bhe uncabalysed ra.be, A
bynical run is illusbra.bed in flyre ,?8a,

These resulbs showed bhab hydrogen chloride
cabal vsed bhe dehydroohl orinabion. of PTv} ncebic acid
cabalysed bhe deyradabior of pvA and eibher one or
hobh of bhe nroducbs cabalysed bhe degradabion of bhe
cono 17,771€1s . Tb would he reasonable bo eyeecb bobh
prodirebs bo cabalyse bhe denradabions of bhe-copolymers,

since bhey catalyse bheir corresponding homopolyrner.
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Plot of 0oDegradation against Time
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Fig ure X'Vc.
Plot of % Degra dation against

Time for PVC under N2
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Ffgure 28 Q
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Toe reso ’is obtained in ethvl benzoste p'pvg a
~fenrs-rfi- i'ncllnnt *ori that. in this medium, ace”™'c¢ acid
catalvsed the degradaf* oy, Qf PY4 and many of the
cor','Ir*niero and it has been "previously sn”/ested, mln
that acetic acid catalyses- the degradation of ,?VA
but a suggestion that it catalyses only the
degradation of branched models for PVA has also been
made (lf;nf
The -problem of whether the two nroducts wild
catei :rse the other monomer unit breakdown is still
unresolved. It seemed, therefore, worth while to
consider the influence of acids in general on the
reaction.

11}. IIffeet® of Other Acids.

Various acids were investigated. Ortho
nhosnhoric acid was fnur»d in a bl ank e"v>eriment to
cause colouration of tri—tol.uyl ohosnhate and was not
further investigated, Benzoic acid was found to be
free from such effects apart from a tendency to
sublime on to the cooler parts of the apparatus, but
not into the water tran. /hen degradations' were
carried out with a small pu.entity of benzoic acid

added, the effect was as shown in figure 28. This
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effect rrq r-seated with th various acids shown in
fiP'npp 28 and a reduction in rate found in each case,

AheMa #nr,°niltr iMfiinnbad that the aata lyesr war
wf'b a 'm('O-"riT'ol op "irj n-Pfpf f;

P n-0; *p o | mnVi/nc!’

7 # (to] ot;iop na0O observed rosejbly beoa.nse the
coneentrations used for bbe degradations in tritoluyl
ohos”hate ’vane boo 1/wr. Some was observed in ethyl
benzoate but onby when the polymer concentration
exceeded 200 ma A 3.0 m3.. This problem will be
discossed lator.

2). Ratios of Products.
A), In ptby3 Renzoate.

The rat?os of acetic acid to hydrogen chloride
were widely different from the ratios of vinyl
acetate to vinyl chloride in the cooolymers as
shown, in table o . rt had been previously shown (3 64
that the ratio of acetic acid to hydrogen chloride
was the sane, in. bulk degradations, as the ratio of
vinvl acetate to vir.y3. chloride. These resu.lts,
then, showed there is something fundamental3y
different between the reaction in the solo'd phase

and in solution. A tyoical olot of the ratio of



q—'"Vi 1'50@
osition
V.,/vo
1/ 4r-
1/10
1/10
0.9/1

0.9/1

0.9/1
29/75
Oq/yq
29/79
60 /40
60/40

6° /40

Ratio
Conrad Acetic Acid
Hydrogen Chloride
'S °OR
.696
7.401 0.689
9.701 C+602
7.22 9.19
21.99 1.96
98.29 1.00
4.95 1.099
12,69 1.156
21.79 0.641
4.00 2.76
12.88 1.49
on <7 1.42

Theoretic
Ratio

0.0986
0.0986
0.0986
n COpPx
0.828
C.828
0.999
0.999
0.999
1.198
1.198
1.198



¢ °cid to hvdrowe® oh lorid© awainot tim© §<%
r'h0 "l 11c¢nj?6 Which al S# rhiVI® the mole r"ti o
in bhe cor'o"*n',pr(

Prro 1;hir.R’> Phich these investi wations did °h'v"

» LI, contrary to eyo©Octntinrj.s? all the hydrogen
chloride was not removed fr'n the ethvl hen'7note

on mil; im p-~c|, "Tier PYO was degraded, onite a
cor0?demo!e nromrtion of the hydrogen chloride had
tm he extracted from the ethyl benzoate solution,
Ps. To( Tri—+tolnvl Phoonhate .

Th' vein.eo obtained, for the ration of acetic acid
to hydrogen chloride ere shown in table 10 and
typical clots of ratios of croducts amai.net time,
indicating also the mole ratios in the comlymers, are
shown in fignn© (a—dh.

These reon Its are anothermndication that
degradation behaviour i* tri-tolryl nhoschote
nointi.one jq very similar to that in bnlk and thus it
in a good cllvert f°r kinetic worke This in contrary
to a claim by Tenynugh that it in a poor solvent;
for* kinetic work nrobab J.v beenon© in his degradations,
the nitrogen was blown over the surface of the

solution. This orocedure conid allow the hydrogen



of Products

Ratio

136.

Figure 2 9.

jypical PlorL of Ratio of Acetic Acid
to Hydrogen Chloride in products from
Degradation of a 0-9/1 Copolymer in

Ethyl Benzoate Solution

Ex pected Value

ime (hours)



Conn lynier
Go yoriti on
VA/VC
0.9/1
?5/75
Q0/;-0

1/10

Ratio of
Observed
XA 1&°°C
0.86S

0.307-
1.074

0.11

Products.

