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SUMMARY

This work describes the investigation of the
physico-chemical aspects of the thermal degradation of

PVC end welated short-chain compounds (telomers).

The latter, made with a chain transfer agent sueh
as bromotrichloromethane, consist of either one or two
molecules of vinyl chloride Jjoined 40 s molecule of

bromotrichloromethane e.g- GlgamGHQmGHGlMGH2¢GHCLBr

A system hasg heen devised whereby the rates of
degradation of these polymers snd telomers can be Followed
empiricelly by titrating the quantity of acid evolved

against standard alkali.

The major processes occurring in the degradation of
PVC are dehydrochlorination and cross-linking, found to be
firset gnd second order processes respectively. Crosg-
linking is thought to he a random process of condensation
hetween moleeules, the rate at which 1% proeceeds being
ﬁependeht on such varvigbles as polymer concentration and
ghain length. Dehydrochlorination is belleved to commence
gt the chain ends, “zipper® down the chain and terminate at
a crogs-link. I% is dependent on polymer concentration
but not on cheln length. 0f the two processes, 1t is

energetically easier for erosg-linking to occur. There 1s
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no evidence o suggest that the degradation of the polymer

ig free wradical in nature as is believed by some workers.

In & pavrallel study on model compounds 0oL PVC, the
majoxr Factor influencing the pyfolyais-was the regctivity
of the «CGlSw_group, Dne to this reactlvity no true com--
parison could be meds between these compounds and the high
polymer although breskdown rates fox the telomers are of
the seme oxder as those for the cross-linking of PV(C,
indlcating that intexmolecular condensaition is occurring
between %elomer‘moleculeso The latter is thought %0 caunege

polymezr Loxmation.

There 1s no reason to suppose that the decomposiition
of these compounds is fyee radical; glthough the breakdown

may be partially lonic in charachbex.
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CHAPTER 1.

Introduckion.

With the rise of the pléati@s indugtry, muach
research has been concentrated on the thermal bdbreakdown
of synthetic high polymers. In recent years, work has
been ceryied oui oxn p@lym@ra such as poly@tﬁﬁlen@g
polyacrylonitrile, polystyrene and polyvinyl chloride

whiech have become aveilasble to a wide public.

In perticuler, the pyrolysis of polyvinyl chloride
(PVC) has been studied extensively, becanse this polymer
breaks down vexry easily indeed under cowmparatvively mild
thermal conditions such as those encountered in 1ts mann-
facture and fabrlicavion. There ig, however, & gr@ét
diveralﬁy of opinion as to the interpretation of the
results of this study, so complex is the breakdown of the

polymer.

:ln this study of the breskdown of PVC, tﬁ@ approach
adopted wes %o pr@p@?@4m§dé1 compounds pogﬁﬁasing the
beoglec strueture @@maalned in the high Q@&ym@ro I% wag
hop@d tha% the pyralyﬂig ¥ theﬁe @amp@umdg woulé thTow
[ome Tight on the degfad&ﬁion of th@ high polymer. HModel
compounds Were @h@ﬁ@m becanse they are @h@mically sinpl

then the high p@lym@?e They do not conbain gueh
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seructural defects as @hain-br@ﬁ@hing which may encourage
side reactions to occur, thus obsecuring the true aamtuve
of the pyrolysis. Furthermore if the compounds are of
very low molecular welght, degradation cannot proceed by
the so-celled "zipper® mechanism although some type of
chein mechenism is possible. On the other hand, 1t is
nov always possible %o say just how much of +the informa-~

vion Obtained is gpplicable to the high polymer.

Unfoxrtunately the use of model conmpounds did no%
prove as frultful as hoped. | It was not possible %o
1solaté gompounds in the intermedigte molecular weight
?éngegAioeo of degree of polymerisation géeaﬁer Then 2
but less than 100 in a pure state. The problem was
therefore atitacked from another angle, and 1% was decided
%0 study the breakdown of the high polymer. Pyrolysle
of the latter waes caryied out in solution because obser-
vatlons could be made regarding cross-linking and gelation.
Rate dependences on p@lym@x concentration could also be
ﬁ@termiﬁ@d foxr low conversions. Degradation in solution
gleo eliminates possible difficulties such as diffusion
control of the reactions, and poor hest transfer o The

polymer.




Literature Survey.

!

A general study of the thermal degredation of
high polymers xeveals that tThere are verious reactions

which can ocour and these may be classified as follows:

Chain Scission 1. Depolymerisation
Reactions 2. Rendom Chain Seclsgsion
Non |, Chain 5. Slde Group Elimination

Scission Reactlons 4. Crosg-Linking eand

Moleounler Rearrangement.

1. Depolymerisation

This process is the reverse of polymerisation,
polymex belng degraded o Vhe monomer. Depolymerisation
is vegarded as a redical process, involving initiation,
depropagation and bermination. The yield of monowmer
obtained from the polymexr varies greatly With‘ﬁhe atrucs

ture of the latter e.g. for polymethylingthacrylate

G@QCH .
i 3
= CH, = C = =3 MNonomer yleld greater them 90%
CH.
3

E@iyg%yf@ne produces a @@mpl@x nixture of molsounles of
intermedia%e Blzez

C.H;
N

¢ = —> Nonomer yleld greater than 65%
] plos g nixture of dimer, trimew
5

and %@%E&mawﬁ QLC,

~ CH, -
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e Rendom Chain Helssdon.

The main difference bhetween ﬁ@p@lyﬁexisa%iam and
randon ehein sclesion is ﬁhat in the former the meain
produect is monomer, whilst in the latter the polymer ig
gplit wp ifnto chein fragmnents which are many times blggew
tﬁan the monomer. A very small quantity of monomer is

usually present in reandom chein scissions.

CH-
| 3
&« 8. POlypropylenes o GH? = 0o wdn Mixbure of lavge
= i chain fragments with o

H ninunte quantlty of mono-
BEL . .

and in the case of polymeihyl. acrylate

A N
%QzQﬂﬁ

- CH, - O - - Monowmer yield of 1% end
! larger chaln fragmnents.
H

Whether a polymer will yleld mainly monomer o an
gasortment of cheln Lfragments depends uwpon Lactors sueh as

the heat of polymerisation, sterie hindresnce, ete.

3. Side Group Eliminstion. '

There ave a Tew ﬁﬁlym@ra in which the mein polymer .
baekbone remaing unbroken duving pyrolyals. The polymex,
however, losges slde groups in the foxm of acids. T
polyvinyl aceiate Loses escetic acld, simnltaneovsly forming
& double bond im the polywer molecule

T OAe

!
~ CH,=CH<CH

- s L =I5
2 22 g i &@OEJ&

- m@ﬂ%@ﬁ@ﬁﬁg =



mailto:ac@W.te

&

Y

This type of resetlion cen Teke pluce at Vemperatures as
low as 160°C, and the abllity of the reaction %0 occur so

readily is g funcvion of the polymer structure.

& Cross-Linking and Molecular Rearrangement.

Here two molecules of the pol&mer combine to give
a larger molecule which,in tarn,csn combine with other
molecules eventually ylelding a polymer network. In 8
radical reaction involving a vinyl pdlymerg the following

type of mechanism has been suggested by Graa@ie(i)

=
~°CH, - CX - CH, - CHE ~ ~ CH, ~ CK ~ CH, ~ CHX -
~ CH, - CX - CH, - CHX ~ - CH, - CX - CH, - CHX -

Having @xamiﬁed the p@éaible reactions which can
ocour in thermal d@gradatibngv attention may now be
focussed on the parvieular study of PVC. Detailed
research has shown that the pyrolysis of %ﬁ@ polymex
proceeds thirough the stages of silde group elimination or
&@hydwa@hlarinationﬁﬁ, cross-linking snd vendom chaln
selasion. I% is convenient at this peolnt fo survey past
studies of %h@a@ reactions according as they were ecarried

out in on etmosphere of nitrogen or oOxygen.

% The dot above, below or at the slde of any atom denotes
~the free radical state.

#x The process of rvewmovwing HCL from g molecule su@h that &
double bond is produced thereln i.@.

mﬁﬁg CHOL- OH = CGHGY —> mbHﬂCHmGHQmGHGL’¢ HOL -




Dehydrochlerination in Nitrogen

Early work on the dehydrochlorination of PVC
noted that HCL was evolved and the polymexr coloured,
beconing yellow inltially, then reddish brown, dark

brown and finally black.

Lewis and‘Calvin(g) were among the first to suggest
that the colouring of the polymer yesulis Lfrom the formation
of conjugated double bonds. They cleimed that s minimum of
geven dombie_bonds is necessary for colour’foriationg and
sach & sequence implies the'r@mavai of.thé HCL present in a
gysteomatic fashlon. Hauaer(s) compared the colour intensi-
tles of semples of degraded PVC with those of the diphenyl

polyenes and polnted out the simllarlity between them.

The expulsion of HClL from the polymer may be thought

4
of as & sort of chain reaction, involving no free ?adicaléo)
The initiation process consists in the removal of g mole-

cule of HCL from the satursted polymer molecules

- CH, - CHCL - CHp - CHCl -~ CHp - CHCl - ==——3x HCL

+ =CH=CH - GH? - CHGL - GHE - CHCL <

This produces an allyl-type structure which is reported
%0 exexrt an activeting influence on the vest of the

molecule(5”6)o The removal of further gcld from this




allylic structure is baken Fo be the propamgation gtep,
twhe "sippen® xea@ﬁiéma
= (H=CH - GH2 - CHCL - CH2 - QHC— = HOL

4 e Q@=CH -~ CH=CH - CH, - CHCl—

2

= CH=CH - CH=CH - CH, - CHCl— =3 HCL

¢ —Q0H=CH -~ CH=CH -~ CH=(H -~
e,

L% is by no measns certain, howsver, that the
regetion does not involve free radiecals. Experimental
evidence, favouring the theory that the vemoval of H(GL
ig a free radical process, was obtained by Arlman(7)° In
measuring the rate of evolution of HCL he showed that the
rate increases with the addition of recognised free
vadicel ¢hein initiators such s benzoyl peroxide and
diazoaninobenzene. Arimen pestilated that an end group
could be removed from the polymer, thereby forming a free
radicals

RmCHgmcﬁelmGHchﬁclwcﬁgmn%>Ru+nGHQWGHG1a0H2w0H61mGH2m
aGHEmGHGlmGHQwGH61mGH2m=%»HGl%oGHEmGHmaﬂgﬁﬁclmﬂﬁgw
- CHy~CH=CH-CHCL-CRy & OH,=CH-{H-CHCL~CHy ¢ HOL

CH,mCH~ 0 CHOL- CHy- = CH,=CH- CH- CH=CH-~

CH,y=CH- - CH=CH- == QH, s CHer Gl OBl G~

2

Chlorine atoms would thus be sm@e@séively actlvated and

this would result in their removal from the polymern.




Bavton and H@Wlet@”a(aj work suppoxrts a free
radical theory. It was shown fthat 1:2-dichloroethane
decomposes in thé temperature rénge 362m485oc by a £first
order‘proeesac Propylene is a poweffﬁl inhibitor of tha
deeqmposition’and this and other faets led Barton and
Howlett to believe that the decomposition proceeds by a

free yvadical mechanism

Cl C1 Ci C1
€efo CLe + H - é - é - H H - é - é -~ H
BoA :
CL Gl _ €L H
H - é - é - H CLe + H - é\g% -~ H
B

In ﬁ95?9 Puechs and Lomis(g) mugnested that the
methylene gvmups in PVG are 11&b1e to attack by free
radicals. These werke?s @hl@rlnated the polymer, thus
removing the methylene grompsg i.e. the produ@t conglisted
of a chain with one chlorine atom attached o each carbon
atbom. It is known that cehlorination is a frée radical

O) The

pxaceas in light of W@velength less than 5460 A
indication was thet methylenme groups are prone %o abhack

by free radicals.

Combining the work of Barton and Howlett and Fuchs

and Louis, Winkler(1ﬁ>g in a review paper, deduced the




following mechsniem:

0L H ¢L H @
A R P

Re 4+ = 0w 0w ¢« =0~ =3 RH
6 i l ! I
H H H H H

¢L H ¢ H Gl
i ! { i 5

+ 0w e CwCac(-
i ¢ ! ] |
H H H H

A given radical attacks the methylene hydrogen preferen-
tially(9> and this induces lability in an adjscent
chiorine atom.

Cb H €1 H Ci

, ¢ H E

I ) . P
e G = Cw 0~ = =3 (1o +m§wcmcm€g§mcm

& ﬂ

H H o

i
-
i ° { J §
H H H H
The labile chlorine atom thus produoced in a B position

wonld bhe released to stabilise the molecule

GL i H C1 51

[ ! b ! o
- G = 0= = 0 =« 0~ ¢ Cle=» HCL ¢+ = § « C=0 -~ ¢ = 0 =

] i1 } ) b b } }

H HH H Cl - H HEH K

CL
The probability is that the free chlorxine atom would
abstract a hydrogen atom from one of the nearest methylene

Eroups. Since the neavest ome in the chain is also an

allyliec hydrogen atom its absiraction would be highly

Tavoured
CL H %l
! o ! ]
o e [l e e O s e - (;‘ - %3:3(8,» - %;(; .
E 0 ﬂ ¢ i : !s“
%E H E@ H G H "R H ok
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Thus a chain wesction ig started and perbetuaﬁed whieh
conld lead to a sufficient number of douwble bonds %o

impart colour.

Several mechanisms have been proposed For the
initiation of dehydroahlorin&tion, but little is known of
the termination reaection. It is possible that defects
in the polymer chein e.g. branching could ?ieven% the
continuation of the resction. Druesedow and Gibbaqﬁz)
have suggested a nuwber o0f ways in which branching could
ocour. These include ﬁospolymerisation between pbiymerﬁ
containing polyene asegments, chain transfer between é
polyene segment and o molecule of PYC, and a type of

Diels-Alder reaction between polyene'éegmentsu

Dethwdrochlorvination 4in  Oxyvegen.

Several Workers(7912) found that the wrate decreases
with time in nitrogen or in a vacuum. This is consistent
with initliation proceeding from activated structures pres-~
ent in the polymex. |

In oxygen, however, the reaction rate is greater
(7,12-18)

than in nitrogen and 1t accelerates as the
degradation proceeds. This effect was ascribed %o the
produection of reactive sites by free radiﬁalgs There 1is
some doubt, however, wh@ther oxygen reacts with saturated

or ungaturated structures. Oxygen apparently does nob



B
=3

affect the reaction until a ceriain minimum amount of

' : 1%
dehydrochlorination hes ﬁceurred(i))a Faxshermove, FPVC
degraded in oxygen is less coloured than when degraded

in 1ts absence(7”12)@

Taken in conjunection, whese
observationsxsngge&t that omygen veéacts with wasaturated
in preference o saturated molecunles. Bersech and co-

L (16)

workers , however, suggested that both saturated and
unsaturated structures are subject to oxidation. There

has been much speculation as to how oxygen accelerates

the rate, but it was believed that oxidative initiation
commences within the polymer chain as opposed to thermal
initiation at the chain endsiT}o Campbell and Bauscheré?T)
followed up Arlman‘s work by proposing that oxygen was
capable of forming peroxide vradicals. Absityraction of the
polymer‘s hydrogen by these radicals would produce peroxides
that eveniually degrade %o carbonyl-containing preducts, the
presence of which has been establisn@d(5?18)o PVC exposed
to oxygen under thermal degradation is unsteble when sub-
jected to UV irradiation(5°@291@}g presuvmably because auny
carbonyl growups present absorb energy very sitrongly indeed
at 2,7%0 3 o The imporiance of hydroperoxides as a source
of free wvadicals can be seen from the Tollowing scheme

RH + 0, ez Re 4 QQHe
Initigtion

Re ¢ 02 + RH mmwew—:ég; RGQC’ + RH

ROgpe + RH ity ROH + Re Chein Transfer




1o

ROgH + Re o3 R0- + OHe + R Propagatbion

where RH represents a polymexr molecule
Re " w " radical
RO, " w u peroxy wadical
ROQH n " w hydroperoxide
‘RO« " " w alkony wadical

Hence if peroxide is present; a large number of free

radicals may be available to initliate dehydrochlorination.

The remaining major reasctiong occurring during
pyrélysis of PVC are cross-linking and chain scission, and
these reactions will be convenienily reviewed together
gince one counld almos®t be described as the veverse of the

other; in addi®tlion, they often occur simultansously.

Cross-Linking and Chaln Seisslon i1in Nitr@g@n

That part of the degraded PVC which is soluble
displays a progressive inerease in its intrinslie viscosidy

(7512) | gpig is avtribused

with inerease in pyrolysis tlime
50 @rassmlinking(%QBa There i1s lack of agreement on whab
happens 0 the PVC dn the early stages of decomposition.
Results have been obtained which are in dlireet confllied
with the work of Aringn and Droesedow. It has been founrd
theat the imtrvinsic viscosity of the soluble polymer Frac-

(19,20)

tion decreases with btime which indicates chain

@(
soission. Tayl@r(&ﬂ) bes demongitrated very elfectively
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thet eross-linking and chain-scission occur simnltsnecusly
by determining the solwbilitles and intrinsic viscositige

of ssmples of degraded PVC.

Table 1. Extent of Crogs-~Linking and Chain Seission

in Thermally Degraded PVC

Thermal Ageing |Cross-Linking |Intrinsic Viscosity Qf
at 160°C(min.) (%) Uneross~bhinked Sample
| 0 0 0.61
376 0.31 0,53
436 0.46 0. 51
608 0.64 Q.48
739 0.70 0. 42
980 1,36 0.38
1030 2,72 0.32
2200 4,81 0.30

These reanlts indicadpe that alihongh cross-linking
increases gradually, the imbtringic viscosity btends %o
epproach a sonstant value. Chain-scigsion probably
?redamimat@a in the eamwly atages with @f@samliﬁking

becoming the major reaction laiter.

Crogg-Linking and Chain Secigsion in Oxygen

1% was cleimed that the intrinsic viscoslity

decreases in the early stages, % begins to increase
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laﬁex(12)° This wight be ezpected, for the oxidation of
unsaturated polymexr would form unsteble peroxides as des-
cribed elsewhere. The polymer would then be more liable

$0 undergo chaln scisslon.

There gre a number of factors which contribute
towards the way in which the polymer decomposes. Meny
pyrolyses, L£or instence, are run gt stmospheric pressure
80 Hhat the degradaﬁi@ﬁ products, if involatile, are
allowed %0 vemein in contbact with the polymexr and may

cavalyse 1%s breakdown.

The strocture of the polymer is important, Lor
such charscteristics as the polarlity of side ‘groups,
brenched chaing, vwnsaturation and oxldised gfru@tureg all
affect the kinetics of degradation. The phase in which
pyrolysis 1s cerrlied ouit, aud the pyrolyai@ tenperature
will mesn that the decomposition proceeds by a g@lee%@é
rounte dependent on these physliecal conditions. Indeesd en
increase in temperature often gives wise 40 a completely
new breakdown routs. The influence of these factors on

the degradation of PV0 will now be congidered in morye detail.

Antoecatalysls

The gquestlon hes been posed, does the liberation of
HGL during pyrolysis of PVC catalyse the further removal
of acld from the polymer. Fox of @l. ) found that HCL

Lot e
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does catalyse breakdown in nitrogen, whilst others(ﬁ29?39?4)
eztablished that awntocatalysis oceurs only in oxygen.

Arimen (22)

carried ount an interesting series of
experiments in which he pyrolysed PVC in a stresm of
hydrogen chloride gas. He uéed gas stireams cousisting
0f e mixture of nitrogen and hydrogen chloride, and of
oxygen and hydrogen chloride. Deagpite variations in
polymer type, reaction phase, bempersture and sarrier

medivm, the conclusgion was that antocatalysis does not

occuy and this was subsequentily @onfirmeQCZB)o

Barlier wark(4> had indlcated that the presence of
oxygen snd/oxr liberated acid is not necessary for the
reaction ta_pro©@eﬁ auntocatalytlcally. Under high vacoum,
and in the temperature range, 208°¢ to 225@39 Grassie Touand
that the degradation of PVC progressed autee&%alyﬁi@allyg
The decomposition of polyvinyl ecetete under similar condi-
%i@ns revealed s simllaxr acceleration in <the rat@(24925§°
This decomposition would appeay %o be analogous te that of

PVYC becanse only acetlc acid 1ls evolved at the tempergtures

guoted, end the polymer colours very quickly.

