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The Thermal Degradation of Polyohloropreﬁe

by

D, T, Gardner, B. Sc.

The thermal degradation of polychloroprene has been
examined by thermoanalytical techniques. These indicate that
under temperature programmed conditions,‘degradation occurs
in two main stages, namely dehydrochlorination with a rate
meximum (at 10°/min.) of 370°C, and carbonisation with a
rate meximum at 450°C.  Since the two proccsses overlap
énd because écissionvreaciions occur simultaneously with
dehydrochlorination, the yield of hydrogen chloride is only
90% of the total contained in the polymer.

; L small amount (less than 5%) of the hydrogen chloride
is eliminated prior to the majof dehydrochlorination reaction.
The quantity lost in this early reaction varies from oune
polymer sample to another, and it appears that this reaction
tekes place at irregularities in the chain produced by
abnormal polymerisation or by oxidation. This view is

borne out by the fact that a polymer which had been prepared



2]

under vecuum at -40 ¢ showeld very litfle of the early elimin-
ation reaction. Alshough this polymer was morc steble a%
'the start of the degradation, it gave an carlier maxinmuw raie
during the main dehydrochlorination than the others examined,
suggesting that its greater regularity facilitated the elim-
ination process.

The kinetics of dehydrochlorination'were cxanined and a :
value of 39.6Kcal./mole was obtained for the sctivation
energy for the elimination reaction.

An ultraviolet speciroscopic technique was developed o
examine partially degraded polymer films and a number of
polymers which decompose by an elimination process were
studied. Polychloroprene was found to be different from

P )
the other polymers in that the structure produced by the
elimination of only onre molecule could be observed szt the
start of the reaction, whereas in the others, polymers
were produced by conéecutive eliminagtion of a number of
molecules.

Infrared analysis of degraded polychloroprene indicated
that methyl groups are Iformed during the degradation and
methagne was identified as one of the major products of carbon-
isation. The amount of methyl group formation was much
higher then in poly(vinyl chloride) and the Tresson For this

may be the scission reactions which accompany dehydrochlorin-
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ation,

The structure and degradaltion of some blends of poly-
chloroprene with other polymers were studied =nd it was
concluded that neither chlorine atoms nor other small

mobile radicals were produced by degrading polychloroprene.
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Qrenrens

Polychloroprene, otherwise known as neoprene, is a
svnuhaiic'elastomer produced by polymerisation of 2-chloro-
1, 3=butadien (chlom§pre1 The polymer was dlscovered
ers end was the first synthetic rubber
to be produced commercially in the United States. Since

.

her a large number of other synthetic rubbers have been

1

0

produced, but the msrket for neoprene hes shown continuous

exnenslole

Cu

(v) Properties znd Avpplications

Vestern World plant capecity for the polymer in 1964
was 194,000 tons.g Although SBR rubber is cheaper for
many applications especially in tyres and is therefore
produced in much larger zmounts, neoprere has better
dynemic proverties then most other synthetic rubbers.

The polymer is vulcanised by heest treatment, zlone,
or with the oxides of zinc and magnesium. In this state
it hes very good oil snd solvent resistence and withetends

oxidetive zging reasonably well.

The vuleanizate is used in the meanufaciture of oil
regictant gesletbs, hoges and drive belts and for shoe



Mo

~ O X i B He |
soles zné coavinge foxr wirgs gna zabls

. QA .
E £0. ol g
N ~ fed 2e1a 13 e - e 4z Yy m + - -
of neoprecne with sultable CLreng liigstion charsclerigiics
o 1 ¢ 1 mole 1nMnoet achesives and the I1stess o T el
are used X O dece 1NnEactT allneslVes il e 1Lgoelxk Ccoy e ugsd

for the treztuent of paver aud fauhrics

(¢) Polvmerisation

Erulsion polymerisation is normally eumployed, with
molecular velght control by one of Two methods,
In the first method, sulphur is added to the emulgion

mixture znd copolymerised into thne chein in blockes of

rs
>
about six atoms every hundreC or 0 monoler units. A%

a subsequent stage soume of tThe § -8 bonds are broken by
free radical stteck of an egeant such as tetrsethyliniuran
éisulghide.

The second process involves the addition of g cheain
transfer azgent, usually leuryl merceptan, resulting in an
increased rate of termination, by the growing nolvmer
radicel abstracting hydrogen from the mercaptan, The
transfer gives rise to a mercapiyl rédical wnilch nay
initiate further polymerisation. The use of a mercantan
modifier produces polymer with a lighter ooloﬁf and & lower
sulphur content then the first process.

(@) Structure
The polychloroprene chain may contain different iypec

of unit zccording to how the double boncs in the monouer

-

take p

[a}

1rt in the polymerisation process. The four
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possible units are illustr
4
L 7 ] <
figures for a polychloroprene mzde at L%,

Foy

o

below, with typical analysis

Cl ... Cl Cl
\-‘;T_ == / /;
D, = —
. ‘ Q:‘T:”;- .
. Cl1
1,4 trans, 1,4 cis 1,2 3y 4

865 ' 10% 1.6% 1.0%

1,4 addition especially to form a trans double bound is

the preferred mode of polymerisation, while 1,2 end 3,4
additions may be regarded as side reactions which produce
minor irregularities in the chein, A further complicating
factor is the possibiliy of head to head or teil to tail
structures which amount to 10-15%? As the polymerisation
temperature is reduced the number of irregularities of all
types decreases with the result that the crystallinity

increases and elastomeric properties are lost.

Polymer Degradation

Because of the economic importance of synthetic
materials a great deal of effort is devoted to studying

-

the manner in which they lose their desirable properties

e )

under the influence of physical agencies such &s heat,



ultraviolet ligut, radia*ion, ui%rasonics en@ mecheanical
stress. This research 1s directed towards stebilising
exlsting pélymers against these effects and devising new
1olymcrs end copolymers to resist a particular degredative
influence.

As viell as being techniczlly important the chemistry

v

-

of polymer degradation is academically interssting because
the macromoleculer environment® of'a reactive intermediate
may have a profound effect on the course the reaction tekes.
In addition to the preventivé aspect of polymer degredation
étudies, there is a growing interest in the carbonisation
process and in the electrical, mecheznical and absorption
properties of residues produced from controlled degracdation.
Results from investigations in this field are applied
for instance in the design of ablative heat shields for
spacecraft re-entry and in the production of carbon fibres.
| Experimentally, thermel degradation is one of the
easiest to study, since 211 that is required is a source
of heat and an accurate measurement of the temperature of

the polymer. Despite this fact, the mechenism by which

&

most polymers degrade thermally is still not fully under-
stood,
In an atmosvhere containing oxygen, supply of energy

from any of the sources mentioned msy heve a similar
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effect to attzack by ozone, sxnd the formgtion of hydro-
peroxides frequently leads 10 more ranid degradation.
TPolymer degretation hes therefore often bveen studied in

[

o
an oxygen free atmosphere in order to remove complicating

o]

xidative effects. This is especielly true of thermal

egradation where most pyrolysis experiments are conducted

[@]]

in vacuum or under a stream of inert zas so that the
Gegradation products are rapidly removed from the hot
zone and secondery reactions are not important.

»(a) Types of Thermzl Degradation

)

Thermal degredation »

2]
O
O
o
6]
w
o]

s mgybe divided into
scission resctions ené substituent resctions. Scission
of the polymer mein chain, either in the middle or at ‘
labile ends, may result in depolymerisstion to monomer as
in poly(methyl methacrylate) and poly{-metayl styrene),
or in the production of a wide range of fragments of
iifferent masses as in polyethylene. Reaction in the
substituents of the polymer chain can either result in
the combination of side groups or in the eliminetion of
the substituent group altogether. The formetion of
enhydride units during the degradation of poly(methacrylic
-
acid)? is an example of a combination reaction and the

production of iso-butene from poly(teri-butyl methe crylate)

is =zn elimination reaction
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iike volyisovprene gnd polvbuteci

fD

'

degreie by rupiure of the inferunit C-~{ single bond with
the formavion of an allylic ralicel, The products of
*egﬁaaaﬁion are mainly high boiling vnoint tars but g
significanv emount of monomer end Gimer are formed. The
yield of isoprene from rubber has been studied by a number
of woriers ond the figure gl*ér renges between 3.4¢ and
ure and high heatling

rates favour monomer production.

~
0

e’
o
|....J
<

LY
~d
|2

inyl Chloride)
In general, chlorine containing polymers eliminate
hydrogen chloride as the Tirst stage in degradation. he

o

1most st

(“)

24 polymer in this class is poly(vinyl chloride)
(PVC) since coumercially it is & very importent meteriel,
The ¢limination resction in this polymer produces long
éequences of Gouble bonds which confer coloration to the
polyrer very eerly in the degradation. The colour in

the polymer mekes it unacceptatle for many applicaticns

1

ely affec

f‘u

before ite physical properties are adver

&)

Dehydrochlorination of PVC exhibits autocatalysis by
v 9,10
evolved hydrogen chloride, and is eaccoupeanied by
11
eross—~linking  and by the formation of a smell amount of
benzene from polyene Cy01180t10D gt t
12 13,14

emperatures above

200 °C.

ne
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The mechenisn by which the eliminzition occurs is
s
thou gnt to be redice n i
18,19 20
unimolecular end lounic mecnenisms heve 2l1so been

o
I-—J
IJ—
I3
P
o
C*-
<
R
®
g

Thoughn

proposed, In the radical process the chein reaction is

propagated by a chlorine atom as shovm below,
& azc v

-CH -CHC1-CH ~-CEC1- + Cl1 —— =CH -CHC1- Ch—u“01— -1~ HC1

2 2 : 2 \L
-CHC1-CH~CH = CH-CHC1- ~ &——  =CH -CH =CH-CHCl- +-Cl
-t . 2
1
HCL

The initiation end termination steps are the subject

O '1

of cousidereble discussion,
11,21 10,11,22
bﬁd groups, free radical initiators,
23

peroxides either added or formed on the cheln, braunch
19,22

ts and comonomers wnich build into the chein 1ik

branch n01n’cs,24 have 21l been showvn to affect the init-

iation process.

Termination reactions which have been suggested, include
combination of polymer radicals or chlorine atoms in pairs
Evidence has been presented that the degradation follows
3/2 order kinetics, which is explicatle by a schems where

: 13
terningtion occurs only by combination of cklorine atons



No chlorine hovever has yel been detected in th
ang 3/2 ordexr kinetice are not always followed.
Poly ner redical combination produces cross-linking, but
in solution cross-linki ing and dehydrochl

to be uvnrelated reactions.

The usual test for a free radical resction is inkibition
by a ratical acceptor but little is known about ﬂeue rials

wnich have & strong affinity for chlorine ztoms at ZCC
L <

Some highly unsaturated substances have been shown to act
26
as stabilisers for ZV(, but common inhibitors for oxidstion

reactions either nave no effect or in fact accelerate the
A 22 .
resction.
16,27
Results obtained by Ncleill znd Feil suggect thet

the chlorine atom czn be absorbed by enother polymer
intimately blended with the PVC. The removal of the
chlcrine atow has the effect of stabilising the PVC and

may also result in a change in the dGegradative behaviour

of the other component in the blend.

Polychloroorene Degradation

Polychloroprene eliminates hydrogen chloride during
degradation and thus behaves more like PYC than polvisoprene
to which it is structurally analogous. Compared with the

xtensive 1iterauure on FVC degredation however, the number



of papers on the brecit dovn of pelychloroprens is very small.

The uns¥te

raefes through

-

addl tlon of oxvgen te the double bond so that in normal

L.l

use the purely thermsl degradation is not & significant

problem. For this reason the non-oxidative oyrolysis of
tThis pon*er hes nearly alvays been studied with a view to
jifying polychloroprene in an unknown polymer szmple.
The literature on the degradation of oolvcalofon”cne
in both oxidative and non-oxidative atmos pheres is reviewe
below,

(2) Oxidative Degradation

The oxidative degredation of polychloroprene has been

studied av temncraiuyna un to 1507 C, Hydrogen chloride -

is eliminate 1 during the oxidelicn at & rate which is clogely
28, 9
relsted to the rate of oxygen unleke. The ectivetion

_ 30
energy for hydrogen chlorice loss is reported to be 9.2,

31 29
12 eand 15.8 XKeal. /fmole. The rezction hes a short
28,29, 31
induction perloa anG is autocatalytic,

Preliminery meesurements have been reported for the
loss of hydrogen chloride from polychloroprene in a
nitrogen stmosnhere at the sane tewmperatures as used 1o
stucy oxidation. In tvio cases the rate8o§3the thermal

28,29

reaction wes found to be insignificent, but Dvorek

] - . 31
and liavyska found that a small amount of hydrogen



low level. Tn
evolution was 5% and this stage of bres:
to the 1,2 irreéular strﬁctures in the chain. Their poly-
Her seeﬁs to have been very unstable to have deg raded
without oxygen at 9000. It may be thet some prior oxidation
had taken place, alt hough all preceutions to avoid this
vere Observed. Bailey ’ shovied that oxidation produced
e polymer which lost hydrogen chlorile under niﬁrbgen.
The rate of evolution of hydrogen chloride decreased by a
first order law as the labile structures from oxidalion were
removed. |

- Oxidised polymer was found gg contain peroxides wnich
could be estimated by titration and a variety of C=0 and

. o 28,29,32, 37
¢ -0 chromophores appeared in the infrared spectrum.

During oxidation, the moleculer weight may either increese
through cross~linking or decrease by chain scissioan.  The

latter appears to be more importent in accelerated oxidation

29,34
at reised temperatures but at ambient temperaturs both
34 '
processes take place. The cross-links are most likely

to be peroxide bonds since they are broken easily by ulira-
35 36

sound, or even on & precipitation chromatogrephy colunn,
The crystellisation of polychloroprene aged in esir at

~

temperatures between 65 and 100 € was studied by X-ray
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crysvellograpiic vecinlgues Ly oorlern andg Svob. They
N ) a4 b NI [P N 3 . o

found that degres of crysvallisation ves

3 3 ~ cra i e atiamt Aan ey A RS
reduceld becesuss the nevw chomical sbtrusituare could not Tid

}_

the polymer crystellisation patieru, The rave of crystall-
isation however was wvery 1ittle =ifected, suggesting that
cross-linking at these

(b) Degradstion by Ultraviclet Lisnt

Lfter exvosure to uliraviolet light the polymer becane

insoluble, ¥-ray diffraction oiotography of films stretchead

after irradistion, indicatad thnt the crystallites in The

polymer were to some extent prevented from becoming oriented
>

in the direction of stretch. Both phenomena are evidence
of cross—linkinv.

Irradiation in solution produced a decrease in wmolecular
welgnt but the effect wes 1ess than in solutions of natural

38

rubker.

(c) Thermal Degradation

]

In an early study of the py veis of elastomers in air
and nitrogen, Skimner and Mcleal — used = differentisl
thermal znalysis (DTA) technicue cowbined with a method of
megsuring fume intensity. On heating at roughly 35°C/mnin.
to 500°C all elastomers evolved Tumes in an exotheraic

reaciion, neoprene naving a particulsrly sharp exotherm.

The evolution of hydrogen chloride waos a2lso measured znd

ax



the rete meximum was found o
NG Ta ~Aaa oo T¥ey
exotherm a2t sbout 450 C. Vi

agents were found not to remove the exo

was detected when the polyumer was heated in eir,

recently tne DTA curve wag Te

10°C/min, and the exothern peal
: 41
Torii et al. showed th

AY]

the degradation took place in

hydrogen chloride followed by decomposition

Their thermogram showe a small amount of wel

the 200 - 200°C region but the

between 200 and 450°C.  They

chloride did not zccelerate the

corded a

- 3 4-
X was observed zt

t at 2 healing rate

two sta

main re

establicked thet h
dehydrochlorinati

Weoprene cegradstion products have teen exanm

wzs heated for 20 mlnuueu at

In Well's experinments

400°C
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Chemical methode were deviced To test for the pyrolysis
44 45
products of nolychleroprene by Burchfeld, but Feuerderg
considered them unreliehle and recoumenteld quenititative
i

chlorire analycls of the polymer sanple as the best method
of identificetion and estimetion of polychloroprenc.

46 47
Infrared spectroscopy was used by Harnms, ard Hummel

to examine the pyrolysis products. The liguid fraction
spectrum indicated the presence of nmethyl groups and
aromnatic rings, and the gaseous fraction contained nonomer,
Gas chromatographic analysis of the pyrolysis produ
is also reported. Using & flasih pyrolysis temperzture
of 550°C attained in T seconds, fnd & di-n-decylpnthalave
o]

colunn, Voigt found four pea fs,4 the second of wvnich was
identified as hydrogeun chloride. Sung49 used a pyrolyels
temperature of 450YC and a combination of silica gel and
tetra~methyleneglycol dimethyl ether columns, and he observed
a complete renge of hydrocarbons from C 1o at least C .

1 4
In neither case were peeks assigned to monomer.

The information in the literature on the degredation
of polvcaloron*ene may be summarised thus:-

1. Dehydrochlorination tekes plece less rezdily thean in
PVG unless oxygen is present.

2. Swmall chain fresgments may ve vroduced especielly at

high heating raies.
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rou Cehyirochlorination Cegrades at

e

e cege of PVC.

Purpose of This Vork

The study of the thermal degradation of polychloroprene
wag undertaken in order to at ttenpt to find out more =bout
how the elimination reaction in this polymer proceeded.
Because the reszscticns in PVC are betier understood, this
éuperficially enalogous polymer wes borne in mind throughout
the work on polychloroprene in order to determine if the

degradations had any common features.



rolymer Pre

(a) Ld?lflo vbion of Commercizl Polymer

The polychloroprene most used in this work was Butachlor
110630, a gift from the Distillers Compeny ILtd.  This polyuer
hed been prepared in an emulsion system with a mercaptan
chain trensfer ageunt, Before use the polymer was purified
from stabilisers, soap residues =nd is norgenic fillers by
reprecipitation. -

Benzene or toluene was used as solvent znd the polymer
solution 2llowed to ctend so that it could be decanted fron
the small anount of sedinment at the tvottom of the flask.
The polymer was precipitated end redissolved under nitrogen

snd 0.017% phenyl Z-nephthylemine antioxidant added before
filtra tib The filtrate was reprecipitated under nitrogen
from Gilute solution and the resulting white elastic poly-

O

chloroprene was dried under vacuuu for several days during

which time it was progressively cut into smaller pieces.
Tihen stored under vacuum in the dark the amount of

yelloving which occurred in the polymer was very slizht,

but when exnosed to alir it became yellow within hours and

gradually darkened to e deep brown. In order to minimisc



starting eny set of ecxyperireire,
The nuahber overage mol eular . (1) of the

purified polymer was deternined to be 156,000 by osmometry
(Hechroleb High Speed llembrane Osmometer).

Solutions of polychloronrene contezining no entioxidant
rapidly beceme yellow unless the alr above the solution

L1

was displaced with nitrogen. Toluene solutions of polymer
were stored under refrigerciion.

(0) Tow @ eaner“uure Polyuericetion

Polychloronrcne (PC-40) was prepared a2t -40 C to deter—

-

mine the effect of structurel irregulerities on Tthe degrad-
atvion. The emulsion recipe used wasg based on tlat of

. 50 ) B X ) 4
Johuson and Bebb ent empnloyed by liaynard end Mochel

in their studies of the erlfcct of polymerisation temperature
on the structure of polycnleroprene,

Polymerisation wes carried out in a 90ml. bulb sezled
under vacuui. The ingredients of the polymerisation mixture
are shown in Table,l.

ChloroPrené wes distillz¢ under vecuum from a 50/50
mixture of chioroPrene/p—xyleLe obtained from the Distillers
Company ZItd. A second distillation gave a miadle cut
(20 C 2t 150mn.) vwhick was shown to be pure by gas-liguid

chromgtography.



Recipe for Enmulsion Polymerisation of Chloroprene =t -40 (.

e e e b e A Ay S S

: ‘ —
i Component Telght (g.) | Voluue (ml.)
Chloroprene 20.35 21.3
Water 23.10 23.1
; Glycerol ‘ 54,30 43,0
%Potassium oleate 1.03
| (1)
Iissapol KDB } : 0.72
éeﬁzoyl pefbxide 0.10
Sodium pyrophosphate 0.12
{decahydrate)
Ferrous ammonium sulphate 0.12 )
. (hexahydrate)
Sorbose : 0.12
Butane thlol 0.04

(1) A detergent prepared by Imperial Chemical Industries ltd.



seriorl neroxide were recrystelll

6]
[2%)

Glycerol wes used o5 zn saltifrecze but if the ezperinent
were to be Tepeated, methanol or a nmethanol / glycerol
mizture would be more saiisfizclory since the high viscosity
of pure glycerol led to difficulties in degessing and in
emulsification.

Butene thiol was used e & trensfer agent in plece of
the 6076031 merca vtan'CﬁvWOF;a vy Johnsor end Bebb.