Fb'nected

0.828
0.33d
1.198

0.0986
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ch lor5.de corcentration bo "build ur in tri-toluyl
ohosohate to a great;or extent than it does in ethyl
benzoate, because of the greater viscosity of the

fo.rner, thus accounting for the increased rate



idg.
m 1 *rrpor? TH,

Or'lour development.
1" # goTgoprison of Tmctra,

foe-°"se of the TOprtainty about extirction
¢ fr'fidents, concentrations of polyene seouerces
con]d not bo obtained in a ’satisfactory menuer. It
Trao therefore decided at an early stage merely to
compare the spectra of the degraded polymer
solutions by rneocoring the peak heights and the
wavelengths of the absorption maxima.'

As shown in figure 20 (page 10z) and pi,
the absorption at long wavelengths >(which corresponds
to longer polyene sequences) at first increases
with time end then, at a later stage, decreases.
This means that the actual number of longer aolyene
sequences is reduced. This phenomenon could be
accounted for by cross]inking by a Diels Alder
tyne of reaction involving »n long nolyene sequence
and either a single carbon—earbon double bond or
another nolyene sequence.

This postulate may be checked by measurement
of molecular weight and it was decided to examine

the relationship between molecular weight and






i-ntr-0 violet and visible absorntion. If the
~orl?1late is indeed correct then, an the longer
wavelength (visible) absorntion decreases, without
decrease in. the ultra violet absorntion, the
noieculnr aelrht ahould increase.

The medium v/hich is best for rate studies is
tri-toluyl phosohote but, unfortunately, this
solvent, because of its high viscosity, cannot be
used in a Tlechrolab Tlombrane Osmometer. Because
of this, the molecular weight measurements mere
carried out in ethyl benzoate and ultra violet
spectra mere also tahen of these solutions.

The ultra-violet spectra in tri-toluyl
nhosnhate, however, can be matched mith
% degradation, thus giving more information.

It is unfortunate that the molecular weight
and spectral measurements had to be oerformed in
different solvents.

A). In Ethyl Benzoate.

The results obtained are shown in tables
11 - 21. These degradations were oerformed at
a concentration of 100 mg of oolymer in 10 ml of

solvent, at which gelling is very slow but which



146.

[e]o]d) %n_uD
o o Bz 4
DLEM R OMa
=08

< '0 08B0 0«<”
08 o ®iF o S
oo’ » Jos<'o <357
ot 3 0. og<

o 083"« ©88 + I8z 6 o8«
8 <55« 558 o 838°8 IS¢
© 8348 42387, 5. o<F
©) MH+. w oAm o ONu.m. o OMHN-
) 8sr° o 8z o oL o 087X

1
1
1
1

(0]

Cco

IA



ﬂ
0T Vy-on

rH

C>

r-1

LA
0-

~70

GC
K\

fA

pi

o
<41 -H *
O -P w

cd p
0 dj p
£ cd Q
*H PirP
EH faOv—

0

p

oo O
< -

s

o

.

[ X 00
P

do
IT,

CM

49

%

W

A
NA
4"

cA
Lf

o

>0 °

o

[eNeXe}

A\
o
i

LA

>0 O

10



A’ o g3 %
- L] S e
«00 o oSAa O
* mx AN e
00.« o cKW °
OKM. 5] CW,M. <
5] o7

_- Ll — 'n'_
I % VM Ly OL

in
1tN

to-
r-1

r-1

r-1

o

0 LI\ (0]
VO
1v)

in
ert

o

t>-

Vo

r-1

1c>

@ o

r-1

r-1

r-1

o .
r-i

G'

r-1

* LEQOO N
=]
>
=
ol
* o & oD
<
3
=
o
-
_PETOR,
OFBEHT Mo,
o Sug



N 5S>

)
DY
« P *
-P
a(l r-'rc:
r. 0 ¢
0 *r!
y g0
r r-1r-
(m ©
c e
(6)
d
rl Cn
A VC
O'
=
>ﬁ1 ,
C.
KM
b
I
0
G a
,0
o ¥ q
o 0
© O
r3 [0)
h< (X
P
©O LA
r-i VC
P KM
0
=
r-1
G
[
cf
r)y KM
iy
()
c\' q
q q o
P> 4 <H-H "
[ fp C-P o
pi Ot o 1J
Ic H £" d 6
T
& g,,hﬁ\’-q
a <)
r: P

9% eI

C.e
(1

Tgs ©

_
ey

L]

(0] rH

C»

vi-9.

r-i

01

r-1

a
K\
0!

rH

K\

="

oom

IS

™ 8OO

000

a;
O!

r-1

r-1



@%% B4 T 0old'm OU B swt'BD 4D mor T L
Mo - =88 oz0=

A O

Ommom C%\p/u H OOA_n o -
I 1 _10 % P 1 (3 . — — 1
SO 48 US4 w U3 oz g s L2 ¢
1 > ce Ny )= .. . . [l
o ooy Mo, CNW O o< 0O K o SY z vo8' T iSole) ool E ¥
v
— 0o 8 okl B o< T N £SB8 0 - - 3
A A
moo 43 B¢ o S B U O . <5 o AR . S5 . I
oc@w@m o
ﬂmm.r?._ Lo=atn,
Ea, ooy o EOMD....deP. 'l
MO 0%
) o2 43 S RS 523 4% axBacToNeg
n A w Ao v - bP=mEan, B o S <EIB BZeoeTtd T » BEAC<AS



151.