Hature of the Polymer.

PYC can possess elther o "head-to-tail™ ox & "head-

to=head” structure. The former wounld be expected owing
&b

o the polar nature of the double bond, @H2$SH~M%§@1
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and this proved Ho be the @ase(26).

1Z head-to-head were
the structure,-  then the attainment of polyene cheins would

not be possible.

It 19 believed that the thermal stability of a
polymer molecule decreases as the extent of chain branchlng

(27)

incresses During the polymerisation of vinyl chloxide,

particular molecular groups(aa)

mey be introduced into the
. polymexr molecule. These groups, e.g. tertiary chlorides
tend to evolve HCL more easlly than the linear polymer.
Using the technigue of reduetive hydrogenation, G@tmanczg)
converted PVC to a hydrocarbon and demonstrated by infra-
ved methods that textiary chlovides ave in fact, present.
Kenyan(So) showed that such structures losgt HCL readily
end it wes pointed omtimS) that HCL may be lost in three

directions from s bertiery chloxride..

Unsaturation is also & source of weskness in the
polymewr. PVC containing double bounds dbreaks down mueh
moxre sasily than the saturated polymer. This was effect-
ively shown by Telamini snd Pezzln'3') who introduced 5%
carbon-carbon double bonds inko PVC at 200°C. The polymer
evolved acld at more than fifty times 1ts normal rate.
After the initial acceleration, however, the rate goon
returned wo its normal value. Terminal double bonds in
PVC were reported o be lergely rvespounsible for initlating

dehydrochlorination at ﬂ@OOGS Baum and @@ll@agm@ﬁ(mﬁ)
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chlorinated PVC vary slightly and thig lowered the rate
of degradation. They therefore assumed that initiation
begines at the chain ends. 1% was felt that the double
bonds responsgible were probably introduced into the
polymer during polymerisation, mainly by chain transfex

with monomer, and also by disproporxrtionation.

The effect of oxygen on the decompogition has been
dealt with above, but 1f oxygen finds iis way intc the
polymer structure, it may prove equally offensive in gliuw.
1t was suggested that oxygen incorporated into the poly-
mercﬂé) gounld initiate active centres which would be

prone to undergo dehydrochloxination.

There are a number of ways in which oxygen cen be
inserved into the polymer.

1. The polymer may be oxldised duering polymexisation
e.g. in emulslion polymerisation the reaction odcurs
in the presemnce of small amounts of oxygen.

2. The initlator fragments derived from ¢.g. benzoyl
peroxide may be chemiocally combined with the polymex
at its ends.

3. Oxldation of the polymex by such initiator fragmenta,

Bo o 06H5600°g which may happen dgring decomposition.

Oxidation by these means may be prevented by the wse
of the appropriate free vadical initiator end by making

sure bthat no oxygen is present during polymerisation.
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Tempergture ol Degrafstion

Much of the work on PVC has been cavried out in the
temperatuire range 100-200°¢ due %o whe @@mmeécial interestd,
but some work has been completed at much higher temperg-
TUres. Svromberg and eamwerker@(gﬁ) prepared samples of
F-initiated and fres vadical-initiated PVC and removed all
the avedlable HCL in spproximately thirty wianutes at 3OQQG0
The resulting polymer weslidues were pyrolysed for an
additlonal thivey minvtes. The privcipal producss of this
pecondary pyrolysis as determlned by mase spectvographlc
analysls were low molecular welght saturated snd unsaturated
aliphatic hydrocarbons, benzene end Goluene. With regavrd
0 the ar@m@%iésp-cyali@aﬁi@n of one end of the polyene
chaing formed inltially would probebly yleld these products.
When PVC is pyrolysed ab 400969 appreciable guantities of
polyeyelies are pﬁ@@@nﬁfsg) and éﬁ 800°C, Winslow end
Matr@y@kcss) had %o deploy X-ray aud infra-red snalytlcal
bechnigues to identify the constiituents ia & complex

mixztnre of aslkenes and alkenes.

;@@&Gti on Phase

Mowt of the research has centred on the bulk
degradation of the polymew. There are, however, two blg

dipadvantages associated with bulk degradetion.

The wate of diffusion of HCL from the polymer
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depends upon the latter's thicknessg which may become
rate-controlling. Diffusion ragtes slso depend wpon
particle size, and this in turn depends wpon whether the
polymexr is made by suspension or emulsion pdlymeriaationo
If diffusion troubles are t0 be eliﬁinaﬁed the thickness
of the polymer layer must be minimised,and this reduces

the quantity of polymer avallable for pyrolysis.

A second difficulty is the heating of the PVQ, for
it has a low thermal conductivity. The evolution of HCL
also asbstracits heat from ﬁhe polymer mass due to the heat
of evaporatvion. Thus there may be a temperature differ-
ence between the surface and the centre of the polymer
nass. The addition of powdered silver to the polymer is

reported t0 improve heat transf@r(34)°

PVC does not become liguid when heated, but remains
as @ semi-molten mass which goon becomes hard and infusible.
Thueg the problems of eliminating diffusion control of HGL
from the polymer and heating the latter adequatély are
serious ones. Degradation in solution rules out many
difficulties becauge particle size is unimportant and the
polymer solution cen be wnifowrmly heated. If the polymex
solution stays mobile there should be no difficulty in

removing HCL during pyrolysis.

in sddition to pyrolysis, PVC has been degraded by

&£

photochemical and electronlc irradistion and & brief
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régomé of the work done in these fields is included, since
it has been claimed H0 support the f£ree radical mechenism

of degradation.

The Photo-Degradation of PVC

PVC étorad in the dark at room temperginre remains
ateble for yesrs, but if exposed to sumlight it slowly
degrades. On exposure to high frequency UV drradiation,
however, the polymexr degrades quickly, although compared
with thermel degradation it is stlll slow. The higher
efficiency of UV light is attributed to the fact that more
than 95% of solar light incident on the earth possesses

o
wavelengths longer than 3000 A.

It i difficuls to assess the imdividual influences
of UV light and oxygem onr the decomposition of PVQ, bui
both factors appear %o be inter-dependent. Holman g%
ggu(55) have shown that UV light has a catelytic effect on
the oxidation of polyene systems, and PVC definitely
absorbs oxygen in UV 1ighﬁ(12)s Colowred polymer is also
blesched vnnder these conditions which indiecates oxidavive
attack. The alleged catalytlc effect of oxygen has
recelved support L£rom Kﬁnyon(30> who gtudied the irradiag-
ti&n éf UV light on sec-butyl chloride and on RVC and
ah@wéa the cebalytic effects of reagents contelning

carbonyl groups on the bregkdown of these compouuds. Some
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workera(§§9ﬂ4) believe that oxidative attack depends
mainly on initial dehydrochlorination to provide points
in the chain susceptible o oxidation. Witk increased
exposure to UV light, seamples 0f~PVG absorb more strongly
in the longer wavelengthe of the UV absorpiion spectrum,
untlil eventually absorption occurs in the visible region
when the pclymér appears yellaw(TS)G Similar results
were obtalined with the saturated and unsaturated alkyl

halides.

Recently Taylor(zﬂ) has shown that exposure of PVC
to UV light at room temperature results in simultaneous
chaln scigsion and cross-linking, with the former

predominating.

Although prolonged exposure of PVC to UV 1light
results in the evolution of only & small guantity of HC1,
the imporitant factor would appear o be the sengitisation
of the polymer to thermal breakdown. ALL PVC samples
exposed %o sunlilight or UV drradiation decompose much more

readily than the vnexposed polymer on thermal degradation.

The Flectronie Irradiation of PV(Q

The exposure of PVC %0 a beam of high-energy elec-
trons at low temperstures produces visible colour changes
gimilar to those obmerved in the thermal degradation of

the polymer. It has been suggested that the colourw ig
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due %o a mixture of frozenm free radicals and a polyene
structure 38, mi11ex (37} reported that there is o
quantitative relationship between colour and free radicsal
concentration at -196°C in vacue. Post-irradistion
changes in the polymer were followed vwisually and by elec—
tron spin resonance (ESR), which was also used by
Aﬁ@hison(§8> in gupport of Chapiro’a(56) postulations.
From a kinetic analyesis of the ESR spe@tium, Atchison
deduced that there are three species of radicals which
decay exponentiaslly at room temperature; a coneclusion in

agreement with~L@y“s(§9> work.

Aceording to Millar(57) the main chemical processes
participating during irradiation involve the formation of
the free radicals, - GHQ - éH-» + Cl°, leading to the
system, - CH=CH - + HCL. The development of conjugated
usaturation is believed to involve the unstable radical
- éH = CHCL-= dn a free radicsl chain dehydrochlorination

process, a mechaniem similar to that of Winkl@r(?ﬂ)u

With respeect t0 the degradation procesées described
above, 1t is pertinent to ask what were the consequences

of these theories in the field of stabilisation.

Stebilisstvion of PV(C

Apart from a reduction in the temperature of

degradation, the obvious method of stabillisation was the




renoval of HCL because of the alleged catalytic effect of
the acid. Compounds capable of combining with the HCL
liberated during pyrolysis rebard the breakdown, although
probably not for the reason indicated, since 1t has been

, | (12,22,2%)
gshown that the acid does not catalyse the {ecomposition.
However such HCl-gcceptor compounds are still in genersl

use, and an enormous variety have been tried(40)°

Ividence has been presented in suppors of the theory
that stebillisers act as free radical aeeeptofs(ﬁﬂ930)9
thereby disrupting free radical processes. K@nyon(go)
cbserved that PVC in the presence of carbon 14=-butyl-
labelled dibutyl ¥in diacetate showed an increase in
retained Bwa@ﬁivity when irradiated with light of wave~
length greater than 2700 zg with inerease in time of
irradiaticn. The stablliser was then extracted vepeatedly
until the retained B-sctivity was constant. & similaxr
experiment was carried out with the same sitabilisger
posgessing only a labelled acetate group. In this case
there was no chenge in vetained B-petivity with time of
irradisgtion. This indicated that the butyl and not the
scetate group had been incorporvated intc the PVC, and 1%
was proposed that radicals slready present had reacted

with the butyl group of the svabiliser.

Sn{0Ac)

Re + (G,H > RC H. ¢ c4ﬁgsﬁ(0Ac)2

92 4
It was also suggested that the additiqn of the butyl - gronp

5



e the polymexr radical prevented oxidation %akingvpla@eq

For heat stabilisation of PVQ, the cedmiuvm, zinc
end baviuvm salis of Latty acids have proved very eff@cti$%i§
Such compounds are us@ally nged in combination with othew
stebilising additives such as brganic phosphites. To obiain
en inslight into the way these compounds retard degradation,
the infra-ved spectirs 0f a series of PVC £films with and
without admixed, bariom, cadmium and zinc 2-ethyl hexanoaie
were studied after various heat %reatman%a(41)o The spectra
of These mixtures revealed & band at 5°7§/u9 which was absent
from the specira of the unmixed componentis. The intensity
of this band varies with the salt, temperature, and lengih
of heat treatment, snd 1t was attributed to the carbonyl-
stretching frequency of an aliphatic ester. The specira of
vinyl acetate - vinyl chloride (1:19) copolymers also dis-
play a band at SQTﬁ/mu It was therefore inferved that
these 2-ethyl hexanonte salts stabllise PVC by interchenglng
@ertgin of i1ts chlorine gtoms with 2-ethyl hexanoate groupss

8 i
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Since there ls reagon to believe that @ﬁpul@ian of the

carboxylic acid from the esterified polymer requires g
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greater activation energy then the expulsion of HCL, the

ebove reaction would stbabilise the PVC.

The sbove theory has recently been verified ?2),
PVC¢ films into which had been incorporated the barium,
cadmium and zinc salte of Qmethylmhsxanoiemﬁéﬁwiﬁ acids
reteined their radicactiviiy even affer vepeated dissolution
and péecipitationp showing thaet the cerboxy group was chemnl-
cally combined with the polymew. Furthermore the exient
of retained radiogciiviity varies with the temperature and
length of heat traatmen%g qualitatively 1t parallels the
variation in intensity of the 5975/m band cbserved in the

infra-red studies.

There has also been support Lor tﬁe belief that
stablilisers act as anti@xiﬁantscﬁ?ﬁﬁg@Q)g capable of
absorbing oxygen end hence precivding the formation of
peroxides. Thié is tied up with the ebility of the

atabiliser to sct as a selective absorber of UV 1lrradistion.

The eurrent btendency is %o employ @Qmpoundg capable
of functioning as free radical stoppers and sntlioxldants.
The stability of PVC wmay, however, be improved by the simple
expeéi@n@@g of x@moﬁiﬁg %hs‘l@weﬁt moleculeyr weight fraction
with ac@t@ne(éﬁ) or by washing %ha polymer free from extrene-
oug forelign nmaberiasls eogg i@nie.iﬁpmriti@mp which are

uam@lly left in the polymer during polymerisation.
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CHAPTER T1

= EXPERIMENTAL

Materigls for Lviomerisetion™ snd Polymerigaiion

. Foxr certeln experimenis branched PVC was reguixed.
Branching was achieved by the introduction of cyclopropane

zings into the polymer gﬁra@%ure{gﬁ)o

l.e, = GH2 - CHCL - Cﬂé - CHClL - CH, -

e % 2
w GH, = € = 0§ » CH.=
2 N S 2
£ < Zﬂ@lg
A\ -
H H

8g. of chloride-free, actlivated zinc were itransferrved %o
p large flask conitalalng 500 c.c. of peroxide-fyee dioxan
and 1g. of polymer. The contents were refluxed foxr 8
hours; the PV0 was precipliated in methenol and filtewed
of L. The filvwate comiained zianc chloriide which was
egtinated by tliration against stendard silver nlizate.
Phug the smount of chlorine removed waog obtained and whig
gave en indication of the number o0f eycloprepane uwanlte

ineorporated imto the polymer chaldin.

Vinyl chloxide (VQ), » gas abt room temperature, was Lound

b0 be free from acetylemic impurities. From & cylinder

% The process whereby shori-chsin compounds or jalomars
akre propared.



the monomer was passged 1nto g cold trap on the vacuunm
line, digtilled and degassed for one hour. The monomer
was allowed o vapouxige and the wapour collected in two

E<1litre bulbs satitached H0 the line.

Bromotrichloromethone (BTCM) - from Bastman Kodak, Ltd.

I+ wes washed with 5% sodium carbonaite solution, then with
water. The BTCM was dried oveyr calcium chloride and

finally distilled under reduced pressure.

121" Azobleigobutyronitrile (AIBN) — from Eastmen EKodak,Ltd.

It was purified by wecrystallisation from absolute alcohol.
A known welght was dissclved in 100 c.c. chloroform Just

before use.

Benzoyl peroxide (BP) - from B.D.H., Lid. The BP was

diagsolved in chloroform and reprecipitasted in absoluie

aleochol. This initlator was also maede up in chloroform.

Solvents. Cyclohezenone and dloxen - Tfrom Eastuman Kodgk,
Léd. = were diptilled before use. Benzene - from B.D.H,
L3¥d. -~ molecunlar weight grade used in sddition %o the AR

gradea of mcetone, chioroform, toluol and methenol.

Materxlials for Pyrolvsis

Heating Medla. The mein ligquids used were niitrobenzene

(2129C), ethylene glyeol (198°C) decalin (1929C) and p-

cymene (178°C).  Others included water, bromobenzene,




ohilorobenzensg, e€te.

Inhibitors end Commerciel Stebilisers - AR grade of hydro-

guinone (HQ) Prom May end Bskexr, Ltd. - and the AR grades
of sathrocene, G-naphthol, catechol, naphithalene, phenan-

threne, atilbeneg, phenol - all from B.D.H. ;Ltd.

a~Phenylindole and Stenclere 70 were kindly supplled
by Diavillier's Co., Litd. Stanclere 70 is & mixbure of
plestleiser, dlethyl ¥tin dlleurate sud diethyl ¥tin dlmelesate.

Analyticel Reagents.- Sodium hydroxide, supplied by B.D.H.

in concentrated volumetwric solutions in polythene smpounles.

AR grades of sodium bromide; sodivm chloride, silvew
nitrate, fuming nitric acld, sodium bicarbonate, hydrazine

sulphate - all from B.D.H. ,Lbd.

Solvents. These included sthyl benmoate (B.D.H.,LEd.),

o-d1chlorobenzene (Bastmen Kodak,Lid.) and niltrobenzens

(BoDoHo g Lbdo )

Apparatus

Apparatue used in Telomeyigations and Polvmerlsatlons

Vacunm Ling. This was bullt in Pyrex glase. It included

two § litre bulbs snd & series of teps and traps, eie.

The pumpling system congisted of a three-stage:

mereury. veponr diffupion pump dbacked by & Teitary vacuvum oll
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pump. A vaconum of gg. 10°% mom. nerenry could be obiained,

‘estimated by testing the line with a high vaiﬁag@ diacharge

ecoil.

Taps were lubricated with Apiezmon-l grease sand the
cold trepe comkained drikold-ssetone mixture or liquid
miﬁx@gamc The traps were placed immedistely before snd
gfter the diffusion pump to pravent the escape. of volatile

contamingnts into the pumping system.

Mlatoneters. These vearied in wvolume from 20 %o 80 e.c.

in depacity, end weve comsbructed in Pyrex glass, or from
Caring tubing when requived for thermal polymexisabion.
Toy the latter, the dilatomeder hulb ﬁa@ sheathed in g
eylindrical brass casing. Thié served as & protection
agaeinsgt the bilgher vapour pressure developed. Table 2
showa how tThe vapour pressure of vingl echloride lncreasgen
with btempesrature.

Teble 2. The Vapour Pressure of Vinyl Chloxrlde

Temperature Pressure
o) (em. merouzry)
~23,02 21.30
=13 .69 76.75
= 1.570 122. 4.
5.5%0 158. 2
25.72 302.7
39,72 449.2
£6.80 54% .4
54.87 667.6
60.34 758. 6




Thermoatat. It consisted of a civcular Pyrex glass tenk

contoined in a copper Jjacketd. The esnnulnsg between the
copper snd the glass was insulated with fibre-~glass. The
required temperature was held %o within # 0.01°C by &
heater operated by a relay clroult which was esctnated by

g merenry-toluene regulator.

UV Lemp. & 125 watt Osirs mercury vapour lamp provided
UV drradigtion which was filtered through a Chance OX1
filver. The lemp was connected t0 2 choke and capsclior

t0 eliminsgte varistvlions ln the applied current.

Crvoscopic Cell. The ocell was a nodification of that

uged by Vofsl and K&tch&lsky(46) in noleculay wel ght
dgtermingtions. It was a vacnur-jacketed tube secket ilmteo
which could be fitied @ B40 Quickf{lit cone. The lattew
incorporated ¢ simple water condenser ©0 whleh was atitached

& holder for g bthermistor (£ig.1).

The temperature-meassuring element was g thermisboy
of ca. 220 ohms resistance ab 20°¢. The thernlstor formed
one arn of a conventional Wheatstone brldgs, with a paly of
resliotance boxes ar the ratio esyms, and & precision decade
box as the balsncing arm. A sensitlive nlirvor galvanounetew

was used as o detecHov.

In operstion, solution was introdueed into the cell,
the thermistor was connected up %0 the Wheststone civeunlsd

gnd pleced in 1%s holdewx. The cell was lmmersed in sn
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ice~bath, vhusg cooling the solution, which was stlrred by &
magnetic follower. The latter was sctivated by a magnetic
stirrer on which the cell and idce-~-bath were placed. Tempera-

ture change was indicaeted in terms of resistance on the decade
box.
The maln sdventages. of the cryoscople ¢cell over the

Begkuann apparatus are

1. The method is moxre rapid and the apparstus more wobusth.

2o Smallexr quantities of solute can be uvsed.
3. The s¥iryring of the solution is more efficient.
4, Cocling takes place much more slowly.

Apparatug uwsed in Pyrolyses

The pyvolysls unit is shown in fig.2. Fach section

will be descyribed in Hurn.

The Heatexr Unit.