Sorbose, potassium oleave, glycerol and Lissapol were
added to the bulb which vwas then warned and shaken Lo assist

-~

¢issolution. The bull wes at

.

techeld to the vacuum line

,
ot
O3

the contents degassed.  (The temperature of the liquid
hsé t0o be raised 1o about 80 ¢ in order to reduce the

gcepe.)  The

<
BN
[ 2]
c"
ro
C)
CJI.
o}
[

cosity sufficiently for ihe
requizea mount of Gegmssed veter wezs then distilled in from
a reservolr and the mixiture was thawed ant degassed again.

uced the viscosity of the mixture

[aF

Addition of the water re

T

and thus facilitated this process, provided that foaming
was kept in control.

Pollowing complete cegassing, the mixture was frozen
end the bulk removed 1o ths vacwua line. The remaining
comnponents of the initiator systen were then quickly added

-

and the buldb returne

(o))
pus
O
¥

(

<

N

C

the veocuun line, After evecuetion,



the mixture was thaved in oréér.to let theese solids esink
into the mass of the glycerol mixture, where some but not
2ll of then disgolved, The requirea szmounts of butene
thiol and chloroprene were then distilled in and the stem
of the bulb sealed.

The bulb was placed on the arm of a reciprocating shegker
inside 2 thermostat bath at -40°C (Tovmson and Mercer
"HMinus Seventy") as shown in fig., 1.  The locus deécribed
by the bulb three times per second wes an oval 1% inches
in the vertical direction znd 2% inches horizontally.

Aftér 43 hours the viscous phase took on a whitish
appearance and after 68 hours the bulb was opened and the
polynmer precipitated in methanol under nitrogen. The
precipitate was filtered off and wgshed with distilled
water to remove any residues vhich might not be soluble
in methanol. The polymer was then shaken with benzene
under nitrogen and after filtration of the solution, it
was reprecipitated in methanol under nitrogen., The-
precipitate was dried in vacuum at room temperature for
10 days, at the end of vhich Time a Pirani gauge no longer
recorded solvent volatilising.

The yield of polyumer was 4.3g. (21.5%) and its molecular
weight (1 ) was 79,700. | |



Fig, 1,

. e : .0
Apparatus for emulsion polymerisation z% -40°C.
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Methanol at -40°C.

Electric Motor.



(c) Other Polychloroorsnes
Chleroprene reacts with aimospheric oxygen vo forz g
. 2
lzbile perozide vhlch Qdistils with the mononmer. Iio

m

dditional initiator is therefore necessary for polymer—

nds

sztlon in air or under vacuum, though the rate of
erontaneous polymerisation is rather low. Polymers pre-
pared in air and under vecuun and those obteined frou other
sources are described below.

PCl was prepered by allowing 40ml, of chloroprene

6]
(o]
™m
£
(o)
[

in a 50ml, bottle to stand at room temperature in the

o
[o¥)
[

e,

for 10 days. The polymer wes insoluble{ but swelled in
benzene which was used to remove unreazcted monomer.

PC3 was prepared in bulk in air in a dilatometer at
307C¢,. Before being immersed in the thermostat, the vessel
wags sealed with a rubber cap which enclosed nonomer znd air
in the volume ratio of 3:l.  After 10% polymerisation the
polymer was precipitated in methanol, dissolved in benzene
end reprecipitated. This polymer was particularly unstable
.”?iJ regspect to yellowing.

PO4N resulted from keeping unstabilised monomer in air

550 for four months. This polyuer was just soluble in
benzene ond was reprecipitated in methenol,

PC2 wag prepared unéer vacuum without added imitiator

.

in o dilatometer at 30°C. ~ Polymerisetion was taken %o



27 after % days and the polynmer waz reprscipiteted as before,
" T4 wes prepered under vecuwn at 50°C 2

initiegtor, Polynerisation was stoprped afiter 38 hours vhen
13% conversion had been resched. The nolymer was isolated
ané purified using the benzene methanol systen. The
‘molecular weight (Hn) of this polymer was 214,000,
X030 Fractions 1 end 2.

50g. of purified LC30 were dissolved in 2 litres of
benzene at 22°C. 500ml. of methsnol vere added slowly with
stirring and e precipitate formed. This recCissolved on
heating the solution to 28°C and renr°o~ pitated on cooling
agein to 22°C,  The precipitate (Praction 1) was filtered
off end another 200ml. of methenol etded.  The precipitafe
thus forned (Frsction 2) was not redissolved by stending
overnight at 30°C end wes filtered off.,  Further addition
of methanol to the solution caused the formation of colloidal
polymer but no more precipivate could be isolated.

The moleculer vieight (Mn) of fractions 1 and 2 vere
190,600 end 98, 5C0 respeo%ively.

SC20 was another sample from the Distillers Company Ltd.

It vics 2 polymer which had been mede using the sulghur

Teoprene DP weas & seample from the Du Font Conpany's plant

-

in Horthern Irelﬂnt. The history of the gample was unknovn,

A



but ite white colour curicoled that 11 was s nmercepian
modified polychlorcsreny
inalysis of Configuration by Tnfrared Snectroscopy

The amounts of each type of unit present in commercial

n polychloroprene prepared at -40°¢

(,
Q

f-le

polymer (HC30) and

(PC~40) were estimated by the infrared method aeVLsed by
4 .

Maynard and Hochel.

(2) Exverimental

Purified HC30 end PC-4A0 were dissolved in carbon disul-
‘phide and carbon tetrachlorice Vo make solutions of accurately
known conoeﬁtration of ebout LOOm . /ml, Carbon tetrachlorid

wes used as solvent above 1C0Cem  and carbon disulophide

1
-1 -1
for the region 500~1000$¢ . The whole spectrum 5C0-4000cn

vwas recorded on a Perkin Blmer 225 CGrating Infrared Speciro-
photometer and the regiouns 1600«17000m“1 and 750-lOOOcm—1
wvere rerud on a Unicam $P100 Infrared Spectrophotometer with
SP130 Grating in order to meke the absorption measurement,
Before the soéctra were recorded, the wavelength scale of
the SP100 was calibrated in the upper regiouns using the
16960m—l band of amumonis. The calibration for the lower
region wes telzen from exics tifN tables

(b) 1:2 and 3:4 Units

The infrared spectrz of voth polrymers in the region



-1 : -]
1 .
750-1C00cnm ere shovn in Iig. 2. Thes bend atv 3206om
is a neasure of toitzl l:4 polymerisatvion, 1tie oixnd wt 2420

end shouléer at 982c¢m  ere due to the olefinic groun iu
1:2 units, end the band at 83Z2cn to the chlorovinyl proup
in 3i4 units.

It is evident from fig. 2 that PC-40 has less siruocturel
irregularities than lC30. The absorpiion coeflficients

determined by Maynard end lochel for the pesrs at 923 zul
~1
882cm  were 11.5 and 18.4 wmoles/litre/mm. respectiively.

These figures were used to calculate the percentage of ezch
irregularity in the two polymers.

(e). Cis/Trans Ratio

Since the gbsorptions of the cis and trans Couble bhonds
in polychloroprene overlap, the peak at 1660cm  contains
contributions from both isomers. I7 the sbsorptions =rc

assumed to be additive, then the following formulae hold,

b /A = oaj@[ﬂ + oL §[c]
- T c
h/4 = o [m) + el e]
thus | A - auS

g t ¢ ]
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and A -s{.t - A qt
et te
a o= .
el wo.C @C%f
t e t e
vhere

[T] is molar concentration of the trens isomer,
[C} is molar concentration of the cis isomer,

d is cell length (mm.),
. -1

At is absorption at meximum for the trans isomer i.e. 1660cnm
-1

AC is absorption at meximum for the cis isomer i.e. 1652cm

2
,
ot is sbsorption coefficient.
Supersceript indicates tne isomer.

Subscript indicates at which wavelength it applies i.e.
-1
t, the maxinmum for trans, 1660cm  and c¢, the maximum for

cis, 16520m— .

The original set of values for o« were obtained by
Maynérd end gochel for model compounds, bul vwere improved
by Fergusonsw following the discovery of z stereospecific
synthesis of cis polychlorOprene.53 FPerguson's values,
shown in Table 2, were used to determine the amount of cis

and trans isomers in each polyuer.

Table 2
Wevenumber o b 2{9_
b 1660cn - | 2.65| 1.63
o 16520m | 1.35 ]| 2,39




The overall anzlysis of the polymer, showing the cimount

Hiy

of each type of unit determined from the infrared spectrum,

ig glven in Table 3. The figures for cis znd trans
percentages were normalised so that when added to the

figures for 1:2 and 3:4 units, the total came to 1C0%F.

Table 3

Iicrostructure of Polychloroprenes Determined by Infrared

Spectroscopy.
Unit Percentage |
NC30 PC-40
Determined | Normalised | Determined | Hormalised

| 1:2 1.1 1.1 0.5 0.5
B 1.2 1.2 0.4 0.4 |
{14 78.6 82.4 104.5 94.2

| trans

i .

I 1:4 14.6 15.3 5.5 4,9
feis

L _ 1

Thermz]l Volatilisation Analysis (TVA)

(a) Princinle
TVA was used as the primary means of characterising the

degredation., The technique has been described by lclieill

elsevhere, but for convenience a brief account is



given hers.

The szmple is heated in a continucusly evoousited tube
et e lineer rate of tenperature rise, Tirand geuges are
situated between the sample tube and the cold traps of the
vacuuwa system and these respond to the increase in pressure
wnen degradation products are distilling from the Lot zone.
The Pirani output, which is recorded as a function of
temperature, is releted to the rate of degredestion on a
non-lineer scale which varies from one product to encther.

A TVA curve is thus an empirical measure of the rate of
deér“dation as & function of temperature,

(b) Avparatus

| The apparatus used 1s shown in fig., 7. Pirvani gauges
&t B and C responded %o all the volatile products, hut if
one of the gauges was repositioned at D, behind the cold
trap, then a response vwas obtained forionly those products
which were not condensed in liquid nitrogen.

The alternative route trap systen was designed to allow
a poftion of the products to be collected in one trap, vhich
could then be closed off and the other trep used, so that
the conditions of degradation were very little disturbed.
Procucts could be distilled out of the trezp through arms

F or F to another vessel,

The oven was a Perikin Elmer F11 Precisicn oven with
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P . e e . e ey ey b - . . v Lo
Tinesr Tenperelure IProgroniel, The geuges and control
....... Ll o) e Ly - N - - o W . .
it were DOverds High Vecuunm nodel G/2. L Teelds and

Torthrup Speedomzx H 12 chennel multipoint recorter wes
uged to record the enf from The thermocouvle and the Pirani
BEUgeS. The chert speed wes normelly 12 inches/hour though

a speed of 30 inches/hour was available.

(2) Tempsrature Celibration
The recorder wag operzted with a 10uV. renge ceard end

a 2.5/1 potentisl divider on the tempersture chennel.  The
rezding obtained on the chart by applying knovm potentials
through the potential divider to the recorder was deternined
snid thus the chart reading could‘be related to temperziure
oy the use of chromel alumel thermocouple tables, '

The teuperature recading obltained during de
measured by the oven thermocouple. Since 1t was the sample
temperature which vwas of interest, and this wes different due

the thermal gradient across the base of the degradation
tube, it was necesgsary to calibrate the tube for the
temperature lag at the various heating rates used in this
Work.
-

An internal thermoccouple was introducel through the

‘

cocket &4 in fig, 3 and the junction pressed esgeinst the

-

tube base which wes covered in

(]
ct
P
-
B
=
t—d
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)
>
3
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m
N
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H

to improve thermal contact and simulate ssuple



conditions, The intermal exnd ertornsl termrerotiures viere
measured oun the recorfer by discardiing ihe potentizl
divider and reple g the 102V, rmnge covd with one nede
specially for chromel alunel thermocougleé in the renge
0 - 600°C. No reference junctions were required, since
this range card embodied an intexmszl compensstor, The
chart paner was changed for a type vhick read temperature
directly when used in conjunction with the special renge
card.

The difference between internal and oven teuperatures
wes measured from the chart pEPET every 509¢. Fig, 4
shows the mean results from 7 calilibration runs at 10 /mln,
and 5 runs at 5c7min., together with the isothermal lag at

various temperatures.

’:1

(&) Calibration of the Pireni Gouges to Ivdrogen Chlorid

In order to obtain guantitaiive results from the TVA
system it was necessary to calibrate the Pirani geuges to
the flow of hydrogen chloride. This was prepared by

allowing Analar hydrochloric acid to drip on to concentrat

ulphuric acid. The ges was pasced through sulphurlo acild

. bl

to remove 2ny remaining treces of water, axl collected by

freezing et liquid nitrogen temperatures. The naterial

thus collected wes degassed by successive wverming to ~-1107C

in melting ethanol and pumping out while frozen in liguid

-

ed
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E £y <O VN e m~mas A e ] s o
nitrogen. Hydrogen chloride wes then distilled 2% -11C07 0
A L0 Ny Lo o - 3 - T .
to the long svenzed vesscl V shovn in fig. 5, in which
s g S - - - s P o
11t could be kept at liquid nitrogen temnerztures until

required for a celibration.
The experimental srrengenent (fig. 5) was similer to that
56,57
used by Neill in calibrating for common liquids arising
from polymer degradation. In the case of hydrogen chloride
hovever the emount of meterial vhich hed passed throu

system was estimated at the trep, rather thean at the reservoi

With V in liquid nitrogen all taps were opened snd the

system pumpel outb. The by-pass tap T was then shut end the
. . 5 - . - ' . - D
liguid nitrogen round V repleced with etheancl at -1107C.

The needle wvalve N was adjusted so that the recuired Pirani
output was recorded. Vhen the response wes steady, The "UV

treps vere switched and the hydrogen chloride was collected

5
L

for a suitable tine (15 min. -3 hours depending on the rate).

£

During the calibration the liguld nitrogen round the "U" trep

-

had to be kept topped up and the needle valve consteantly

i

he ethenol hatnh

<k

adjusted %o keep the rate steady, while
slowly warmel up.

-

bretion, the taps on the "U" trep

no

At the end of the calil
viere closed end the hydrogen chlorice distilled on to the
surface of 5ml. of frozen distilled waier which wag contained

in a 50ml., flask attached to the sice zrm of the trep.

el

-



Fig. 5. Apparatus for calibration of Pirani Gavges to HCl

=
L |
]

A, Socket in TVA system as in fig, 3.
N. Needle Valve,
Q. Melting ethanol,
R,S,T. Stopcocks.
V. Container for HC1.

X. Capillary inlet.
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division on the chart was estimated end the figure used to
calculzte the mean response during the run. In any run
he maximum deviation of 2 division aversge from the mean
value for the run was less thzn 0.2nV, and in most runs
the deviztion was kept below 0.1mV. The results of 42
experimenis were plotted on & graph of Pirani response versug
flow rate of hydrogen chloride (fig. 6), The shape of the
graph is the same as the calibration curves determined

by ¥eil for other substances. The values of the Pirani
response for a given flow rate for hydrogen chloride and °
for waler are of The szme order.

It must be emphesized hovwever thal the calibration data

+3

are only strictly applicable to the TTA system on which they

3

were obtsined. Not only does each Pireni gauge head respond
slightly differently under the same conditions, but also
any changes in the dimensionc of the gystem or of the
positions of the gauges czn cause a Cifferent pressure to
be experienced. The apparatus used in this work was very
similer in construction to that used by Neil.

(e) Differential Condensation (DC) TTL

-

In the simple TVA epparatus described ebove, products
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may be cleassified by whether or nor they are condenseble in
Jiguid nitrogen. This principle of differential coundenssbi

nay be extenCed by the use of other traps st different tem—

58,59

L gchematic diagram of the apparatus is shown in fig. 7.

The vacuun system between the hot zome and the pumps is split

.

nto four parallel lines, each of which consists of two

D

"U" traps with o Pireni gauge Vo record the pressure in the

BN

short line between them. The trap nearer the semple is

maintained at 0, -45, =75, or ~lOOOC, end the second trap
is kept at -196°C using liquid nitrogen. A fifth gauge
is situated after one of the -1957C traps.
The gauges are connected to the coantrol unit and recorder

Fhrot weh variable potentiometers which are adjusted so thet

the responses from the gauges are as close &s possible

-

throughout the pressure range when & completely non-condensable

passed through the system.

C‘)

&)

ges 1
The Pirani geuges respond to any material which is not

compleﬁely conCensed in the precewding trap. Substances

which are not condensed at all, produce a2 normal TVA curve,

')

but if partial condensgblon occurs, the material distills

from the %rap «% o constent rate which is related to its
J—

vapour pressure ot the trap temperature and the dimensions

Ay e
of the apnaraiue,



Fig. 7.
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Differential condensation TVA apparatus.
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produets to be ddentified from the IC-TTA curves.
Ir the flow rate of the partislly condenseble material

iz too low to register a Pirani response equal to the limiting

mizte, Tthen no limiting
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observed since the trap
never reaches saturstion conditions.

{(£) Condensibllity of Ketene in the Avnaratus

bt

The beraviour of many common polymer degredation nroducts

56,59

nas alre cody baen recorded. During this work ketene
wes added to tlc list of such substlences.

A reservoir containing a small amount of ketene vias

fitted to the DC-UVA appareatus th

3

ough a similsr system to

OQ

gt used for hydrogen chloride calibration (fig. 5) s¢
the ges passed over the tube base and then through the
The Pirani traces obtained in the experiment are
shown 1in fig. 8.
Too little maierlal was precent to maintain steady flow
conditions but the Pirani responses wnen the needle valve
1

vias opened briefly, showed that ketenes was non-condensable

~~ of" hJ
21l temperastures except -195 C. The gos was almos?t

oL

o)
d_

conpletely condensed at tLls temperature, but did exhibilt
a very small (0.%uV.) liniting rate. Distilletion from

.'-1

#el —L9o C trup created a back pressure at the other Piranis
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Fig, 8.

Pirani Traces obtzined on introduction of

Ketene into DC-TVA apparatus,
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equel Yo tThe lindting reate.
- L as - b B NPT I ) ~ ver b B : . -
Dimerisewion or Gecompoclition wonld be exvected 1o
R G e bl e A T e ea -~ N s 4 am A
Ll tae patiern oI Flranl resnonse but none
it

was observed when the.gas waes pasuct over the degradstion
tube base at about 400?0;

To date ketene is the only suty%éﬁce which has been
shovn to have a limiting rabe in the DC-TVA apparatus at

~-195°C.

Thermogrevinetry (TG)

e

TG is a well established thernel ernslysis technigue in

wvhich the weight of o semple is continuously recorded vhile
the temperature is raised linearly. TG curves quickly

Yal ~

provide & measure of the totzsl sxtent of &

-

D
Q

gredetion, but

tes of resction,

H

equire to be differentiated To ciuinoin

.
A}

I~
[

+3

he temveratures ot vhich rate mexims occur are nmuch less
sccurately measured then in TVA.

Tu Pont 900 Differential

TG curves viere obteined from a
Thermal Analyser vwith accessory 250 TG module. The thermo-
type employing a photo-

wie for novenmentes of



10 - 20nz. semples

rogen flowing at

TG Lhed The slvantage thet it could ve used to study

T . s - . 17 . .
degradaticn in the region 500 - 1000 € vhich was inzccessible

by other techniques.

Differentinl Thermsl Analysis (DTA)

DTA ig a well known thermal analysis technique in which

the temperature difference betvieen the sample and an inert

reference nmgtericl iun the same thermal environment, is

measured zgo the temperzture is raised (or lowered) linearly.

A1l types of exo- or endothermic processes are recorded in

D74, The heat energy involved may be associated with

chemical reactions such es oxidation or degradation, or

with physical changes such as relting, glass transition, etc.
DTA curves were obtelned from the Du Pont 900 Differentisl

The rua tnalyser, 10 - 20ng. of polymer were packed into

2 small glass tube end a thermocouple forced down so thetd

the junction pierced the polymer. mass. The reference

.

thermocounle was positioned in a similar tube conta ning

smell glass beads. Sanple end refecrence tubes fitted into

0

a programned heating block conteined in a glass dome through



\r)]

¢ Anelvsis

(a) Infrered Spectroscony

The geses vere collected in a 10ca. ges cell end the
spectrun recorded on a Perkin Elmer 257 Spectrophotometer.
The exporluenthl errgngement is shown in fig, 9. 200ng.
of polymer were welghed in the tube B and the whole system

was evacuested through tap A. ° The emell finger irap Z wes

4

surrounded by liquid nitrogen end the semple was heated =t

5 /uoin. By suitzble manipulation of

japs A end C the ges
products from a selected temperature range could either be

-

collected or pumped off. Lfter degradation, tep C weas

b=
&)
=
[ad]
(D
Q

closed, to room teumperature, then D was closed
end the cell removed to the spectrophotometer.

(b) Gas Chromatography

A much modified form of the Gellenkemp Junior Gas Chron-
atogreph with a thermal concuctivity Getector was enployed.
The apparatus is shown disgrameatically in fig. 10.