[ ) - P . o —
0o m Hmm © OOc.xﬂ._ oo® & oe 8 E MCA.». o -

S ot Wfo 0 wil'ET R E OS2I 823 - -
ovo ft Lo o oI eSST 2503 S - -

Az - .e e e ) — .
O’ Y LBE G 0uwa 0 U286 ows' O LOU LT oS =
A Om a -
00O o
af “Fo
Ao aor A F ke
EIN ok - HC* D_...wim-mD.TBp
&°

SO0 HU@H o0
A

o iw ot St 57 o83 s9< & meBE
SR B Lo w00 Foe B8 B 8 Bael gAY ==

4 ab

VO

1A

(A



152

A
0
rH
C
(6))
i
q
0
P-
4-
01
o
A
0!

c
H
r-1
(o)
(&)
rH
[
J

O
ad
[
OY

Boe* 8 e

Or=r

(0}
S
[e)
a
00
Ol
(0]
LN
01
o
Ol

r-1
A

A

rH
()
(0))
rH
o!

o
L«E O &3 8 '8 L« '3 0.8 3

®®@. o aAO.Hﬁ

1A
d-
Ol

a

2T me<E oS% I

IPs
rH
OV

1
LA
LA

(e umo.ﬁunmA

oF% A< oBe 58« ol
L Tobo e B8, B go Ohfme a8z soj0  PEE

L1 {lurp Wil

Il



SOl o3 o3 °0C

(0]
N
a
0]
Ol
¢
a
0
@
G
o
a
K\
A
r-l
a
B .
01
a
r-1
LA
O!
@

.o ° A M 3 ° ® . °
CCM .HL. Cheh o cwm @) 0@@ ° oS’ T 0@11_.. 0 CRE wd3 T 5
¥t TE SIS HeH o o8%8 o 0TI OIR T TBST B s +
-~ 1 ] — ¢ © — . - le ° . < L[] O
—vo W Omwu Q Hmw 0 Cluw o OMP ° cmm H er .H 088" T 2
5 - — - " A i M 1 e -
w oul P b o ©S 5 3L o 8o w08 3 =0 % e} M 3
GUG =Y - - - - C11.._.0. ° +8e o H,mo. ° H
OO@ r?d — — - — — — — o
*am g0, wwmno%
A oTeR0T mo 9T 5889,
Io OLTR
OALB g fTn,
oS+ -8 z2T STV 2% S o & = REOTMAE
s Psoailti . M, & sz S5z 27920, B go %s. 835 97 obIeI 2aWoZs0b S



154.

oot 5%

— A
- 00 L

%8 27

<

o
LA

tr, C
1C. LA O]
rA 4"

LA
*

LA

(0)) CJ

r’ r-1
«

fr-
0!
C

o

<@ SR

0B o0 TBL T AwB o ocox T
V<t -
C.ALn.AIn_ (@) o% m‘ @] OO@- o Blele) .H
L 'e ‘e f . |-
o¥st' 0 OS5a"u 0B o ses O
e .« . o AN _
f@.lr @] VOO OWO @] o<t )
o83" o« o030 «BE o oTY o
0,._%1 Co [« OvC ,C. — CaO- o COH (@)
FOrtRdose
0m¢ DKM.. GW.H, Cmm
. A S . ml
L Llel e8R8ede. v ze BaESro

0 c -

0 Cl

L (0]
r-1 r-1 rl

C

r-1

rH



155.

=0 ©

K\
«
<’
0!

K)
C

Ky

WW mdn. (&) NS

A >
.m.m 00.&4 ° cmm
b UIT o UnTt

HHa Cm o o cmc.
dm - =
Te
U8
oS+
n
L — ook

= O To

°B 8 u@UP
o0

o

O <
AN AN—o

=~ O O
«Fo o

o=3™ o
0= o
ON * <
SRE° &
ST o
5238 o
-

S88

EBT ooTF

r-1
VC

0

ro,
ERY
(0]

LI

a kv F



156.

e &8 K0 8&. o <@ o PO
0P Hor s« =0 ox.‘r.. o B o
OM ¢ G oo T s odPO OV
Dt O o o HE*S izt o Hr A
sl B B o U 0 <RV ST s
Odm 52 o¥b o oo Ao EHIPU
o o

4+ <Fo
L% 20w T
o0 L0
o &Lt B
500 v dun OE ABOs  EBR =2k

‘5 Sty

B0 U4 0 & o
O ALLO E o
B SO O o
O s B o O
B o 2o &2 o
s o Fito

0B BX« <

o

et
ot & Hof on,
PO S-FE

g e/



157.

ia optimum for molecular weight measurements , The
ul/tra-violet spectra do not sunnort any firm
conclusions but, if they are closely examined, here
and there «xsnnles are seer <f the drop in
absorbance at hiah wavelengths with increased
extent of reahtion.

The mulocular weirht measurements do show,
however, that the molecular weights increase-
continuously with the extent of reaction,

B), In Tri-toluyl nhosnhate.

A typical soectrum is shown in figure 32 and
a typical series of snectra, obtained for the same
polymer for different times of degradation, is shown
in figure 31%* This illustrates a very decided
dron in absorbance at long wavelengths with
increased extent of reaction.