The mein poinits governing 1ts comstruction were

1o Good temperature eontrol end easy adjustment of
Temperatule.

r Ability to observe the progress of the pyrolyslis.

3o Whether the pyrolysend cem be uniformly heatved.

4. Basy scecess to the reactor foxr cleaning purposes.

5o A mesns whereby disgtillation inm %the reactor could be

prevented or at lemst reduged.

The epparetus which satisfied these requiremente is
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that shown in fig.5. L% was o wailt congbtructed entirely
of Pyrex glass of which the two malin parts were the reasclox

and still-head and the heaber.

The regetoy was a Pyrex glass tebe, 280 om. in

length, internal dlsmeter 1.7 om. The upper part consisted

of a B24 Qulickfit cone jJoined %0 a B24 socket.

The still-head was simply a Drechsel head attached %o

g waeier condenser. The Drechsel head fitted into the B4
socket of the reactor, so that the letter was easily detach-

able from the former.

ihe heater comprised a cylindrical hody with a side

arn $0 vecelve a water condenser; 1% also contsined a
thermometer socketd. The body tapered to a B24 cone at one
end snd a B24 socket at the other end. The latter held
the reactor, whilast the former fitted into & vessgel which

eontained the heating medium e.g. ethylene glycol.

Since %the main product evolved from PVC compounds
ig HCL the wniv was degigned so thet the evolution of acid
could be easily recowded. Acld evolved was collected by
sweeping 1% out Lrom the reactor with sn inert gas,such as

nitrogen, into an sbsorbexr.

The BFlow System.

A stream of oxygen-free nltrogen was passed through

a flow-mader and s tube Lloesely packed with slllca gel.
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The ges then entered the reasctor snd passed out through

the condenser into the absorber and out to the atmogphere.

The Tliow of nitrogen was controlled by comnecting
an empby coylinder to a Tull one. By charging the former
at o low pressure snd bleedling off at a needle valve the

regquired flow rate was obiained.

The Recowxding Systenm.

Acld evolved during pyrolysis wes swept into a
glass cell contelining digtllled water and Iindicator.
The xeactlon @a& tracked by titrating the acid evolved
agalnat either N/10 ox N/100 sodium hydroxide. For moxe
dilute solutions, conductivity and potentieme%x&c(%7)
maethods ere desiramble. The efficiency of absorpiion was
tested by coupling wp the sbsorber in series wilth s second

gbgorber. No goid was detected in the lotter.

With the mpperstus set vp as in fig.2., 1t was
later declded %0 hest the carrier gas, prioy o its enter
ing the reactor, as it was thought that this mlight have
some bearing on ¥he pyrolyses of The model compounds

(Selomers) .

Prehenting the Gag Stresm.

The heating of the ges proved Ho be exbtremely
difficwlt due to its low flow vate and low thermsl) conduet-

ivity. The conventional type of heatlng coil was of neo
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nge, end it became necessary to dnvestlgete the heatb

trangfer conditions.

The general equation for heat transfer is Q = UAAG.

whers Q = Quentlity of hest passing per nnit time
(B.Th.U./T%.hr.)

U = Ovexrall heat tronsfer goefficient
! (B. Th.U./br.£49.9F. )

A = Crogs-sectionsl aresn of the tube
(F6.2)
A\t = Tempersture gradiend
(“8)

It can be ghown thet U is dependent on the thicknoas
of the gas film f@fm@dgéa)gmt the walls of the heater, which

in turn is dependent on the ges veloclty.

For good heat trausfer Lfyom the wells of the heatew
%0 the fl@wing gas, there should be turbulent flow. The
type of flow can be gauged by the value of the Reynolds

Number (Re), a dimensionless guantitys

Re = z&gﬁm&gﬂ:ﬂz,

Ki

where V = Veloclty of gms flow (L%./sec.)
D = Diemeter of the tube (£%.)

§ = Gasp denslt; (1ba/ft§ )
Al
’% = Gas viscoslty (Lb./f%.s80. )
The condition foxr turbulent flow is %hat Re = 2,100.

If less then this velue; the flow is streamline. The
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reguired He could only be attalned by resching s compromise
hetween the ges velocity and the dlemetexr of the heating
tube. Ag the heateyr temperature rises oo does the
viscoslty of the nlitrogen snd hence the gas velocity decreas-
@8 Thos at higher temperatures there lu o wore pronounced
film effect tending to yleld stresmline wather than Hurbul-
ent flow. It wes evident®t that the gas could only be heabed

0 the required témp@ratmr@ of 200°C 1f the gas Llow were
very high. Only uwnder these conditiona would theve be

increased turbulence.

The mopt switeble type of heater is that shown in
Pigodo Hitrogen wes foreed throungh san electrically-beated
caplllery at Righ velocity. The grester part of the hod
gas was diverted at a wlde-bore tap Just before 1t entered
the reacHor. A thermocovple ingerted between the tap znd
the reactor vecorded the temperabure. The heseting element
was connected to a variac by meashs of which it was poseible

$o glter the heat input %o the U-tube.

Seberetlion of Chloxide Ffrom Bromlde.

Taring eerbtelin pyrolyses large volumes of HCOL snd
By were evolved gsad gbsorbed in water. These hslide
mixtures could be snglysed only 1f the chloride wes separabted
from the bromide. The sepersllion weas effected by using a
modlified verglon of the apperatus vweed by Gllchvlist end o=

(49)

workers It works om the principle that bromlde can
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be guantitatively oxldised to bromine in presence of
chloride, the latter being wnaffected by the oxident.
Referring %o fig.5%., the halide mixture was placed in
flask A where the bromide wes oxidiged to bromine which
was then distilled into Llask B. Any bromine which
escaped Llask B was trapped in £iask C. Drechsel bottles
D and B conteined gilver nitrate and mevcury wespectively.
The nitrste removed halide impurities £rom the sir in the
apparatus which was drawm in thr@mgh_ﬁn The mervcoury was

uwsed as an indicetion of the vacuum obbtasined.

Procedure

Teloperigation and Polyvmerigation

Calibration of Vacuum Line. Glven the volume of one of

the bulbs on the line, 1% was possible fo determine the
volume of any part of the line. This was done by simply
allowing the volume of aiv im the bulb b0 be shared with
that part of the line and noting the pressure drop.
Volumes were caloulated weing Boyle's Law, always assuming

that alv behaves like a perfect gas.

The Milling of Dllatometers. Thege were cleaned with

chromic acid, water, acetone snd then dried. The
dilatometers were calibrated at 25°C by £illing them with

known volumes of acetone.
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Vinyl chlowide, free from oxygen, was lntreduced

into the 5-1litre storage bulbas as described previously.

The caloulated quanitity of BTCHM was introduced
into the dilatomever which was trangferred to the vecuom
line. The BTCM was frozen, the dilatometer. evacnated,
and the BTCM sllowed 1o warm up. This eycle of opevabions
wae repeated wntil the BICH had been thoroughly degrmessed.
The bulb of the dilgtometer was immersed in liguid nityogen,
and on opening the winyl chloride resewrvoly bulb the vapour
Papidly distilled into the dilatometer. The volume of
mgnémer condenaed coxresponded %o the pressuyre drop on the
calibrated menomeier. Thua, knowing the densities of $he
monpomer Liguid end 1ts vapour, it waes possible to cslculaie
the exact welght of vinyl chloride added. Filled with the
reguired gquantitlies of the veactents, vhe diletometer was

gealed ofY gnd sbtored in Lfreezing wmixture uwntlil reguired.

In pome lnstences 1% was necessary %o add initistex
to the reactents. The sppropriate volums of inltiator
gsolution was then introduced and the solvent pumped off.
Where BTCM was neefed in addition 4o the inldétistor, then

the procedure was that described above.

Rate Determingtliong. Sealed dilatometers were submerged

in o thermostat at 25@G° Vhen thesmal equilibrivm wes

0
reached, UV light of %650 A was shone on the bulb of the




vessel. The ma%e of contraction of The polymerising ov
telomeriging system was followed ln celibrated, narrow-

stemned dllatomevers by & cathetometer.

Ipolation of Products. Wheun the reguired amount of

contraction had occurvred the dilatometer bulbs were
imnersed in liguid nitrogen and the gtem broken open.
The reaction mixture was poured into o beskexr and gently

waymed to expel the uwarveacted vinyl chloride.

The wesidval liguid was placed in the bulb of o
molecnlar still. The still was attached t0 the vabuum
line, and the bulb was jacketed with a2 besker of warm water.
dny uwnreacted BITCM was punped off, leaving behind she liguld

telomnex.

In polywerisations, ¥he polymexr produced was insoluble
in the monomer snd precipiteted out . Univeacted winyl
chloride was allowed %o vapourise, end the polymey was
dissolved in cyclohexanone. A dllute solution of the
polymer was slowly poured into a large volume of methanol

whilst stlrring. The precipitated polymer was dyried.

Tdentification snd Characterisstion of Products.

The molecular welghts of telomers were determined
cryoscoplically in benzens. The Beckmann gpparatus was
uged inlétlally but wost moleculer welghts were determined

rapidly and acourately in the eryoscopic cell speclally




devised for the pressunt work.

Exactly 10 c.c. of pure benzene were pipetted into
the cell which wes immersed in an ice-baith. A freezing
curve was recowxded for the pure solvent (fig.6) in texms
of electricel resistance. The solvent was thawed out and
g known welght of s known pure compound, diphenyl phthelste,
was introduceds; & second curve was Obbtained. The solution
was succesglively diluted. Thus for given concentrations
of & known pure @o;uteg temperature differemces could be
calaonlated. These wexrs plotied againgt thernistor resist-
ance %o give the calibration curve shown in f£ig.7. Thus
1t was possible %o find the molecular welghts of various

golutes.

The molecular weights of high polymers were deter-
mlned viscosimetyically. The viscoslty of PVC-eyelo-
hexenone solutions was measwred in a modified Ubbelohde
viscometer at 25°C. In these viscometers, the conceniva-
tion cen be slbteved in glitu by adding successive, kpown
volumes ©0f solvent and thoroughly mixing the solution.

The Tlow times between two markse on the viscometver stem
were noted for the pure solvent amd the polymer solutions.
These recordings furnished the relative and hence the

intrinsic vigcoslties of the solutions.

Other physical properties of the Yelomers which

weve measured included refragctive index esnd denslity. The
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latter was determined with & 1 c.c. pyknometer celibrated
with water at 25°C whilst the refractive index was deter-
mined in an Abbe vefractometer. Infra-red sbhsorption
gpectre, vapour phase chromegiograms (£1g.8) end micro-

analyses were also performed in these lagboratories.

Pyrolysis.

Using the static sev-up shown in fig.2., many
pyrolyses were carried out at 198669 but when other temp-
eratures were rvequired the bhester was thoroughly clesnsed
wlth benzene, then geetone and finelly dyied. The liguld
of required b.pt. wes then introdwced into the heater.
Initlally the nitrogen preheater was included, but since
it was found not to affect decomposition rates 1% waes later

omitted from the spparatusg.

A% the start of & typical pyrolysis the heater was
swilitched on. When thermal egudlibriuvum had been attained
the welghed sample in the reactor was inserted into the
heaver gnd the flow of gas commenced. The progress of the
regetlon was followed volumetrically. If the volume of
acid evolved was small, readings were talken over longer
intervals. For pyrolyses over long periods, say s week,
the heater wasg eswitched off and o slow stream of niltrogen

was allowed to flow ovexr the pyrolysend at ndghtb.

Where initietors end inbibltors were required, they

were usuglly introduced with the pyrolysend at the
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commencoment of the pyrolysis. In cexrtein ceses, the
inisiators were introduced inwo the yeactor during ithe

later stages of pyrolysis.

Isolation of Products Rvelved duxing Pyrolysinm.

Reference bas alrveady been made 40 the apparatus uged in
seperating HCEL from MBr (page 3%). The procedure will
now be demcribed for the separation 0of the componenss oFf
g mixtoyre contezining lnown quantities of sodium byromide

and podiwvim chloride.

A stendard mixture of sodium chloride and sodiuvm
bromide was placed in flask A (fig.%.); 150 c.c. disbilled
water and 30 c.ec. of AR fuming nitric acid were added. The
mixture was heated, and alyx withdrawn from the set-uap.

Af%er 14 hours the solution wes cooled. It was nasumed
thet all the bromide bad been oxidiged %o bromine which

had distilled into £lask B, the latter contsining a 0.5%
golution of hydrasine swlphate as sbsorbent.  The golutions

in flasks A and B were then ¥veady for the analysis of

chloride and bromide resgpechlively.

The liquid in flesk A had 1% pH adjusited by the
addition of AR sodiwm bilcarbongte. Blonks were ecarvied oub
0 detveymine the chloride content o0f the blcarbonate. Phae
chloride conbtent of the sample was estimated volumetsically

by the method of Velnara(50), Unfortunately ne relisble



42.

method could be Found foxr the determination of bromide,

which wes obtained by difference.

Analysis of a wide

ronge of these standards (verying from low bromide/high

chloride to high bromide/low chlorlide mixtures) showed

that the method employed was sultable end 1t was therefore

adopted for the mixtures of helides resulting from the

pyrolysis of telomers.

Table 3.

The Anglvses of Sitendaxd Mlxbtures

of Chloride and Bromide.

Standawd

O o W

=

Actual Quantities
Present

(moles) x 1@5

Megsured Quantities
Present

=
(moles) x 107

lo$el Chloride Bromide
Halide

Total Chloride Bromlide
Hallde

3.570  1.970  1.600
4.262  3.940 0,322
3,614  0.394  3.220
0.716 0.394  0.322
| 4,262 3,940  0.322

3.640 1,970  1.670
4.202  3.860 0.342
3,620 0.380  3.240
0.800 0.425 0,375
4.350  4.000  0.359

Infrg-red, UV gpectra, molecnlaxy welght determina-

tions end microanslyses cerried out on pyrolysands helped

%0 vrevegl their struetursl characteristics.




CHAPTER TXIT

RESULLS

Cheain Transter

To vary the chaln lengths of polymers In free
radlical polymerigations, it is necessary o use compounds
which xeact with the polymer wxadlcal at an early stage in
its growth to produce s new chain. Such compounds are
called chaln tronsfer agents. In the bulk polymerisation
of @ monomer 1% is possible for the growing wadical (Re) to
remove ax atom from a molecule of unreacted monomer (M).

The lLatter then becomes ann ‘asctive' centre or radicsl

itself (M-).

Re <+ M

-3 P ¢+ M Monomex trensfer

where Re is the initiating radlcal

P is 2 dead polymer molecule

?lory (1) deduced that in polymevisation in the
presence of solvents, transfer to the latter could take

places

1.9, Re + 8 s=—==F < §o Solvent trengfer

where 8§ 1s a solvent molecule from which, say, o halogen
gtom may be abstracted. The solvent xadlcel may then

propagate further:
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and the result ls that Tragnente of the solvent ave

incorperated into the polymer cheln as berminal growps.

e

Iin thig work, the solvent chosen was bromotrichlorc-
metbene (BLCM), which 48 easily decomposed intoe free

radicals, 1l.e.

kﬁ@

CCL By mww&;\\ CClge + B
36504
BTCH was used o prepave telomers aund polymers whose
molecular welghts were determined by cryoscopic and

viscosimetric methods respectively.

Gryopcopic Determination of Degree of Polvaneripetion (T )

323

When a telomer is dlssolved in g suliteble solvent
8.g. benzene, the vapour pressure of the benzene is lowered.
Since the vepounr pressure of the solution ils lower thaen
that of pure benzene, then freezing ccours at a lower
temperatinure. This depression in freesming point can be

related %0 molecular welght according o the egunatlon

Kw 4100
Z“'}n‘%’a <§3 =2 IO S

fTreesing point depression (°0)

il

where A\
w, = welght of Gelomer (@)

W, = welght of benzene (g.)



ww = molecular welight of the velomer

K = depression constant (for benszene, Kﬁ5i°2@Q/100ge}

Vigecogimetric Determination of (T ).

Any polymer solution pogsesses a higher viscoslty
than the pure gsolvent and it was Stauéingerqﬁa) who Tirast
proposed that this change in viscoglty be used as s measure

of the molaculaxr weight of the polymer.

The specific viscosity ( 7ZBP ) of amy polymer solu-
tion was defined as ;ﬁl:mZég
'ﬁ?@ _
where %& = viscosity of the polymer solution

?Z@ = viscési%y of the pure solvent.
l oo (}Zlﬁp = f@R i 1
where @%@%s 4gR = velative vigeosity

Stoudinger postulated that the specific viseosity was
proportiongl both %o the molecular welght of the polymer
{ ?% ) and to its concentration i}g} o |
1.@. @2@E = K szbj where ¥ 18 » consbani.
The sbove squation was, however, a Vely rough
approximation and 1t beceme clear that other factors wers
involved, such as the dependence of viscoslty on the rate
of shear. Most of the factors exerted theixr influence in
eoncentrated solutions, and this was overcome by extrapola-

tlon %o infinite dilution. The molecular welghts of



polymers may therefore be estimated by measuxing their
intrinsie or limiting viscosgities E@{] in a sultable

solvent. The intrinsic viscosity Lim’%BR/LQI can be
obtained from the plot of ﬂzgp/fcl ve [e].

The equation Ezgiga K ¥, does not hold for all
polymers and subsequent work by Flory(§3) showed that the
eque i on Eﬁgja El§§ ; Where K and ¢ are congtants fox
a glven solute-golvent system was generslly applicaeble.

Tox the system PVC-cgyeclohexanone, Mesd and Fu@s@(54) worked

out the following relationship

lml= 72107 =%, (e=1)
with (EQZQH in uwnits of 100 c¢.c./g. and L j £./100 ¢c.c.

In thig velationship, which was used in the present
wWOXK, ?é is & welght average molecular welght. Since
number sverage molecular welghts were regquired, these were

obtained by assumlng that in a typleal vinyl distribution

where §% = welght average degree of polymerisation

(=)

r = number sverage degree of polymerisation.

It is convenlient at this stage to make brief mention
of the mechaniesm of the reactlon between BLCHM and vingl

chloride (VQ).

The Photochemicsl Addivion of BTCM to Vinyl Chloride a% Eﬁgﬁ

Kharasch and @@wwarkers(§5“57) were the Tfirst to

study the photochemicel addition of hal@g@n hyav@@arbon@
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o olefins. In studylng the photolysias of BTﬁm{ﬁﬁ) they
ghowed that trichlovromethyl raﬁi@als-W@fe Foxrmed . Latey
wozle by Melville ggmg%u(gg) on the phovolysis of BRCM in
presence 0f vinyl scetate led tThese workers %o postulate
g kinetic scheme inveolving such radicals. Bengough and

(60)

Thomson gtndied the photochemical addition of BTCM io

vinyl chlovride a% 25°C snd postulated a scheme anglogouns

to that put forward by Melwilles

1o GGLﬁﬁr . ) 6615° Initiatlion
2. mﬁ§ U merry GCLgile
3o ) 5 + M S ccli(m)?a Propageti.on

4, cm5@®o¢ (n-1)M - - GGl (M)

;l§o CCLy (M)g + GCLyBr ———3 CCLy(M)yBr + GClze  Chodn

» . Zrengier
6. 20C15° e L. -

Veriouns types of termination, e.g. crogs-termingilonsg,
may also ocour but these will not appreciably affect the
major products of these resctions provided the kinetde chains
are long. It should be possible o prepmre compounds of
the following type,

0313 = CH, - CHC1By {1:9 Addunet)

} Telomers.
6613 = GHZ = CHCL - QHQ - CHC1LBr (2:1 Addwnet)

provided the rate consvant for the chain transfer reaction

is eufficiently high.




The Preparation of Telomers.

These were prepared photochemically at 25@69 uging
the appropriate gquantities of BTCH and VC: {the initisl

mole ratio of BTCM $o VO ranged from 1:% 0 1:29

Table 4. Physical Pronerties of the Reactants

Molecular Bromotrichloromethene | Vinyl Chlovide
Wed ght 198 62.5

Dengil vy ) .
ot 25°¢ 2,006 (61) 0.90562)
g/c.c.

Boiling Ph.

at 760 m.m. 104°¢ ~1%,9%¢

Most of the itelomerisations were taken %o approzi-
mately 10% conversion as estimated by contraction mempuve-
ments in the dilatometers. On the asammption thet 131
adduct slone le produced, 1t ils possible to calculate %the
abgolute rate of wreaction between BICM and vinyl chloride.