The sample was weighed in the tube Z and the pyrolyeis
véséel was evacuated through tap X. The vessel was then
removed Lo the oven end heated at 5 /min. to a selected
tenpereture and then cooled rapidly. During the degradatio
the trap Y was immersed in liquid nitrogen.  The pyrolysis
Vessel was fitted to the chrometogranh end ¥ was warned to

-WIO © by immersion in a bath of melting e



Fig., 9. Apparatus for collection of products in infrared gas cell,
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¥ig., 10.  Apparatus for Gas Chromatography.
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zZ. Degradation tube.
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ature hydrogen chloride weas condensed and there wes

no risk of floviing out the stopc

)

i ts in the systen.
The space from § through R to & 2nd between P and X vas

evacuated and then Q was closed. Tap I was opened and the
seinple expanded into the chromatograph inlet system up to
S The seample wes introduced into the carrier gas flow by
turning R and § simultaneously so that the stream was

diverted to the upper route through R and S. For the second

szmple injection P was closed and R and & rotated so that

oy

Lol

hmen Q was opened the space {QPS was evacuated. Vhen ( was
again closed, P was opened and the sauple expanded as Lefore.
A 16 feet silica gel coluun at roonm temperature with
an argon carrier gas flow rate of 24ml./min. was used. Under
these conditions reteation times were found to be 6 minutes
for hydrogen and 9 minutes for methane.
A series of degradstions with progremmed heating et
5 /mln. up to dlf”érent temperatures was carried out. For
each sample three injections were used and the mean taken,
for although about 3% of the sample was lost at every

injection the rise in the teuperature of the trap round Y
tended to counterzct this trend. The method of paper cut
outs was used Lo find the integrated pesk area. The weight

of the paper enclosed by the peak and the base line was



wl

Goternined and multiplied by the recorder aitenuation factor

cooglve 2a erbitrary neasurs of the ares under the peak

(ol B

2 greatest error in this process was in the estimation

O
4
o
1 t
ok
M
o

line especially if this was sloping due o

chadges in room temperature.

=i

n order to relate the peak ares to the amount of gas
preﬁénts the pyrolysis wvessel was £illed to knovn pressures
with hydrogen or methene from a cylinder. The pressures,
vhilch were measured on a mercury manometer at 20°C were
12, 16, 22mm. for hydrogen snd 76, 152, 185mm. for methane,
The vessel was atbached to the chromatograph with limb Y
o% ~110°C and the gas. sampled three times a2s before.

The volume of the pyrolysis vessel was determined as
22ml. by measuring the gain in weight when filled with water.

Fig. 11 shows the results of the calibration.,

-

Collection of Iiquid Products

A nunber of methods were employed to collect the wvolatile
liguid products of pdlychloroPrene degreéation. A1l

appeared to give one major component when examined by thin

jo)

ayer chromatography (tle). The yield of this product was
g0 spall th a large emount of polymer had to be degrezied

to an sdévanced extent of reactlon in oxder to obtain a

eiznificent quantity of liquid.
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It viee Lound that vhen o large wnass of polymer was

J
heated ebove 300°C & very violentl degradetion occurred.

Thig "flesh" pyrolysis was presumably due to the heal of

rezsction not being lost and thus cavsing the sample temper-
ature 1o rise very cuickly.

Another problem vas that the hydrogen chloride produce

<

KR)

1 the degradation rezcted quite readily with the ligquid o

for]

[
2
o

-10

C""

form a red viscous gum. A product separation trap =t

was tried but the best method appezred to be to collect

(%
[}
td

the products at liquid nitrogen temperatures snd neutrglice

the zcid with sodium carbonate soclution.

3

ne apparatus used for collecting and neutralising the
prodﬁots is shown in fig. 12,

10g. of MC30 wes cutl into small lumps and placed in the
degradation tube followed by a plug of glass wool used To
prevent the polymer from rising above the congtriction 1f
"flash" pyrolysis occurred. The system was continuously
evacusted through tap T while the semple was heated st 5 win,
to %00°C, then a2t 1°/min. to %80°C and then again at 5 /min,
to 410 °C.  Yhen the szuple had cooled T was closed, and
immediately the liquid nitrogen around the trap had been
removed, warm concentrated sodiun carbonete solution ves

the dropping funrel. The solution froze on

jol]
™

edded fro

E

contacting the cold glass, but as it melted it reacted witin

£
o



Fig., 12. Apparatus for collection of liquid products,

g e
e
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T, Tap on vacuum line.
-+ D, bropping funnel,
. Glass wool plug,

G
P,  Polymer (small lumps).
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nasl Wie carbon diozide pressure hed built up to nearly

eric the trap wes releassed from the vecuunm line a2nd
after the effervescence hed ceased, the solution wes poured
out into e separaiing fuanel. The trap was washed with
weter end then several times with ether y 21l the washings
being collected in the separating funnel. The agueous leyer
was rua off and extracted several times with ether,.which

Jl'

s combined with the original layer. This etheresl solution

Q?

e

()]

0

then extracted once with dilute sodium carbonate znd
when ceveral Times with disti

1lled water. The solution
vas then run into a flask and dried over megﬂeolqm salphete.
On eveporation of this solution about 400mg. of a brown-
vellow 0il were obtained.

Some of the oil could be distilled on a vecuum line znd
then purified by tlc or it could be chromatographed directly,
the distillation serving only to remove the brown products
whick did not move from the base line of the tlc plate.

A sticky green cold ring fraciion collected at the top
of *the degredation tube and a brown tar collected below
this, The tube was broken at the division between these
two fractions and ‘the upper one wes dissolved out in ether
or toluene while the lower part, including the residue vwas

extracted with chlorofornm from vaich a brown pitch was



recovered on evaporation.

Spectroscony of the Residus

The chemical changes which degredztion produced in ths

polymer vere qualitatively exanined by infrared and ulire-

4]
o
(]
i
o
£
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=
B
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£
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violet spectroscopy. The polymer wa
épparatus at 5/win, and vhen a predetermined peoint in ine
throughout the temperature range wers selected in ordsr o
give as complete a picture &s possikle of the chemges
occurying.
(2) Infrared

& Perkin Elmer 257 Infrared Speciropholomzter was us:
to record the specirum of the sample in the form of 2 Zil-
or of a finely ground powder in g potessiux bromide mzirli:.

Apart from a small range of overlap, the szuple form wes

dictated by the fact that residues below 320°C were in-cssitlc
- O pi -
to grind, and above 410°C films staried io bresk uv.

small lumps of polymer. Film sazples were prepsred 7 Iz

evaporation of about O0.5ml. of 50mg./zl. polymer solutico:z
in toluene on 9mm. diameter sodiwn cxzlorice discsz. il

degradation the spectrum of the film wes recordel to ohzck

that the film thickness was comparerls with tkhe cther: oI
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the series Lne Gise vies nieated in the T7A tube with the
e ag e A P P & - - O S n,.t;,. PN Py
polymer surlece uppermost. The extra teurergiure lag ceaused

by the 4mm. layer of rock salt betwesu the wolymer end the
tube bese was determined to be avout 19 °C vy comparison of
the TVA curves from the Cegradation of film on discs and cast
on the tube base directly.

(b) Ultreviolet

Because of the insgolubility of the degraded polymer

and because unsupported films of suitable thickness were

~

found extremely difficult to handle, the ultraviolet spectra
investiigated were of filus degraied on & silica glass support.
TVA degrafation tubes with overall length 1l5zm, vere

constructed in silica glass to fit the s

"')

cuple cavity of
the Unicem SPBOC Spectrophotometer uged in this work,  The
light loss due to absorption and reflection by the 2mm.
thick silica window forming the besse of the tube was found
to be only 10% and to be entirely compenssted by an identical
tube placed in the reference beem of the instrument.

The temperature lag was found to be about 6°C grester
for the shorter tubes by compgrison of the TVA curves

I3

obtained using silicg and Pyrex degradation tubes.
Filus were czst on the tube base (10sq. cm. in area)
by evaporating Iml, of a solution of polychloroprene in

toluene in a vacuunm oven &t room tempersiture. 20ng. Tilms
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L variewy oi other volyuars were elso examined by this

e

technique for compariscn purposes. These films were made

from 100mg. or 20ug. of polymer dissolved in a suitable

L:l

solvent.,

The spectropnotometer directly recorded absorbances up

Py

ed

(')

to a value of 2,  VWhen the intensity of absorption increes
beyond this value 2 filter with en zbsorbance value of 1
wes placed in the reference beam and This conveniently

o

extended the renge of the instrument to a value of 3. For
absorption Ligher thon this, the zero control of the mechine

was reset end the interse part of the spectrum recorded egain

with sufficient overlzp to enable the strong absorption 1o
be superimposed on the spectrum at the correct level.

Above zn ebsorbence walue of about 3, the detectors in
the instrument received too little light for accurate
photometry. - The nolse level increased and the definition
wes drastically reduced. Spectra with mexima above 3 were

therefore only included because they completed the series

and were expected to be more or less featureless.
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CHAPTER 3

Thermal Volatilization Ansalysis

The TVA curves at heating rates of 5 “/min., and 10 “/umin.
for purified MC30 are shown in fig. 13. The lower heating
rate glves peaks at reduced temperatures with smaller
maximum rates. The main peak C is for the dehydrochlorin-
ation reaction and the secontary decomposition of the residue
causes peak D. A small amount of degredation tekes place
below BOOﬁc,'occurring in two stages indicated A and B in
the diagrem.

Sample form caused some changes in the TVA curves.

Films showed a smooth peak for the secondary decomposition
reaction D (fig. 14) wheress lumps gave an irreguler platecu
after zn initial smooth rise (fig. 1%). Films geve o
slightly broader peck C, with a lower meximum rate, but

the position of the meximuz was not significantly affected.

The residue at the end of the TVL degradation was a
black carbon coke. It appeared that rielting did not
occur until about 45000 because 1f the degradetion wes
interrupted before this point, the sample form hed not

changed., Tunp samples also showed a break in pegk D about
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TVA curves for HC30 2t different heatin

Fig.

semples as small Juaps.
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Fig. 14,

TVA of Polychioropress (JC30) film,
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A yellicw-Dbrovs Yeold ring fraction" was left on the walls
at the top of {ie iubs elter 1VA, In%errupted VA and
2lso the usge of = glass instead of z metal cool:ng ring,
showed that the nighly coloured deposit did not form until
425°C.  Below this tewperature an oil was formed, sterting
below the pesk C mzximum as a mist of clear droplets, and
progressing as the tenpersture rose, to g film of light
yellow or greenich gum,.

The TV4 curves in fig. 14 indi te that non-condensable
prodﬁcts'are evolved in smell amounts during the later stages
of resction C. The <trace for non-condensables increeces
during the secondary reaction.  Hore informztion on this
aspect of the degredation can be obtained from the DC-~TVA
(discussed later; in which the Pirani gauges are in nearly
équivalent positions and ere electrically balenced.

(b) Different Folychloroprenes

Other polychloroprenes examined all behaved similarly
to NC30 in respect of degradetion sbove 300°C but differences

were noted in the swmount of degradation taking place below

this temperature. Semples prepared in vacuum hed a very

ta

much reduced str2 volatilization but no c¢lear relation~
ship hetween the counditiocns of polymerisgiion and the amounts

of rescticns A ond B was evident, The charscterictics of



the TVA curves for all the polymers ar
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B could be coupletely eliminated by minimising irregularitics
and oxidation structures in the polymer. Fig. 15 shows that
althougn the early degradzation is much less in this polymer
it is not entirely absent. Although more stable initially,

PC-40 has an earlier rate meximum for stage C, than ¥C3Z0 or

any of the other polymers.

(¢) Oxidised Polvchloroprene
| A few experiments were gerformed to examine the effect
of oxidation on the thermal stability of the polymer. 30mge.
polymer films were cest from benzene solution on the bsase
of the TVA tube by blowing nitrogen over the surface of the
solution, The tube was then evacuated on the TVA apparatus
at room température until all the solvent wzs removed.
After isolating the tube from the pumps the stopper at A
(fig. 3) was removed and the oven heated isothermally for
the required time. Fig. 16 illustrates the effect on the
TVA curve of progressive emounts of oxidetion of the polyuaer
films.

The first effect of oxidation is 1o increase the amount
of low temperature degradation wiich telres pleace. The temn-
perature at which degradation starts, drops fronm 190°C to

. -
15090 in the lesst oxidised film axd to 110 C in the nore



Table 4 (Overleaf)

Comparison of TVA Curves of Polychloroprenes.



Table 4

Polymer iotes on Polymerisation Peck C T °C
. ‘mex
10 “/nin,
MC30 emulsionv(mércaptan) 569‘
unpurified
SC20 emulsion (sulphur) 371
unpurified
N'eOpI'ene D‘PQ 373
MC30 M 156,000 368
purified n
' KC30 ¥ 190,000 369
Frection 1 n
MC30 ¥ 98,500 372
Prazction 2 n
PC1 Bulk in air, room 367
temperature, cross-linked,
PC3 Bulk in air, 30°C. 367
PCAN Bulk in air, 30°C, 372
partially cross~linked.
PC2 Bulk in vacuum, 30°C. 364
| PG4 Bulk in air, 50°C. 370
! FC-40 Emulsion in vecuum, -40°C. 356




Table 4 cont.

Hemarks

A platean 200 ~250°C, B shoulder 305°C,

A and B originally similar to KC30 but after being stored

<

for 2.5 years, A plateau 140 -220°C, B plateau 245 -290-(,

A platesu starts at 180°C and = pesk at 240°C, B similar
shoulder to kC30.

Ho difference from the unpurified.
A and B the saie as for €30, C peak is slightly sherper.
A and B are the same as for HC30,. .

Platezu of volatilizetion from 100 -240°C - mey include
tranped solvent and monomer evaporegting may obscure A,

Dp I &
B as for KEC30.

‘A similer to KECG30, B twice as high with plateau 270 - 300 ¢,

A and B slightly smeller then for LC30.

A starts at 170°C end plateau is slightly lower thom for
KC30, B hardly evidept. D peag during charring at 440°C
is much nigher then in any of the other polyuers,

A starts et 165°C, plateau slightly lower then for }C30,
low maxizum atv 200°C. B is absent.

-

A starts at 150°C, a small peak at 161 C followed Ly very
low plateau. B is absent.
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A end B stages in the TVA curve, It may be that the stege
A reactions are increasssd thus obscﬁring stage By, but this
seems unlikely in the absence of a definite pesak between
200 znd 250°C. Probebly this oxidaticn reaction is uncon-
nected with stages A and B but it must be borne in mind
that accelersted oxidsative eging mey have g different
effect from aging at ambient temperagture.

The oxidation reduces the nelght of peek C as is expected
if the total amount of hydrogen chloride evolved is not o
be changed. Peak D increases with the amount of oxidation
so that it nay eventually be higher then the diminished C
peak. This effect was seen in the degradaticn of =z 22ug.
filn which had been heated for 2 hours at 100°C and 0.5 hour
at 120°C, The slightly yellow polymer gave a C peak shifted
from‘370 to 36OGC because of the increase in the low temper-
ature degradation, but the D peak although now higher then
the C peak, still gave a naximum at 450°C.

The increase in height of the vpeeak for carbonisation in
oxidised polychloroprene may be related to results obtainsd

.
. A, 60,61 -
by Gilbert, Kipling and lcEnaney ~’ Tor the pyrolysis of

the residue obt ined by heating PVC in zir atb 250°C until

dehydrochlorination was complete, Compared to the residus

Lo

from PVYC dehydrochlorinated under nitrogen, this substance
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Fig, 16, TVA of Oxidised films of Polychloroprene.

30 mg films of purified MNC30.

untreated

after 3% hrs in air at 100°C.
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gave an increased carbon yield at higher temperétures end
2lso a larger evolution of geseous profucts beltween 400 end
800" C. It wes sugzested thet oxygen increases the nunber
of cross-links formed in the first staze snd thus hinders

decomposition to tar sized fragmente. lMore material is

thus left to undergo complete carbounisation by the loss of
hydrogen znd other small molecules, and also oxygen is lost

from the residue in the form of oxides of carbon.

".‘J

The effect in oxidised polychloroprene could be attributed
$o similar causes but TG and gas product analysis would be

required before firm conclusions could be drawn.

Differential Condensation (DG) TVA

The nature of the degraGation products from polychloro-
prene was exanined by DC-TVL, the curves obtained being skhovn
in fige 17, The most striking difference between these curves
and those described previously is that the D peak has becon
greater than the C peek.

DC-TVA shows that most of the first peek is non-condensable
at =100°C and conCenszble at -196°C just as is expected for
hydrogen chloride, Procducts which are non condenssble ot
-196°C are 2lso evolved, and in the D peek these account
for almost &ll the volatile procducts detected by the Pirani

gauges.



Fig. 17. DC-TVA of 50 mg, film of polychloroprenec.
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The LC-~-TVA epparcius @ pcels o be more sensitive then

n

the simple systen 1To the ﬁ@nwco.fanawwle producis. The
reason for this is not clerw, buv qignu be due To the pumps
not being able to evacuate the large volume of the trap

system so quickly in this apparstus.

‘Thermogravinetry

-

The 10 /min. TG curves for HC30 znd PO-40 are shown on
fig.'18. éhey indicate that a two stage welght loss occurs
to give & residue of about 20¢, As shown by 1TVA, PC-40 is
more stable below BOOOC theon MCBO, but has an earlier rate
maximum in the first stage of degradation.

The maximum rate of weligh? loss in the primery decompos-

&t 357°C for PC-40. The

Qo

ition is at 365°C for HC30 an
point of inflection between the two stages is at 406 ¢ in
}MC30 and at 410°C in PC-40 with corvesponding weight losses
of 44.5% and 495 up to that point.  Since the total
hydrogeh chloriée content of polychloroprene only accounts
for 41. 2p of the weight, 1t is evident that side resctions
accompany dehydrochlorination in bhoth polymers.

The second stage of degradetion cccurs fairly smoothly
in PC-40 and is slmost complete by 550°C vhen 217 Tesidue
is left. In EC30, the secondexy deconposition curve is

N A a2 . s . . . .
not smooth and at 5507°C, with 237 residue, weight is still
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19% from PC-40.
‘The TG curves show thatb tLe more regulsr polyumer loses
welght in better defined stages, with a slighily higher

weight loss in the first step. The residus nroduced after

v
)

secondgry deconmposition is more stable in the case of the

YL
AR

( 0

regular polymer so that although less coke is left from
FC-~40 pyrolysis up to SBOQC, more remeins 2t 1000 0 than

for liC30,

Differential Thermal Ansglysis

The DTA curves for HC3Z0 and PC~40 are shovwn on fig. 19,
To try %o minimise sz uple form effects which ere very import-
vanu in DT4, both sampleskwere packed hard into the bottom
of the DTA tube. Two importent features may be seen in the
Trange 0;450036. Thelfirst is the endotherumic meliting of
the crystalline regions of the polymer. Thig takes place
at 36°C in MC30 end at 54°C in PC-40. The reeson for this
difference ané for the large difference in the size of the

eaks, is that the more regular structure of »0-40 vernits
P ’ & ¢

a much greater degree of crysiellinity.

=t

The second characteristic is an exothern which neaks o



Fig, 19, Differential Thermal Analysis cof Polychloro?renes.
20 mg Samples 10°/min,
Hitrogen Atmosphere,

13 ?TC o Ref., Glass Beads.
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368 C in the cese cof 1030 end gt 353 O for PC-4A0, Mhe

. s . 1 v, -~ e ERE N ) e Y iy e - ~.,., .
exotherm ig due To degradation sud the DTA curvss confirnm

the TVA snd T¢ results which show FU-40 tc hewe sn earlier
maximum than HC30. Alvthough the reproducibility of the

megnitude of the features of the DTi curves is not very

I

good, PC-40 gives a congistently lowver exotherm then HGE30,
Because of the increased width of the PC-40 pezlr the area
under the peaks in both polymers is epproximazie’

-

1
The sharp bresk at 450°C occurs when the polymer Toras
a coke and bubbles up the sample tube. 2t the end of this
process very litile materisl is left at the position of the

thermocouple junction, most of it being found rouand the

ot
e
w

thermocouple sheath in the upper part of the tube, I

likely that the change in heat capacity of the systenm,

f-te

rather then any tuermql chenge in the polymer, is res ivle
for this feature.

Similarly the endothermic Arift between 150°C and 450°C
is probably due to an imbalance of the thermzl capacities
of the sample and reference since it does not appesr in DTA
- curves of polychloroprene already feported. The DTL curve

40
obteined by Schwenker and Reck showed exothermic drift

and the peak maximum for degradation at 1C “/zin. was deter—
mined %o be 377°C. A DTL curve for neoprenes in the range
£0
D«

[ . ' (R - -, I}
-100" to +350°C appears in the manual for the Ju Pont
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instrument used. Thig =novs oo melting point of 44 7°C and
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1ittle bese line slope fron there untill degrolation starts.