The spectra obtained, in this case, could be
related to oe.rcentage degradation and thus to the
actual amount of acid nroduoed. The snectra are
recorded against percentage depredation in
tables 52 - 32. These show that there is a
definite dron .in absorbance at longer wavelengths,

with increased percentage degradation. The
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the maxima occur were thenm “lotted amainst percentage
degradation (an example is shewn Ir. figure 33)

and thus the absorbance at each wavelength at
certain oercentage degradations was found. The
values found by this method are shown in

tcables 33 (n -d). Tables 33c end 33" show

the visible region of the spectrum and it is
noticeable that, initially, PTC is much more
discoloured, at the same nercentage degradation,

than is PVA or any of the coonlymers. There

anpear to be two' minima in colour formation,
occu.rring at 10% VA and 10% VO. This relation is
of extreme interest but discussion of it will be
reserved until later.

At the low wavelength end of the ultra violet
region, (shown, in Tables 33p and 33h) PVA is
beginning to absorb more strongly than. PTC. This
would suggest that Pr4 initially has very short
chains of conjugated carbon-carbon doxible bonds
but many of them are oresent. FTC seems to have

a greater nronortion of longer conjugated sequences.
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8->ectra of Polymero at; Certain S Degradation %«

.ave len.gttl 005 *10 625 40 760
Absorborce

Polymer degrad.

olrr) 1 0.600 o .870 0.s40 0.500 0.460
PVO 5 1.710 1,540 1.765 1.115 0.865
PVO 10 0.770 2.s70 2.150 1.580 1.160
1VA/10070 1 0.760 0.520 0.480 o.445 0.770
1VA/100VC 5 1.480 1.760 1.210+ 0.980 0.790
1VA/100VC 10 0.200 P-0%70  1.800 1.280 1.000
1VA/ 10VC 1 0195 0.180 0.180 o.170 0.180
1VA710VC 5 1.44"  1.795 1.780 1.220 1.150
IVA/10V0 10 a.*40 2,715 2.295 1.970 1.850
2.5VA/75VC 1 Y.y 0 28° 0260 o.270 0.220
25VA/75VC 5 1.060 1.210 1.260 1.150 1.170
25VA/75VC 10 0.440 2.760 0.450 2.210 2.270
0.9VA/1VO- 1 0.700 0.700 0.270 0.220 0.205
0.9VA/1VC 5 0.820 0.855 0.860 0.740 0.75"

0.9VA/1VO 10 1.620 1.790 1.810 1.550 1.500
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TAYT ; 55 b.

jrTn of PnIVIN®pr; t Oert1in f Degradations.

rnvelength o 295 . 510 525 54-0
Poimner do/nred. m.b.eorbnnce

60VA/Z26W0 1 0. 0.520 n,490 0.5 5% .
GOYA/40V0 5 1. 1.090 1.010 0.840 0.
60VA/40VC 10 1.660 1.75° 1.57° 1.400 1.
75VA/25V0 1 0.100 0.076 MN.050 -
75VA/25V0 5 0.720 0.665 0.570 '0.455 0.
75VA/25VC 10 - 1.585 1.295 1.04-5 0.
10VA/1VC | . 0.190 0.160 0.100 0.065 o.
10VA/1VO0 5 0.820 0.770 o0.870 0.550 0
icvvivo 10 1.720 1.610 1.440 1.150 O.
19VA/1VC 1 0.500 0.160 o.120 0.060 o
IQvA/ rye 5 l.120 mn.350 0.700 0.555 O
10CYA/ 1VC 1 0.s60 0.260 o .165 0.095 O.
100VA/1V0 5 1100 0.8n0 0.590 0.410 0.

PVA 1 0.690 0.A70 0.540 0.23.0 0.

560

.050

410
080

510
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nP Pol”*ncrc

Jnvelnoth

Polynor
PVO
PVO
PVO

IVA/10CVO

iVA./tyovo
1irA/in QVO
1.vA/i.Ovn

IVA/10VO

1VA/10V0

25VA/75VO0O
23VA fn 6VO
25YA/7SVO0
0.9VA/1VO0
0.9VA/1VO

0.9VA/1VO

degrad .

10

p

"0,2f,. T?P.d?itiore «

440

Abeorb arco

ni; OO0rbni'”’
390 419
p /utp O non
0.039 0.440
0.740 0.490
0.340 o0.230
g*qnyy 0.380
o.000 0.430
0.209 0. 80
1.ocoO 0,810:
1.320 1.000
0.239  0.230
1.100 1.040
1.740 1.370
0.210 0.210
2,06l o 090
1.290 1.090

0.230
0.330
0.340
0.190
0.265
0.270
~.200
0.660
0.773
n . 26
0.960
1.310
n_gyq
0.370

0.890

ayn

0.180
0.290
0.230

0.140

480

0.140
0.200
0.180
0.100
0.140
0.120
0.195
0.490

n qon

C.2C0
n.w
0.97n
0.195

0.435
0.600
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TABIjU? d.