The veagtion may be represented ass

Q)]
ec135r + V@ SNV 5 CG&B(VG)ﬁﬂr

Mol. Web. 198 ¢ 62,5 o3 260.5
Deneity (g./c.c.) 2,006 =+ 0.90%5 1.82%
No. of c.c./mole 99.0 + 69.1% ey (43 0 0

1.8, Contractlion = 168.1 -~ 143 = 25.1 e.e¢./mole 131 adduvel.

This countbraction is independent of the concentraiion




of the weactants, always provided that thexre ig at least

pae mole of each weactant presenty.

Let V = t%otal wolume of the reaction mixbture and
X = conbtraction aifter s@eonds-

.. Conbtraction per unit time = x/%t e.c. per sec.

The theoretical countrasction foy one mole of 131 adduck

1s 25.1 c.c./mole

Thoa rate of formation of 1:1 addunet = mzwmmw»mdlgﬁ 8RC

t x 25.1

1.2, Bate of reaction in sbmolute nnits

_ % . 1000
tx 25.1 2 V¥

and Fractional G@nver@i@n'% Percentage Contracition/See,

moles ae@“glitrgsm

1

i

Peyr Second Percentage Contraction im the
Formation of 1 mole of Adduct

The above xTessoning is based on the agssumption that the
rate of formation of 1:1 addunet, and the rate of removal

of vinyl chloride and BTCM are equal.

Having estimated the extent of reaction in the

reaction vessel, the eéxcess vinyl chloride was allowed %o

vapourise and the unreacted BTCM removed. lolecular

welghts were determined cryoscopically for the telomers

resulting from vavious reaction mixtures and the variaition

in T  with BTCM conecentration is set out in %able 5.
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Table 5. The Variation in T with Decresgsing Concentration
of BTG for the Photochemical Telomerigation of

Vinyl Chloride at 25°C.,

Initial Mole Ratio Molecular T
(BoeM/VE)x 0% Wed gt
10,000 260 1.00
2,000 282 1.35
700 309 1.77
480 326 2.05
350 305 2.67

The infre-red sbsoxrption spectre Tor the 131 snd 2:1
pdducts displeyed peaks at the following wave numbers.

Table 6. Abgowxpition Peaks for the Infra-red Spectra of the
181 and 2371 Adducis

131 Adduct 251 Addunetd
(Wave NumEQTOCmQ”Q) (Wave Nmmberacmv“?)'
708
728
762
819 810
89%
Q30
969 968
1020 1030
1060 1055
1090
1170 4 1175
1205 |
1240
1320
1340
1410 1420
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It was also imporbant to find the effect of extent
of reaction on the moleculay weight of the telomers imn
order that maximum yields ceould be obiained. An imitlial
mole ratio of 1031 foxr VCsBTCM was thevrefore talken %o
various sbages of converslon and the moleconlar weights oF
the prodwuets determined cryoscopically. Above a conver-
gion of 10% the telomer mixture beceme cloundy end gelled

on standing at room temperaitnre.

An attempt Waé also made o prepare solid telomers
by decreasing the initial concentration of BICH in the
reactant mixture. Initial mole ratios of 60:1, 8031, and
100:1 for VC:BLCM were taken %o ca.i10% conversion and
there resulited a mixture of high and low moleculavr weilght
ﬁatafi&la The solid was separated from the liguid, Htaken

up in tolwmol, precipitated by petroleum ether and dried.

Unfortunately the moleculer weights of these com-
pounds could not be determined cryoscopically foxr they were
only partially soluble in various solvenis. Weither was
it posslible to uge viecosimetric methods since the molecnlar

weight ley ontwith the required range.

The Preparastion of Polymersg.

These were prepared a) thermelly with the iniftiatoxs
131’ azoblsigobutyronitrile (AIBN) ox benzoyl peroxmide (BP)

at verious lemperatures b) photoechemically at 25°C with




BTM and/oxr AIBN as photosensltiser.

The T of polymers may he varied by sltering the
polynerisation temperatmre(6§)o Inecrease in the tempersg-
ture of polymerisation produces FPVC heving a lowey T .
This method was limited, however, slnce 1t was nobt practi-
gable to cavrry owt polymerisstions above 70°C due to the

hlgher pressures developed in the dilatometexw (see table 2}.

The photochemical preparation of these polymers lent
itgelf much more %0 the ﬁtmdj of varlation in ¥ with, say
initiator or transfer agent concenivation. At 2590 the
system BTCM-VC photosensitised with BP was inveatigated.

The concentrationg of the peroxide and vinyl chloride were
kept constant, whilst the BTCM concentration was alitered.

The moleculaxy weight of the solid PVE obtained was estimated
vigcoslmetricelly (£ig.9.). Table 7 shows how the ¥ of
the polymer changed with the decressing concenirvation of BRCH.
Table 7. The Variegtion im T with Decreasing Concentration

of BICM for the Photoseunsltised Polvmerisation of
Vinyl Chlovide at 25°C.

Initiatowr Initial Mole Intrinagic -
(moles/1.) Ratio Viscoslty v
Benzoyl peroxide | (BTCM/TC)
x 90 x 0% in 100 e.c./@.
1.000 2.000 0.209 145
0.973% ~ 1.3%30 0.290 206
1.000 1.000 0.460 325
0.962 0 0.960 6B %
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Density determinetbtions were carvied cut on sample

of PVC end amlso on the velomers, Dyknoneters being used

5

Tor the lattver. There appeared %o be a trend in
relationghip between denslity and chain length as can he
geen fyrom Teble B.

Table B. Properties of the Compound Resulting from the

T

Photolysie of Vinyl Chloride snd BTCM g% 25°C.

Initial Mele Ratim = Densl by
(BTCM/VC) = 104 (g/c.a.)
20 1.47 | 1.399
756 1.76 | 1.770
6,650 1.00 | 1.825

A vough ides of the differences in rates of contraction
between polymerisation asnd telomerisation may be geuged

frxom teble 9.

151

Toble 9. Aun Approximate Compayxison of the Reaction Rates Tox

the Photochéemlcal Telomerigstion and Polymexisation

of Vinyl Chlorvide st 25°C.

Ind $iatoxr Inltial Mole Pevcentage
Bengoyl Pevoxlde Ratlo Contrachtion
(moles/L.) (BTaM/vE) = 10% | Per Hour
0 | 10,000 1,00
0 1,000 0.646
0 400 0. 455
0 100 0,346
1073 20 0.087
1073 1 0. 158
1072 0 0. 158

Since products of widely wavrying ¥ were formed




under the conditions guoted iun table 9, the comparipoen
Wes approwinsie. The appreniasble diffevences in density
pmong the various products wounld mean ipgo Ffacho difference:

in rates of convraction.

In mauy polynerisations the rate of peaction was

2

llnear for both hetervogensous and homogenesus sysitems

{(£ig.10). Similar resulis were obtalued by Breitenbach

. 4 .
and Schindle ( &) Tor the system vinyl chloride-~teirabromo-

mathane .

Preliminery t0 Pyrolyeis of Tgloners

The effects of heeting the carviér gas snd vavrylng
its Tlow wrate were investligated. The effact of Hhe

-,

guantity of telomer used on the rate of evelution of aecld

wae aleo studied.

Varlietion in ¥low Rate.

t:"
@
s

; 3 i gy Ve i ] - v 5P J S N Py
The direct method wes te alser the vwolnme of nlizosen

papeing over whe pyrolysend ln & glven Hime. A pocond

)

methed conglisted in mainteining a steady Tlow wabe, stoopd
4he Plow cowmpletely for a shoxt period, then ves pming hhe

L7 e

original flow wate. Tarlation in the btime tason foU
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atopping méamt a vayiation in the gas flow rate. Using
this second method, it was pogsible to sstimate whethex
ox né% thé pyrolysio was anboecetalytlc with respect %o
the evolution of ecid during pyrolysis. Stoppage of the
flow gllowed the evolved acid to remain in contact with
the pyrolysand. This did not affaét the rate at which

acid was evolved fyom the telomer (fig.ti..).

Qh@ rate @f‘@vglutién of acid (hereafter reﬁ&r%&ﬁ
o as the:ra%@) from vhe 1:1 adduet was indepanden% of the
gos flow rate below 12 1litres per houx. This was in good
agreement with the work of Telamini and Peszin ') for a
@imilar'typ@ of syé%em° The most suitable flow rate was
3 %o 4 Litres per hour, because higher {low retes tended

o sweep over & little pyrolysend into the ebsocber.

Preheating the Nitrogen.

i

L% was thought that the cold gas flowing over the
surface of the pyrolysand might cool the latter. Thag 1
breakdown wers talking place melnly in the vapour phase 1%
wonld be affected by the temperature of the carrier gas.
When allowsnce was nade Loy the expension of the hot gas,
by applying Cherles’ DLew, it was found that for the same
gas flow vate, hot gas was no move efflcient than cold
gas in carrying over the acld into the absorber. The hotb

A

gas entrained the pyfolyeanﬂ moré efficiently than the
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c0ld gas, judging by the relative amounts of condensaiion
on the walls of the condenser. Hov ges {low rates of
the order of % to 4 litwes per hour did not appear %o

entralin the pyrolysend.

Since the 2:1 adduct has & mach higher b.pts.(265°C)
than the 131 sdduet (220°0), 1% was notb necessary %o Aupli-
cate the sbove experimenits for the former. In the event®
0of either of the sdducts belug swept over into the sbsorber
during pyrolysis, a mimple test was perfoxmed. Both
adducts were allowed to stemd in water for several days.

There was no evidence of any hydrolysis to acid materisls.

Quantity of Adduet.

Different amounts of the 131 addwnct were pyrolysed
at 198°C.  The vwolume of acid evolved was divectly propor-

tional to the welght of adduct taken Lor pyrolysia.

Table 10. The Propoxrtionality between Weight Pyrolvsed

and Acid Brolved from the 131 Adduets at 198°¢C

Relative Welght Relative

of 121 Adduet Rate -
2079_ 50@5
T1.67 .62

.00 1,00
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Pyrolysis of Telomexs in Solution and in Bulk.

Voaxrlation in Coneentratiogu

A1) pyrolyses mentioned in this section were conduct@é
at ﬂQSOC except where specific mention is made of other
btemperatures. To obtein a dependence on telomer concen-
tration, pyrolyses of the 1:1 amd 2:1 adducts were cavried
out in ethyl benzoate solution. The smount of telomer was
kept constant, but the volume of solvent and hence the con-
centration wag altered. ~ The plot of log rate'against 16g
addu@t concentration (fig.12.) showed a vrate dependence'of
1.1 on the 2:1 adduct, and 0.76 on the 151 adduct, which
indicated a first order dependence on these telomérso The
fallmoff in rate a® the lower telomer concentrations was

attributed to dilution effects.

Variation in Temperature.

The rates for the 1:1 and 2:1 adducts in bulk end in
ethyl bénzoate were measured for a sexies of temperatures.
Pig.1% shows the varigstion in rate wi. th temperature fov
the bulk pyrolysis of 1.98 g. of 1:1 adduct. Foxr the
latter, rate determinations were not carriéd out until the
rate had reached the ‘steady state' (i.e. the rate of
evolution of acld per unit time was linear) becsuse in the
initial stages the rate changed eontinuéﬁsly, Activatlon

energles for the breakdown of both adducts were evaluated
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Trom the plot of log rate versus reciprocal of absolute
tempergiure. Fig.14 is a typiecal Avvhenius plot for the
bulk pyrolysis of the 1:1 adduect. As can be seen from
table 11, there was no great difference between the activa-
tion energles for Stelomers pyrolysed in bulk and in sthyl

benzoate solution.

Table 11. Ac¢tivation Fnevrgieg for the Pyrolysls of the 131

AT TS A TSI

gnd 231 Adducts in Bulk gnd in Fithyl Beusoaie

golution
Activation Eoergy
Adduct Medium
(k.cal./mole)
' 1
121 ~ Bull 21.3% !
L Ithyl Benzoate 22 ¢ 1
|
2321 Bullk 29.0 |
2381 Githyl Benzoate 28.0

In ordex %o compare these sctivation energles wilth
those obtained in the decomposition of pilwmilar compounds,
a number 0f halogenated hydroecarbons were pyrolysed undew
gindlar condltiong. These compounds included 1=bromocctanre,
1sd4-dilbromobutane, 735-4dibromopentane, i-chlorvodecane.
Unfortunately none of these compounds evolved umeasurable
yields of acld and 1% wes not possible Yo obtein their

activetion energles in the temperature range 170 to 2207C.
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The comparevively high ?h@&iﬁﬁvg ol these halogenaited oo
ponnds @ﬁ@mp@@é & more detoiled luvestig gation into the

ik breakdown of the Selowmers.

Bull Pyrolysls.

(1) 131 Addwes (01,0 - CH, -~ CHULBr)

The 131 adduet eoloured very

4

rapldly on pyrolysls
and evolved acld ot a compavatively Taest rate for a halogen

eompound. When 2.%6 g. of 131 adduct was pyrolysed for 3%

car &,

howprs the yield in acid awowanted to 10 7 moles. Anpuning

m

the Botal svallable quentlity of acld was 3 moles pek m@i@
of 131 addnet, then 1077 moles of acid repyregented only 0.%%
breakdow The initial stages of this Py&@ Lysls arve shown
in flg.1%.

Brolutlion of acid probably produced a double bond in
‘Ghe m@&@@tlog end 1% was decided Ho prepare 131 adduct oo~
teining o double bond. L% was h@p@ﬁ that pyrolysis of
whis compound would give gome dndication of the mechesnlem

decomposd tlon.

The 1351 addnet was breated with ne mhmm@ké@ conatio
potash, deied, and dig® \Jﬁaﬁ wnder reduced pW@&avve The
gompound thws obtelned 4id nov hydrolyse when adﬁe@ %o
wabter. The presence of the double bond in the molecule
was conflimed by the usuel tests snd algo from lnfre-red

ppechEa. The moleoular welght of the compound waes 202
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whilch corrvesponded %o a H0-50 mizture 0Ff the mngaturates

3]

¢lL,0 - CH = QHCL, @¢L,0 = CH
2

-
o
[

= GHBEL . I% was 0ot possible,
however, %0 caryy out pyrolyses on the mixture because 16
had 2 b.pb. @f‘g@aﬂaégﬁn I£ the pyrolysis of %his mixture
were carvied out at a much Lower tempexature, say ??@@Gg

then the results could not be Jjustifiably comparsd with

thoge obibtained at %9@060

<

(2} 2:1 Adduet (Clﬁﬁ - GHE - OHCL = CHp - CHGLB»)

As with the 1:1 adduet, %ﬁ@ 231 éﬁ&me% colouwred very
gulclldy on pyrolysis, bat 2.835 g. of 2:1 addust yielded
8 = 107% moles of acld after 3% hounrs. Henece, disregavding
the lnitial stages, the 2:1 adduct decomposed at o wmach
Taster average Eaﬁé than the 131 addued foxr the sane wine.
Assvnling there were 6 svalleble moles of acld per mole of
231 adduot, 8 x 10™% moles of acid corresponded %0 1,509

degradatlion.

Becaunse the 2:1 sdduct evolved acid g% a wuech fagbor
average rabte, its pyvrolyslis could be telken %o @@mpleﬁiﬁng
1.2. vnbll no move acld was evolved. This made 1% possible
0 smelyse the relative amounts of HBr snd HOL belng evolved
gnd absorbed % varions stages im the pyrolysis. IThe oversll

pyrolyels is depleted in £ig.16.

Acld evolved was gbsorbed in digtlllied watewr emd
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sauples were drawn off as required for saalysis. These
were analysed qualitatively fLox br@midefgg)g then guantd-
tatively fow chloride ae described in the section on
Experimental . The bromide content was obteined by

difference.

Table 12. The Relstlve Quantities of Hydrogen Chloryide snd

- Hydrogen Bromide Liberated deving the Pyrolysis

of 2:1 Adduct st 198°¢.

Period of Ratio of
Pyrolyals cL~/ Bxr” Wature of the Pyrolysand
{Hours) (moles)
10 - 21.9 0.68/1% | Mobile, dark brown liquid
21.9 - 36.8 4.70/1
36.8 =~ 54.6 6.04/1
54.6 - BT.H 8.55/1 Extremely viscous, bleck liguid
57.5 = 62.8 6.51/1 Bagins to solidify
62.8 - 65.9 6.25/1
65,9 - 6B.2 5. 26/1 Cracked, hard, shiny material
8.2 « T2.0 4.92/ 1
T2.0 - 761 %.15/1 Small shiny lumps.
T6.1 = T9.7 6.39/1
179.7 - 83.0 6.15/1
8%.0 - 96.3 5,30/

# Thig velue ig doubtful since there wasg ingufficlient

material for acourate analymis.

At point X in £lig.16 the infra-red gpectrum of The

pyrolysand revealed the presence of an lsolabteddouble bond
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(£1g.17.) at o wavelengih of 6.25 mlcrons. This was CcOn-

firmed inm the UV epectrum Gﬁ’m&x(@thancl) = 2,970).

The end-produes of the pyrolysis was & bard, shiny,
cryatalline black solid inasoluble in all the common
leaboravory solvents. Tox thig compound there were no
identifisble pesks in iis infra-red spectrum. Althouwgh
Ave in@alability prevented g ﬁolecml&x.waight determination,
g nicrosnalysie of the compound showed tﬁ@ﬁ i%e empiricel

formule wae G@HQGL,

Knowing the initial end final weights of the adduct,
the guentity of acid evelved, the indlitlial and final empizi-
eal foyrmulae, 1t was poaaihla %0 draw up & mass balance oun

the hydrogen pariicipeting in the degradation.

Maas Balenee op Hydrogen.

Initlal welght of the 231 adduwet = 2.830 g.

}?in&l @ W w 1] i == Qo 897 gb
oo Welght of the 2:1 adduet wsed = 1.933 g.

‘ Moleonlayr Velght of 2:1 addunet w323
1 molecule of 6158 wa Gﬂz -~ GHGL - Gﬁg - CHCLBx contained

6 g. atoms 0f hydvogem. .

So that 2.83 g. sdduct contalned %@%-‘w % %}a g. etoms hydrogen

-

»" o Botpl gvailable hydrogen = 92,6 x 1079 %o otoms bydrogen.
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r;a.;r P
Total meid evelved in the pyvelysis = 29.1% x 1077 moles.
Bach wole of acld contained 1 g. aton vf hydrogen
.. 29.1% moles of peid conteined 29.13 % 1077 g.atoms

<
hydrogen.

o

oo Total hydrogen evolved = 29.13% x 1@“5 Eo atong.

Microanalysis yielded 4G 25 100
Bingl welght of adduct = 0.8970 g,

L]

f}l o
e Wedght of hydrogen remeining = === x 0.8970 g.atons
85.5 hydrogen.

s 21 % 1079, atons hydzogzen

» "o Welght of hydrogen reugining ¢ welght of hydrogen evolved
= (21 = 1077 ¢ 29.1% = 107?) g. atoms

= 50.135 2. abtoms hydrogen.

Thig compared wiith the total svailable hydrogen,

s
1l.@. 52,6 x 1077 g. atoms.

Aceoxrding o flg.16 the inclusion of & double boud in
the 2:1 adduct increased the rate. Thig stage in the
pyrolysis was simulsted by the artificizl lnsgertlion of g
double bound into the saturated molecule. Tregiment of the
adduct with methanollc caustic potash yielded em unstvable,

wnsaturated, yellow, oily liguid of b.pt. 230°C.

The pyrolysis of 2.13 g. of this unsaturated compound
produced sn end-product similayr in meny respects to that of

the 2:1 2d8dwct. Forthermore the inltiel breakdown of this
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compound was of the game order ag the breakdown of the

2:9 adduct at sbage X in fig.16.

Table 1%. Comparison 0f Haotes for the 2:1 Adduet and

Unsatursted 2:1 Adduct_at 198°¢C.

Wed ght Rate of Bvolution of Acid
Compound 3 -
(moles) x 102 | (moles acid/1/sec) x 10!
2:1 Adduct 8.75 56
1 2:1 Addunct atb
Stage X in £fig.16 8.65 664

Unaaturated
2:1 Adduct 8.90 615

From the data in teble 13 it might be inferred that
the presence of the double bond exerted a powerful influence

on the veate of decomposition of the 2851 adduct.