A 15mg. sample of powdzred PUC (Geon 101), which is an
equivalent molar quantity to 20mg. of polychloroprene gave
2 3°C endotherm at 275°C on the Du Pont apparstus., There
was also a slignt excither:a oefwee“ 350 end 430°C and & small
endothern at 45030. There is =ome &

literature sbout the DTA of PVC. Doliimore znd EHeal
reported that the dehydrochlorination was ini tielly e

before beconming endothermic. Two earlier references

<

v

describe an endothermic eliminestion but the lergest feature

tenperature zbove

EN

of these DTA curves is an exotherm at

w

that requlrec for eliminaticn. The results of lurpky and
&4

coworkers were obtained in an aimosphere of Zmm. of air
which night cause the excthera wiaich was observed to have

. c . PR .. -
a2 naximum at 580°C (heaoting rate unspecified). MHorite and

65
Rice  however used an atzosphere of pure nitrogen and they

also recorded z large exothern this time between 310° and

400°C at 2 heating rete of 10 /min,

Evolution of Hydrogen Ciloride

The amount of hydrogen chloricde liberated by the polyner
J > J

during progremmed degratavion vwes investigeted using the

~

product collection system of t

a

e TVA apparatus. A reservoir



containiny frozen
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trep en

the top of the T
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by titretion with 0.1

phenolphthalein
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The nydrogen chiloric

sodiunm hydroxide

indicator.,

A sample of PVC (Breon 113) was szlso degraded to the end

of the denydrochnlorinetion stage

efficiency of th
' 66
is reporied

s

ellmlnatﬂf a8

the TVA showed thatb

1

volatiles, the

" seems satisfactory.

Table 5o

PYC are shovn in

Avout 90%

hydrogen chloride mostly beiween 300° and 400°C.

the heating ra

o

hvdrogen chloride
3 g

available on the oven was only a nominel 40°/min.

yérogen ¢

hydrogen cnlomue¢

n oxder 1o check the

Iy

$
ja
fmd

}..Ic

oride collection system. It

hat at least 95% of the chlorine in PVC is

In view of the fact that

the PVC was not entirely free from trapped

figure of 96.,5% collected hydrogen chloride

The re«ul 's for polychloroprene and

of the chlorine in polychloroprene is lost

Increasing

te caused a smell decrease in the amount of

oproduced, but the fastest heating rate

Using

. o . .2
this programme & temperature of 450°C wes reached in 15min,,

1m0

cT'
]
-
)
H .
(¢
e
<
}_l
=
@
E

10 min. later &

wes maintained for

[ 4]

Ld
o]

of the dehydrochlorinstion was complete.
erature of 5107 °C vas rezched =zxd this
20 mins. These conditions do not eppromch



the flash pyrolysis conditvioies under vnich Zie nolymsy veas
reported to give predeminently mononer, but e resulis

¢o show z trend in this direction.

Fig. 20 illustrates the correlation between the total
weight Joss as determined by TG and the welght loss due
to dehydrochlorination. Ths'divergence of the curves shovs
thaet nydrogen chlorice does not entirely account for the
welght loss in the first stezge of degradstion, Since the
first end second stages are not well sepzratsd = small
amount of the second reazcticn goes on before ihe
svage 1s complete. This explanation is supported b;
fact that TVA shows a small amount of non-condensables
being evolved during the dehydrochlorinationo In addéition
a snall guantity of liguid products was formed during the
degradation. The amount was Too small o be cetected on
the DC~-TVA but showed as'a ligav condensate on the cold
ring; and a few drops of 2 pleasanf smelling oil flosting

on top of the solution in the titration flask.
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Amount of Hydrogen Chlerice Ioolved Durirg Prograumed

Degrad tion up to Temperatuzs Lhnowi,

Tenperature Heating |Weight of Yolume of {HCL a2g8 &
. Rate Sanple 0.1 NaQH Polyuer
(“0) (°C/min.) | (small lumps)i(nl.) Chlorine
_ . (mge) |
510 5 1%, 13,10 8944
510 5 125,0 12.98 | 90.0
510 10 C 12865 12.78 83.2
510 40 1z27.9 | 12.35 85.7
450 5 126.1 | 12.67 88.9
405 5 129.8 12,58 86.0 |
380 5 122.5 | 10,35 | 74.9
380 5 122.6 10.70 775
380 5 132.2 | 1L.50 | 77.2
362 5 132.4 | 7.92 53.0
362 5 127.4 T.55 52.4
350 5 123.0 4455 3240
338 5 150.1 . 3.05 | 20.7
338 5 132.0 | 3.07 20.5
326 5 128.7 1.62 11.2
326 5 157.0 | 1.92 12.0
295 5 154 | 0.80 5.4
PVC |
405 5 92.8 g 14.27 96.5
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Infrared Analvsis

A

"Figs, 21 end 22 illustrate the spectra of the gases
evolved by polychloroprenme (MC30) heated at 5°/min,
Spectrum I is of the producte given off betweern 170 end
4OOCO corresponling to the first peak in the TVA, aznd
spectrum II is of the produvcts from degradetion at higher
temperaturé.

I is essentielly a spectrum of hydrogen chloride m%tp
a charascteristic band pattern betyeen 3100 end 2600cm .
It also contains a pesk at 9500m—] ¢ue to ethylene and
two small pesks at 920 end 875cm-. for chloroprene monome .
There 1s also & small pezk at 670cnm ) which appears as
a doublet in I and a singlet in II. Carbon dioxide
impurity might be responsible for one of the double pesks. ]
The most diagnostic peaks in IT are at 1305 and 302005" .
Both have szssociated fine structurelbut this is pertially
obscured in the case of the BOZOCm— peak by other C-EH
absorptions end 2lso confused with the spectrum of the
small amount of hydrogen cnlorlie present., The two
absorptions at 13705 and BOQOcm_ are cherscteristic of

netheane. ¥ore ethylene is present then in I since the



IYOm

tiles
e DOLychloropre

<70
i vo.La

Fal

[¥are y “J‘
,500 = 2,500 em 7)) o

AEe)
L1G

£y

t,

L

"

A

v

7

II

2600

2800

- EONVLLINSNYYL

3000

WAVENUMBER o™t
HEATING RATE 5°/min.

3200

3400

400 - 510°%.

1T,

C

170 - 400°

I.



. - -1 .- 3
vectrum (1,500 = 625 cm ~) of volatiles from polychlorcirer .

I

Fig., 22, Infrared =
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I & IT as Fig, 21,

C is a peak for Chloroform used to clean the cell,
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bend at §50cm is increcesed 238 & Trogd wes ob aboutd
- - 5. ROTE. I . P - T TN v
1450cen annears. Tne enzll peaks at Q12 00 290ewkm

may be due to propene reinforeid rg The ethylent ohzowpiione

"?x

at these figures sud the 9200u pezk may be fue to monon

-}
although the 875cm ) peak is absent.

- The spectra described above were obtained oy the
degradation of 200mg. samples in the appsratus chown in
fig. 9. Seversl attempts were made to increszse the
sample size to between 2 and 10g. in order to wmagnily
the small pesks from the minor components. in evexry

case uncontrolled "flash" degradestion took plzce above

before with better defined structure in tg
region and also peaks at 1590 and lSSOcm‘ for nonomer
Traces of carbon monoxide and carbon dioxide cezn be detected
in thé gas products of the largest samples indicating the

breakdown of oxygenated structures in the polymer,

Gas Chromstogravhy

This technique was used to detect and estimate hydrogen
and methene in the pyrolysis products of polyshloroprene.
A series of degradations programmed at 5 /min. up to

temperatures of 374, 400, 437, 474 a2nd 510°C vus cerried



three highes empergtures and
for the 40050 end the 37

L
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374

- deg

The Tesults

the

<
b—)

products of e degradations are displs

in fig. 23.

Ee)

Both hydrogen and methane are
below 400°C.
of metheane
to 510°C.

1o

slightly after 450 C but the
produced is much less thean

tunately only the initial

reaction could be observed since the oven was nov

for use above SIOOC.

|aR=ka]

The quantity of met:

enalyses of

detlions respectiv

given off
At this temperature the rate
starts to increzse and contlnu,o

The rate of hydrogen evolution iacres

stezes of the carboni

hene liberated during

ol
SR

ved grapnic

a0

o

the cmount of methene,

o e ot
ca

o
ae

the

DYT

is much larger then expected by analogy with PVC.

13
Stromberg and coworkers 7

and Gilber

and Kipling

60

L
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ihe

tzl amount of hydrogen
Unfor-

tion

-
oy
RS

o
SR S

olysie
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Both

have

exanined the products of the secondary decomposition of

PVC by heating the polymer until the elimination

was virtually complete and then degradi
a higher temperature.
13
Stromberg

ing the residue

Nal™]
-

ction

-~

fes)

t

used a mass spectrometer to znalvse the



Fig. 23. Cumuletive yield of 12 and CIr:TLr from Polychlcroprens
. L

12 heated et 5°/min,
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products from heatlng Gonsiroohlorineted DPVE at 400 °C for

30 minvtes. He repori-d ot the yields of 3

el
s

virogen ond

methane were less then U.10 A

- 60
Gas chromatograpny wes useld by Gilbert end Kipling

to -examine the gases litzrated from DPVC residue heated in

steps of 100°C between 4007C end 00°C. At each stage

C

the temperature was held constont wntil gas evolution had
dropped to a very low level. Their results, recalculated

on a molar basis, ars shovn i 1 Table 6. They found

significant awounts of the geses being Tormed even at 400 C.
For a more direct comperison of the two polymers, end

in order to resolve the conflicting results described above,
300mg. semples of PVCQ (Breon 113) were degraded at 5 /min,
to temperatures of 437 and 510°C and the gages were anal-

ysed in the same way as for polychloroprene. The resultls

<

are shown in Table 7 along with the eguivalent figures for
polychloroprehe reduced to the szme 02 mononmer unit as
in PVC. |

Heasurable amounts of hydrogen end methane were obtaired
from PVC degradation to 437°C suggesting that Stronberg
underestimated the amouut of these products.

The results in Teble 7 indicate that the methzre yield

from polychloroprene is szboul twice that from PVC, I

is éifficult to mske 2 direct conperison between Giltert



Gas Yields from TVI Teatel in Stagesz of 100°C.
60

(Caleulated from zesulis by Gilbert and Kipling.)

Temperature °C | 400 | 500 | 600 | 700 ! 800 | 900
Gas Cunulative yield mole & of (CH==CH)n

Hydrogen 0.6 | 3.2 | 7.5 | 12,2 14.7| 15.3

DD o poa RO -

H e

Methene | 2.2 4.3 | 4.8 | 4.9

i

Table 7 , .

Gas Yields from PVC and Folychloroprene Heated st 5 ¥min.

Tempersture °C 437 510
Gas lydrogen | Nethane ! Hydrogen | Methane
L [P,
Polymer Cumulative gas yield mole & of (CH =CH)
' n

BVC 0.7 | 0.4 1.1 | 2.8

Polychloroprene 0.3 0.8 1.1 5.8
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and Kipling's figures and hoon oivlolued here for IVE,
KR RS . e e P U SR SO S PRI g Ry
but it appeecrs thavy prolengess Loating at 40070 ceuses the

evolution of g considerable oot of melbiene vwherees
progreamued heating to 4%7°C paoduees very lititle. A
related observation is the fuot that a methyl group pesk
was recorded in the infrarec spectrum of the'residue of
prolonged heating atv 400°C wherese none appeered in PVC

- D .
heated at 5°/min. %o

The totel amount
of methane liberated by PVC wien heated in stages up to
900°C is less then the amount produced from polychloToprene
when subjected to progrzumed hzoting up to only 510°C.
This confirmg the evidence Thal polychloroprene yields
much moTre methane than PVC on carbonisstion of the residue
from dehydrochlerination

It is unfortunate thal the silica gel chromatograph
column did not pernit the passage of larger molecules than
methane since it would have bteen interesting to follow the

production of ethylene at the sguwe time as the other gases

Ligquid Products

(a) 0i1

“'-J

About 80mg. of & light yellow frultly smelling oil were

recovered from the wain band of the Thin layer chromztogranny

(tlc) plate of the products from the degradation of 10z. of

polyner., The infrared, proton magnetic resonance (pmy)



evident that several com

present in the mgss spectrun which could only reasonably

be accounted for by empiricel formulae contsining oxygen

end in fact it had been noted that an extrs band appesred
in the tlc of the products when these hal been stvored for
a dey or two, It eppears thet the polymer deg gradation

roduces a variety of similar comnounds, some of which are

n

usceptible to oxidation.

Gas-liguid chromatographic enelysis cn a Carbowax
column initially at 70°C gave at leeast siz overlapping
bands in the first 40 minutes after injection bul one peak
was about ten times larger than the others. P*oJrn“ming‘
the chromatogreph oven at 5°/min., after the first peaks
vere over, Tesulted in ‘the eppeecrance of anolther series
- of overlapping pegks when the column Venperature was about
120°C.

It was thought thet if some of the compounds could be
converted to derivatives, then separatior by crystallisation
and chromatography might be possible. The infrared spectrun
of the 0il showed that & double bond wes present amd reagents
were therefore chogen which would add to unsaturated com-
pounds,

The first modification tried was bromination by reaction



of the oil with bromine in carbon tetrachloride solution
folloved by removal of excece reagentv by extracitioan with
sodium cerbonate. L rezsction took plzce - the oil
turned drovin and lost its cﬁaraoteristic smell but no
crybbals could be isolated.

Hopes were high for the success of the second reegent,

2,4~-dinitrobenzenesulphenyl chloride (i) which readily

SCl1

(1)

forms stable crystalline adducts with olefinic compounds

~J

6

4 useful property of these adducts is that the bese peszk
in the mess spectrum, which is far larger then the other

peaks, occurs at m/e = (molecular weight of olefin - 1) or

6

03]

occasionally at n/e = (molecular weight of olefin).

The o0il was treated with This rezgent in acetic scid
and after a few hours the solution wes éiluted with ice
and extracted with etayl acetate. The extracts were
washed with brine, sodium bicarbonate znd then dried over
pagnesivm sulphate. After clarification of the resulting
solution with charcoesl, separation vas attempted by tlec.

Conperative tlc with sanples of the adlucts of cyclohexenc



60

- velooceterne hed =hova thst - A R DR N e T
anc Ccyc.Looctenie oot so0vwil WIie’y 0ne 0L U4af PUoULCTS Nel wng
sane polarity as thesce cllucic. Hoviever, vwhen This conno:

solidified on standing. The mass specirum of this solid

~wag oblalned but there wes 1o outstanding peek and it

appeared that the "adduct" was in fact a complex mizture.
Beceuse of the separation difficulties involveé, the

exanination of the ¢il was not carried say further, and

only a limited zmount of informstion coa te gainsd from

C

the evidence collectel up to this point,

]

The last peak of any sigze in the mess specthrum is at
m/e 194 but small peaks continue up to 232, he oil there-
fore consists of compounds which have a molecular weight
around that of the dimers of chloroprerne, The molecule

C HE €l should give pezks in the mass spectrum at m/e

8 10 2

176, 178 and 180 in the ratio 9:6:l. These pesks are
present, but the ratio is 13:10:5. Peaks however do occur

at 141 and 143 in the ratio of 3:1 corresponding to the

. o

loss of one chlorine ztom and in fact m/e 141 is the base
peek of the spectrum. -

The infrered and pmr spectira are shown in figs. 24 and
25. The zbsorption in the infrared at 885cm  is cherzct-

eristic of a disubstituted vinyl group znd the fact taat
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Fig, 25. UNMR spectrum of oil produced by degradation of polychlorcirenz

~—




.
Sy . ST e, . 3 iemen ;o R Y~ el
the correspondlng pur signsl eppesrs ob 4,82 instead of
— . 2 K} 5 X RN R - i} - o - - . A B
5.350 dnciceves thet o chlorovinyl greup is present, The
b - = p e O A L. 1 e . . v -
absence of any s»litting in the 4.827 signal 1o olso proof

that there is no hyGrozgen on the carbon aldjacent 1o tha
methylene group producing the signal,

The other indicegtions of double bords are The nesks
e ]

<L

at 1630 end 1660cm  in the infrared spectrum which vere
found to vary in relative size from semple to semple es
the composition of the mixture changed. The peak in the

pur spectrum at 4.2% is zlso olefinic, being causzed

0
s}
@)

e
o

proton attached to a double bond which is elther cklorine

substituted or inside a ring or both. Althougn there is

no indicetion of conjugated double vonds in the ianfrared
spectrum the ultraviolet spectrum of a solution of the oil

in hexane gave a peak at 2033} possibly for the chlorovinyl

ck

group, =nd z shoulder at 225mf which might be ccused by

diene inmpurities.
) . 63 - 74
Chloroprene forms a range of dimeric productis
and slthough some of the specvral properties of the oil
correlate with structures of types (ii) and (iii), the
sample is too impure to make positive identificaiion,

01 1

NS

Ccl -



(b) Green C

This wes 1o neTe 2R An
to the oil. Iux molecular welght

[3¥e T

340 using o Hewleid

(¢) Pitch FPraction

The infrarcd apectys

in fig. 26, is similar to the

obte 1n@g by Harms and Hu JLwls‘
10000m~ region indicave that a g
groups arelpreseLt. There is
at 12150m~ in the aromatic C-H
region, Tak

-l

Ry

in the lovier reglon uv

that a high proporiion of the

stituted, Peoks assocliated
, -1

and 1640cm  while tuere zre also

to double
~l

be assizned

which could

w

The small shoulder =t 1490cn is
Aliphetic strucitures are also
-]
2900, 1450 and 1350cm SHOV,

methyl grou

v

serves to identify

3

One sirong vend vwiich has nolt yet

-1
at 162%0cm
or

conjugated with = double bond

Teookeard :’}O 1A Va

un of this fraction w

arongtic rings

The last

s in the tar fra

-
arn

wos Cetermined 2t =2bout
apour Pressure Osmometexr,
hich is shovin

speotrum of the licguid products
f‘ Arl"
b

The bands in the 650 -

ere 1l:2 dizub-

C=C bonds occur at 18550
-1

=t 3000 and 1600cn

bonds or eromztics.
an arometic absorption,

present as the peaks at

mentioned of these

ki ction.
been digscussed is thav

whiich would oualy seem to fit a carbonyl group

matic ring.
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L the most likely exnlensiion.
fhe specltrun showe strong sinllerities with the spectru
of the residue ot en’ advenced state of degratavion (Chapter
6) cud also with the spectrum of the ter obtalned by the

: 5
vyrolysis of PVC.
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CEATTER 5

RITETTICE OF

(a) Shape of the Curve

The rate of dehydrocrhlorination of polychloroprene

wes examined usin g the TVA auparatas isothermally, A

-

15%9ng. film wes cast on the base of the tube by evs nor ation
under nitrogen oi a benzexe colution of Duzlfleo EC30 end

when free from solvent it vas degraded zt a temperature

el

between 260 and 290°C for 5 to 6 hours while the flow rate
of the hydrogen chloride evolved was continuously recorded
by the Pirani gauge. The oven in the TVA system takes
gbout 30 minutes to reseh isothermal conditions, which
meens thet the first perl of the record cznnot be used for
kinetic measurenents.

A typical trace obtained during an isothermal degrad-
ation of polychloroprene is shown in fig. 27 with a trace
for PVC for comparison. The polychloroprene trace chows
two peaks initielly for stéges L and B followed by a graduel
Gecrease in the rate durirz stage C.  The PVC curve has
a maximun some time aftler tem@erature eéuilibrium hze been
attained which is cgused by the autocatelvtic effect of

the hydrogen chloride procuced. Film and powler PVC samples



PIRANI RESPONSE mV

Fig. 27.

in the TVA apraratus,

Time mins.,

2- Polychloroprene 281°¢c
159 mg Film.
1 ot
10 20 30 40 50 60
Time mins,
< PC 229%
54 mg Powder,
1
20 40 60 80 100 120



P
e
of about HS0ung. gove The sane Jown of degredation curve but
~/ <O < o ~
r~,r2
. <
thin films. which rneve heen showm G e 4w oAl
ST LLAINS,, WALCH Z8We Dneen ¢a0wn e heve incroszaed
- S 3 4 mo fh e —— T e T
stebllity uvader progran TVA, -z Lo
exanined isothermally here LT ; of nintered

hydrogen chloride diffuei

ation of PV(C has been discussed by Geddes.

4

Polychloroprene gave the szme shape of curve fox both

it
o]
“
o

lump and film semples. A Ing. film was exanizncd using
g InV. range card in the recorder znd the trsce ageain bad
the same appearance as for the larger semples but it was
not possible to meke any rale measurements., There is
thus no evidence for sny diffusion effectes in wolychloro=-
prene dégradation which mignt complicate the kinetics.