Oyactra 0A Po7VHIO0 Ot Certain {7 Depredations

Tnv° 7oria'tb A ~OP 412 * 440 460 480
Poi.ymer dopmr] . Absorbance

60yA/40y0 7 0.72C o.oic P,ZZ0 (.820 0.84Q
60YA//PVO ? 0.P7a 0.080 O 0.440 0.800
60y A//|.nyr» 70 1.760 o0.a40 0.770 0.790 0 .770
76 YA/p syo 6 *0.200 0.22? 0.7.67 o0.127 -

7 7VA/2 2y0 1o 0.640 0.460 0320 0.260 0.270
icyA7ivo 1 o .020 o.n2?2 0,POn 0.07.0 0.006
IOVA/IVC 5 C.g20 0.046 o0.170 0.120 0.090
10VA/1VC 1o 0.660 0.480 0.800 o0.210 0.180
1L.9VA/IVO 7 phty B 070 0020 o.010 0.00?
19VA/1V0 5 0.280 o.190 0.140 o.100 0.080
JOOVA/1VC | 0.060 0.046 0.08Q 0.027
100VA/1V0 5 0210 0.162 o0.110 0.100 -

PVA 1 0.080 C.o70 0.040 o0.070 0.020



Tab*la 74 shows the percentage degradation
at which the abcnmt.Aor at 4i'~'rnof the various
cono i~mers begins to decrease. These suggest
th°t there are competing reactions, one of which
varies with coaniymer composition and the other
which is invariant.

Table 22 shors that PVA is very slow to absorb
in the. visible region ( above 880m/ti ) but quick
to absorb in the ultra-violet region. It is also
quick to lower the visible absorption, possibly by
crosslinking, and it is thus a more useful
material than PVO, with reerect to discolouration,
but it may have a tendency to crosslink very early
on in the degradation, thus affecting the physical
properties.

The copolymers are more slow to absorb in the
visible region than PVO and thus, for use where
discolouration is a disadvantage, these might be
useful substitutes for PVC, although they are more
unstable, with respect tn loss of acid, than PVC.
2). Measurement of Pooctra.

Many methods have been proposed for

quantitative examination of spectra of degraded PVC



TAPIP 84.
ydyner f> Degradation at which decrease
UA- rn in absorption at 440 begins.
_ 1.3
' o 8.6
77/2? 2?
60/40 2¢g
0.9 7 . po
25/75 18
1/1° 18
1/100 14

PVC 10
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but these have mostly been rather unsuccessful.
The most recent method is that of. Geddes

who showed that it gave good agreement with his
own results. This method involved integration

of the spectrum from 860/nyu to 670myuu and
olotting the. area, on. an arbitrary scale, against
time of degradation.. This plot followed closely
the' plot of percentage degradation against time of
dear adof-ion.

A plot for a 1/10 VA/VO copolymer is shown in
figure 84. This shows that there are well-narked
differences between the two relationships. The
obso.rbance is c¢learly arrested after a certain
percentage degradation and this could be caused by
crosslinking.

before any further conclusions may be drarm
from these results, complete characterisation, of J
the spectra with resnect to mod.el polyenes, is
necessary. This wil7 doubtiess involve very
compley calcu7ations probably necessitating the

use of a computer.
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CH

The effect of Temperature OP the Rate of the .Reaction.

It viFB decided to study the effect of
temperature on the rate of degradation only in
tri-toluyl ohoachate because of the abnormal
characteristics of the rate in ethyl benzoate and
the difficulty of the measurement of rates in that
solvent.

Rate studies were made at temperatures of
180, 198, 201 and 218 'o. The rate was found in
each case by talcing the slope of the nlot of
percentage degradation against time. A typical
series of plots of percentage degradation against
tine of degradation, for one polymer at several
temperatured, is shown in figure 8§8. This
illustrates the licear nature of these plots. The
values of the rates in percentage degradation per
second are shown in tables 88, 86, 37 and 38*

The Arrhenius equation for the rate constant

of a reaction 1is worn
k = A e n

in which the pre-exponential factor, is virtually

temperature insensitive compared to the exponential
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20-

181.

Figure 35.

Typical Series of Plots of

% Degradat ion against Time at
Different Temperatures for a 25/75

Copolymer.

21 5°C

) 37/ X
Time (hours).

VA / VC
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Ratf? »> n_ D4
- “-mcllon at 7s0°

Po:Vnnr
V2 /fro
R decrynr} /
PrrV
"-00/1 ¢
5.55 x lo

/1 2.362 x 10 -5

75/25 3.583 * 10 -5

61 740 - ¢
ool 2187 r jO -4

25/75 s ¥ 10

V10 2917 r 1Q ,4

~+195 x lo ~M

PVO
s-353 x lo ~5
e 6*"5 x lo -5
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TART 8 76.

Rofe of Roaotior of 193 Q

Ooi op Rate
YA/YO % de”rad. / nec.
P\M 3,667.x 30 °8
100/7. '5.988 r 30 "
1Q/1. 0.022 x 10 ~8
If./1 1.167 X 10
7525 1.979.- 10
60/40 5.888 x 10 ~1
0,911 7.167 X 10 ~i
28/76 5-805 x 10
1/10 8.535 x 10 ~

PYC 8.353 x 3.0 “H



Pol” TiOT*

VA /wn
m/'

™ _
100/1
10/1
10/1
7?/25
6r'//r
Oen/ 1
2MT75
1/10

1/100

R-°te of Reaction at 201°0

6
2.

E .
. Rat©
% de-rad. / sec.

388
862
419
355
708
667
170

154

461

638

x 10 ~5

x 10 -5

> 10
x lo ~4
x 10
x 10
x 10 “?
x 10 "4
x 10 ~4

3.583 x 10 -4
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T7-BT.E 8.