Thue far there has been no real indlcation of the
mechanlem of breskdown of these adducts. However in
polymer chemisgtry one of the best lndirect proofs of the
nature of o polymerisetion or degradation wmay be obitsined
by the addition of so-called free radical chaln inltletors

or imbibitors $o the reactlng system.

Bffeet of Additives on Telomers.

(1) Free Radicgl Indltistors.

The 1:1 and 2:9 adducts were pyrolysed in The presence




N
L5
=

of 2% (w/w) AIBY ot verious temperatures.

Iable 4. Addition of ATBY o the 131 and 231 Addnets

SSERTT

Iyredysed in Ethyl Benzoate Solution

Temperatnre of Iffecte observed

Addwot Pyrolysis  (OC)

131 100 No Incresse in wrate

13‘ ‘35() 1L " 1 it

1e1 157 Pourfold increase
231 100 No increase in rate

N
2
(RN

‘ﬂ "}50 9 it 7 L

-~
i
X
o>

157 Fouxrfold increane

Larger quantities off ALBN tended to give even bilggevw
1u ereases in rates, but only at oxr above 1570G° niniler
vesulis wexre obiainad when 2% benzoyl peroxide wes used.
Wish BP, however, 1t was necessary to caryy out dblank rvns
in ethyl benzoate due %o the Liberation of carbon dloxide

Cweom this lnitlator.

Sanples oF 131 and 2:1 adduct were also pyrolysed in
ik at %98Q6 in the pregence of indlbtlatovs. For o better
gonseesnent of the effect of lnitiavtor on wrate, samples o1
"pre-pyrolysed® 131 sdduct only were used for these experi-
ments. Lo pra-pyrolysies, ssmples of the 131 adduet wene
pyrolysed wntil dhe zate of evolution of acid per wnit Hime

wes Linear, 60 that even a smell ineresse in vate on sddition



of initiator wowld be readily obeexved. When BP gnd AIBE
vere added To auch samples of 131 adduct both were found
to increase the vrate. AIBN (0.6% w/w) was added %o 121
adduct at ﬁgaag with a resultant considerable increasse in
rote (fig.18.). Similar vesulis were obteined with the

221 adducy and AIBU.

The rumber of free radicals associsbted with one

molecule of HOL was estinabted ap followss

Weight of 131 Adduch = 2.50 g
Welght of ALBW = 0.0149 g.

Molecular Weight of ATBEN = 164,
The inerease in the gquantity of HCL evolved was T.95 x 3076
moles in 40 mianutes; all the AIDBN was assuvmed 40 have
decomposed in this time at 198°¢C.

0.0149

b, 222242 moles ATBE yielded 7.5 = 107° moles HCY

f.e. 18.12 x 1077 AIBN redicsls yielded 7.5 x 10-2 moles HCL

or 24 radicals were assoclated wlith 1 molecule of HCL

Bawn and M@llish<66) reporved that the decomposition

of AIBN was a first ovder wresction, with

K = 10?5 @m§Qg7QQ/RT g@@?ﬂ
But k = géggiﬂl@gig ofa-x @Bec .

where o = oviginal concentration of initietor (molesg/L.)
a1 = concentration of initletor et time ¢ ( © )

: gt 1 : e
b = vate amatent (sest!)



For pyrolysis at 196870, k = 6.166 secT
Thung the tvime taken for 95% decomposition of AIBN should
be 29 minntes as compared with the indltliel peviocd of

scceleration of 7% minutes (fig.18).

Oxygen wmay act indlreetly a8 a free radicel initiator
by forming peroxides which decompose iunto free wadicala.
Seversl pyrolyses in brlk were zun on the 131 and 231
gdducts in an oxygen atmosphers. Compared wlth bulk
pyr@lyaiairatea in nitrogen, those in oxygen were much

faster (£ig.19).

(2} Radical Polvmerissbion Inhilibitoxs.

These were completely ineflfective in rvetawding or
inhibiving rates. Indeed both adducts evolved much greater
smounte of acld when pyrolysed in the presence of small
guantities of these so-called inhibivors; table 15 guotes

valuega for the 2:1 adduev.
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Table 15

- The Effect of Various Radical Polymerigetion

Inhibitors on the Rate of

Bvolution of Acid

fxom 1.86 g, 2:1 Adduct at 198°¢.
Percentege| moles inhibitor |Rete of Bvolution of A;ZE
Inhibitor | Inhibitor |molee 2:1 sdaves |(moles secid/hr) x 900
(w/w)

= - - 20,2 (Bulk 231)
a=Naphthol 6.0% 0.136 740
Hydroguinone 5058 0,104 335
Anthracene 6.20 0.113% 532
Catechol 6.02 Q117 126
Naphthalene 6.06 0.154 a8
Phenanthrene 6.06 G110 4.6
-Stilb@m@ 6.50 0.117 %3
Phenol 6.TH 0. 2382 18

It was declded to study the reaction between these

radical pelymerisation luhibitors snd the telomers. Hydwro-

quinone (HQ) accelerated the decompositions of both sdducts

very markedly ¢.g. For 131 adduet containdng 4% (w/w) HQ,

the inltial

2.1.008 .

radlical polymerisation imhibit@rgﬁ?)n

ravte was Hen times as Lfast as for the adduct

Murthermnore HQ bas been classed as o definite

It is eaglly obbtaln-

able in & high state of purlity and is stable at high

Temperatures.

co-pyrolysls studles.

it was thug a sulteblie cholee fox fwwrither



The Action of HQ on Telomers

HQ protonises (pKe = 10) and it wes just possible
that 1t might be contributing to the total aeld content in
the absorbewr. To determine if HQ was a source of ascld,
blanks were run on HQ at 198°C end also on HQ in diphenyl
as polvent st 240°C. Wo ecid was evolved in elther case.
Finally in a pyrolysis of the system HQ - 131 adduet, the
total acid evolved was titrated sgainst

a) stenderd sodiwm hydroxide solution

b) stendard silver nitrate solution.

The hydrogen iloa concentration was identical with the
hgiide lon concentravion, =0 the HQ did not countribute to

the hydrogen lons collected in the absorber.

The system HQ - adduet was pyrolysed ab 1989C with

a) sadiunct in excess b} HQ in excass.

The Systen EBxeess Adduct - HQ atb ﬁ%@ﬁc

A series of pyrolyses on samples of 231 adduct con-
talning different quentitlies of ¥Q vrevealed that the rate
inereased very merkedly wlth incresse in the HQ concentra-
tion {(fig.20.). The dependence of initial rete on HQ com-
centrabion for the systems excess 131 adduet - HQ, oxcess
2:1 adduet - HQ ie shown in fig.21. There appeared 4o be

a sharp change in rate above a concentratiom of 4% HA.

The log - log plots comnstructed Lor these systens
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gave the yate dependences on HQ concentration (fig.22.}.
Devendences on the catechel concentravlon were also obhitalned
for the analogous systems excess 231 adduct - ecatechol,
excess 131 adduct - catechol. The catechol system was

very slmilar to that of HE , but rates were somewhat Lewer.

Table 16. Rate Dependences for the System Brxcess Addwuet -

Radilecal Polymerisation Iuhibltor ab 1980(3°

Excess | Radical Polymerisatlion Dependence on
Addwuct {nhibl tor Inhivitor Concentratvlon
131 HQ | 2.8
121 Catechol 2.3
231 HQ 2.3
231 Catachol 3.0

The Systen Excess HQ - Adduct at 198°C.

Semples of HQ containing variows smounts of 2:1

adduct were pyrolysed and the scld evolved ylelded a sigaeid
type of ocurve (£ig.2%.). Slmiler curves were obitained fox
the systen excess HQ - 1:1 adduct. AlL these curves were
characterised by an initlal surge of aclid which gradually
dimini shed. The plot of initigl vate versus addwct concen-
btration reﬁ@al&d & definite trend in thet the Ffozmer incressed
with inerease in the adduct concentration (fig.24.). Fig.2%

i1 the plot of total acid evolved wp to the turning point on
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the signoid curve (2 on £1g.23.) ageingt addwuct concentra-
GLox. It was found thet 1 mole of 2:1 adduct evolved

2 moles of acld np %0 point 4.

Since acld was liberated resdily from both these
systems 1% might be sxpected that the activation eunergles
Ffor the reactlions would be Lalrly low. Before these were
evaluaied, boweveyr, i1t was lmporteant o £ind the solubility

of the HQ in the telomer, and vige versa,so thet runs counld

be caxrrliad out in a homogeneous system.

Solupilitlies.

These were gouged by the minimum gquentity of coneti-

tuent necessary to form a two-layer sysbem.

Teble 17. Solwbility Date for the 231 Adduct - HO HSystem
| gt _198°C.

Broess 231 Adduet| Solwbility of HQ w/w
+ HQ in 231 Adduet 4.3%
Excens HQ Solubility of 281
+2:1 Adduct Adduet in HQ 22, 0%

The molubility of HQ in oxcess 131 adduet was cm.4% (w/w)
at 198°¢, i.e. more them 4% by welght would pxoduce @ two

Layer system.

e solubility of HQ inm 231 adduct over the renge
170-260°C wes dotermined (fig.26.) so that vates conld be

Tollowed inm one phase. It was not necesaary to dedtermineg
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the solubilitvies of the 131 or the 231 adducts in excess
HQ <Lor the above temperature range since the adducts were

mach more soluble im HQ.

Due o the comparatively low solubility of HQ in the
telomers, the rate dependences on the HQ, and presumably
the catechol, wlll be invalideated gince rate determinations
were carrvied out on adduct semples containing more than

4% BQ.

Activation Energles.

Rates were vecorded at variowus temperstures for the
systems excess 2:1 adduct - HQ, excess 131 adduct - HQ and
excess HQ - 2:1 sdduct. In each case the composition of

the gingle phase system was held congtant.

Table 18. Activation Inergles foxr the Pyrolysig of the

Addwuet - HQ Svstem.

Activation Bnosey
129 Adduct alone 21.3
Excess 131 Addues. + HQ 21.0
231 Adduct alons 29.0
Fxeeas 2:1 Adduct + HQ 51.8
Excess HQ + 2:1 Adduct 14.7
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7%
As cen be observed, HQ only atfected the activation energy
of the sgystem when present in ezcess. In such a system
(excess HQ - 251 adduet) 14 was nobed that two moles of
acld were evolved for each mole of adduct. To poptulate
g reactvion mechanism 1t was important to know the relative

grantitiecs of HBy and HOL evolved during the verious

stages of pyrolysis.

Hollide Anslysgls.

The acid evolved during several different co-
pyrolyses of 2:1 adduct eand excess HQ was asbsorbed in water
end the solution anslysed forxr Llis halide content. The
gemples were collected at various times foxr Lt was thought
thaet the ratlio of chloride to bromlide would be unity and
therefore dlndependent of btime and ianltisl adduct concentrp-
tion.

Table 19. AMnalysis of Helide BEvolved from Variouvs Mixtures
of Excess HQ - 231 Adduet Pyrolysed at 198°C

Time of Chloxide Bromide Chloxide
Semple | Pyrolyslis

(minuses) |(moles) x 109 (moles) = 1@5 Bromide
1 10 T.62 0.38 20.0/1
2 14 5.90 0.30 19.7/1
3 25 2.34 0.26 9.00/1
& 39 3,13 0.31% 10.0/1
5 43 1.83% 0.20 9.20/1
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Table 19 shows that the vatio of ehloride o bromide was
mugh greater than unlty. A8 a check on these resuliss, o
lerger quentity of 231 adduct (3.81 g.) wes pyvolysed in
excess HQ, and semples of acid again collected for enalysis,

but this time at successive steges in this single pyrolysis.

Iable 20. Anslyslis of the Hplide FEvolved ot Successive

Stoges dn the Pyrolygis of 3.81 £. 0of 231

Adduet in Breess HO at 198°0C.

Time after commencement| Chloxide Bromide Ghl@xi@é

of pyrolysie (minutves) | (moles) x 109 (moles) x 103 Bromide
4.0 6.80 0.34 20.0/1
8.0 4.85 0.14 24.7/4
13,0 5.28 0. 05 65.6/1
19.5 2,58 0.16 16.6/1
27.5 1041 0,02 T0.5/1
41.5 1,55 0.08 ﬂ9°%/ﬁ

Prom these results 1% appeared that HOL was prefeventislly
liberated Ho HBw. This was rather enrprising ag vhe
-GHCLBY bond should h@ weaker ‘then sey the m@ﬁgmcﬁcl bond.
The probability waes that the trichlorometvhyl growp was
providing the HCL evolved. Thle possibllity wae explored
by pyrolyeing veriouas halogen hydrooarbons sonteining the

tri chloromethyl group in excess HQ at 198°C.
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Pyrolysis of Halmg@n Compounds .

The pyrolysis of various halogen compounds showed
that those contvaining the mcel§m group evolved a. large

quantity of acid initlally, whilst the others did not.

Table 21. Pyrolysis of Various Halogen Compounds in BExcess

HO at 198°C.

. Evolution of Acid
Compound Formula Daring Initial
Period
1-Bromooectane GBH1TBE Wone
1-~Chlorodecane quﬁzqcl Wone
13 4-Dlibromobutane C,HgBr, Very slight
Hexachloroethane 02G16 Great
Benzotrichloride 06H5G01§ Great
Methyl methecrylate ?Hg' Great
Telomer ( ¥ = 6 )

Since i-=-bromeoctane, i1-=chlorcdecane, 1:d4-dibromo-
butene 4id not yield sny acid on co-pyrolysis with HQ thio
emphaosised the unresctive nature of lone halogens attached
%0 carbon atoms in these compounds. Previons woxrk also
gupported these vesults when 1t was found that pyrolysis

of thege compounds in the absence of HQ d4id not yleld any

geld.
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Blanks were rTun on all the halogen compounds
employed and only bengotrichloride evolved a little HCL
(ther@ ig nsually some HCL in benzotrichloxide due to
hydrolysie). Bengzotriehloride, in which thexe is only one
pource 0f halogen, also has the convenlent b.pt. of 214°C,

It wes ‘therefore suiteble for further pyrolysis experiments.

Pyrolysig of Benzotrichloride.

Bégzqtrichluride'(0025 g.) was pyrolysed in ekcess
HQ et 198°C. The course of the reaction is shown in fig.27;
as indicated wwo atoms of chlovine were removed initlally.
The plot wes very similar to those in £ig.23% in which it
was alse ghown that two atoms 0f chlorine were removed

initielly.

The large quantify of acid svolved in this xegection
indicated that the HY§ might be supplying the hydrogen.
The implication was %hat some type of condensation compound
had been formed, one perhaps in which the HQ condensed with

the benzotrichlovide, HCL being eliminated.

A mixture of HQ and benzotrichloride in the ratio
4 moles to 1 mole was pyvolysed at 198°¢ for two hours.
The wreaction mixiure was allowed %o cool, washed with water
several btimes to remove any unrescted HQ and finally dried.

The properties of the product were then examined.
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Table 22. Properties of the Compound Formed in the Reaction

between HQ and Benzotrichloride at 198°C.

% Carbon ¢% Hydvogen % Oxygen % Chlovine

Obgexrved 68. 1 4.80 27 .1
Calcoculated
Fox G?5H2006 {2.0 4.90 2% 1

Obsexved 388

Caleulgted

Tor 025H200

6 416

Molecular Weight

The observed values werxe in faly agreement with the

theoretical valwues which were worked out for

gomponnd . @m< I:>“0H
C."—".—‘:;';"'\

< = C = 0« / =0H

Ret

the following

This compound couwld result from the condensation between

benzotrichloride and HQ:
CL

L
e

é >* c - o ¢<z;i:>a03
N eon

—> % HCR
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It seemed reasonable 1o conclude fyom the ghove data that
(A) was produced in the reaction. Thig the indication
was that the wGClim group was responsible for the large
guantities of acid evolved during the pyrolysis of the 1:1

and 2:1 sdducts in excess HQ.

Having investigated the eflfect of HQ on these
telomers end noted the reactivity of the mCGlB«group, it
was felt that some work should be completed on the reaction
between the adducts and substituted phenols. More infoy-
mation mligh% thus be obtained of the mechanism of reaction

between HQ-Type compounds and the adducts.

Subgtituited Phenole.

I% was proposed %0 examine the effect of the position
of the substlituted Hroup in the phenol,; i.e. how o, m, or
p-substitution influenced the reaction between a particular
phenol and the 2:1 adduct. A series of relqted phenols was
pyrolysed in the presence of a Lixed welght of 2:1 adduct
(1.1 g- in each pyrolysi&)g the phenol being in excess.
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Table 2%. Relative Rates in the Pyrolysis of the Sysiem

231 Adduet ~ Ixcess dSubsgtlitunted Phencl at ?98°G.

1.1 g. of 2:1 Adduct

+ Bxcess Phenolic Gompound Relative Rates
Phenol =: 1.59 ‘
o-methoxyphenol No xeaction
o-nethylphenol 1.05

o-aminophenol zn

No reacition

9-hydroxyphenol 3,93
B-hydroxyphenol 4.85
p-hydroxyphenol £ 10.39
o-chlorophenol 1.00
m--chlorophenol 3.11
p-chlorophenol 3.04
o-nitrophenol  ; No reaction
m-nl srophenol 5.33
Pp-uitrophenol 10.39

%z Boils at 181°C
£ Boils at 176°C

## Bxipts as chelate compound

nw Dissolved in nitrobenzene

There was g trend in that p- were more reactive
than ©- , which,dn turn,were moxe reactive then o-subsilitnited
phenols towavds the 2371 adduct. In addition those groups

which have m tendency to withdraw electrons Lfrom the
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phenolic O gpp@am&dﬁto exert the grestest influence by
yielding the Tastest rates. It was interesting to noie
that o-nltrophenol 4id not resct with the addunct. This
compound exists in g chelate Torm,
and the hydrogen of the hydroxyl
group is thue not sveilable for

reaetion with the halogen of the

wGGlam group in the 2:1 adducth.

Pyrolvyvels of High Polvmaers.

The pyrolysis of the 1:1 and 2:1 adducts was falrly
informative 8o 1% was decided to epply similar technigues
to telomers containing sey, ten or fifbteen winyl obhloride
vaite in the molecule, L.¢. of ¥ 10 or T 15. ‘he
proposal was $0 obtain & comprehensive range of telomers
of ¥ 10, 20, 30, 40 etc. snd o study snd compare whely
decomposition rates. Unfortumately compounds intermediaste
betwesn the 131 and 2:1 adducts and the high polymer conld
not be satlisfactorlly prepeved or easily defined. Hi gl
polymexr could, however, be sasily prepared and its moleeunlew
welght readily obbalned. It was therefore possible bo
study the sifect of chain length on the breskdown of the
high polymer. Moxeover the degradation of FV(C in solution
wounld emeble oross-linking %o be gpiuvudlied. This was of

particnlar interest ss Little work has been done on this
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aspect of PVQ degradation.

A series of high polymers was prepered thermally
with AIBN as initiator at different temperatures. Prelim-
inpry rate investigations were carried out on these polymers
dissolved in o-dichlorobenzene (b.p%.182°C) and in ethyl
benzogte (boptqzﬂ5gc)o Rates of dehydrochlorinatlon were
independent of the flow rate of the carrier gas below about
12 litres/hour. Furthermore liberated HCL allowed %o
remgin in contact with the PVC solution did not affect the

raie.

Experiments on PVC dissolved in o-~dichlorobenzene
and ethyl benzoate revealed that the hot polymer solution
rapidly gelled on cooling 0 room tempersiture; the gel
agein became a golution on warming. If pyrolysed at
temperatures of %he order of 180°C the PVC solution rapidly
became sn lrreversible gel. It was also found thet the
gel #ime” (%ime Haken For gelation o occur) varied mavkedly
with the polymer concentration es did the rate of dehydro-~
chloringtion. The vresults of these experiments are shown

in teble 24.

z The time during which polymer molecules cross-—link %o
form o three dimensional polymer neitwork.
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Toble 24. Comparlison of Gel Times snd Dehydrochloringiion

Rates at 178°C foxr PVC ( T 405) in Bthyl Bensoate

gnd o-~-IMcehlorobenzene

Concentration (g./1.)
212 150 115
Rate of Bthyl Benzoate $66.60 3.95 2.25
Dghydrochlorination
{moles H@l/%o/s@co) o-Dlchlorobenzene | 4.24 2.49 1.85
WO
Gel Time Bihyl Benzmoate 13.74 24.00 29.10
(Secs.) x 1079 o-Dichloxobenzene [13.26 21.00 27.90

Gel times were slightly faster in o-dichlorobenszens then
in ethyl benzoate;, although dehydroghlexrination proceeded

at @z mach fester rate in the latiter.