(b) Treatment of Results

At the end of an isothermal degradaticn the Lydrozen

chloride in the trap was distilled into a bulb containing

3
cl
=
o]
I3
o
it
W
Lo
jt
e

he
(o
d
N

distilled water and estimated oy titra
sodium hydroxide using phenolphthelein indicator. The

result of the titration was used to czlculate the perceniz

degradation at the conclusion of the experiment. The

values of the Pireni responses were converted 1o flow rates

of hydrogen chloride at suitable tine invervals devenling

on the slope and curvature of the Trace, snd the sres undex

the curve in each intervel vweas determined in mole units



of hydrogen chinw

The curve was found Lo exceed

The total rroo W
KX .t.- tration wveoive oo N, 7 7o EREE N se =0m
vrie itration waliue Ly oabouy L D)cy CLTieT hecause conme

o

substance other than hydrogen cn oride was also produced

]

or becausge the temperaiture st which the p“arovcr cnloride
was evolved affected the Pirsni responce. The percentage

degredation at points along the curve wag evalusted using

®

-

\< ares up to poiunt
/ To% ares

Apart from the initial 30 minute pericod which is con-

licated by over warm up, and A and B type decomposition
P J X N ’

-

the rate of degradatiocn and the rate/? undegraded both
ueoreace continuously. In oxrder to‘ébtain kinetic
parameters from the results e graph was méde of log(rate)
versus log(% uncegraied). If the kinetics can be expresscd

-

in the form

~dF _n .
=T T kF
-where F = C/Co
C = hydrcgen chloride content of polymer

Co = initial hycrogen chloride content of polyumer

ct
it
ot

ime (secs.)



&

-1
k = rate constent (sec. )

n = oxder of rezction

then
log-dC = nlog® + logk 4+ logCo
dt
ng . A
dt - ©o
therefore
log -dF _ log-dC - lo;Co = logk + nlogk
It = Tt °

d
which reerranges to the expression above.g
Since ~CC is the rate measuréd by the Pirani,,the graph
at
of log(rate) versus log (N undegraded) hes o grefient of n
and anAiﬂiercept at 100% undegreaded, i.e. 1ogg, vnde
2, of log k.Co. )
The pointls measured in five isothermel degredations
are shown on fig. 28 with the lines obtained by treating
the points by the least squares method of linear fit dravn
in. Isothermal degradations =t temperatures sbove 290°C
give an increased curvature in the graph possibly becauce
more eide reactions are taking place. Analysis is also
complicated by the fact that 209 of the resction is finighed
before the temperature is stabi i sed.
The values oblained for the order of rezction end 4l

rate constent are given in Table 8, It zppezrs from the

o

table that the order of resction is close %0 1.5 cnd o test



Fig, 28. 1leg(rate)vs 1log (% undegraded) for Polychloroprene

Isothermal Degradations,

log (rate)
6.k

290°¢

8.2 1 |

©

278%

| d
o ‘////, 281°c
V

‘ 7-2 : ' ¥ " o
‘ 1.5 - 1.6 1.7 1.8 1.9 2.0

log (% undegraded)
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Table 8

Oréer of rezction (n) = end Rede Consden v (%) for Isoth

Deb,awwulonk.

g Temperzture C n k (sectl)
263 1.46 1.95 % 10
271 1.61 5,70 310
278 L4z | 5.26 x10
281 162 7047 xlo'“z:
290 1.66 1.167 % 10 ~




s "'005
for 1.5 order wez mede by »lotiing (i undegraded) verste
tine of degredsvtion for the 2787 °C rum, The graph is quit
2 good straiznt line as fig. 22 shows, indicating thet 1.5

order kinetics do hold,
" The activation energy (Z) and pre-exponential factor

(4) were determined by applying the Arrhenius equation

to the log(rate) intercents at 0f degradation (fig. 28).
& graph ves made of 1og'k.Co versue ‘the reciprocezl absolute
temperature as in fig. 30, 2nd the equation of the line
and the stendard deviation of the gradient end intercept
were calcu1" ed by the least squares method. The gradient
of the line was taken azs -E/2.3R and the intercept as

log A.Co giving the wvalues below,

0 Q

—
—-—

td

9.6 £ 2.0 Keal./mole.
-1
log A(sec. )

W

12.4 * 0.8

"Kinetic Parsmeters from TVA Curves

(a) Assuming Zero Order Rezction

In the early stages of the reasction the amount of

L

material lost is very small end the guantity of polymer
degrading cen be coasldered to be The seme as the initial

mi,

amount throughout, This means tiet in the eguation



?(%~undegraded)

-

0.15

0.14
0,13
0.12 -

0,11

Fge. 29

Test for 1.5 order in 27800 icothermal degredation of

ﬁolychlorOprene.

0.5

100 150 200 250 300

Time (minutes from start of heating)

350



Fig. 30
log (rate) at 07 conversion vs. 1/T for polychloroprene

isothermal degradaiions.

l1og (rate)

.47

\ 1

1,76 1.78  1.80  1.82 1.84  1.86
| 1/7 (°K) % 107



!In effect this is equivalent to’aSSuming that the
rate is independent of the aegroe of conversion i.e, the
reaction is zero order,
ng the Arrheniué expression for k in the above
enaat*o“, it follows that |

~log-C = -E/2.3RT -+ logA + logCo.

b

A plot of log-dl against 1/T therefore has gradient -E/2.3R

at
and an interceot of log A.Co, .
The method was applied to TVA curves of lump samples

of PC4 hezted =t 5ﬁ/min. end 107/min. =znd to the TVA curve
of 2 filn of rurif 1030 heated at 10°/min.  The resson
for choosing ¥4 was thet no stage B reaction was present
to complicate the first pert of the degrezdation., Points
between 320 and 350°C were selected znd the flow rate of

hydrogewn chloxide at each point determined from the Pirani

fete

al

0

bration curve. The graphs obtained are showvn in figs.
31, 32 aud 3% with the best fitting streizht lines drawn
in as ccleulsted by the least sguares method. E end A&
velues given by the gradients and the intercepts of the

lines =zre tabulasted overleaf,



Fig. 31
log (rate) vs. 1/T for 19.4mg. PC4, 10 “/uin.,

log (rate)

»~
t
!
:
i

8.6

1 T T A B E——— T T T T
1.60 1,62  1.64 1,66  1.68  1.70
1/7 (°K) % 107



Fig. 32 _
log (rate) vs. 1/T for 19.7mg. PC4, 5 min.

+ log (rate)
5.6 -

B4

o
T 7 T T T T v N v

1.60  1.62  1.64  1.66  1.68  1.70
1/T (°K) * 103




Pig., 33

log (rate) ve. 1/T for 20mg. MC30 film, 10°/min.

. log (rate)

6.6‘\
1 o

6447

R

-
.
‘p\\ o

o ‘b\\
302‘ . ‘\_\9\\
.E;oo~i
e,
‘708‘~\.
T v v T T Y L T 1 » !
1.62 1.64 1.66 1.68 1.70

1.60

1/1 (’K) ¥ 103



Tevlae §
Lo AN S N 1 Jro w0 o o)
W end A from ‘TOQ Tave) voilao 1//_... Tiots FTor VL Curves.
-1

VLA Curve B (fZcal, /uole)

C4. 10 °/win, 34,9
PO4 5 %/min. 54,6 L 10,2

KC30 10 °/min. 32,9

5

Although the graphs scem to bhe fairly linear, it
56

been shown by Iell  that the effect of neglecting the

term in P is to produce curvaiure towards a lower gradient

as the regction proceeds. Thne resulits for B aund & fronm

TVA is a very good technigue Tor determining the

temperature et which the mezimum rate of degradation occurs

(* ). This quantity can be ussd to calculate the activ-
max
ation ene gf for the procesz and for this the Kissinger
17

method  is especially useiul since no rate measurements
are required.

The formula used is Cerived I for a first order
resction but lés approzinntely for 211 values of n.

no
A11 the symbole have the swite significence 2s before znd

b~



the heating rolte is denoted by 5,
< %o,
Por & first order reesction,
-dF _ kP, therefore -¢F _ ok
= ar = g F.
i k¥, it follows that,

at
Using the Arrhenius expression for

= % e"E/RT .

The condition for a meaximum is that

’

...d2_'5‘ ,
£ -
ar? ’
i.ee A( E, ~E/RT -E/RT _ogg -
' F(Ee .. F 4+ e . @ o,
i.e. E, -E/ET . =E/RT A -E/RT
 Rfe . .F T e . gze W
therefore E, _ A -E/RT
max
On taking logarithms end rearranging this becomes
logR - 2log? . = - _E 1 - log E
F ex 2R T RA.
) hes gredient - _E

Thus a graph of aog%f -
-log E
HA.

and intercept



fal > [ . T Y ~ e A Y e e T . (] N a7 Y A P 5
Kigsinger's metbol thus raquires T._. measurenents

- e - . T M- At e e af
for a range of hezting rates. Tre ©V4 enpearatus used

[0

o
1
¥

here however had cnly been czlibrated for nesting rates

of 5 and 10 /min., therefore ouly two points were used end
no graph wes drevn. The T ., velues were teken from the
TVA curves of PC4 used in the previous calculation. Thox
wes 362°C at 5.85 Ymine end . 371°C a% 10.57 /umin., end
application of the'Kissiﬁger method to these fiﬁures gave
results of 43%.7Kcel. /mole for E znd log A\(sec? Y = 1l1.5.
Iittle confidence can be placed in these results, however,
without further measurements of Tnay at widely different

heating rates.

Activation Energv from a TG Curve

Several ways of obtaining kinetic paremeters from TG

~curves have been devigeC and the various nmethods have been
. ' 78,79,80
discussed and compared in a number of reviews.
80

One of the procedures which gives an accurate result,

holds true for reactions of auy order, end is fairly sinmple

to apply, is the Coats and Redfern method. This involves

. l-n
‘plotting log Q/‘I2 versus 1/T where Q = 1-F( ), unless

l-n

n =1 vhen Q = -log F. The bvest streight line is found

by varying n and this line hes gradient -Z/2.3R. 4 full



derivation of the ecuziicns vidceh lesd to wiis conclusion

O
(BN

\

f

)
(&)
]
—
(9]
(@)
i
')
i
IS

may be fouad in re
One difficuliy in epplying this netinod To polychloro-
prene degratation ie the overlan of the two stages of the
TG curve. in overall ectivation eunergy, tsizing into account
the gide rezctions occurri ng simaltan ously with fehydro-
chlorination could be found, if it was cleer at vwhal point
the first stage ended. Unfortunately this is not the cace
and the point of inflection in the curve hLetwsen the two
stages is therefore estimated as the snd of the first reection
SQ/min. TG curve of LC30 was recorded on =n expenied sczle
and the point of inflection was determined as 335 C at 47,27
weight loss, in feir agreement with the first stsge weight
loss quoted in chapter 3 for the 10" /uwin. TG curve.
f&efmmﬁﬁm:ngﬂ%v&ﬁ1n=L5;mdn:IWJ%
calculated at temperatures-of 314, 327, 374, 343, 353, 362
and 372°C and the graphs obtained are ghown in fig. 34,
It is evident that n=1.5 produces curvature vwhereas n=1
gives a straight line apert from the noint =t 314 C which
might reasonably be expected To b2 in error becsuse of the

effects of the early A end B type features of polychloro-

prene degradation. The ecuation of the best straight
line through the other siz points was calculzted and from

het)
4

the gradient the value of E wes 40.%%ceal. /rols,
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7.6

7.4

7.2

Fig. 34'

log Q/72 vs. 1/T for a 5 /mno 1G30 TG curve.
log Q/T?

1.56

1.58

1.60  1.62
1/ (°K) * 107

1.64



chlorination reaction of nolyclileraprere using the data

in Table 5. The value of ¥ wos isken 28 (1 - frection of

polynmer chlorine lost as hyGrogsn chloride), an expression

which would be wvalid for the dshwdrochlorination even in

the presence of side reacticns provided they did not remove
D J

chlorine. Cnly 90ﬁ of the polyuer chlorine is however

removed as hja*ogen chloricde and thersfore a slight error

el

s introduced.
The calculation was periormed for the nmeen resulbs at
uemper tures of 326, %38, 350, 352 and 380°C forn = 1.5 ¢

and n = 1. There is too much scatier in the resul

0
—

iy

l_h-
{4}e]
wl
Y, 1
o

to decide which value of n protuces the lesser curvature
and accordingly the eguations of the best fitting_straight
lines were calculated for both setis of points. The gredieuts
of the lines were used to deteruine the activalion energy
which was found to be

E = 33.6Kcal./mole if n = 1

and E

il
wd
co
o
=
¢}
i
~o.
)
(@)
-3
D
[y
!"‘J
=
i

10 50
Sumnary

Isothermal degredations give valuesg cf
-1

log A (sec. ) = 12.4 andé E = 39,6Fcel,/nmole.



Fig. 35 A ' .
log Q/T° vs. 1/T for data from Table 5.
5.8 log q/12 |

N

5.6

8.0
7.8 1

7.6 |
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1.54 1.56 1.58 1.60 1.62  1.64  1.66
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- - Y - e BN Y - = nmey g e P - - .'1'
Trestnent of the resulits fron progranned exnerimenvs by o
" . Lo IO 5 T oo et - - K, | . .
veriety of metiols gives values 1u the range shown below,

vhere the lover figure is nown to e too low

e

-1
log L& (sec.

) = 8.7 to 11,5
E = 32.9 to 4£3,T7keal./mole.
The isothermal results are thus confirmed to a fair degree,

Values of n = 1.5 and n = 1 were both found to fit soume

.0f the data.

These results are further discussed in Chapter 9.
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Infrered Soecirosgeyr

(2) -Chances in the Srpsctrum vwith Increasing Degradation

Typical spectra of the volymer heated Vo different

temperatures are displayed in‘fig. 36.  The undegraded

film occasionaglly hzose a emall ce .Tbon vyl peak Or s& ouluer
3

-y

at 1720cn  due to oxidetion (e

(]
0
e

n the spectrum in fig. 36).

. b ~ [} v - = [d O
This peak diseprears when the polymer wes heated to 3007C

but the only other chenges showing in this spectrum (not

illustrated) are trne diganpearance of the pesk at 925cm

due to 1‘¢ urits, =nd the appearance of barely distinguishsbl

peaks at 15600 and S&lcm .
. L] o = hur] .. . — . D
The residue from degreadetion to 3447C ghows riore

- o

differences frow the undegraded polymer. The unconjugated
' -1 4
C=(C stretering vitration at 1660cu ant its overtone at
-1 -1
33500cn decrecse il a broad peak at 1600cm  for conjug-

ated C=¢C npeazs. The C~-H out of plane deformation

band at 9600m for +trarns disubstituted double bvonds also

.J

becones more evident, The double bonds in the original

one cllorvne substituent and

826cn which becomnes less

~

ide is elininsted, The C-H




Fig. 36 (Overleaf)

Infrared Spectra of Degraded Polychloroprene.
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Lonoragtlon peaxs ol the mewiylene groups of the polyrer
3
—‘vJ_
A A B A e 71 .| PN s . .o M =, 1
ot 1442, 1430, 1200 «nd T90cn and the other peaks in the

-

RN E EAT I S Py h DA - RN
gpectrun of the wadegreded nolymer becosie smsller, but the

-

lergest one present, the C~I stretching beand at 2910cn

In the spectra of the residue at 352 and 37400 the
changes described above become more prorouanced, and in
cudition a geak at 1375ca appears. This frequency cor-

responds to the symmetrical eformation of the C-H bonds
in 2 mithyl group. Changes also occur in the region below
QCOcmfﬁ wnere the meximum in the Ochm—l peak shifts 1o
8150m~‘ and peaks at 870 and 8500m~ appear, These absorp-

tions indicate the formation of aromatic structures withih
the regidue.

The spectrum at 387°C displays en increase both in the
: -1
double bond vibrations at 1600 snd 960cm  and in the
]

T e

eromatic bends A new peak at 635cm  becomes evident
in the aromatic region.

Payte A ot T ‘
The specira at 4057C and at higher temperatures were

3
<]
Q
o
o
o
D
O
I
B

3

notassium bromide disc form. They show the
-1 .
ilgappearance of the 960cm  band due to cyclisation and

the conconmmittant incregsse in the eromatic vibrations.
-1

The methyl group peak at 1375cm persists throughout
-1
.

the teuperature range end o new absorpiion appears at 1020cu .

o n (@]
4 spectrum was also recorded of the residue at 51C C.



It contained

. = - t

residue but the otvhcrs were ratuced in intensity and in

Gefinition.
(b) Absorptions not Present

‘Elimination In polychloroprene night produce an alkyne
or allene stiructure. Unfortunately because & chenge in

r

(¢]

dipole moment is a

3

requiscite for an ebsorption 1n the

n

e

nfrared, the C=C stretch produces only & weak absorption

(ﬂ

in unsymaetrically substituted elkymes and no absorption

at all in symmetrical ones., - There lc no evidence for
. -1
alkyne absorption in the region 2260 -2190cm  but the

triple bond produced within a polym

!‘1

12T chsin would be in

an almost symmetrical environment, Allenes have i

n ]

=1 -1
ective freguencies at 1970 - 1950cm  and at about 1050cn
but neither of theege appears in the spectra,

.

(¢) Arcnetic Substitution

In order to investigate the sromatic sutstitution patt

Q

an extremely finely ground residue from degradation to

[
]
(@]
)
=4
(o)
ek
o)
(1)

455°C was cornpacted into o potassium bromide @

spectvrunm recorded on & Perkin Elmer 225 Gra ting Spectrophoto-

meter. The result was sinilar to the 4407C spectrum in

fig., 76 but cone extra detaill could be distinguished in

(&

-

the aromatic C-H ouv of pione ceformation region. Peaks

were visible at 870, 810, 750, 695 znd &65cm .



-]
a
The abos caix cnly te Cue o 0RO,
. '_\ e . e s ST - a1, i - - -
1s2 or 1B 1 Sirece tne nesk et 6CHexn is
nov very loiyge, wonmd gubsitliution is notv prevelsnt. The
1
-l

presence oi strong peaks alb 870 aad 81Cem  could indicate
a veriety of substitution patlterns which contain only 1, 2
or 3 adjecent C-1II bonds on the aromatic nucleus.

U

The spectrum of degradied PVC 1s of interest at this

stage for comparison. PYC heeted 1o 405°C gives a spectrunm
rather similar to that of the equivslent polychloroprene

' -1
residue. The 2liphstic C-~E stretching vibration at 2900cn

. 1 T
o 4 haalt &
ebout l0cm  lower than in polychloroprene. The 144Ccn
-1
peak 1s prezent as in polychloroprene but the 1%S0cm  vand

for methyl groups 1s missing. There 1s a much stronger
absorption =zt 960cm  for double bonds end the largest
aromatic peal is at 750cm .- The other aromatic frequencies
in order of decreasin tensity are 810, 695, 870 and a
smzll shouwlder at 670cm .

These obhgervaetions are 1n agreeument with the results

of Gilbert snd Kipling  except that they observed a smell

methyl groun peesk alfer prolonged hezting of the residue
at 400°C, The amount of nethyl grour formstion however,

&

i1s not nearly o0 great in PVC s in pol¥chloroprene. The



o
-1
predominence of the T50cm  bond din pryrolysed FVC indicate:
the forumstion of monc- exd aisubetituted sromatics., In
-1
polychloroprene, although the 8l0cm  eromatic veak is the

largest, the difference betueen the intensities of the

-1

870, 810 and T750cu  absorniions is not very greet, which

Ultraviolet Snectroscony

The ultraviolet (UV) spectra of degrated films of
polyéhloroPIGne 1030 are shown on figs., 37 and 38. They
shnow how a distinct four pezkx pattern arises ezarly in the
legradation to be obscured later by a featureless absorption
vhich extends from low wavelengths to 550mu.

The spectrum with The highest absorption intensity ir
fig.37 was recorded from a film heated to 295°, i.e, jus?h
past stage B, (page 42) which seems to be the peint at
which the details of the spectrum become indistinect
Isothermal heating at 210°C furnishes a sinilar set of
'épectra to those on fig. 37. Cnly 10 minutes are required

to produce o spectrum like the one from programmed heatin

GQ

R

to 273°C and 2 295°C type spectrum results after 100 ninutes,

iy

Filmg of PC-40 were zlso exemined, end two typical

a2 -

specira eppear on fig. 37. There is no chenge in the



Frig, 37. UV Spectra of 20 mg. {ilms of polychloronrene,
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Fig, 38. UV spectra of 2mg Films of Polychloroprene.
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reduced,

wvhich takes place &t an early stage in the resction. Thi
polymer does not show stage B reaction so that most of the
Gehydrochloringtion for the 2957 specirum has come from
rezction €. 4%t 320°C the spectrum is similer to 295°C
spectrum of HCI0,.