Rate of Reaction at 215°C

Polymer R ate
YA/VO / degrad. /sec.
PYA o X 1o
100/1 2.20-3 x 10
19/1 4.5 x 10
10/1 7.778 x 10
75/25 1.375 x 10
Or '40 2.672 x 10
0.0/1 46 x 10 7
25/75 5.888 x 10

1/30 1.771 x 10
1/100 8.112 x 10 “4
*PYC 8.383 x 10
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term. E ir the energy of activation, R is the gas
constant end T in the temperature in degrees
absolute.

If logarithms of this expression are taken,

In k = In A—-g(fr

which 1is

log k = log A — E 7Ig

Thus, if the logarithm of the rate constant is plotted

against the reciprocal of the absolute temperature,

E
the slope of the line is - an(”

intercent on the log (rate constant) axisis log A.
Thus the energy of activation and the pre-exponential
factor may be found. Strictly, k is the rate
constant but, if only T is varied, the rate can be
used instead of the rate constant, assuming that the
order of reaction remains constant throughout the
temperature range studied. In this case, while
strictly correct values ofthe energy of activation
are obtained, it should benoted that the pre-
exponential factors are at best only relative and
certainly do not represent orecise A values.

A typical energy of activation plot is shown

in figure p6 and the same plot on a reduced scale,
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to find the pre-exoon;ntia-l1 factor, is shown in
firmre 37.

The rem its obtained ere shown in table 39«
The error in the pre-exponential factor is
+ (one power of ten) and in the energy of activation
is : Jv cal. These energies of activation are m
good agreement with values previously renorted for
PVA and PVC as ir table AO.

Points in these results which may be of
particular significance are the very.low nre—
exponential factor in PVC compared with the
relatively high one in PVA. The minimum value for
the nre-exnonential factor at 0.9/1 VA/VC
composition is very interesting and should be a
pointer, along with the minimum in energy of
activation, to the mechanism. . The nre-exnonential
values are of extreme interest, copolymers of high
VA content giving very much higher values than
cooolynors of high VC content.

The agreement between the values obtained for
PVC and PVA and previously reported values for
these indicate once more that the reaction in

tri-toluyl phosphate is of the same type as, and is



Figure 37.

Typical Plot of log Kk against VT to
Obtain Pre-exponential Factor for a

60/40 VA/VC Copolymer.

intercept - 11300

pre-exponential factor
tz *#32 10

O0I0 1



Pniyn.er
VA/YO

PVA
100/1
19/1
10/1
75/25
60/40
0.9./1
25/75
1/10
1/100

PVO

n*q.ble 39.

Pre-exponential

fa

1.~ x
2.188
6.0%2
6.802

1.455
1.832

8.45?
1-952
7.226
3-524
6.012

190.

ctor

1q

10
x 1012
X ID 17’
x 101?
x 1017
vV 1011
X 1Q}0
-7I°J8
y Eotﬁ
x 1011
x 108

9neray of
activation
k.cal.
37.6

36.0

38.1

57.0

35.4

31.0

.99.6

32.9

51.7

37-.6

96.1
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Table 40.

Pnivmer Pnerp;y of mReference,
activation
It. cal/nole.

PVA 36.7 149
DVf. NT.6 nresent
PVO 29 40

PVC 22.8 (solution) 26

PVO 22.5 25

PVO 28 168
PVC 33 30

pi/Q 26 10
PVO 30 (solution) 146

PVO 26 (solution) nresent



indeed very similar to, the reaction in the
eolid nhp.se.
Pull dincunsion of these results will be

reserved until the next chanter.



133«

CHAPTER V I11*
DISOUS STOTT.

The experimental results obtained using the
Thermai Volati lisati on Analysis (T.V+*A.} technisue
showed the relative stability of the different
copolymers, but gave no information about the
mel-n products or their ratios or the energies
of activahion for degradation. This technique
is an extremely useful tool for qualitative
study and product centrel since a high degree of
reproducibility may be’ obtained.

Unfortunately, T.V.A. is not very likely to
become a highly useful quantitative technique but
there are some limited possibilities for it in
this direction.

Similarly, T.G.A. is unlikely to be useful for
quantitative work on. PYC but it can again be used
qualitatively. An improvement of great value
would be to combine these two techniques. The
combination would add infinitely to the usefulness
of T.G.A. and it is possible that all products and
energies of activation may be found from one or,

at the most, two runs.’
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The effects of three agents wnon the
degradafion behaviour of the rolyrners are of
interest. The first agent is ethyl benzoate
which was found to interfere quite strongly with
the degradation. The first reason which might
be suggested for this is ester exchange with the
polymer but this is unlikely as the reactants and
the conditions are not those normally considered
necessary for this tyse of reaction. The second
suggestion is that hydrolysis.of the ethyl
benzoate by the degradation products, esoecially
acetic acid, might occur, since it is PVA which is
most affected. This is most unlikely, especially
in the light of later findings, chapter V , that
the product of this reaction, benzoic acid,
actually inhibits the degradation. The reason
for this inhibition has still to be found.