Other golvents which were tried included the 131
spdduet and nitrobenzene. Both these liquids attacked the
polymer vigovously (£ig.28) at low and high temperatires
and were therefore unsulitable as solvents. Ithyl benzoate,
with ite high D.pt., was the most convenient aolvem% and all
other work on PVC has been cerried out in this solvent over

g wide renge of Gemperstures and concentrations.

The Crogs-Linking Reactlon in Bthyl Benzogte.

Veriation in éan@enﬁrati@no

DifPerent weightes of polymer (¥ 905 )
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were pyrquaed gt 2129C and the gel time was found o vaxy
greatly with the concentration (bable 25). In several
pamples, onee bthe gel point had been reached, frégh ethyl
benzoate waes added to the gel. Thege did not mix and no
swelling was observed. The rate of evolution of acld was

not affected.

Teble 25. Dependence of: the Gel Time on the Polymer

Concentration for +the Pyrolvsis of PVC

( ¥ 905) in ELthyl Benzoate at 212°C.

Gel Time (tg} Polymexr Coneentration ¢ % (tg)

(Sec.) x 1079 (g-/1.) x 1072
2.82 149 420
4,62 106 490
6.72 86 579
8.64 T3 630

The produgt of the gel time and polymexr concentration was
reasonably constent indicating that the concentretion was

directly proportiongl o the reclprocal of the gel ¥Finme.

Vexiation in Chsln Lengih.

Gel wimes were vecorded for a fixed weight of

various polymers ab 198%.
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Table 26. Dependence of the Gel Time on the T of the PVQ

for n Solution of Pixed Welsght Pyrolvyeed in

Tthyl Benzosie at 198°¢C.

_ Gel Time (%) (b, % F ) x 1079
:K: g'&’) g
(Sec.) = 107~
805 4.98 4,525
553 5.62 3,110
36‘? 9&00 59305
192 172 3,295

The gel theory of Fl@ry(68) is based on 0.% crogs-linked
units per polymer molecule for a number average distribution
at the gel point. Thus if polymers of different T are
used, & very big difference in gel times should be observed.
This was found to be the case, the lower T polymers belng
very slow to gel even at Talrly high concentrations. Fuarthewr-
more the gel polnt was much moxre sudden with polymers of low
¥, The product of gel time and T wae relatively congtant,
inddcating thaev T was inversely proportional to the gel

TLBE o

Variation in Temperature.

There was little varlation in activation energy with
chain length, the average value for cross-linking belng

2%.7 k.cal./mole. Pig.29 is a typlicsel Arrhenius plot for
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erosg-linking.

Tabie 27. Activabtion Inmergies fowr Cross-Linking.

Iz Activation Baergy (k.oel./mole)
905 22.8
553 25.3
367 22,5
192 24.%

Crogg-Linking in Bulk.

Phie could be estimsbed by extrapoletion of the plot of
veolprocel coneentration agelunst acld evolved per monomole
of polymer (figaso)g the concentration of bulk PVC being
1.4 g./C.Co The veriation in the percentage of wobtal

acld liberated ot the gel point with ¥ Ffowx bulk pyrolysis
was aleo obitained by extrapoletion (£ig.3%1)- This did no®

L=t

vary greatly fox polymers of high ¥ .

Trom the reasults quoted so Tar ceross-linking could
he 8 free radicsl process ox obherwige. It wes felt thab
the addision of free wadleasl initigitore and dnblbitorg to
PVC solutions might glve some ilndication gz %o whet was

happening during cross—linking.
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(1) Tree Radical Choin Inltiators.

In this section on the effect of additives, the
experiments were carried out on BPVC ( ¥ 905 ) meinly =%
212%¢, Toble 28 shows that small guantities of AIBN have
no effect om the gel time. This wes also true for BR,
VMoxe then 10% AYLBN, however, delayed the gel time

appreciably.

Toble 26. Effect of Addition of AIBN %o PVC_( ¥ 905 )

on the Gel Time at 212°C.

| Weight % Gel Time (55)

ATBN (Sees.) = i@”ﬁ
G 2.82
305 2.88
3.8 2,82
10.4 3,72
2409 4020
32.3% 4.3%2

H

(2) Action of Ivon Compounds.

A few pyrolyses were carried out in the presence oF
a) 2% ferric chloride
b) 2% ivon L£ilings
c) a steel ball-beaving

all in ethyl benzoaise solution.
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In the firat two capes, the result was the almosgt
ingtantaneons formatlion of a black gel, rendering it impogs-
ible to measure rates. Thig uwnusual gnd rgpid gel Forma-
tiom was also found by Beviaghon and H@rrish(ﬁgjo The

ball-bearing did nos agffect the gel time.

(3) Pree Radical Chain Inbhibitors snd Oxygen.
(70)

Gresslie showed that 1:4-disminosnthraquinone
wes en effective inhibitor in the depolymerisation of methyl
methacrylates 2% of this inbibitor had no effect on gel
time. A similar quentity of tetrachloro-o-benzoguinone

reduced the gel bime very slightly.

Some commeveisl stebllisers were glso tried. Theae
were Stenclere TO0 and a-phenylindole. The latter deleyed

the gel time conglderably as cen be geen Lxom Hable 29.

Table 29. Effect of Addition of c-phenylindole to FVC

( T 905 ) on $he Gel Time ai 212°C.

Welght % Gsl Time
a-Phenylindole (Sec.) = 1079
0 2.82
1.306 4.5
3,70 630
4.03 T-T4
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Stanclere TO affected gel times only when large gquantitlies

were added.

Table 30. Bffect of Additlion of Stanclexre 70 to XVC

(¥ 905 ) on the Gel Time at  212°C.

Welght % Gel  Time
Stenclers TO (Sec.) = 1079
0 2.82
518 2.06
T7-80 3.90

1603‘ 4.14

In the presence 0f oxygen there was & very long delay in
gel Tormation ot temperatures renging from 157°¢ %o 2129%¢.
Hence oxygen was the most effective ‘lmhibitoxr' of cross-

linking.

The Dehvydrochlorination Reaction in Bihyl Bewnzoabe

Varigtion in Congentratlon.

Variouns welghts of polymer ( T 905 ) were pyrolysed
ot 212°Cc. Table 31 shows Hhet the yleld of HCL per grem

per second was consvant.




89.

Table 31. Dependence of the Bate of Dehydroghlorination on

the Polymer Concenvration for the Pyrolveis of

Pve (¥ 905 ) in Bthyl Benmoate at 212°¢.
alreal Polymer a [nea)
an Concentra~ mzim“‘

’ tion b

(moles acld/l./seaq.) (g./%.) (woles acld/g./sec.)
pid 106 i 10@
90,0 (Bulk) 1400 6044
9. %% 149 6.42
6.82 106 6. 47
5o 34 86 6:26
4,70 73 6.44

The wates weve proportional to the polymer concentiabtion
(fig,32)°

Vardation in Chain Tengih.

The effect of change in ¥ on the rate of dehydwo-
ghlorination was studied. M.g.33 shows the vearligtion in
rate per fixed welght of polymers of diffevent T ab
1?@000 The wete fov p Tized welght was apperently mich

Tasber Loy polymers of lower ¥. When the wate ver mole

of polymer was ecaleulated 1t wap found Bo bhe welatively

e

#

g
(=3
&

CONHHHNYG . Some idea of constancy of the rate pexr

polyner chain may he obitained Lrom Tlg.34.
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mnd ard mvr J e Hlemmirmeame Par e
R

acied
arigtion in Temperaihiure.

Rates were determined at four temperstures snd a
typical Arrvheniwve plot 1s shown in f1g.29. The ectivation
energy fox Gebydrochlorination wes congiant for polymers oF
different chain lengih, the average value being 23.2 k.oeal./

nole.

Toble 32. Actlvavion Fanergies for Dehydrochlorination

™ Activetion Energy (k.cel./mole)
905 22,8
553 22.8
367 24.0
192 2343

The effeot of additives, such asg free rTadical
initiators, on the debydrochlorination wes investigated.
This was beceuse the chief support for g free radical
mechonl gm gtems TTrom Arlm&n“@(7) wovk, im which the addition
of free radleel initlators to PVC increased the rate of
debydrochlorination. Thie was checked wsing AIBN and BP

as the inltiators.

£1) FPree Redicel Chein Initistors.

YMeny of the experiments were carried out on FVC
( T 905 ) at 2129C, except where specific mention is made

of other temperaitnres.
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When 2% AIBN (w/w) wes added to z solution of PVC
at ﬂ90069 130@Gg ?5708 there was virtually mno change in
the rate of dehydrochlorinagtion which was very low at these

TOMPLraTRTres.

At 212°C, however, the addition of 4% AIBY (w/w)
0 the polymer solution doubled the rate of fehydrochloring-~
$ion (£ig-35). Larger quentities of AIBYW geve somewhab
higher rates. The number of molecules of HCL evolved

associated with one free vadical was esvimsted ss Follows:s

Ueight of PVC = 0.1000 g.
Weight of AILBN

i

0.0040 g.
Moleculayr Welght of AIBW = 164

The increase in the guentlty of HCL evolved was 175 x i@°6

moles in 30 minntes. ALl the ALBY wes sssumed 40 have

decomposed in this period
OOOOQO

— moles - AIBN produced 17% x 10~0 moles HCL
164

i?@ﬂx

i.@. 1 free ralicsl was sssocleted with 4 molecules of HCEL.

Two per cent BP added to PVC solution at temperaitures
b@l@% éﬁO@G did not produvce eny imcrease in dehydrochloring-
tlon. At'ﬂOO@Gg BE coloured PVC solution yellow, although
there was no megsurgble HCL efter two hours pyrolysisc.
However a blenk of BPF in ethyl benzoate atb 100°¢ also
produced colour. Subjected to UV 1ight (3650 i) at 5Q@G
for two hours, & BE-inliiated solution of PVC ylelded mo
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measurable HEL, but sgaln became yellow. Thepe Tindings

&
were in sgreement with the work of &chhamm@r(g))e

Dehydrochloringtion in Oxyvgen.

Solution pyrolyses were ¢arrled out in nitrogen and
in orygen foxr o given wolght of polymer ( ¥ 553) a% 157°C
ond 212°¢. There was no gpprecieble dlfference in yield
of acld per uvnldt time bHetween the two runm (fig°36)o The

polymer solution devkened much move quickly in oxygen.

In the bulk pyrolysis of FVC oxygen promotes a greater
rgte of dehydrochlorinstion then in nitrogen. The rate also
accelerated with vime (£ig.37). Bulk PVG, however, deoikened
wore »apldly in nitrogen then in oxygen.  The resuwlts Lfow
bulk PVC were in complete aeccoxd with thoge obbteined by

Divesedow and @ibbm(ag) Tor bulk PVC.

2) Pree Redlcal Chein Inbibitors snd Commexrcial

Stabllisers.

Byrolyses carwied out in the presence of 2% 1sd-
Al eminoenthraguinone, tevrachloRo-o-benzoguinone and HQ
showed that only the last two compounds effscted the woie
of dehydrochlowination by increaping 1+ slightly. This was

not altogesher suieprlging fox HO which hos been reporied o

catalyne the degradebion of EVG(2130 As degeribed
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eariler, HQ defindtely promoted the decomposition of the

1397 and 2:1 adduncts.

0f the commercial etebllipers wsed, e-phenylindole
had no effect, but Stenclere TO cut dovm the rate of
fehydrochlorination very considerably. Comparatively
gmall emounts rebvarded the rate of dehydrochlorinetion
(£1g.38). The duration of the retarded rate was divectly
proportional to the quentlty of Stenclere 70 added (bable
33) .when When all the stabiliser had been used, the nominpl
rave was resumed as f1g.38 shows. Stenclere 70 alao

retarded colouring of the polymer solnvion.

Pable 33. BEffect of Addivion of Stemclere 70 Ho PVC (T 905)

on the Rate of Debydrochloringtion at 212°C

Welght % Peried of retarded raie
Stenclere 70 (minutes)
3,0 34.0
2.5 40.0
5.0 50.0
7.0 59.5

M though meversl theories heve been pub foxward Lox the
initintion process, few have been postnlated Tor terminavion
of the veacbtion. The Llatter could be buought about by

snberraption of the “zipper" by branches, which are lknown

0 be pr@@@n$(7ﬂ)°
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Effects of Branching.

A group squivalent t0 a branched point, and capagble
of termingving the Yzipper' was introduced into PVC mole-~
cules. Such o group is the cyclopropene ving found in
PYC when g mole of chlowxine has been ghsgtracted from a mole
of polymer. Maxvel, Sample and Roy(gﬁ) Lirst employed

this technigre 0 produce "branched¥ PVC.

1.8 mGHéwGHGl«QHZmGHCImGH§~mmmWW%~mCHémGHiQHmCng

AN
& Zing / G\

H H & Zn@lg
PYC having T.5% of its chlorine removed wae pyrolysed in
ethyl benzoate at 19&960 | Compaxed with the unitrested PVC,
the rote of dehydrochlorination wes doubled and the rate
at which gelling occurred increased five-Lo0ld. The latbew
vesuld was attributed to sn increase in molecular wel ght
which could happen if the reaction between the zinc and
polymexr molecnles were intex- rather then intramolecular.
Since the regction was in dilute solution this appeared 0
be unlikely. Turthermove the ¥ of the gyclopropene PVC
proved to be identical with that of the original polymer
g0 that the accelerastion of gelling wes ceriainly not due

to an increese in molecular welght.
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CHAPTER IV

Digcugsion.

Preparation of Telomerg gud Polymers.

Rature of the Cheln Trangfexr Agent.

A nomber of chaln transfer agents are aveilsble
foxr the prepsration of vinyl chlovxide compounds e.g.
nereaptens, Lvetrebromomethane and bromotrichloromethene.
Of these BPOM was the mogt suiteble for the present work.
Its exeitation wavelength is from 3300 %0 3900 i and
sinee the C-Br bond is weasker than the C-CL bound in BTOM
it follows that photolysis would yield equal quantitles
of bromine and txlchloromethyl radicals. BRCON is also
eaplly puririied, atiacks mevcury only very wslowly and
bocenge of its volatillty cen be easlily wemoved fyxom a
reactlion MIXHRTe. The wuse of this trensfer agent enenres
thet the end growps of vinyl compounds polymerised in its
pregsence will he halogen in character, and 1Ff necessary o
comparigon could be mede between these compounds end sy,

halogen hydrocarbons.

Iimitations in the Preparation of Telomers gnd Polymers.

Prior 0 an sosessment of the factors involved in
the preparation of these compounds, some menvion will be

made oFf the difficulties encountered.




96.

Continuous changes in the initial mole watio of a
telomerisging oxr polymerlising BTCM-VC systen limit the
extent of conversion guite severely. If the smount of
BICM is smpll compared with VO, then thevre will be a large
deviatlion from the oxigingl concenitration of the reactants

as shown in table 34.

Table 34. Congentratlion Chenges in the System BTCM-VC

During Photocheml cal Telomerigation.

Quantities of BICM BITCM Ve ¢ /

and VG repcting {(moles)| (moles) | (moles) BTCH
0 1.00 : 20.00 20.0/1
0.25 moles BTCM 0.75 19,25 26.4/1
0.2 ®  VC |
0.50 © BTCNM 0.50 19.50 §9OQ/ﬁ
0.50 ¥ Ve

\

Telomers possessing more then two vinyl chloride
unlts could not be isolated in a ressonably pure sitate.
One of the difficulties here lay in the plastlciging
effect of the telomer on the high polymer. These telomers
usnally consisted of one wmaln product e.g. 2371 @ﬂdm@ﬁp WL th
very smell quentities of other mdduchs present as wonld be
expected from polymerisatlion theoxy. The removal of these
adducts proved to be impossible and they remgpined as

impuri ties.
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One of the mein reasons for preparing polymers
wae commercial semples invariebly contain peroxides aund
other extraneous ilmpurities, & fact which seems %o have
been overlooked by e number of 1nveatigaﬁors(7”%2°ﬂ5)o
Labovatory preparation had its disadvanteges also, foxr the
polymexr precipitated out im the reactlon vesgel, and 1
exposed o0 UV drradistion was lisble 40 undergo slight
photochkemical degradation. The precipitation of PYVC made
the reaction vesmsel opagwe Ho lrradiation which lowered
the rabe of reactlon., Furthermore the ¥ of the PVC
caanot be effecvively controlled by simply verying the
initiator concentretion. This is becemme ¥ is independ-
ent of initletor concentration for values of wp o 2% of
the 1attex(03°72) | 12 both BEGN emd initietor ave
present, howevexr, the ¥ ecan be conbrolled since BTCM

acts ags & very efficient cheln transfer agent.

The adventages of thermsl polymevisetion sre thab
precipitated polymer is not exposed to ixvadiation, and a
greater ease in the comtrol of ¥ . The kineties for the
polymerigatlon of vinyl chloride heve been worked out snd
t0 & first approximation

§3®@¢Rp/ktf
whero k= rate constent Lor propagavion

Y

kt? = 753 congbvent fox cheln Htransler
’ with monomer.
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Sinece the activation euergy For chaln trensfer is
greater than that for propegation, ktr will increase much
more whan kp with increasse in temperatvre end thus the =
will decrease.

Ta the charactevisation of these tslomers and
polymeras, it was imporbtent 40 detezmine thelr moleculawr
welghts. TFor telomers, these were determined malnly in
the eroscmpic cell mentioned previonsly. Alternatively
$he composibtion of a telomexr mixture could be obiteined by

pesging the nixbtore through & vapour phese chromatographic

column which separsted the verious speciecs (f1g.8 ).

The 7 of high polymers was determined viscoel-
metrically in cyclohexsnone. Wliigrobenzene is clalmed %o
be o suibtoble golvent Loxr This m@rk<73)o I% was, however,
an vndesiveble solvent beceuse 1t atbacked PV very vigor-

ously emd wapidly =t 198°C (£1g.28). A% this mmpem?mmg
T4

>
L]

nitrobenzene is believed o function 28 an oxldlging agent,
and 1t may cemse extengive cheln scisslon resultlng in en
increaged wate of breskdown 0Ff the FVG. Phis solvent gloo
@%ta@k@a the belomers, alithough more slowly then the PVC.
Wevertheless it is uot to be recomnended ags a solvent inm
the determination of the moleculer welghite of telomers by

boiling point methods.
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Critexria for the Preparxation of Telomers and Polymers.

As can be seen {rom table 8 the densitvy of polymers
and Yelomers tends to increase with decreasing chein
length. This might be expected becanse of the influence

of the welighty trichloromethyl group on the molecule.

The results showed that telomers ranging in T from
1 %0 3 could be prepared for a sixfold change in the concen-
tration of BTCM, provided the extent of conversion does no%
greatly exceed 10%. Only the 1:1 and 2:1 adduects could be
obtained in a reasonably pure state however. A second
provigion was that the initlal mole ratio of V¢ to BICM
should not be greater than 30 to 1 1f appreciable quantities

of telomer were required.

High polymers may be prepared photochemically with
a transfer agent,or thexrmelly with an initiator such as

ATBN or BP.

Preliminary t0 Pyrolysgis of Telomers.

In telomer pyrolyses the rate of evolution of acld
waé independent of the nitrogen flow vate below 12 liires
per hour, which indicated breakdown in the liguld phase.
The vate was also proportional +o the quantity of telomerx
pyrolysed as might be expected 1¥ breakdown were taking
place mainly in the liquid phase.
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Vhen acid was allowed to remain in contsct with the
telomers during pyrolysis there was no increase in rate.
Thus 1% appeared that the reaction was not antocatalytic

with vespect t0 liberated acid.