The two maxima in the spectra occur =t 277 end 288%u
end the inflections at 265 and 300m1. Interprevation of
the spectra however presents rather a problem in the zbsence
of sufficient data on the UV spectral properiies of chloro-
trienes. The result of dehydrochlorination at a 1l:4
unit is proﬁably either a l-chloro- or a 2-chloro-1,5-
dialkylhexatriene, (i) =and (ii), vhile 2 2—chloro~i,4~

dialkylhexatiriene (iii} nay be formed from a 1:2 unit.
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Reference speeitre of these monochlorotrienes could not

(e)

be found in the literature elthiouzh more highly chlorineted

compounds heve been examined. The spectra of perchlorohe:c-

triene (iv) and 1,6-dihydro-hexachlorohexatriene-1,3%,5 (v)
S 84,85

are similar and show a maximum at 266mj:and a

shoulder between 250 and BOOmﬁ (in iso-octane).

clzl (fl o1 | <!31 C{\l cll
| L c1 H
\ /\\ /, / p A ) -
LYYY H\YT
- €1 €1 ¢1 : 1 C1 C1
(iv) (v)
| ¢l H CI
/\/ Vo
208
cl H (1
(vi)
3,4-Dihydro-hezachlorohexatriene (vi) gives a different

85
spectrum because conjugation is not impaired by the

steric strain involved by the chlorine atoms in adjacent

2, 3, 4 and 5 positions. It gives pezks at %20, 300 and
290mit and further fine structure at shorter wavelengths (in
iso-octane).

Chlorine substitution 1to pre-existing chromophores
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1,6-dislkylhexzatriens (vil) moved to longer wavelength by

this smount. It is shown in a later section on vinyl
acetate pol‘ﬂeré that this chromoghore gives peeks at 261,
272 and 285@0 when present in a polymer film. The wave-~
lengths of the absorptions in degraded polychloroprene
are leg higher snd there is sn 2dditional Iine structure
pes{ at'265my.

It is of course posgible that the cbsorption is the
sum of two or more Gifferent series of peaks, Tfor instaace
265, 277 and 288n w: end 277, 268 end 300m'  Different
structures such as (i), (1i) and (iii) or cis/trans isomerisn
could be respon ble, but whether the spectrum is that of
e pure chromophore or g mixture of similar chromorhores,
it seems likely that chlorotriene structures are present
a2lthough positive identification must eweit the spectroscopic
exanination of model compounds.

The spectrs in fig, 28 are not very informative. It
appeérs that before very nuch of the dehydrochilorination

heas taken nlsce, longer golvene seaquences are produced eond
l ? [ Py o/ Py
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12 double bonds in conjugaiion, The colour of films
degraded beyond the initial stages is yellow unlike PVC

films excmined in the sgme viay which appear red even at

the stert of the degrsdation.. The UV spectra of deg

H
Y]
oy
[}

PVC and other polymers is described in the next chepter.

Py
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Reascons for Investigation

A number of wvinyl polymers degrade‘by elimination
reactions leaving a main chein unsaturation structure.
AI% was Gecided to investigete some of these by the'UV
spectroscopic technique used for polychloroprene as well
as by other methods as seemed appropricte.

PVC wes exemined for a comparison with polychloroprenc
of the dehydrochlorinstion reaction in the two polymers

and also to‘ensure that the results obtained by the UV
method agreed with those of previous workers. Polychloro-
prene and PVC were found to behave entirely differently
vith respect to the initisl length of polyere conjugation
produced and it wes considered of interest to find out if

either of these wag typical of elimination reactions in

general.

Poly(Vinyl Chloride) (PVC)

The polymer examined was Breon 113, an additive free
polyner produced by British Geon. Cyclohexenone was used
to make solutions from which films were cest by vacuum

evaporation of Iml. of solution
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The curves for a S0, »ovwicr semple are shown in fig.
TS en CONPRN 1 - - R, N
39, Dehycrochlorination U nlece b lower tenperature

than in polychloroprene snd thas carbonisation reszction is
well separaved from the eliminaztion, TGA chows that PVC

dehydrochlorinates guentitalively in programmed degradation

I

s therefore not surprising to find 2lmost no non-

and it i
conGensables being evelived during the first pesk.  The
Gehydrochlorination rezction ig sppervently a much clezner
one than in polychloroprene.  The peakx for secondary
decompesition has a meximum 2t about the seme temperature

as in polychloropreue.

(b) UV_Spectra

Typical spectra are reproluced in fig. 40. Haxima
and inflections occur at 235, 267, 279, 290; 312, 327, 342,
366, 390, 414, 440, 464 =znd 484mp in agreewent with previous
88,89 ‘ _
observations. Absorption ex tends to 650my even in
the very early stages of degredation and as the reection

proceeds the intensity increases with The short wavelength

1y

h‘_l

pecks 5IOW1n~ most rapic
PVC thus contrasts with polychloroprene by producing

the rezction, very long polyenes.

(rccording to Geddes  absorption szbove SOOmy implies the

presence of over 20 conjugated couble bonds.) The term
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Fig, 40, UV Spectra of 100 ug, films of PVC,
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"zipper Teaction” heos been used o {escribe the elimingtion
process which runs down the chaln removing hydrogen chloride
vntil & termination step tekes place,

Poly(Vinyl Acetate) (PVA)

(a) Previous Vork

PVL has been showvn to degrale by acetic zcié eliminastion.
90
In Grassie's reaclion schene the CGegratation is initiated

at chain ends and proceeds through the molecule by allylic

w

Do

sctivaetion of adjacent units for a non-radical chain reaction

-

process which is not terminated vntil & chain end is resched.

91
>

Servoite and Desreux ieve shown that a cross-linking
process co—-exists with the deacetyletion. They found

v

oxygen in the residue cespite ihe fact that quantitative
elimination took plzce and suggested that it was bound up
in ester groups within the cross-linked structure snd not
adsorbed after degrefation. This sggms doubtful in view
of the fact that Gilbert =znd Kiplingo had shown egrlier
that many polymer residues, including that from PVA
degradation, adsorb atmospheric oxygen.

Besides acetic acid, Grassie identified ketene and
carbon dioxide in the products =nd attributed these to

decomposition of acetlic acid. Servotte =nd Desreux used

gas~liquid chromatogrephy to examine the products and



note the presence ¢f welter as vell s eooiie acid and two
unidentified comyponenis, one of wnich wes robebhly benzene.
The 1 71i"y1nlﬂe(} mec Trvn of the reslidiuve o8 sixsained DO
o LIwl L L LU 4 g e SLGUS celS Bl nln el LIJ
the Belgian authors who were unsble to meke s positive
identification of polyenes. These zuthors themselves

hoviever state that the gne ctl*m recemubles thob of degrade

J}
o“

PYC and do not meke it clear which Irequancies they would

)
w
g
R
¥
)
[¢7]
0
N

nerecteristic of double bonds in extencded

conjugetion. The only évidence offeredAby either Gressie

or Servotte snd Desreux that polyacetyleres are formed,

is the fact that the polymer colours on hegting,

(b) Polymer o .
The polymer was usel as supplied by 3. L. H. Ltd. without

PurlflvuﬁiOﬁ. Polymers of diiferent molecular weight

from the B, D. H. po olymer, w
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et 50°C using azo-bis-isobutyronitrile and henzoyl peroxide

2

znd were found to give identical TVA curves. Filme were
cast from 1lml., of toluene solution by vacuum eveporation.

{(c) UV Spectra

UV spectra of degraded PVA films (figz. 41) show the

growth of polyenes of much shorter leagth than in PVC,

<

Losorption does i

short wavelength
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Fig, 41, UV Spectra of 20 mg., films of PVA,
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x1u4 further QuoraGr ol o, Srove occeur ev 233, 261, 272,

28%, %05, 3535, 250 ol ZL0n, Phe trisd centred on
272njt is due Vo Thme 7,4,6 oviairisns chromophors, wkich
1
hes naxime at 252, 207 =2nd 274,59 in solution in hexearne
87
and.260, 270 and 279z 1in chloroform, This peck assign-—

ment is discusced further in the sectiorn on copolymers of
vinyl acetate with ethylene, The more polar c01vent re-—-
produces the vaer film ccernditions better and otqer

pesks correspond to moyima in the sbsorption spectrs in

chloroform solutions of dimethyl polyenes with up to six

double bondes in conjugaiion. Trece guentities of longer
polyenes ere present, exvending the absorption to 500m/

The UV results For FYA conclusively prove the existence
of polyenes in thermelly Gegraled polymer. The seguence
length of the polyences is shorter then in PVC as would be
predicted from the appesrance of the degraded filums, PVA
films degrade to a yellow colour, the intensity depending
on the extent of degrzdation, whereas degraded PVC filns
are consistently a red colour of verying intensity.

(d) Volatile Products

Infrared enslysis of the products volatile at -75°C

revegled carbon Gioxide, carvon wonoxide, methane and ketene,

okt
.. ~92,93,94
The spectrum of ketere has zlrecaly heen describved,

but in order that there should be no doubt about its presence
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s sanple vwas preperad so that the spectrun could he wocorded
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o1l the sanme instrument zs tha O eXamine Tad Qu—)g,lz;:.\,.f,z-;,b.u..:...n.

products
Ketene was prepared by pyrolysing acetone on porcelein
beads at 5007 C. The gas condensed in o liguid nitrogew

trap while the methene also formed in the reaction purssed

vhrough the trap without condensing. The &etene was

distilled twice at -100°C before being examined in the

infrared ges cell and onm the DC ~TVA apparalus {chapter B).
An sbsorption with P Q R branches at 2160, 2150 2nd

21350m_‘ was charscteristic of ketene. In the zbsence

of other substances the gas wes fairly stable and the

size of the peak in the infrared spectrun was only dimin-

.

shed to one half of its original absorbance value after

’—Jo

% days. An attempt was made to measure the kinetics of
dimerisation using the infrared pesk as & measure of
concentration but no simple kimetic law was observed through-
out the whole period of 8 Gays.
(e) DC - TVA

The DC - TVA curves are shown im fig. 42 end agein tw
-peaké are fofmed, one for eliminavion and the other for
seconCary breazkdown. The gauge following the -126°C trap
responée only to the non-condensable gases, carbon monocxide

“

and methane. The difference between this curve snd the
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~75 and -100°C traces is due 0 the trapping of cerbon dioxics
and ketene. Acetic acid is coupletely trapped at the three
lowest temperatures, but at =45"C it condenses and distils
over to the liquid nitrogen trap at a steady rate, causing
the -45C trace to stay at a constant height above the -75

and -100°C responses,

The initial separation between the -75 end -100°C traces
shows. the presence of water, which distils from the ~75°C
trap at a very small but charaéteristic rate. Because
of the non-linearity of the Pirani responses, the separation
disgppears at higher pressures.

The use of a silica degradation tube in place of a
Pyrex one has no effect on the TVA curve, and if the polymer
is covered by a thin layer of cépper povder the amount of
non~condensable products evolved in the elimination reaction
is unchanged. These observations seem 1o indicate that
the catalytic decomposition of acetic acid is not responsible
for the formation of the minor products.

(£) Conclusion

A wider variety of products has been found than in
previous work ard polyenes with restricted length of con-
jugation hagve been shown to be formed, The results of
MeNeill and Neil on PVA/poly(methyl methacrylate) blends

suggest that PVA degradation_may be a redical regction like
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2VC. Hlnor profucts could be formed by side reaclions
"o . P - B LI SUL T Nl = i
of secetlyl radicale end deceuposition of The cheln propes

ing effect on the length

of conjugalion. Ag in PVC, interchain vrensfer of radical
activity or redical combinstion cross-lirnking could also

restriect the number of double bonds formed conszecutivelv,
Clearly PVA degr Jﬁation is worthy of further study using

- 811 the modern Techuicues vwhich have been developed sirnce

the originel work vwas done.

vinyl Acetate/Ethylene Copolymers

(a) Polymers

"Alathon" polymers 3185 end 3130 mede by Du Pont
Ltd. and stated to contein 33% and 124 vinyl acetate were
repreoipitéted from warnm toluen solullo“ into petroleun
spirit (40 - 60°C).  The purification wes done by
r J. McClune (= 4thAyear stuGent) who elso obtained the
VA and infregred dglte. Films were prepared by vscuunm
e'fnorauwon of werm toluene solutions but were opague due
to precipitation occurring before evaporztion. Film
guality however improved on heating the polymer.

(b) Secuence Tength

The length of the gequences in +the blocks in the copolwy-

Der was calculzated using the "run number" method described
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In the arguement velow, I Genotes an ethylene unit,
A, a‘vinyl scetete unit cnd (&) and (B) are the percentages
of A and E in the copclymer. Tre polymer is consicdered
to be infinite or cyclic and vector signs are used to nove
g Gistinction between thz units on the left and on the rizght,
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etc.

Using the above relations the perc cn:age of A in

bounded blocks cen be ezsily calculoted once R has been

_lo

H

determined. Vinyl scetate forms zn ideal copolymer

systen with ethylene so thet the vinyl zcetate builde

into the polyethylene cheoin entirely 2t random end the co-
. o

polymer has the same composition as the monomer feed.

The run number for such & sysie:a is given by

-

R = E) i:f‘;) /‘/‘:‘EC".
(c¢) UV Spectra
Representative spectra are illustrsted on fig. 43.

The polymer with 123 vinyl zcetsie contsins 18.56%

~a
G
(&
H
ok
iy
D

acetate groups in blocks of two wut only 3,74 in blocks



Fig. 43, UV Spectra of 20 ng. films of Vinyl Acetatle/Ethylene
Copolymers,
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The %33 vinyl acetvatbte conolyncr coricoins 29,600 of the

acetalte groups in blocks of two, I4.7¢% in vlocks of three,

and 10.95% in lerger blocks, Thus avscrpticn beyond the

triene region is almost zbsent. The pesokge for the triene

occur et 261, 272 and ZSBmF in ths couolymer, exactly as

in PVA, demonstrating that the wvavelength of the sbsorpticn
is not effected by whether the polyene is terminsted by

an zcetate group (i) or by a methylene group (iil).
\ \ A \\ '
V\/W VVVY

CH—GéO
(1)

 p-toluenesulphonic zcid has been used So produce
a8

colour in PVA dissolved in methkeanol. Longer conjugated
sequences were observeld than in thie work and maxima were

‘recorded for polyenes with up to twelve double bonis.

The conclusion vies Ichﬂed that the =cetazte zroun at the

b Py

ené of the polyene extented conjugzaticn by cn amount
equivelent %o half a C=C vzit., The resulis wita rAinyl

acetate/ethylene copolymers indicete “hnt this is not the



The VAL curves of Tl ; 7L ecetnte copolyumer ars
shovn in‘fig. 44, There cc‘ tvio peelrs with mexzima at |
374 -and 480 °C, the latter corresponding to the TVA mexinum
for polyethylene. The 337 copolymer gives pesks at the

szme posivions but the firgt pezk for scetzite decomposition
is much 1cr£ T, Degradation starts at sbout 290“C a2 in
PYA but the maximum occurs 28°C later. The stabilisetion
is presumably due to the fact thatl each ghort seguence of
vinyl écetate units in the polymer 1eu1i1's its ovnl init-
igstion step.

¢
~

The triene peaks in the 3% covolymer (fig. 43) grow
0 & maximum invtensity atv 3506 C Jusl efter

T
maximun at 5°%/min. Thne rate of bresk up of the polyene
tructures must overtske their rate of formation sbove

this temperature but because of the long segments of
saturgted chein present, little bockbone disintegration
occurs until the C -~ C bonds break. Infrared enalysls of
the chain fragments which collect on the cold ring at the
top of the tube indicates the absence of acetate groups.

(e) Voletile Products

Infrered spectroscopy vies used to show thet the volatile

products condensgble at -75 C congisgt meinly of scetic



Fig. 4. DC-TVA of 12% Vinyl Acetate/Ethylene copolyrer.
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ests that these by-products of
coetic seid elimination ere formed %o z leasser extent in
whe.copolyners with ethylens than in PVA itself, but the
non~linearity of the Pirani geuge mekes it difficult to’

reach a Cefinite conclusion about this.

() Comperiscn with Vinvl Acetale/Stvrene and Vinvl Acetate/

0—-4

Jethvl Hethacrylate Copolymers

~
L

Because of the stability the polyethylene chain,

the éopolymers of vinyl acetgte with ethylene provide
excellent materiels for studying the rezctions of short
secﬁions of PYA chein. ‘
Vinyl acetete/styrene and vinyl acetate/uethyl methacryl-

ate copolymers were studied &s part of research projects

by fourth year students, Mr Jd. ¥cClune and lr D. Tosh.
Unfavourable rezctivity ratios made it difficult to

produce copolymers with a vinyl acetate content above 207

in the case of the styrene copolymer snd 40H in the case

£ ﬁhe methyl methacrylate copolymer.

The TVA curves of both sets of copolymers exhibit only

oune maxinum indlcating that degrzdation occurs °1uu1uaneou Ly

he copolymer. Incregsing smounts

[

of vinyl zcetate in siyrene copolymers progrecsively shift
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g over 10 vinyl scetate,
but when only suall emounts of the comonomer were present
en incresse in thermal stabilily took place. The reason
for this is that the nacrorsdical with & viny ecetate

end group is very unregctive with the result that most of
the polymer molecules have terminal acetate units .4 Because
of this there can be no lablile unsaiurated end groups as
present in poly(methyl methacrylete) and therefore the

L

degradgtion of the ccpolymer is hindered. fhen more

o]

vinyl acetate units are present they cause instaebility in

the chain just as in the case of the copolymers with poly-
styrene.

The éhaﬂge in stebility of these copolymers throughout
the COdﬂO sition raﬂge exemined, is in strong contrest to
the behaviour of conolymers of vinyl ecetate with ethylene,
vhere two separste reoctwons occur at temperatures which
are independent of the composition.

Acetate groups were Found in wthe cold ring fraction
from both copolymers confirming that chain scission reactions
~occur before elimination is coﬁplete. The products fronm

the acetate grouws in the copolymers vere similar to those

from PVA but the styrene covolymers gave little carton



monoxide end no nalone.

It is avpearent lhet the copolymers of vinyl acetate
w1uhistyre;e or metihyl methecrylate present much more
complex systems {then the copolymers with ethylene because
reaction in both component units of the copolymer occurs

zt the sgzme time.

Polv(Vinvl Pormate)

The polymers were prepared snd “ike degradation examir

by Mr A, Jzmieson (fourth year student).
Vinyl formate was polymerised in bulk using azo-bisg-

isobutyronitrile as initiator either at 60°C or 2t 0°C in

£y

the presence of UV light. Pilms were cast from solution
in ecetone by eveporztion in the atumosphere at room temper-
ature. The samples ranged in molecular weight (L ) from
22,000 to 170,000 (from viscosity measurements of acetone
solutions at 30°C), but 21l gave similar TVA curves.

On degredation " is polymer produces UV spectra vhich
are indistinguisheki. {zva those from PVA.,  Poly(vinyl
formate) is however lese thermally stsble =nd the DC - TVA
different, fig. 45. The elimination
regction peek, with a mesimum et 271°C (10 Vain.) is
entirely non-condenssble al first and leter has = shoulder
et 330°C vhich is partly composed of condenssble materisl.

By enzlogy with PVA, the oxypected Cegradation produc
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ise o osuove thoet this ie
indeed the ma;o precuct of degredatlco clong with quentitics
of carbon moroxide, corbon Glozide gud 16
indicates & 64§ weight loss in the Tirel stose of degrad-
ation ending a% 375°C which corresponis to cuentitetive
elimination of formic acid.  Howesver wher this substance

is passed into the DL - TVA apperctus it is fully condensed
at -=757°C and lower temperatures but not condensed et 21l

at 0 or ~-45°C. Formic ecic dissooiates»aﬁ 1607¢ to form
carbon dioxide and hydrogen but not aposrently under TVA
conditions because no chenge in the yattern of ccondensabilivy
was found when the tube was heated to 3507C vhile the

vapour was flowing into it.

There is evidence for formic =scil condensing in the
latter part of the TVA peak buv the 1argeﬁt Pireni response
is for materizl non-condenssble =t -1567C i.e. hydrogen,
carbon monoxide or methane, It is wvexry difficult to ex-
plain the fact that the first gart of Tre pesk appears
entirely non-condenssble or to accoun® for the presence
of methane in the products. Obviously & more detailed
s%udy is required including in particular megsurenents

of the amount of hydrogen evolved.

Poly(Vinvl Alcohol)

he Dolymer used wes Gelvatbol

85CH

(mznufectured by



the Sﬂaﬁ}igaﬂ Cheniccol Co.) which hed been revrecipitated
by eddition of thue aruveous volymer solution to methenol.
According to the manuis the polyzer hiad a very
low residual acetate contznt and certoinly no corbonyl

absorption was present in the infrared gpectrum of the
polymer film. Por the UV ezsmination films were prepared
by evaporation of 1ml. of agueous solution under vecuum.

L
cav

The thermzl degradation of poly(

100

vinyl alecohol) has

, 101,102

been studied by geveral workers and Tthe mein
products of degradstion have been shown to be water fron
elimination, and acetsldehyde from depolymerisaiion.