The third possible explanation for the effect
of ethyl benzoate is that, although the ethyl
benzoate itself plays no direct part, the acetic
acid, which remains in the reaction solution,
catalyses the degradation and causes the

autocatalytic behaviour observed. This is quite
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feaslble in the limht of the charge senoration
mechanism for the decomoo,ition of PYA Ci-5~0 Ewhere
the rote world increase 1f the dielectric constant
of the medium were increased. This would barren
if acetic acid were added to ethyl benzoate*

GHK/I-l _0 -0 —H-'Q(
0 — OFT,

This postulate is supported by results in tri-
toluyl phosphate which showed that the two acidic
degradation products catalysed the degradation.
This again could be by an increase in the dielectric
constant and this would favour a charge separation
mechanism. It is difficult to see how these
products could increase the rate of a radical
reaction but i1t is Imown that hydrogen chloride
causes the breakdown, of peroxides The
creation arises as to whether there are sufficient
hydroperoxides rresent in the polymer to cause the

changes noted and this appears to be unlikely.



1jé6 .

The rate 1s increased when the products are
allowed to build uo but it returns to the uncatalysed
rate thereafter. Ore explanation for this is that
.the rate of initiation is increased by the
degradation products and thus there are more
oropagating chains.

The final agency whose effect on the rate
is to be discussed, is oxygen. The effect of
oxygen 1s to give an autocatalytic mechanism. The
reason for this is probably that oxidation of
double bonds occurs to give reactivation of these
sites at the end of long conjugated polyene
sequences, which are no longer capable of
propagating. There is less colour formation, in
oxygen than in nitrogen and the molecular weight
drops Thus, the attack is in the body of
the chain and probably in the central parts of
polyene sequences to give structures capable of
propagation and transfer. It 1s possible,
therefore, that oxygen acts as a transfer agent.

It was shown in.a number of ways that minimum

stability occurs in the copolymer range between
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50/" VC pnd 75f ™O and it is noticeable that this is
the composition at which there is the greatest
livelihood of one VA unit having two VO units
adjacent to it without it being in a blocl of
YO units i.e. the most random structure will occur.
It was noted, chapter VI, that the heights of
peaks, in the long wavelength portion of the spectra
of the degraded co-polymer, began to decrease after
a certain amount of degradation, dependant upon the
composition of the copolymer. This reduction was
associated with an increase in molecular weight.
This could be caused by the condensation of a long
polyene chain with another one or with a carbon-
carbon double bond, in a Diels Alder or other

polyene condensation reaction.

This would give a centre capable of propagation

in four directions, because the conjugation length
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has been reduced, in at least one part. There will
thus be an increase in rate, as has been noted by

other workers 'w . Such a reaction would also
give the type of structure which would be ideal
for breakdown to Benzene and other aromatic
compounds which are found in the volatile products
at degradation temperatures above 250°C. This
cross-linking mechanism also has support in that it
was shown by Bengough “6) that the cross-linking
reaction is non-radical.

It was also noted that there are two minima
in colour production, at ICp MC and 10# VA It is
possible that these polymers produce more propagating
chains'but, for a set percentage acid loss, they
will produce less colour by depropagating to a
lesser extent.

The fact that PVC produces greater colour than
PVA and the other polymers could be support for the
radical theory as longer chains are being produced
more quickly. This type of postulate immediately
requires that the copolymers degrade by an ionic

or charge separation mechanism, which is not

necessarily the case.



This phenomenon shown by P/C could also be
attributable to a production of fewer initiation
sites.

Any future work ~ the colouration of these
polymers. vil. require very sensitive ultra-violet
and visible spectral measurements'.

The energies of activation, chapter 711, for
PVO and PVA are very similar to values previously
obtained and this indicates that solution, effects
nre not changing the kinetics of the degradation with
resoect to those in the solid. The increase in rate
of dehydrochlorination in tri-toluyl phosphate
reported by Bengough may be caused by the
build up of rate-accelerating hydrogen chloride
ip the tri-toluyl phosphate to a greater extect
then in ethyl benzoate. Then nitrogen, is blown .
through the solution, this feature is removed.

This could also account for the high energy of
activation found by Bengough when using
tri-toluyl phosphate. Ho previous work has been,

carried out on the energies ~6f activation of the

copolymers.



The energies of activation found do not show
a groat variation throughout the range although
there is a trend upwards from PVO to PVA ,ohe
apparent minimum at a , ., . copolymer may be
associated in some way with the minimum in.
stability which is observed in this area of
composition. In many cases the highest temperature
rate is out of line with the rest as the products
here are coming off very rapidly and may not be
swept out as efficiently as at lower temperatures
and thus the rate.and the energy of activation
would be increased.

The pre-exponential values give little
additional, information about the mechanism of the
reaction but the relatively large values may be an
indication that a chain reaction is involved.

The many, varied pieces of evidence discussed
above make the postulation of a mechanism very
difficult. However, if the relative stability
of the various copolymers is taken as the most
vital fact, the degradation could occur by

activation of VA units by adjacent VC units.
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OHn- CHOI— CHo*” ?H - OHo- CHOI

The chlorine atom will have an electron-
vsithdrawing effect on th - adjacent methylenic
carbon-hydroyen bonds. This will activate these
hydrogen atoms for reaction with the acetate group
b a chargc? senaration nrocess as postulated by
Grassie {11%1; for PVA. . This would produce a
carbon-carbon double bond in the chain.

Support for thiscpostulate 1s found in the
fact that acetic acid tends to be preferentially
removed in the first stages of the reaction,
chapter V2 A. fig. 29.

The double bond formed in this way could
activate an adjacent VC unit by allylic activation,
if this unit will decompose by a charge separation
or ionic mechanism.