Pyrolyeig of Telomers.

There was & number of characteristics common %o the
breakdown of the adducts. Both appeared to decompose by
o FTirst order process involving low aciivation energies.
They coloured very rapidly in bulk and evolved acid at e
very fast rate as compared with similer halogen compounds

suech ags i-chlorodecane e%tC.

Other features of the 2:1 adduct, whose pyrolysis
was studied in greater detall, were the effect of the double
bond on the wate, the apparent Lformation of high polymer and

HCL being liberated in preference Ho HBr.

In view of this last fact and the uwnsuccessful attemp!
0 decompose compounds such as {sd-=dibromobutane, 13s5-dibron
penvane, i-chlorodecsne, etc. under conditions slmilaxr to
thogse of the telomers, it counld be inferred that the m6613«
group might be providing some of the acid evolved. Subse-
guent work with HQ revealed that the mCCl3w group did posses

unugual reactivity ln these telomers.

The Tormation of colour in these adducts was difficul
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to understand. L% could scarcely be ascribed to the
libveration of BHBr gince the acid wonld be swept ount uf whe
pyrolysend. Since i% ig similar to that found in the
degradaition of high polyners, the coloﬁr may be due to the
foxmgtion of chromophores. The latber would have o be
vexry eificient b@cama@.@olcur was produced ok 130039 when

the bregkdown rate was very low.

Owing %o the weactivity of the mGGlSm group 1% le
coxcedvable that reaction could take plsce between adduch

nolecules, e.&. in the cese of the 1:1 adduct.

0150 - CH, - CHC1Bx CL,G - CH, - GHCLBr
- S a +  HCL
6136 - CHy - CHCLBw 3133 - R - GHGLBy
¢
0126 - Gﬁz - CHGLBw
{ @ HEL
Loss of HEL ClyG = G - CHCLBx
by - |
. CL¢ = CH - CHC1BT
dehydrochloringtion 5 & FEL
' Glgc = 0 = CHCLBw
\
Gl = %H
- Loss of HBw . ﬂ GoLBy + By
e § =
by Glgc» ¢ - CHCL
intremolsonlar Ql@ o EH
dehydrobronination | cm + OB%



102,

(4) would presumebly be highly coloured since fulvens,
5 ¥

ﬁﬂ - ﬁH i 8 deep yellow!(2),
CH CH

,
N

]
QHQ

An alternative explanation is the development of
@onjugat@& polyene chains. Seven conjugated double bondd
conld be foxmed iT the adduct formed a polymer by lnter-
molecular condensation. IT %he wGGlﬁm group reachbed with
B&Y » th@wGH§ groups of cher gddunect molecules |
Lo c15c - GH? o ﬁﬁclﬁr ClL,G - CH, - CHCLBx

N N 5 +  HO
ClzC - CHy - CHCBr  ClzC ~ CH - CHOLBr

012? -~ CH, - CHC1Br CH,, - CHCLBx
|
clﬁc - O - CHCLBY el ,
. '
. > CH - CHOLBy +  HEL
' s
CL§G - CH, - CHC1Br ?312
CH - CHGBr
;
GGl
b
?H? w CHOLBY gﬂz - GHCLBz
?912 ?Glz
?H - CHCQLBx %H - (HQLDBx
? l? %Glg +  HOL
%H - CHCLB® ' %ﬁ - CHG1LBw
Gﬂ15 S %013
& %H - CHOLB®

1,0 « GH, - CHCL ¢ol,
G1zC - CH, - CHCLBr 13




103,

Thae whe type of polymer Tormed wownld bhe

e (G e < (GHCG ver (F e (3 QH,,~CHCLBx
CH.@Clg.?H~0012 %H 0012 (H2 CHCLBz
CHClLBx CHCLBx» CHCLBx

which, on losing HCL, wonld yleld

m<lz=c(3:_u,?(lzmccz,@cg:c:cﬂ,mcﬁmmmr ' $  AHCL
CHOLBR CHCLBrGHELBY

Similaxr types of polymer could he formed from the 231
adduct., The mcclam group need not necessarily combine
with the methylene groups, foxr polymers could just as

easlly be formed with reaction occnrring between the WOGle

and say, the ~CHBrCl-groups.

Of the two posglbilities guoted sbove, the Formation
of fulvene-type strueitnres was thought 0 be the most
probable as 1t is a simpler process. Intermolecular con-
densation wae 8186 supported by the telomers colouzring mach
more slowly when diluted with ethyl benzoate. Thi s may,
however, he & general dilution effect lovolving all chiowno-
phores and not confined Ho those obitained in the reactions

proposed above.

It ds appropriste at this point vo discuss the break-
down of the telomers in bulk. As can be seen from filg.15
the pyrolysis of the 131 adduct proceeded at a fast rate
initially snd dthen gradually diminished. It nay be that

the products of the breakdown ave cepable of inhibliting the
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pyrolysia. The drop in the rate was g0 marked, however,
that 1t was not possible to tvake the vresection to completion
(i.e. when 21l the avaelilsble acid in the telomer had been

liverated).

The pyrolysis of the 2:1 adduect was able t0 be taken
o completion, and ig.16 shows that there were three dis-
tinct stages In its decomposition. Iin the first stage the
processes occurring would probably be malnly intermoleculsy
condensatlon rather than dehydrochloringtion as the former

is favoured energetically.

Congider the heat of condensation for reactions

involving the «0615« group

Gl3Cm0H2wGHEleH2wGHElBE . Clgﬁwﬁﬂngﬁﬁlm@HgmGHCle

& il h
ClﬁcmﬁﬁéuCHDlmcﬁgaeﬂﬂlBr ClsemcﬂﬁcﬁclmcﬁémCHClBr ¢ HGD
Lose in bonds will be 1 C-H bond, 1 C-CL bond (fxom m0015m)
IRQ"& & 63 = (&64‘ ko@&la/ﬂ@l@e
Gain in bonds will be 1 H-ClL bond, 1 C~C bond

&

= @0202 5 8206 = ?8408 k:nc&.lo/mgja@o
o« o Nett Gain = + 20.8 k.eal./mole.

Dehydrobalogenation should oceunr with greatest ease
at the ends of the molecule such that elther Cl,C=CH-CHCL-
wGHQmGﬂclﬁx or 613

mlght result. As reliable bond energy values were not

GacﬁzuﬁﬂclmGH#CHcl,or a mixture of both
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avallable for the removal of Br or ¢l from & —CH,-CHBrCL

2
group, values were worked out Ffor the m§§1§ BTOMP, L.€.

for the compound C1 ,C=CH~ CHCL~CH,,~ CHCL.Bx

Loss in“bomds will be 1 C-H bond, 0-ClL bond, 1 G-C bond
' (£rom «0015»)

= 101 <+ 63 <+ B2.6 = 246.6 k.cel./Hole.
Gain in bonds will be 1 G=C bond, 1 H-CL bond
= 145.8 + 102.2 = 248 k.eal./mole.

oo Nett Galn = + 1.4 kK.cal./mole.
(411 the sbove bond e¢nergy velues heve been talken Ffrom

Cothrell? ).

1L dehydrobromination dld occur then less energy
would probably be réquired 0 break the C-Br bond; however
this would be offset by the lower energy assoclated with
the foxmption of sm H-Br bond (86.5 k.ecel./mole.). Thig
would also apply to intermolesculer condensation involving
HBx . Since the velue of C-Br in CH,~CHELBr is waknown i+
ig no% possibla to sey whéthar condensation or dehydro-
helogenation vesulting fxom the breeskage of this bond ave
more or iesa @x@ﬁh@rﬁi@ then those aquoted above. Unless
the (-By bond requirss much less then 47.% k.eel./mole. fox
dissoclation, which is unlikely, condensatlion involving the
mGGlEm group is almost certainly the most exothexmic reac-
4ion which cen occur gad of the possible reactliong 1t should

be favoured. This is supporited by the enslyilcsl resulis.
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As the concentration of unsaituretes incresses asc
will the yield of HCL frzom the ingexrtion of a mecond double
bond in‘th@ molecule since the Lirev double bond will actl-
vate the molecule. That is the adjascent double bond shounld
1

lower the bond energy of the ~(0-ClL bond in Cl,0=CH-CHCl-.

2
Thig is congistent with the fast rates obtained in the
pyrolysis of unsaturated derivatives of the 2:1 adduet such

a8 GlachHmcﬂclmﬂﬂgwcﬂﬂlBru

At later stages double bonds will be formed in the
large molecules produced by the condensation of telomers.
Tor example, the -CHErCl group should be activated by the
&dga@@mn dounble bond in GlPGWGH - CH=CH-~CHCGLBr thns facilitatis

condensetion with other mole@mlea of addugt.

G12C$CH%GH$CH%GHBXBE Gl?GmGH%GH@GHEGHGI
RS e S ]
CI5GwCH2mGH01 mﬁﬁ?mGHGlBr SG»GH - OHCL- 0H- CHCGLBY

+ HBw

Subsequentzipping' of HCL may lucrease the overall rate.
Thus the accelersting vete ias ascribed to the cumnlabtive
effect of o number of processes ocenrring simultaneously Eo

produce acld.

The final stage night be assoeclated with the more
difficult decomposition of the products now devold of many
hydrogen snd chlorine atoms in euiteble pogitions for the

@iimin&@ian of HC1. Honece the vate should decrease
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gradually asg showa. Uhen no further aclid could be obteined
£from the 231 adduct, an insgoluble, cogl-like materigl
vemgined which had a high carbon content. Usually when o
purely sliphatic compound ig pyrolysed there is no yesidue,
These facts pointed o the formation of some smors of polymewr
lending support to the sbove theory of condensation among
telomer molecules. G@naia@ring'ﬁh@ number of possible
reactiong which cen ocenr, it does not seem wnreagonsgble Ho

postulate polymexr Tormation.

The mechenism of decomposition of these telomers
deserves some eons;def@tion°Wha@ 2% AIBW or BP was added %o
both telomers at jﬁ?ac the rate increased Lfourfold. This
FTovours a free radiecal m@@haniamo However since a com-
paratively large quaenitlity of initiator was required this
suggests that 1f decomposition is {reé¢ radical the kinetlc
chain length is short. .Gn the other hand, the free wadlcal
nay m@réiy produce compounds conteinlng carbon-carboun douvble

bonds which increase the vate of breakdown.

The overall sctivetion energy (E@) for a Tree vradiesl

process involving mrtusl termluavion is of the form

4 = .En. ofs 9 [N 1“
EQ = i3 Ei B P %) E_t

where By = Activation energy for initietion
Ep = n m " propagation

Et - W " ¥ berminatl on.
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In aceounting fox the oversll activatlon energy,
1% is likely that the aetivation energy For inltiatlion
requires the breakage of a C-(1 bond From say the m001§ oy
& ~0-Br bond from -CHBrGlL groups. The values Tor both
those growps are lower than the 81 ko@&lo(8”76) necessary

for the breskage of the -0-ClL bond in the = CH,-CHOL group.

It ig aleo likely shat the propegation process
requiéﬁﬁ 2 falrly high activation energy becowse the free
radlcel ilnltiators wsed wevre dneffective al low teuperstures.
A high Ep ig ot unreagsonable since Barton and H@Wl@ﬁt(aj
found that the main propegation step inm the decomposl tion
of 9:2-dlchloroethene needed 22.0 k.cal./mole for actlvation.
If a high EP were luvolved, when the sctivation enevgy for
termination wounld aleso have 0 be high o glve the low

overpll actlivation enesvgles of 28 and 21 koaalo/molg for the

231 and 1:1 edducts respectlvely. Thig seems walikely.

I% 1ia interesting 0 compare thege sctivation
enevglies with those obtalned Lov related compounds by otherw
workers. Baum and Warﬁman(ﬂﬁ) guoted su E@ of 22.5% k.cal./
mole fox 4 chlorchexene-2, GHSmGHQmGHGlmcﬁﬁGH@GHE aover the
temperature range 110°¢ %o @40ﬁ09 whereas 1se-dichlorvoethasne
decomposes with am B, of 47 k.cal./mole by a fivsi-order,
free radicel mechenlam over the range §62m48§@0 as meantloned
(77)

in the Introduction. Bariton and Onyon subaeguently

showed that 131:1-trichloroethane decomposes by a
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unimolecular (E, = 48 k.oal./mole) and o radical chain
mach@ﬁiém (Eo = 54 k.cal./mole) ovexr the range 362~427°05
the ae@ompoaitian‘being a Tires~-ordey process in the inldlal
8tages. The fLlirst orxder dependences obbtained in the decom-
position of these chlorinated hydrocarbons are in agreement
with'those found for the 1:1 end 2:1 adducts. Although the
Eelvﬁluea obtained by Barton and co-workers ave hlgh, Barton,
in en earlier paper, had quoted much lower velues over

gimilar temperature rauges (Hable 35).

Table 35. Activation Energies for Various Chlorinated

Hydrocaxrbons
Compound Overall Activation
Energy (k.cal./mole.)
Ethyl Chloxide ‘ 32.0
1¢2~Dichloroethane 27 - 1
13i-Dichloroethane 33,9
131:2=-Trichloroethane 28.0
Pentachloroethane | 29,2
1:2-Dichloropropane 34.2
2:3-Dichlorobutane 20.4

The E, velues listed in table %35 are of course incon-
gietent with the more recent values obtained by Barton and

golleagnen.

A point in favounr of g free radical m@chaﬂiﬁm Loy
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the telomers is the acceleration in rate in oxygen. he
Latter promotes the decomposition of 1:32-~dichloroethane,
13132=txrichlovoethane, ond ‘a31828Zw-’m'isjz?a@hl@:m@'than@(78)g
all of which are alleged %o decompose by a radicel ehaln

meghani sm.

On the other hand, the pyrolyses of these telomers
mey be non-free radiecal. The comparatively fast rates and
repid colouration suggested a condengation type of reaotion,
Turthernore the low activaetion energles were not consisbtent
with a free wadlcel meshenigm, whilst radical polymexrisation
inhibivors 4id not retard ox inhiblt the resmction. Thexe
was, however, & likely explanation for this iun that the
inhibitors pirobably reacted exclusively with the veactive

w0013¢ group as was the casé for HQ and the telomers.

Becaunse wadicel polymerisatvion inhibitors accelerated
the decompogition of the telomers vexy markedly, their
effect on the latter has been exemined in some detail,

particularly the reaction between HQ and 2:1 addunot.

The Reaction betwesn 2:1 Addues and HQ.

With regard to the heterogeneous system 104 HQ -
esteess 231 sdduet, in addition to the thexmal degradation of
the addwet, there mnay be weaction b@tweah the HQ ond $he
latter in elther or both of the phases. Tach phase will

now be considered separately.
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Ixcess 231 Adduct-HQ. —

In £ig.21., below 3% HQ the Letter had only e s13.gh%
cotalytic effect, but in the concentration range 4-5% HQ
the rate incremsed gharply. This chenge in vate could be
gesocliated with the formation of a second phase known %o
occur ath sbout 4% HQ from solubility measurements. Fox
1% had been shown That the reaction proceeded rapldly in
the HQ-rich phase. The wesctlon may also be influenced by
the change in dielectric constant, in which case 1t may be
partially ionic at least. Amh@ slight ilncrease in Tate wp
to 3% HQ may be due either %0 the reaction between HQ and

the gdducect ox 0 an ineresse in dielegiric congtens.

Fxecoess HO-231 Addwct.

In a series of céwpgrolya@a of excess HQ and 231
adduct two features were rev@alédg en initial swurge of
aocld Tollowed by & gradwal fall-off in wate (£ig.23), and
the liberation of two molss of acld per mole of sdduct

1nivially.

The large volumes of acid evolved in g short time
gnggested an ionic type of reaction, posgibly & condensation
between the hydroxyl group of the HQ end a helogen atom from

the 2:1 adduct

G- GH, - GHCL - OH,= CHOLBY  + Hgmég:::;>~OH N
: - 3 kS 5
Gl OmGHQmﬁﬂclwGHmeHQlemég:i;>mOH HBr

@o o CL

WAL AN



112
oxr perhaps the Lormation of

HO-Q, }m@wﬂ@lgﬂncﬂ?«e(}ﬂ(ﬁlm OH,~CHCLBr + HCL

The By atom was expected to wesot in prefexence %o the Gl
atomg present in the molecule becguse the C-Br bond ig
upuelly weaker than the C-CL bond in e gimilar type of
atructure. Accordingly an excess of HBr would be expevied.
The major product evolved was HCL, however, in mgreement
with prévioma data on the decomposition of the addﬁcﬁa

Since bond energy congiderations xuled out the possibility
of HQ stbacking the chein chlorines prefeventlially, the

uGCljw group appeared o be the source of the acid.

To jnvestligate the nature of the mcclgﬁ geoup, benzo-
trichloride was pyrolysed in excess HQ. Two chlorine atoms
were removed initially and the fall-off in rate (£fig.27)
reflected the greater AiLTiculty in removing the thixd
chloxine atom. The snalysis of the produet fowmed in this
co-pyrolysis confirmed it %o be

//(V”<§ii2>m0ﬁ

CoE o e

A\ - G 04 )~OH

Se o

which would be expecied 1f the chlorine atoms reached with

the OH groups of the HQ. The compound
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<ff>w@go <mwfm
o e

would be FTormed with esse initlially, although the two bulky
HQ groups probably hinder the approach ol s thixrd molecule
of HQ. The third chlorine may also possess a highex bond

enexgy due to the strucsursl change in the molecule.

Retumming to the analogous system excess HQ - 231
adduct, there is no reason to suppose that the m6013m gronp
in %he telomers should not be as resctive as that found in
benzotrichloride. Hence the compound

- GHClL - CGH, - CHClBxw

2

is throught to be formed initially. FTarther reaction
might ylield s mixture of

ez

Q- =0
\ /
/ \nmex»

Hﬂmv\mmgd-c 0 - 0 - GH - GHCGL » GH? - CHCLBr
Om{ )wOH

¢ - CH, - CHCL -~ CH

,ff 2

5 = CHCLBx

20\

with the latter favoured sierically.
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Activavlon Buersies.

The addition of a small quentlty of HQ ¥o boih
telomers did not epprecisbly effect thelr sctivation
enorglies (table 18). With HQ in excess, however, Uhe
goeltivation energy fow the breakdown of the 2:1 edduet
dropped to helf its nomingl veluws. This is in egreement
with reaction teking place much more easily in the HQ-
vich phase (fig.21). In view of the reactivity of +the
mG(}lf.;== gronp what was probably being megsured was the
gotivation energy of condensatlion between the HQ and the
231 adduet. The vexry low velues of these activation
gnergies implied thet reaction occuryed very readily

indeed.

Other phenols, such as the chiorophenols, when
pyrolysed with the 2:1 adduct also produced resulis similar
0 those obtained in the systems excess HQ - 231 sdduet end
excess HQ - benzotrichioxide. loxeover the lngbllity of
o-nltrephenol to react with the 2:1 sdduect was to be expectd-
ed because of hydrogem bonding between the molecunle’s OH
gnd nilere groups. There also appeared o be & trend
betweexn increase in dielectric congiant of the phenol -
adduoct system and en luncrease in rate. These facts are
addlitvional suppoxrt for the theory thet he reaction betwsen

HQ and the adducts is lonie in nature.
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Graphs obbained in the co-pyrolyses of phenols and
gompounds containing the -qusw group were so characterisivi
that they could be use@ in the identification of this grouwup
It was also possible to determine the approximate molecular
weights of compounds such as the methyl methacrylate
telomere and polymers prepared wlth BTCM, i.e.

CH3

0130(GH2 - C - GOzcﬂg)ﬁBr N When pyrolysed in exceass HQ,

they ylelded the amount of HCL per weight of compound. Henc
speedy approximation of the number average molecular welght
of the telomer or polymer could be determined if these were

linean.

Summing wp, the pyrolysis of these telomers ls very
complex and it may be that both free and non-free radical
processes are involved, the latter In view of the apparent

reactivity of the mcclﬁwgreupo

Pyrolyslies of High Polymers

General Congldevatlong.