Pour peaks sre present in the DC -TVA curve for tue
polymer (fig., 46). The first low broad peak has a maximum

at 121°C and the limiving rate in th

o
e =75 C trace prove

[
LJ

that water is being evolved,  Because weoter is used as

a solvent for this nolymer it is difficult to distinguish
betveen trapped solvent voletilising and water being
chemically eliminated. Degratative dehydration of poly
(v1ny1 alcohol) has been reported st this temperature
leading to the loss of =a variable smount of water, Inter-

as well =& intremolecular eliminstion has

103

been suggested.

; el -
The seconé peeglr has o maxinun at 2557°C end some of
) by} b ) ]
the products are trepped =t -T75°C, some et 100°%C end =
-11 o ~" P o mfo my £
sma zmount is non-confenseble =t -1357°C, The rate
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maximam in o
Py ¢ )
tnan -45°C oo
composition ¢

Pirsni respon

on the bzsis

formaldenyde
to be formed
responses of
© The remal
cogdénsaoles

The UV sp

contains a e
10
chromOpnore.

and when degraded

322, 335 and
degradation t
absorpiions

, "

1c2
¢ curvoes for trans ot teznerstures lower
curs ofF 26470 indicating that the procluet
nengos caving this stese of reaction. The
zeo Guring thils TVA pesk cen not be expleined
of weler and acctaldehyde 2lone, and possibly

and hydrogen which have also been reported
101,60

during the degradation, account for the
B s i : . . '

the -100"C end -196°C Piranis.

ring two pegks are malnly composed of non-

o
a mexina at 459 and 52% C.

arn

ectrun of poly(vinyl slcohol) frequently

A

e
av

\1

&

1” which is caused by the dienone

c,l\.

Q4
Gelvatol 060G had no such absorption,

geve mexime e%v 235, 263, 273, 283, 307,

352n4, (fig. 47). In the early stages of
he first four were not as strong as the

“1 <
L0LgeX

at wavelengths, but later the pattern

beceme similar to PVA.

Conclusions

Exeminati

films indicgves
from the polymers

first unsatursied

on of the UV spectra of the partially degraded
that pol vcnlor0prepe behaves differently

Giscussed in this cLuuter in that the
e¢ ctructure is produced by +the elimination



Absorbance
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Fig. 47.

undegraded (a) and heated at 5°/min to 221°(b) 265°(c) 290°(a)

t L
250 380 3590
Wavelength, mp

UV Spectra of 100 mg. films of poly(vinyl alcohol)
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of only one nclecule, Conversely in the ot

r
zipper reeactions occur causing the Tormatiocn of various

lengths of conjugeted choin by the elinmination of severel
molecules.

" The zip length is highest in PVC, next comes poly(vinyl
alcohol) and then PVA and poly(vinyl formete). Progressive
degradation in these polymer filis does not cause nore
absorption to take place at longer wevelengtins as might
be expected =zg the conjugation length increased. In fect

th absorp-

a3
[
mJ
)
O
L)
<t
o
e
D
=
‘.'D
0‘ )
ch

tions probably because cross-liniting reduces the effective
length of conjugation by decreasing chain mobility =nd
preventing the formetion of the planer configurstion of
the polyene. An altemative explanation is that the long
polyene sequences tend to cyclise 1o aromatic structures
with increasing temperzture. A shift to shorter vave-
length as thesgegradationutemperature rises has already
been observed  for PVC films end solutions in the temper-
ature range 150 to 220°C, |

TVA appears to be a very sensitive technigue for
deteéting the evolution of degredation products of lower
moleculsr veight thar those exvected from eliminetion in
the PVA type of polymer, Puture investigetions to deter-

mine the origin of these minor products should provide more

£
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Inconnetibility

"In a solution of itvo polymers, the molecules of each

i .

type tend to aggregate so thet above & certain concentr-

ation, & phese separation occurs and two layers are formed
105,105 ‘
in the solution. Zveporation of binsry miztures

of polymers in solution usually produces an opague film
vhich contains micelles of one polywer in & matrix of

the other.

The phenomenon menifesteC by The absence of random
mizing of the polymers is known as "polymer iacompatibility"

end has been explaiued in terns of Yhe thermodynamic pro-
107, 103

perties of polymer solutions, Polymer blends,

especially rubber or synthetic elastomer reinforced sityrene

resins, are very imporiont technicelly end their morphology

has receized some gttention. The subject has been reviewed

by Fettes 09 who reported that the gize of the micelles

is often between 1 and lth In erxamingbtion of the struc-

ture of blended films is described in = later section of

this chapter,
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Tn spite of the helerogwosity of the mixed polymer
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thernmsl degredation. Thus cnd Selter  obeerved

thaet adnixture of nolv(x~methyl styrene) with polystyrene
increased the yield of styrene moncmer duriug degradation.,
Poly(-methyl styrene) depolymerises by a radical chein
resction at a lower tempersiure thga is regiifed to degrade
polystyrene, and the radicals vroduced can ini%iaie degrad-
cation in polystyrene. |
15,27

Before licHeill and ¥eil's rscent papers desoribing

effects in the degredation of blends of PVC or yoly(vinyl

acetate) with some other polymers, intersctions had also

been reported between polypronvlene zud seversl vinyl
| 111 112

polymers, . Dbetwsen polyacryloniirile end scetyl cellulose,

: 113

and between poly(methyl methccrylate) (PiZiA) and PVC.

Degradation of Nixtures of PYL eond THNA

The PVC/PIlA system was cxtensiwvely studied by MeFeill
16,27
end Neil who found that V0 initiated degradetion in
PiMA,  Exanmination by DC -TVA indicsted that hydrogen
chloride evolution from PVC wee 11

considerably more methyl meticoeryylate was lost at g early

stage in the degrafsztion. Thie pesk nexinmunm temperature
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emount of non-condensable nroducis was ovelved in the laverw
part of the degredation.

The theory put forwerd to explain ti.cse chenges was
that chlorine etoms from degrading IVC diffuse iﬁto the
PLEA regions in the blend and initiste = lepolyne
reaction. The PVC degradation ie retarded by the loss
of some of the chain propegeting chlorine aions, L seconc

type of intersction elso tekes place, in which the hydrogen

AT higher

ge bregiz dowir to give non-

tenperatures the enhydride rin

o
US e

condenszble produc
If the above theory is ccrrect, =und
its favour is very convinecing, then it seems possible to
use the earlier production of mozomer from FIHA in &
blend with another polymer, as a criterion for the presence
of small radicals during the thermal degradation of the
other polymer,
The degradstion of blends of polychloroprene (PC) with

PIA was therefore studied to see if radicals could be

detected in the breakdown of polychloroprene.
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‘ne polyzer blends vere exenined in the form of filis

castv on the base of small crucibles, four of wahich could
stend side by side at the botiom of 2 normsl sized TVA deg-
radation tube. For comparison with the resulte for vlends,

~ ;-- -

a film of pure PHIA was cast in two of the crucibles and
pure polychlorogrené in the other two and the four placed
in the TVA tube and degraded sinultsneously. Each crucinle
conbained 10m 1g. Oof polymer from the vecuunm eveporation of

Iml. of toluene solution,

The extira teupersiturc lag arising from the use of the
crucibles inside the degradaltion tube wes easily deter-

R

mined from the TVA curves of the unblended films since +he
peak maximum ifenperature for both polymers weas alresdy knowmn,

PrilL Cegreles completely to monomer by tvwio possible

reactions. In the first, depolvmerisation is initisted
&t unsglturated chein ends, and in the second, the depoly-

] =

merisation reection proceeds affer the random scission of

cne of the backbone C-C bonds, Thus PL¥A prepared by
. 115

a free radical process shows two pesks in the TVA.

The lower temperature peek is due Yo the first resction

el the peek size is proportional te the nunber of unsetursted

-

chain ends which the polymer contains. Very high molecular
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unsegturated cheain enls sre proliuced in tre snionic volimen-
isation of methyl nmethacrylzte and therafore this polynerx
&lso has only one TVA peak, ‘inionic P74 (prevared by

D. Weil) was used in this investigation.

In the DC ~TVA the methyl methecrylate from PIilL deg-
radetion is tra@ped at =75°C but hor fully oon&eﬁséd, gince
it distils awey at a2 constant limiting rate. Ionoumer is
completely condensed at temperatures of ~100YC or lower.

The DC ~ TVA curves for polychloroprens have slrezdy
been aeSCfloed (Chapter 3).

The curves for the 1/1 blend are shown in fig. 48
together with the curves oblained from simulteneous deg-
radation of eqgual amounts of unmixed polymer.

It is clear thet no early PIHA breakiown tekes place
but the evolution of VOlat le products is Cdelayed 1o higher
temperature. ' Analysis of the alfferent Piranl responses
in detail, gives more information abtout thz interaction
whiéh the two degrading polymers have on one aroﬁLer.

he -196°C trece for the unmixed sample is &s expected
from the degradetion of polychloroprene =lone, Degradai

of the blend gives an entirely new pesk of non-condenssble

material with g naximun at 4 7



PIRANI RESPONSE mV

Fig., 48.

FC/Piid  DC-TVA 107 /min,

20 mg each polymer,

Traps,

300 350 400
TEMPERATURE C

_0°C and »4500..
-75°C. :
-100°¢,

-196°¢,

450
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The ~-J00 ¢ Trece resnonds 1o hvirozen chloxide as well

0
s the non-condeuns es, but not to methyl methscrylate.

L/”
V)
[®)
-
G
-

O 1. + . CO Y. TR
The maximua at 3707°C in this wrace is only shiived very

chenmical effect on the hydrogen chloride evolution.

In the unmized polymers the -75°C trace clearly shows
the limiting rave eife by renaining at & counstant level

above the -100°C trace. This also happens in the mixed
system, but the separation becomes smaller st the top of

tThe second peek due to the non-linezr response of the Pireni
gauge. Honomer production starts earlier in the unmixed
films and the -75°C trap is still losing monomer at the

end of the heating programme (500°C), but in the mixed
pdlymer system the limiting rate distillation is finished

by the end of the run. Thus TVA indicates that less monomer
is produced in the degradation of The mixed polymers.

The effect on the 5%min. TVLA deg
vamount of polychloroprene blended -with PMIA, is illustrated
in fig. 49. 105 by weight of polychloroprene in FIIIA
pfoduoes a olear’film, TVA of which shows the peak for
PHIIA degradation shif ted o higher temperature. In plece

of the large non-condensable pezx produced in the 1/1 ble

T

Ch



oo
oo™

TUNLV O E WL,
T 08¢

« @ o
-’
PR

00¢

-
e 0 e ee e s e
4
o t ¢ " -
o« .
' * v o
.« ..
.
-
. . |
' .. |
- A.mv 0
u -
- -
n .
.. .
‘.
-
. /
.
-
.
) °
.« .
N .
.
AD.V “es®
- Y ;
L . )
- . .
- .
.
\
[}

OOOOH' '-.os-

ooo

m.m«.me .

(a) (®).

pexTm OT/T ()

pexm /T (1)
T/ oS

Au
INVYId

poxpmun T/ (%)
VAL - 00 VWAd/0d ‘6% “91d



N PN YAt s - O R U
The TV4 evidence mey be suruarissd in four points.
X ;
o aa i wswern s a1
1) There is no incresse in PULL degredaticn early in the

éegfadation.

2) Eydrogen chloride evolution from polychloroprene is 0ot
affected.

3) Honmomer production in PMIA is inhibited, teking place
et & higher temperature end to & smaller extent, Only

.2 small amount of polychiloroprene in the blend is required

ect.

=y

to produce this ef
4) A new peek of non-condensable materizl appears at 417°C
(10 /@in.) the size of the pesk depenting on the amount
of p61yohloroyrene in the blend.

\

The effects described in (3) and (4) were observed in
15,27

PVC/Pilih Cegradation by HeKeill and Heil but the extent
to which (4) took place was a good Geal smaller. The

a4

explanstion was found

f‘

n the reaction of hydrogen chloride

[
e

with FIMA causing the formation of anhydride units in the

Cchain. The enhydride rings stabilise the PIHA by ecting

as blocking agents through which The unzirbinﬂ chain reactiion

cannot pass. Only a few units are recesca*J o cause
significant enhancement of stability because c¢f the chain

nature of the resction.
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Six membered ring axnydriccs are formeld vhen poly
2 I} R 1 M, PPN (I T S, s
(rethecrylic aocid) is hected, Tne regulling polymer i1s

1.

known as enhydro-poly(methacrylic scid) eund 1t is an obvious
model for +the structures profaced in FINA by the action
of hydrogen chloride, tohydro~poly(methacrylic acid)
degrades by breas up of Lueggings to glve cerbon monozloc,
cerbon dioxide end methenec. [ “The TVA mavinuvm for this

)

) _
reaction occurs at 452°C at = beating rate of 10 “/min.

The infrared spectrun of the polymer wos examined by

(&2

Grant and Grassie who observed bvands at 1795, 1750 and
-1
1022cm , characteristic of eiz membered anhydride ringe.

Veleill and Feil extracted PMIIA from & parti

A

"‘J

211y deg racea

PVC/PITA blend and showed thai the infrared spectrum of
-1
this polymer contained smell peeks ot 1800 snd 1020cm
27
due to anhydrides.

The salt disc technique ennlioyed to examine films of

deeraded vpolychloroprene was clso uszed to investipgate the
o p £ g

chemical structures within degrzded 1/1 PC/PITA blends
The spectra oblained are shown in fig. 50. There ic
no doubt about the presence oI Twin carbouyl pegks at

1800 and 1760Ccn and a C -0 stroeter ot 1015cnm =11l of

¥ IllCIl &re
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Fig. 50, Infrarcd svecira ol 70/F blend filus
o
heated at 5 /min o Tenperature shown
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o heve betler definition than those from
pressed discs @s used to examine polymer extracted from
PVC/ 1A blends, but more importantly, detectlon is nade
easier by the fect thet the concentration of anhydrides in

PC/P2IA blends is much higher,

9 1.7 ] ~

The spectra ghow the grovtn of esnhydride peeks as

ester groups in the polymer react with hydrogen chloride.
In the last specvrin most of The FHIIA hes been removed and
onlv anhyérice units ere left with the polychloroprene

residue. In a further spectrum {not shown) of the ue

| &)

esi

m

from degreiing the dlend to 4107°C 2ll the anhydride sbsorpiions
have gone and 2ll thal remaines is & spectrum of the resicue
from polychloroprene degrztabtion with a little extra
absorpbion in the 16560 - 1770cm  region.

(d) Volatile Products

Besides methyl methacrylate and hydrogen chloride, carbon
dioxide end methivl chloride were identified in the degrad-
ation products of PVC/PILA blends: Tae amount of carbon

dioxide was sufiicient for debtectlion by infrared anslysis
of the producis in & gas cell but methyl chloride was onl
detected by maess snectral analysis Substences nov

conCencsable at -126 € were not collected for znalysis by
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D iation we 5°/min,

in the L mperature

[

h)

» exclude solvent znd also
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M
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or loroprene res ue

The
of a l/1 PC/PI1iA blend

f.’)

spectrum of The

Zases

is

C"

the same amount of

)
<,

e

v

of intersction.

larger semple

ltaneously
anc
range 200 to 450°C, this being

methene from the lg
egral
shovn in fig.
£ the pol

sv to determine which

Tubes were counect
The use of
and also i
41 thout

the vroducts were collected

tier gt
fro

n de

10
t)

peaks

The - bends at 2340, 3700 and 6TCcm  indicate carbon
dioxide while the twin vesgks with fine structure st 2180

-1
2120cmn - are evidence for

By analogy with enk

L7

1ydro-poly(methacrylic

-~

carvon monoxide.

acid) methane

is predicted as a product, tut ils spectrun is almnost entirelyr
¢hzscured by other absorpiions. The strongest peak in
= e
B -1
the spectrum of methene is at 302Cca  but the unnmized

ed.
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bl : LT e - T el 2 - O DR,
polymer productys ol pive ¢ Dena Lun uhle pos

the hydrogen chlori e

ional fine struciure is seen between 3050 and 3100cm

i

pletely overlappsd by the spectrum of methyl methecrylate

his fine structure 1g the only evidence for methene which

the spectrum skord.

Kethyl chloride ig olso present in the mixture, thouvugh

only & part of iie syecirum ig free from interfercnce by

othner absorpticunc. Kethyl chloride gives three bends

1.0 3

75Ccm  which are clear in the spectirun

-

between TOC and

of the producte from the blend. It slso gives fine structure

in the region 100 - 110Ccm iut this is obscured by en

absorption of & Gifferent kind nov present in the vyroducts

The other part of the methyl cnloride spectrum which
can be identified is the fine structure betvween 1350 and

1450cm  waich ig superimposed on the methyl nethacrylate
absorptions in this region. In the products of the unmixed
' -1
semple the largest absorption in the J000cm  region occurs
=1 -1

at 2960cn , but inm the blend it is at 298Ccm  with suother

-1
nerp bav olmost as intense peelk at 2950 - 2950cnm

-1

Hethyl chlorice nzs two strong bends =t 2980 znd 295Ccwm



viich are probnghly respounwible lTor Tha

in this region.,
The three pesks et 1020, 1020 ey 105Com exe ceused
by methanol which also gives a small 0 ~H stretching vibration

between 3500 and 3700c

=

(e) Action of Anhydrous Eyirogen Chloride on PITA
27
Kcleill znd Feil — proposed a macheniem for the formalion

of anhydrides in PIIA by the eaction ¢f hylrogen chloride.
This mechanism required both methancl snd nethyl chloride
to be produced in egquimolar amounts =xd wos thue open to

. q-

doubt since methenol could nol

The fzct thet methanol has now been Observéd in fhe
prodﬁc%s of the PC/FIHA blend proves thael the proposed
mechanism is essentially correct as Tar as the products

of reaction are concerned, tult thers is no evidence for

any of the intermedistes. It is poseible that exr acid
chloride group might be formed transiently before rescting

to give an anhydride. Toe mechanisn suggested by Melleill
end Neil is shown in fig. 52.

(£f) Reasons for the Different Rehaviour of PC and PVC in

Blends with PRTIA

]

From the resulis presente

joF]
m
g
e}
-
48]
* J.
prs
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w
H T

o]
o
rn
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D—l
l..l
D
t+
C

derive two conclusions.

Vi

1) PC/PILA blends do not show sny interaction of the tvne



Fig. 52

The possible effect of HyGrogen Chloride om PilA (from

reference 27).
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2} TFiliA rescts with the hydrogen ¢

polychloroprene in the same way as
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an explanstion for the differences
bure range in which the resctions

prene degredation in the mein teke

in PVC/IHﬁA blenls,

& plece ab

80" ¢ higaer than PVC. The PITHA orobebly reacts

-

readily with hydrogen chloride ab
If this is so, then the stzbilisgin

chloride would reduce the amount ¢

produced by depolymerisstion initied

L

Even so one would still expect to obszerve some early depoly-—

nerisation.
Moreover it wes shovn that es

could initiate depolymerisation.

used in the blend wes the type HC30,
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The size of the micelles too, might have an effect,
since the larger they are the less likely it is that
3iffusion ccross phase boundaries can teke place, It is

shown in & leter section of this chenter thet the micelles
of polychloroprene in PNIEA sre much larger than in the 2VC/
PHIZA blend. Hoviever, emall nicelles zg well zs ler

ones gre formed and the 107 blené conteing micelles comm nar-

TTTYTA

able in size to those in the FVC/FINA blend, snd yet early

depolymerisation of PIIIA is completely absent.
Although some other explenctions have veen discussed

in the presesding paragraphs, the siz

I

plest and most conviuncing
interpretation of the results of the experiwments on PC/PLA
blends is that no small radicals sre produced in degraling

polychloroprene.

KR

Degradetion of Blends of Polvchloroprens snd Polystvrene

When blends of polychloroprene and polyst
ere execmined, polyc lloronreue igs found to czuse the sanme

£}

effect on vpolystyrene =s FVC. Dehydrochlorination of P\T



is retarded vy pleuding vwita 116 z2nother volymer which heoe
hydrogen =a%ous which are suscepitilble To ebsitraction by

(o]
cnlorine atoms°L The Cegredation of the other poliymer
may or may not be affected by this interaction. In PVG/ZE

the PS is delayed, probably
because chlorine ztoms from PVC cause‘cross~linking or
chein scission in the polystyrene znd incresse its thermsl
stability.