An alternative mode of action of the double
bond is by being a secondary initiation point,
incapable in itself of initiation but capable of

initiation after activation by some other agent,



for exanolo oxygen.

Another test for this theory is v/hether it
could explain the observed valn.es of energies of
activation. It could be because there is a distinct
mpossibility that an ionic or unimolecular mechanism
for breakdown can be imnosed mon the VC unit and
thus, in this case, the radical oortion could well
be suppressed.

Because of the activationmof the VA unit, the
expected minimum in energy of activation would be
between 50% and 75~ VC, at which compositions the
likelithood of a VA unit being flanked by VO units,-,
is greatest, without being in a block of VC units.

If this proposed mechanism is correct, there
will obviously be many more points of initiation in
the copolymers than in the homopolymers. There
is certainly allylie activation in PVA but, in
this case, it probably constitutes all the initiation
through unsaturated terminal structures and there
is far* less initiation in PVA, as evidenced by its
reluctance to degrade. Thus, in these copolymers,

one would expect many more possible points of
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initiation than in. PVA. In all cases, however,
the degradation will build in slowly as the
activation from one carbon-carbon double bond
will be much less than' that from two conjugated
carbon-carbon double bonds. 1

The colouration observed is also explicable
by this mechanism. As the number of initiation
sites increases, the discolouration, at a given'
percentage loss of acid, will be less. The
structure A may lose acetic acid by either of the
routes shown9which are equivalent. The products
formed will reduce the possibilities for long
polyene sequences if two subsequent VA units

liberate acid in the two different directions.



The, number of blockages will increase as the
number of YA or YG units is increased but some
directive effect would be expected to come into
play when the initiation sites are close enough
together. This effect will tend to remove the
randomness from the initiation thus causing a
greater rate of discolouration. From the
discolouration results, it would appear that the
point, at which this directing force begins to have
an effect, is just over .,; of either monomer,
which is the point of minimum, colouration. This
means that there is a directive effect if the

initiation sites are less than ., monomer units apart.
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fhe initiation process postulated would be
activated by the degradation products as these acids
would increase the dielectric constant of the medium,
sTuvm earlier in this chapter. This v/ould increase
the rate of a charge separation process or an ionic
process.

The effect of benzoic acid is difficult to
explain but it appears to be associated with the
hydroxyl group of the acid. This could merely be
by some addition reaction with the products of the
reaction.

The mechanism could account for oxygen
catalysis by oxidation, of the carbon-carbon double
bonds formed in the postulated initiation step. This
would give peroxide structures which could give chain
scission and thus degradation in two directions
could occur. This work has not been successful
in finally establishing the mechanism of
degradation of PVO. However, the results
obtained and the mechanism postulated for the
degradation of the copolymers both suggest a

possible explanation for the difficulty found in
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n',~ tinf puo neohpm.i"? of d""r"d.*.oio™ of FVC.
fplT"o is th°t the MO unit nay be induced, dependent
upon if environment, to dose hydrgoen chloride

by a radical or ionic mechanism and it is possible
that, in PVO degradation, these two mechanisms

on -rate simultaneous.y.

The factors described in the introduction
suggest many possible modes of future investigation.
The first of these is the obvious value of electron
spin resonance (S.3.P.} investigations in thermally,
degrading PVO to determine if radicals are present
and, if radicals are found, to determine their
number. This number could be compared with the
number of nrooagating chains calculated from, kinetics
on from ultra violet measurements to determine if
all the propagating chains involve radicals. This
would have to be done at different temperatures and
on different polymers to give conclusive results.

Jt would, however, finally nrove or disprove the
existence of radicals in thermally degrading PVO.
I[f radicals were found, it would confirm that they

participate in at least one part of the degradation



orocers but, if they were not found, it would mean
that they do not participate at all. It is really
of no value to perform 3.S.H. measurements on
material already thermally degraded as radicals
could, combine to destroy each other or unsaturated
structures could react with oxygen to give radicals
during the period between degradation and E.S.R.
wasurement. This would rive totally misleading
results.

The next problem is the determination of the
polyene .chain, length and this necessitates a very
thorough investigation of the spectra of all
individual polyenes of length 2 to 25. Thus spectra
of all individual and all possible mixtures of
polyenes must be examined to determine extinction
coefficients and the wavelengths of the maxima.
Because of the effect of substituents on the
spectra, four polyenes must be prepared and examined
for each chain length.

Thus, the only way that colouration could be
tackled in a quantitative way would be very arduous

and, possibly for this reason, many workers have
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nned relate onshins which are satisfactory only for
th'-r'r own requirements as already discussed in
cheater . .

From a commercial point of view, the problem
of inhibiting colouration is clearly one of
reducing the polyene sequence length so that the
po . yw.er will absorb in the ultra-violet region of
the soectrurn.

The relationship of the polymerisation
initiator to the degradation process may be
determinable by the use of radiotracer techniques.
These studies may give an insight into the
initiation sites for degradation.

The work using Th.M.R., described in. chapter 111
could be extended to the use of a 220 Tic/s machine
which could possibly separate the isotactic,
syndictactic and atactic contributions and perhaps
indicate some influence on degradation. Another
possible development is the application of a rapid
measurement of percentage V4 in the copolymers to

industrial process control.
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From the results obtained, it would appear
tho.t a polymer containing about 10/> VA would be

the most resistant to discolouration.
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