Liberated HCL gllowed to wemain in contact with the
pyrolysand did not affeot the rate, indlocating thet the
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regevion was not autocatalytic with respect to HCL evolved,

(22)

in sgreement with Avlmen and Stromberg e agu(23)o

(12-14) pouna autocatalysis oceurring only in

Since others
oxygen thie may mean thet the gas oxidises the HClL evolved

to chlorvine free radlicals which eouvld inlitiste decompositio

Inltial use of varlous solvents showed that onky two
of the ones tried were sultable, o-dlchlorobenzene and ethy
benzoate, the esver being the mdst suitable becanse of its
wider tempersginre range. The rate of dehydrochlorination
was Togter in ethyl benzoate. This may be due to polymer
solvent interasction. The faster gel times obtained in
o~-dichlorobenzens ab 178°¢ may be due %o distlllation
effects which would eltexr the concentration of PVC in this

solvent (b.pt. 182°C), thus redwecing the gel time.

Cross=Llinking end dehydrochloyinstvion in eihyl
benzoate were sgiwwdied as the two meian sspects of PVC
ﬂegr@dationo Dehydrochloringtion followed by cheln
"zipping” probebly provides mogt of the acld evolved during
pyrolysis. However even a small swmount of ecross-linking
will enhence intra-condensation between cross-linked polyme
chging which must be reckoned as & subsidlavy source of acl
The wsual contribution of acid from crosg-linking processes
is some 1 to 5% before the solution gels, but 1t becomes

greater atv high temperatures and concentrations, for under
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these conditions gelation occurs much more guickly.

In order t0 avoid submerging the two main reactions

in & mass of detail, each will be dlscussed in turn.

Ihe Cross~Linking of PVC in Ethyl Benzoate.

The kinetics of cross~-linking may be considered in

the light of Flory's(sa) theory of gelation,

Congider e cross-linked polymer molecule.
Let A be s primary chein which hss become paris of
an infinite network, end let it be linked to g second

primary chain B1 as shown

D

The condition that there will be additionsl cross-
links to say, By is given by q = WAr = 1) coooeo(l)
where ¢ = additional number of cross-links,
K = probapility that sny wnlt of the primar
chalng has enteved into ecrogs-linking,
¥ = degree of polymerisation of the primary
cheins.

Wow (¥ - 1) monomer units will remain after the Lixe
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crose~link, it belng assumed that all the chaina are the

same length.

When q < 1 , the network cannot be mmintained and
infind te network formetion cennot occur. For q > 1 , the

network will be maintained snd it can become infinite.

Thus @ = 1 is the crlitical condition end hence from

equation (1) the eriticel probability will be
1

= B s i o)
X e (x ~ 1)
Thus foxr high polymer'>< c = l’approximaﬁely 0as (2

v
In the text sbove 1% has been aspumed that sll chain

are the same length. In prachvice, however, the initial
primary chains are not uniform in length end equetion (1)
mugt be changed ©o

i

q m%&wr(?“(ﬂ)
e
%‘}ﬁ(%’mvla (l] ) oonaooooonoooo(g)
where w_ = welght fraction of x-mer.

3
%W = welght average chailn lengih.

Thas equation (1) becomes

He = .wﬂ = ;? approximately..(4)
(E~1) %,

gince the cwriticel condition q = 1 is congidered to hold

at the gel doint.
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Thus incipient gel formation cen ococur when ielative.
few cross-—links have been foxmed. According to equation (
when the initial chains are long, incipient gel formation
corresponds o an average of only one cross-linked unit per
primary chain initiglly present (or en average of one croes
link between eny two primary chelns). The number of cross
linked units per primery chein is caelled the cross-linlking
index, .

¥ = U T
For e homogeneous primery polymer, & = 1.
In & typicel vinyl distribution, T

w
the number average degree of- polymerisation

= 27, with T

e W = 0.% for a number average chaln lengith.

The above theory has essumed that lntresmoleculax
crogs-Llinking procgesses do not occur. Thig will hold for
finite chaing. In the Tinal gel, however, there will be
meny intramoleculay limké to produce an infinite network.
I T §% end the gel point are known, then an expressic
can be deduced for the rate of Ffoxrmation of cross--linka.

Poxr the syatem PVC - wolvent, let it be essumed thei
N

there ere ¥y orogs-links formed in tlme ¢ the gel %lnme.

gf’
The number of crossg-links formed per unit time will be y/té
i.@. y/n/*?ﬁg eross=1inks pexr polymer molecule per unit time

where n = number of polymer molecules.
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Tn a pystem of volume V gontbaining w g. of polymer
of number average degree of polymerisation, T the rate

of fomation of cross-links will be:

(¢/n) %= w

tg 2 VxTx M

where M = moleecnlar welght of the monomer.

Now at the gel polnt, y/m = 0.5 if the distribution is

suoh that T, = 2%

°

Q

- - or *\
.°. Rabe of formption of cross-linke = 922 H
x vV ox tg ' M

If it is sassumed that the cross-linking resction
ig second order (two molecules combine with each other %o

Lorm one crosps-iink) then the rate of Fformation of crossg-

2

990
links = Xk @ and

- Qe
@ ° 5 x W - 1[: @2
rx ¥ x tg % M

where ¢ = polymer concentrabion in moles per litre

- w
Ve Mx¥
oy 0S5 YrMaxE 1
W o3 tg Qctg
Order of the Reagobion
Prom the theory, k & = 2&1 a0 the® the concenbre-
&

tion should be proporiional 0 the reeciprocal of the gel

time. This was the case as cen be seen from table 36.
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Thne rate of c¢ross-linking was alao proportionasl to ths

ganare of the concenitration.

. . o - ) N
Table %6. Caleoulated Second Ordexr Rate Constant (k ) for

the Cross-Linking of PVC ( ¥ 905) at 212°C in

Ethyl Benzoate

Gel Time (Polymex Omnﬂentratioﬁ}g K
(Sec) x= 1077 (m@l@sg/litreg} % ﬁﬁ? (L./mole/aec) x 0%
2.82 ' Q. U 6.7TC
.62 35.6 5,75
6.72 23,2 4.87
8.064 16.4 4.5

L

k] : .
The k values Llated appeared Ho L1t in reasonably well
J

with the ddea thatl cross-linking is a second order process.

Dependence on Chain Lengih.

The rate constent dropped with decreasing T (table
27} and this was In sgreement with Florxy's concept of the
glize of the polymer molecule iﬁflmen@ing the rate at which
@raaamlinkingibccwrao Teble 37 shows that whilet the rate
was constent for a fixed welght 1T ﬁaa not Lor a wolaw
concentration. Thae the indlication was that sross-
linking may simply be random condensation hetween

polymer molecules.
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Table 37. Dependence of a) Rate Constant for Cross-Linking

b) Rate of Cross-linking for a Solution of Pixed

Ueight on the T of the PVC at mga°c.

(]

= K Relative rate per
(1./molefsec) x 102 | - fired welght

905 3.3%0 1.00

553 1.80 1.40

367 0.65 1,20

192 0,20 1.3%5

Fnergy of Acvivation.

No previous work hes been done on the evaluation of
activation energles for the cross-linking of PVC. I+ was
not therefore possible to meke auy comparisons. From
the low average value of 23.7 k.cal./mole the & Factor was
calculated to be ﬂ09°8 whiech ig of the correct order for

bimolecular reactions.

Effect of Additives.

(1)} Pree Radieal Chain Initistors.

Only very large guantities sffected the rate of
cross-linking, perheps by ceusing chein scigsion. Cross—
linking did noet appear to be a free radical process, bus

1t was certainly accelerated by cetalysts such as ferric
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ehloride which could then function ags a Friedel-Cralis

catalyst.

(2) Free Radieal Chain Inhibitors and Oxygen.

Free radlcal chain inhibitors increased the rate of
cross~linking slightly, although a-phenylindole used as &
commercial stabiliser was found to prevent gelation quite
efficiently. Pyrolyeis in oxygen prevented gelation
occeurring and thls mey be due to extensive chain scission

which would megn g much slower rate of cross-linking.

The Dehydrochloyination of PVC in Bthyl Benzoate.

Ag mentioned previously both the 1:1 and 231 adducise
and ﬁsz—di@hloraathan@(8> appeared 0 decompose by 8 first
order process. It was thought that this might also be
true foxr the high polymer, especially since only one mole-
cule is involved in the "zipping" process. Howevexr 4f <he
process were Ifree radlcal - initiated the order mikght be

expected %0 be 3/2(25)o

In this woxk the rate of dehydrochloxination has bee
calculated as moles of gcld evolved pexy litre per second.
Assuming dehydvochlovination is a first order

moles geld evolved _ k'c
litres x seconds

Process, then

where = monomoles/litre

e
: -1
k= vrate constent (see.” ')




ioeo Q = ‘J‘Z’m’-"

Vx M
where M = molecular welght of the monomer
V = <total volume (lLitres)
w = welght of polymer (g.)
° ° P 1!0 o= Rate
monomnoles/litre

Order of the Reaction.

On the grounds that dehydrochlorination is a fivset

ordey reaction, rate constants have been celculated.

Table 38. GCalculated First Order Rate Consitents (kw) Loz

the Dehyvdrogchlorination of PVC ( ¥ 905 ) at

212°¢ in Bthyl Benmoste.

@Eﬁgg Polymexr Concentration X
% 6] -1 6
(mole/1/sec.) = 10 (monomole/L.) (sec™ ') = 10
90.0 (Bulk) 22,4 4,03
90 55 2058 400‘3
6.82 1.70 4,08
5.34 1.37 3,90
4,70 117 4,09

The kg values fitted in quite well with o Lirst
ordexy wresctlion. L% waes noteworthy that the rate congtant®
foxr bulk PVC was the seme as foxr PVC in solufion, indlesbii

thet in the initial gteges at least there was no diffusion



control of the aclid escaping from the polymer mess.

Dependence on Cheln Length.

The rate veried merkedly with the ¥ of bhe

polymer, those of lower %@ evolving aclid at Tester rates.
On @ welght eversge basis, in eny given welght of polymewr

there will be more molecules in a polymer of low T, than
for one of high %%u Thus for g polymer of low ?% $here
wounld be more end grouvps, and 1f indtietion begen st the
ends of the molecule, this wonld wesult im e faster rate
of dehydrochlorination. Beaum and Wartm&n(15) have alao
snggested that terminagl double bonds were the meln cause

of echegin initiation.

Table 39 shows that bthe rate counstant incirsesed
wlith decrease in %%-9 but the rete per polymer molecule
was falrly constent. Thig favours eud-grovy inltigtlion
and the "zlipper® since above o certeln minimum chein
length the "zipper® ought Ho be independent of T .

i
Tgble 39. Dependence of the Rote Constont on the ¥ of fhe

Polymer for Dehydrochloringtion gt 212 G n_BEvayl
Benzoate

k at mag’g R@‘b@/?@lym@romolecule
w | (see~1)=10 (i.ec. &k = rw)

31

1810 4.01 1.0
1106 6.70 9.0
754 15.6 1.6
584 114 0.61




Energy of Activabtion.

The avevage value of 23.2 k.cal./mole wes in egree-
-
ment with Baum ond W&rtman°m(ﬁ3> valve for PVC over a

ginilay vemperature range.

Ihe velues fox th@ scetivation energy weported in
the literature for the vange 160-200°C very enormously
£rom %he doubtful valme of 7.1 k.cal./mole obtained by
Inoto end O%eu 73} 4o 39 k.csl./mole eveluated by
H&rtm&n(Tg)a Othex imv&atigatara(2§9§¢”22) Tound inter-
mediate values of 26, 33, aad 354 k.cal./mole vespectively

for simlilar tempersiture ranges.

Since the ¥ of PVC is controlled by chain trenafer
_with m@nom@rﬁﬁﬁ) there will be terminal caxbon-csrbon doubl:
b@néa present in wost of the polymer molecunles. Thea e
previous investigators probably evaluated the activation

- egérgy for cheln Y“aipping®. Hence the lLarge difference in
activation energy cennot be attributed o the dlfferemt®
energy requirements in producing the first double hond and

vhe "zippexr® which might reguire much more sctivation,

It is not vwnreasonsble that the sctivation enewgles
for cross-linking snd dehydrochlorination are very similer.
™e overall hest of reaction for the two processes is simil.
ar 1if a value of 19 k.cal./mole 1s assumed Ffor the Tesonasne

stabllisation of the allyl radical.



For crogs-linking,

- GHQ « GHCL - « GH - CHGL -
- S5 ﬁ +  HGL
= Gy - CHGL -~ GH? = = Gy = CH ~ CHy -

Lose in bonds will be 1 CG=-H bond, 1 C=-0CL bond
= 101 + 81 = 182 k.cal./mols
Gadln in bonds will be 1 H-Cl bond, 1 C~C bond

= 102,2 + 82.6 = 184.8 k.cal./mole

o o Wett Gain

e
&

+ 2.8 k.cal./mole
In dehydrochlorination,

CH, = CH - CH, - CHC- S CHy = CH - CH = CH - ¢ HC}

Agsgumding the polymer molecules are in the foym of ellyl
{ree radicals the C(-H bond will now be 19 k.cal./mole
wepker gnd 2.4 k.cal./mole will be evolved

L.@o M'GH2 = CH - CHQ = QHCl ==ty o GH? = GH - QHQ = QHGL -

Ii

o ¥
meHg w GH = CH = CH - <+H

Logs in bonds will be 1 C-H bond, 1 C-ClL b@n@s 1 C-C bond
= 82 ¢ 87 + 82.6 = 245.6 k.cpl./mole
Gain in bonds will be 1 C=C bond, 1 H-ClL boud
= 145.8 <+ 102.2 = 248 k.cal./mole
%o Webt Gain = ¢+ 2.4 k.cal./mole
(A1l bond enervgles bhave been teken from Gotﬁr@11(76))

According to these velues cross-linking snd dehydio-

chlorinetion are competltive reactions. Dehydrochlorinatio
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proceeds at a much faster rate and since hoth processes
require the same activation energy, The difference in rate
is presumably dae to the difference in the A factors fox
these reactions. If there were no terminal double bonds
present initielly in the PVC, cross-linking would probably
predominate for an energy absorption of 16.6 k.cal./mole
would be necessary for the insertion of the first double

bond.

Bffect of Additlves.

(1) Free Radical Chain Initiators.

So far there has been no real evidence to indicate
whether the reaction 1s free radical inltlated. It wes
true that esddition of 4% AIBN o PVC doubled the rate, but
calculation showed there was only one free radical fox
every four molecunles of HCL liberated; this could not
justlifigbly be called & chain process. Possibly the
cgtalytic effect of the free radicals was due to thelr use
in forming dovble bonds in the polymer by disproportionatic
e.go - CH - CHCL —~ 4+ = CH = CHCl~ =————%o

e QH = (QCl= <+ - GH, - CHCL -

2

Double bonds activate the molecule. To double the
rate 1t would be necessary to double the number of double
bonds. Hence this would be a very mlld catalytlic effect

88 obmerved. The slternative reaction



~ CH ~ CHCL ~ CHp =—=—fn ~ CH - CH = CH -~ + HOL
is also possible.
Winkler(mﬁ) snggested that a chlorine atom could

act as a chailn cerrier during dehydrochldrinaﬁiono He

postulated the following reaction mechenism

~ CH « CHCl-eommip ~CH -

= (H - + Cl-
) :

-~CH = CH -~ CH -~ CHClL = + HCL
|

«CH = CH ~ CH = CH - + CGL-

which has been more Ffully dealt with in the Introduction.
It i difficult %o gee why Cle 1f free,does not abstract o
H atom from another PVC chain wather than run along the

seme chaln for, say 15-C=(- groups, pevriticularly for resc-

tions carried out in solution.

At 100 and WSOOC when the rate of dehydrochlorinati o
was very low, addibtlon of 2% ALBY exerted no effect. This
tends to disfavour a Lyee radical theoxy. Benzoyl peroxi de
digsolved in ethyl benzoate coloured the solution, end the
reported colouration of PVC compounds by BP may be entirely
due Yo the latitexr, and not to gny polymer degradatlon

pProcess.

(2) Pree Redical Chein Inhibitorg and Commercial

Stabilisers.

Free rvadical chain inblibitors such asg 1:ié4-dlamninc-
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anthragquinone and tetrachloro-o~benmoquinone had very 1ittl
effect on the decomposition of PVC. They did not inhibid

the reaction.

However the commercisl stabiliser, Stancleve 70 was
a useful inhibitor in the gense that 1t greatly reduced the
rate and extent of colouvetion in the initial stages. The
mechenism of stabilisation may be enaslogous to that propose
by Kenyon(so) in which compounds similax in neture to Stan-
clere TO acted sz free radicael scevengers. (Introduction,
page 23 ). The duvation of the slow rate was directly pro-
portional o the amount of Stanclere 70 added to the PVC.
The slow rate was ca. two to three times that obtsined in
croas-linking for the same PVC concentration. Thus dehydr
chloxingtion may be a mixture of free and non-free radical

Processes.

In the presence of oxygen the bulk pyrolysis of PVC
was accelerated as opposed Ho its solubtion degradaition beln,
vnaffected. Probably voo little oxygen was dissolved in
the hot polymer solution to cauvse oxidation, whereas oxygen
can be more readily adsorbed on 0 the surface of the

ungaturated polymer.

Suoming Up.

Oune of the polnts in Tavour of a free radicsl wmech-

anism wee the ability of Stanclere 70 %o xetard the rate of
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dehydrochlorination. The latter was accelerated on additic
of free radical initistors at high temperatures although
slmilar %o the telomers the activation energy for propaga®ic
is probably high. Farther support was the acceleratvion of
PVC in bulk in oxygen.

On the debit side, the variation in rates of dehydro-
chlorination and cross-linking in ethyl benzoate and
o-dlchlorobenzene did not favour a free radical mecheanism.
The effects of initiators and inhibitors generally, the low
activation energies and the first order dependence forx

dehydrochlorination also did little to support this mecheni

If in fact initiators do catalyse the formation of
double bonds Ghis would explein the lncreasme in rate. Doub!
bonds, whether introduced a®t the ends of a PVC molecule by
disproportionation and monomexr transfer(15) during polymer-
Llegation or artificisglly into the dead polymer(51)9 have &
profound effect on the degradation of the polymer. Druesedo
and Gibbs(mz) postulated that double bonds activate the
molecule thus enhancing the opportunities for cross-llinking
This is not in agreement with the present work foxr initiato

guch as AIBN and BP did not affect the rate of cross-linkin

Tor the mode of termination, branching waes bellieved

o terminate the "zipper” in PVC, i.e.
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WGHQwCRleCHEQ%HwGHQmGHCl«
=QH,~CHC1-CH, ,~CH(CL.- CH- CHCl. - CH,,- CH~ CH .~ CHC1 -~

2 2 E 2 2
wGHZmCH#GH2w0H31m
Ny

- CH,~ GHCL-CH,,~ CH-CH

o o 5 - CHCL-

2
wGH:CHmGHEGHmGHmGHﬂCH2mGH#CH2mGHClm

|

mGHgmGHéGH - CHCL -

2

The experimenital evidence did not suppoxrt this, however.

The comparison between the initisl decomposition rates
of telomers and the rates of dehydrochlorination snd cross-
linking found in high polymers in ethyl benzoate is of some

interess.

Teble 40Q0. Comparison of Rates for s Mixed Welght of Telomers

end High Polymers in Bithyl Benzoamie at 198°C.

. | Rate of Dehydrochlorination | Raite of Gross~limk1ng.«
’ (m@leso/lo/a@@o) x 107 | (moles./1./see.) x 107
905 ! 54 4 1.3%6
192 117, ; 2.78

2 4.92 =

1 5.62 -

The aecid evolved during the pyrolysis of telomers

ig believed %o be due to the condensation and dehydro-
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helogenation weachtlons. As cen be seen, the ltelomer raites
gompare very Lavoursbly with the cvoss-linking raites of the
high polymer, whilst the rates for the dehydrochlorination
of the polymexr ayre much fester. This lends support %o the

reaetion typea poatulated.

In conclugion, this woxrk counld be extended by uweing
polymers initiated with different transler agents. Iy
would be interesting to study the effect of these various
end-groups on the rate of dehydrochloxingtion in a suitagble
solvent over g very wide temperature range. A m@re.d@tailc
pleture of the eross-linking process wonld emerge 1f polymes
were Lfractionated before pyrolysis, so that sll measurement:
conld be sarried out on the various fractiong of one

particuler polymer.
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