20mg. each of polychloroprene end polystyrene vere

&

“degraded ae nired sud unmixed filnms in two crucibles incide

Comparison of the TVA curves from mixed and unmizxed

samples (fig. 53) indicetes that the peak meximum for

c"

ion is chengedé from 407°C +to 427°C (5°/

f‘)J

polystyrene degreds

.\

min.)., Styrene is the main product of degredstion of

volystyrene and gives & low limiting rate in the -75°C

58,59

trap. The -100°C trace is due to the degredetion
products from polychloroprens end it is evident that no
chenge in this takes place. ‘

(b) Bffect of Hvdrogen Chloride on Polystyrene

Although 1t wes Gifficult to imegine how hyérogen

2

chloride could reszct with polystyre

"

e o give a poliuer

with ineressed stability, two experinents were periformed
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to deternine whether Thig wonsibiliity could be discounted,

- - RN el ey ey S e RaXi " e e} 1~ A e
In the first exwesiaers, Z0mye filme of rnolychloroprens

- - Cey = -~ 5 3 25 - oL
end of polystyrene ve Lasd 2t 5 Jrmin, in separate

A T U RS s Samed o
crucibles in the degredsiion tube Jjust as when cobtaining
R ) o R o , = Dy N AN ha i PUT ) 1
the traceg for the unmixed Tilm Lfter the solvent hed

been removed the teps isolating
the traps were closed. De
temperature equivalenty to'the nininum between the two
peaks in the TVA curve of 30130hloropreﬂe,

After cooTiv~, thie Yaps vere opened and a TYA run of

the remainiﬂg polymers, The polystyrene peek was found

to be reduced in size by ebout one third end the peak
maximum occurred &t 415 C (c.f. 407 C for PS not treated

in this way).

The effect of & Ldgher nressure of hydrogen chloride
on polyvtvrene was exemined using the system shown in fig. 54
A orucible conteining a 20ng. polysityrene film was surroundied

P LY v

by 1g. of small lumps of volychloroprene. The stonper

at the top of the tube was laped down znd hesting slarted

at 5%min.,

Lfter the sgolvent had been removed, the tube
was sealed off at the side arm without interrunting the

neating. The volume in viaich the hydrogen cnloride froxm

cr

the degradotion of polychloroprene vas confined, v abou’

L)

250ml. and the highest precsure resched wves caleuleted to



Fig. 54. Apparatus used to examine effect of EC1 on Polystyrene,
b
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surface of -the polymer wes affected,

the hydrogen chloride on polystvrene. LGCition to douvble

bonds seens unlikely because most polymers conteining chlorine

elininate hydrogen chloride t¢ fora & double bond a2t an

early stage in degrpdation.
Homolytic scission of the hydrogern - chlorine bond

might take place, especially in the precence of redicals

presence of glkyl radicals hes been held responsible for

the catalytic effect of hydrogen chloride during tThe pyrolysis
117 1138
of dimethyl ether ané neopentane at temperatures of

450 - 480°C. The catalysis is due to the fact that a chlorine

atom gbstrects hydrogen & hundred tines fester then a meth
117
radical. Hydrogen chloricde cg
. 119,120
of t-butyl peroxide in the range S0 - 185°¢C and will



107

not ach o slonn a2t 15530 wnlces & peroxide catalyst
ie prezent. ere Telten ag evidence that
chlorine atous zen ve forned at fairly low tenpersiures
by rezction oi & peroxide radical with hydrogen chloride.

It is not known 1f chlorine atom formgtion from hydrogen
chloride is zesponsible for the sutocetelytic effect in
?Vb deg radaliciie

. 1.

h polystyrere by abstract-

ion of nydroren to form & macroradicel which could act as
a centre for sciscion or cross-linking. Rezction wit

The nqrmal node of polystyrene degradation and thus
would geem unlilely <the
cetabiliity, althougn o emall shift to higher temperature
has been observed in poliystyrene degradation es The
olecular mcight‘is reduced. The chlorine stom could

S

vith a hydrogen atom on a phenyl group to

however

-

produce a radical not found in degreding polystyrene becauce

none of the radicals in the degredcition have the cenme
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Proposed mechsnism for the action ¢f chiorine atous
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linear vnolynew,

If o chlorine

3 (R ] SRR e rra an N - A o JERE TR e I )
stebility of polysiyrene in the blend, then tThe cuzotion

3 N L L] . - o o] P (S B St FUR e I
arises whether it is protuced directly in the nolyoer

-

PYC des rudbulon and

in PVC/PS Dblends.

evolved atl a higher tempereture and the pOLystvroge ig

,1ready degrading, thus a radicel regction betwesn the

Thet no innibition of Cehvdroch:lorinaticon

was obuel reC in PC/PS blends, the posgibility tThet chloriie
atons are produced in polychloroprene Cegradation cannoct

be completely e

Degredation of B

With Mr I. Davi
¥ixed end unfized films of polychloroprene znd PVC
were heated =t 5%min. in & degradation tube vhich hed o

short limbs alltached To ithe base, replecing

in the previoug experinentis The TV. copparctuc ueed vog

*

a tvo trap differentisl condencetion svetem usins Lomnoisiurd
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end ZVQ degradations, If the acticm of the chlorine

redicals from PVC hed an 1nitiating erfect on npolychloro-
prene degrzfeticn thwen some OF the nydrogen ckhloride frouz
polychloroprene woulld be evolved =t lover temperstures and

e a

The ypegk et 350°C would be reduced ixn size, Hoviever

this system without

conclusion derived from the TVL results is that V0 is



Fig, 56. PC/PVC 5°/min TVA
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of ths Siructures of Blends

The svructures of the polymer blends discussed in Thi
chap%e“ were ezamined by optical and electron microscepy.
Several such examinations of other polymer systems have
alreedy been revorted, using & variety of technigues to
contrast the polymers in the film,

Speeinen preparation for phase contrast microscopy
involving mounting, ﬁégrotoming and staining has been
described by Traylor ’ end his method has been used to
study blends ow styrene /ecrylonitrile copolymers of various
compositicus. et The picture thus obtained for s just .
incompativle blend is similar to the eppearance of the

PVC/PMMA film exemined under the microscope in this work.

Electron microscopy has also been employed to study

125 - 133

polymer films. Unsaturated elastomers cen be steliuad
134 135

with bromine or osmium tetroxide, enxd chrome shadovwing

or replicating techniques cen be used to show surface features.
In this investigation unstained polymers were examined

direétly using en electron microscope and a simple optical

microscope without phase contrast. Semples were prepared

in the form of very thin films which meent that microtoming

wag not required. The chlorine gtom in PVC or polychloro-

prene has a2 high enough electron density to act as a staining
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Solutions vus £ Ymge./ml. znd lng,/ml. polymer

in cyclohexavcrs (for blends coﬁtaiuing PVC)‘or toluene.,
The solution of the blend was cbtained by mixzing 1lml. of
each of the appropriate solutions.,

For 6ptical microscopy one drop of mixed solution wes
spreéd on z gisss slide where it guickly evaporated;
Dimensions of fegtures in the film were estimated by com-
ﬁarison with 2 five halr, the diameter of which had been
accurately determined by a micrometer screw gauge.

For examinsziion by the electron microscope (Siemens

Elmlskop 1), ouns drop of mixed solutiou was allowed to spread

1]

freely over a water surface and solvent evaporation was
virtually instendeneous.  Part of the thin film was picked
up on a small copper grid by Iifiting the grid from below
the surface with: o pair of forceps. Ideally the film
would bresk round the edge of the grid but the failure
rate for this opveration wes feirly high. The mounted film
was 1nsp cted in the optical microscope before being placed
in the sample cheamber of the electron microscope.

Films containing polychloropreae hed to be examined
very_shoru¢J after preparation otherwise oxidation caused

their complete disintegration. The energy of the electron
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beam soon burned holes in the Iilm znd the sampls wes
kept moving between brief pauses for focussing and
photography.

(¢) Poly(methyl methecrylete) Blends with TVC and

PolyéhlorOprenev

The 1/1 PVC/PilA blend appeared as a mottied film whan
examined under the microscope. The micelles were estimated

to be 1P or less in size and this was confirmed by +©

photographs obtained using the electron microsconz (Flates
1 and 2). The two photomicrographs show that the size

of the micelles veries from one part of the fila to another
and that the phase boundaries are not clesrly defined
(especiglly in Plate 2). The dark lines in the photographs
appear to be folds snd the holes in the film are quite
obvious.

The 1/1 PC/PMMA blend showed o much grest

(0]
H
oo
6]

incoﬁpatibility. Large irregularly shaped micelles were
seen under the micréscope end their size wgzs estimated at
about 2-'20F° Plate 3 was obtained by electron microscopy
and shows that in sddition to the large micelles, small
ones also are formed. The phase boundaries of the large
structures are very shar§ but the small ones seew to blend

more with the surrounding metrix. The dark regions are

frequently puckered and occasionally contain areas of the



Plate 1

PVC/PKKA 1/1 Electron Microscope 3,200 1



Plate 2



Plate 3

PC/EMMA 1/1 Electron Microscope 3>200 X



In oxder to determine which phzse was polychloroprene,

was exanined., This w

»
u

predomingntly

i

a Gurker colour indicating that the derk phese was pol
chloroprenc. Most of the film was composed of light spots
on a grey background (Plate 4) but occasionally dark areas
were formed on the same shalde of grey (Plate 5Y.  This

rests that the phase iuversion occurs at sbout this rat

so that a small local concentration change may cause a

(1]
{3
%‘:

fferent polymer To accumulgte in the micelles.

A film of 2 1/5 blend of PC/PIMA was also photographed
(Plate 6). This shows that polychloroprene micelles
becoﬁe mich smaller and the rhase boundaries less distinet
then in the 1/1 blend. The wmicelles are mainly smeller
than those in the 1/1 PVC/PKSA blend end the contrast is
sbout the sgme. A 1/10 PC/PIIA blend broke up oo easily
for mounting in the electron microscope and also gave too
little contrast for successful exemination optically.

It ie likely however that at this ravio the polymers are
éompatible or very nearly so, with extremely small regions
of the dispersed phase. The amount of mixing in the 1/10
PC/PIEA blend therefore seems at leest 2s good as in 1/1
Pvé/PKNA which indicates that a szmple form effect does

not account for the absence of radical induced depolymer-

10



Plate 4

Electron Microscope 32200



Plate 5

5/1 (minor on Microscope 3?2200 X

mMm



Plate ©
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ond Polychloroprene

The incompstibility of PYC with polystyrenioifn tetram~
hydrofuran solution has alresdy been reported. 0

The 1/1 PVC/PS blend showed poor contrast when
exemined opticzlly but a picture wes obtained from the
electron microscope indicating that rourded micelles of
polystyrene about 1;Jiﬂ size were formed in a PVC matriz.

The 1/1 PC/PS blend cast as & film on a microscope
slidé, showed irregular regions of polychloroprene of
between %uand lOﬁ in a matrix of polystyrene.

Degpite the d@ifferent microstructures of the blended
films the effect on polystyrene degredation is the sane
in each case.

(e) Polystyrene/PVC Blend

¥o incompatibility could be detected dy either type
of microscopy but this wes probably due to the lsck of
contrast in the two polymers. The method of steining with

osmium tetroxide might be useful to exemine this blend furtber
Sunmery

Blends of polychloroprene with PIMKA show none of the

v

early depolymerisation reaction which is one of the strongest
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pieces of ewidence foxr the

during the degrsdation of FVCE/PINIA blends. The hydrogen
chloride produced by the degredatiocn of both PVC or poly-

chloroprene interacts with PITIA blended with them and
causes the formation of six membered enhydride rings.
Because of the higher temperature of degradstion of the
PC/PMMA system this reaction occurs to a much largsr extent
than in the PVC/PiiA system.

The TVA curves of PC/PVC blends shows that polychloro-
prené behaves like meny other polymers in delaying the
degradation of PVC. There is apparently no large effect
on the degradative behaviour of polychloroprene, again
suggesting tkat chlorine ztoms are not involved in the
dehyGrochlorination of this polymer,

An increase in the tempergture of degradation of poly-
styrene is observed in the TVA curves of PC/PS blends.
This at first suggests that polychloroprene behaves like
PVC and causes the stability increase by interaction of
chlorine atoms with the polymer perhaps producing cross-
linking. However other results indicate that hydrogen
chloride alone can effect a small increase in the thermal
stability of polystyrene. In view of this, znd taking
into consideration the fact that in the polymer blend the

hydrogen chloride mgkes much better contact with the poly-
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styrere, 1% concluded thet the experiments on polymer

[N
w

'

blends indicate thet small radicals do not pley en importeant

pert in polychloreoprene Cegradation.




DISCUSSIoN

Thermal analysis shows that the dehydrochlorination
of polychloroprene is not a single stage process. A small
amount of eliminstion occurs below 300°C (at 10 /min.)
followed by the main dehydrochlorination resction which
is accompanied by side rezctions. The eerly degfa&ation
is discussed first separately since it seems to be uncon-
nected with the main reaction.

Although less thzn 5% of the hydrogen chloride content
of the polymer is elimineted in the first steges, this ecrly
degradation can be detected by TG and TVA and it also shovz
up very well in the UV spectra of the pertly degraded
polyme;.» Comparison of the results obtained by these three
techniques applied to samples of EC30 and PC-40 indicates
a correspondence between the number of irregular structures

<

in the polymer and the amount of low temperature degradation.

The tertiary allylic chlorine atom formed by 1,2 8dali on

_,\

is known %o be a source of instability towaxrds hydrolysis
136
and reaction with emines. Furthermore componuc contair~

ing alggcondary chlorine in en allylic position have been
shown to be much less stable during gas phase pyrolysis

than a model compound for the vinylic chlorine in the major
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Dehydrochlorinstion at & 1 asily result

in a triene (page 81) and Tthe UV results indi

[

rate Thot
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the formgtion of unsaturation im one unit does not initiate
the production of long polyenes as in PVC.

TVA showed that two stages of early dehydrochlorination
could be distinguished (A andng pege 42). The polymers
prepared in the absence of oxygen showed very little stege
B rezction but all showed stage A to some extent. Possibly
1,2 units themselves cause the stage A degrzdation, and
some structure produced by oxidgtion either of the labile
1,2 units or of the normal 1,4 units causes stage B. It
was not found possible to produce a polymer with increased
stage B degradation by accelerslied oxidestion at over 100°C
(page 44)_but the two polymers which Gid show stage B volat-
ilisations were ‘the polymer prepared in air at %0°C end
the SC20 polymer after storage for 30 months. -

The results described for the degradation of polychloro-
prené blends (chapter 8) suggest that the degredation of
polychloropreﬁe does not involve chlorine radicals. By
analogy with FVC, the propagation step of a radical mechanism
" would take place as shown below, but this does not seem

at all likely in view of the amount of rearrangement required.
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Against the evidence from chgpter 8 must be set the
fact that & value of n = 1.5 appeared to fit some of the
kinetic data. This velue has been found for PVC and is
typical of many redical chain reactions. However the
kinetics wére treated by separating the dehydrochlorination
from the other reactions which may not be a valid approach
to the problem znd the value n = 1 obtained for the overall
weight loss may be more useful,

78,79, 138,139

Several suthors have warned ageinst reeding
mechanistic significance into the kinetic results obtained
from thermo-enalytical techniques especiglly where overlapping

regctions are conceraed. The value of the ectivation
energy cen be used as an index of thermal stability, but

nust be carefully interpreted in the light of 2ll the

knowledge about a particular polymer degradation.
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For insteancs, clinoug

for the actiwvetion ensrgy of PV0 dsgradaticn is éoout
3

30Kecal. /mole, TG studies have given a value
of B = 72.5%cal/mole. The rezson For this is probably thet
the reaction does nob foilow-simple n order kinetics
.because of the autocatalytic effect of the hydrogen c%loride,
although an alternative explanation has been offered. 2
When TVA results for PVC were treated by the nethod of
assuming zero order (page 68) another high velue of E #42ical.
/mole was obtained. “

 The figure of 30Kcal./mole referred to above was obteired
for isothermal experiments 1o which autocatalysis was not
involved. By comparison with this result, the velue of
E:=39.6K0a1,/mole for isothermal polychloroprene degradations
is of the'expected order of maggnitude,

The mechanism of degradation of polychloroprene is

rather problenatical and there is little informgtion to

be gained from the few studies made of the pyrolysis of related
compounds containing a vinylic ch%orine. A model compound,
3-chloropent~2-ene has been shown & not to decompose below
400°C which indicates thatl a large destabilising effect cen
be attributed to the polymeric environment. The difficulty
cf elimingting gvdrogen chloride from = vinylié group has

2

b4
also been noted in the degradation of poly(vinylidene



Lod
iichloxide) (CH CCL }iu Removal of one chlorine =ton
polyuer Jesves e vinylic chlorine which
ne elimingtion resction; but eventually pure
carbon is produced.
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I{ has been propoged that dehydrocnlorination of

polychloroprene by alkali metal in liguid ammonia tekes

place through an zllene intermediate. A nore 1i irst

5

ely

-

step in the heated polymer is the combinetion of the chlorine
atom with the allylic hydrogen on Cl in the next unit, <o

form a cyclobuvene tranéition stete. Ilgration of a

proton from 04 to 02 vith the simulfaneous opening of the

ring would form a conjugated triene as illustrated in fig. 57-4.

The transition state can never approsch a true cyclo-
butene or else enother method of rearrangement could take
place to form a pendant‘vinyl group (fig. 57B). Since
the absorption for these vinyl groups occurs at 9230m—l in
the infrared and is one of the first to disappear from the
spectrum of the degraded polymer, this transformgtion of
the transition state must be discounted.

The mode of elimingtion illustrated in fig. 574, is cer-
tainiy not the only type of hydrogen chlorine link up which
takes place in the degrading polymer but it seems to be one
which could teke place quite readily.

The apparent order of n = 1.5 means that the rate falls



Fig, 57
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off as the reaction procseds, by a greatzy amount thsn &
first order depemdence on rewslning chlorise. The wooe

)

with which a chlorine atom can be logt will depeiﬁ SRR ek
configuration of the polymer chain in its meighbourhoud

and those chlorine atons vaich ave best situated for elimi-.
ation will be lost first. As the reaction proceed: only
chloxrine atoms in sterically unfavourable positions ilil
be left to be eliminated at progressively lower reoizs.
Extremely accurate rate and composition measuremeniz =2nd
the development of complex kinetic expressions for ihe
dehydrochlorination would be required to test the wvalidity
of this view.

Qualitatively however the effect of the chain couligu-
ation can be chserved in the lower thermal stebility ouring
the main part of dehydrochlorination of PC~40 compared to
MG3%0 (chapter 3). In the more regular polymer, the chain
varranéement required before‘elimination can take ploce is
achieved more easily for a higher proportion of thz c¢hlorine
atoms in the polymer.

An interesting feature of the decomposition of poly-
chloroprens is the number of methyl groups produced in the
residue during degradation, and the amount of methzie lost

in high temperature pyrolysis. Many more methyl groups

are produced then during PVC degradation and the explensticn



for this lies in the fect Thet the interunit bord in poly-~
chloroprene is Illable fo brzak. If some dehydrochlorinaticn
has slready taken plzce, then 1epoi¢ﬁe;isation of the
radicels formed by the seission may be impossible; as fow

instance in the radical pair shown below.

\/\\/\/ VAVAY, \\ A

VA VAVA VARt V4 Vi VA

Both of these conjugated radicels could trensfer their
radical\cenire to eny point along the chain and might thus
produce cross-linking, but it is also possible that a
hydrogen could be abstracted go that a terminal methyl group
was produced.

Some aspects of this investigation could be profitsbly

pursued further, The technique whereby the changes in
the UV spectrum of é polymer are examined while the course
of the degrzdation is followed by TVA has alresdy been

applied to several polymers and others could be investigated



in the sagme way provided that @ satisfectory filn could
be cast in the silica degraiation tube. in sdaption of

the UV method night be suitable for routine testing of

(2]

polymers and especially for the comparison of the perfor-
mancé of stabilisers for polychloroprene.

It would be interesting to examine the UV epectra of
model chlorotriene compounds, & possible synthetic route
to which might be the action of phosphorus pentachloride

on octa~4,6~diene~3-0ne as shovn below,

/ \( AV AV A \\/\\
0 c1 .

One method of examining the mechanism of the dehydro-
chlorination reaction in polychloroprene in greater detail
would %e to use mcnomer labelled specifically with deuterium
or tritium. The isotopic ratio of the hydrogen chloride
evolved would be very informative and also some interesting

effects might be seen in the infrared C -H absorptions of

the residue, if a highly deuterated monomer were used.

Summex

The temperature programmed thermal degradation of poly-

chlofoPTene occurs in three overlapping stages. The



first is the loss of 2 smell awmount of hydrogen chloride

from irregular structures formed elther during the polyuer-

isation or by subssquent oxidesiion,

The seccnd type of Cecomposition is the loss of most
of “tre polymer chlorine nmainly as hydrogen chloride but also
10 a smell extent as mononmer and higher chgin fregue
The dehvdr ochlorination reaction occurs at g higher temper-
ature then in PYC and the activation euergy for the process
is about 39Kcal./mole compareld o 30Kcal./mole in PVC.
Another contrast with PVC is the different TVA behaviour
of polychloroprene bleunds with poly(methyl methzcrylate)
where the absence of any early methyl methacrylate product-
ion suggests that chlorine gtoms are not involved ss radical
chain carriers in the dehydrochlorination,

The third stage of degradation is the decomposition of
the resmaup to a coke, along with the vroduction of quantities
of tar and non-condensable gases. Hydrogen and nethane
ére present in the gas products while the infrared spectrum
of the coke shows strong bands for aromatic structures
formed by cyclisation of the double bonds left in the polymer

after the elimination reaction.
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