
THESIS FOR THE DEGREE OF DOCTOR OP PHILOSOPHY

THERMAL DEGRADATION OP SOME VINYL CHLORIDE COPOLYMERS

By

Thomas S t r a i t  on, B .S c . , (Glasgow)

Chemistry Departnent 

U n iv e r s ity  o f Glasgow

Supervisor:

Dr. I .C . M cNeill

February, 1974



ProQuest Number: 11018008

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 11018008

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



P R E F A C E

The work d esc rib ed  in  t h i s  th e s i s  was c a r r ie d  out during  the  

p e r io d  O ctober 1970 to  September 1973 a t  the  U n iv e rs ity  of Glasgow 

in  th e  Departm ent of P h y s ic a l C hem istry, which i s  under the  

su p e rv is io n  of P ro fe sso r  G.A. Sim.

I  am indebted  p rim arily  to  the S cien ce  Research C ouncil fo r  

th e  award of a R esearch S tudentsh ip  and to  my su p erv isor  Dr. I .C .  

M cN eill, fo r  h is  advice and con stant encouragement. In  a d d it io n ,  

my thanks are due to  Dr. B. Dodson, notab ly  fo r  h is  co -o p era tio n  

in  th e ch lo r in e  -  36 la b e l l in g  s tu d ie s  and to  Dr. A, Scotney fo r  

h is  h e lp fu l ad v ice .

F in a l ly ,  I  would l ik e  to  thank M essrs. J . Gorman and R. F err ie  

f o r  t h e ir  te c h n ic a l a s s is ta n c e  and a l l  members o f  th e Polymer Group 

fo r  t h e ir  to lera n ce  and good humour.



C O N T E N T S

CHAPTER ONE: INTRODUCTION pA&E N0#

Polymer degradation  1

R easons fo r  stud ying  therm al degradation  2

Mechanisms o f therm al degradation

( i )  chain  s c i s s io n  r e a c tio n s  3

( i i )  su b stitu e n t  r e a c tio n s  ' 6

( i i i )  gen era l a sp ects  11

Methods used fo r  studying therm al degradation

( i )  gen era l methods 13

( i i )  r a d io tra c er  techn iques 15

( i i i )  TVA. 17

Aim o f t h i s  work 18

36
CHAPTER TWO: PREPARATION AND ANALYSIS OP Cl-LABELLED

VINYL CHLORIDE------ METHYL METHACRYLATE

COPOLYMERS

In tro d u ctio n  19

Experim ental

/ n 36( i )  p rep aration  o f C l- la b e l le d  v in y l ch lo r id e  22

( i i )  a l lo c a t io n  of a v a ila b le  i-a d io a c t iv ity  to  polym ers 25

( i i i )  determ ination  o f s p e c i f i c  a c t iv i t y  o f v in y l  26

ch lo r id e

( i v )  p o ly m erisa tio n  procedure 30

(v )  m olecular w eight determ inations 32

( v i )  a ssay  of polymer s o lu t io n s  32



PAGE NO.

( v i i )  e s t im a tio n  o f  ch lo r in e  conten t o f the copolymers 33

R e su lts  and d isc u ss io n  33

CHAPTER THREE: THERMAL DEGRADATION OF PMMA AND PVC AND 

PREVIOUS LURK ON THE COPOLYMERS

In tro d u ctio n  40

Thermal degradation  o f PMMA ' 4 0

( i )  e f f e c t  o f polymer p rep aration  method 41

( i i )  e f f e c t  o f m olecular weight 41

( i i i )  e f f e c t  o f backbone u n sa tu ra tion  42

( i v )  e f f e c t  o f other fo r e ig n  u n its  in  backbone 42

Thermal degradation o f PVC 43

( i )  i n i t i a t i o n  s i t e s  45

( i i )  c o lo u r a tio n  during d ehydroch lorination  49

( i i i )  mechanism of d ehydroch lorination  50

( iv )  in f lu e n c e  o f hydrogen ch lo r id e  53

Thermal degradation  o f VC -  MMA copolymers 55

( i )  mechanism o f la c to n iz a t io n  57

( i i )  e f f e c t  of la c to n iz a t io n  on copolymer s t a b i l i t y  61

( i i i )  o ther products o f  degradation  63

36
CHARTER FOUR: THERMAL DEGRADATION OF C1-LA5ELLED

POLYMERS

In tro d u ctio n  66

D escr ip tio n  o f TVA technique

( i )  apparatus 66

( i i )  product a n a ly s is  70



PAGE NO.

_ ( i i i )  determ ination  o f sample tem perature 70

( i v )  sample h e a tin g -r a te  71

D isadvantages o f TVA 71

Advantages o f r a d io a c tiv e  a ssay  o f v o la t i l e s  71

S ep aration  of HC1 and methyl ch lo r id e  72

E valuation  o f degradation  apparatus and technique 80

Summary 89

P re se n ta tio n  o f experim ental r e s u lt s  89

S t a t i s t i c a l  treatm ent of 1 , 3-* cy c liza tio n  rea c tio n s  o f 104

v in y l polymers

E m pirical and th e o r e t ic a l  r e s u lt s  fo r  th e  fr a c t io n  108

o f la c to n iz a b le  VC u n its  

D iscu ss io n  of r e s u lt s  110

G eneral assessm ent of the radiochem ical method of 114

v o la t i l e  a n a ly s is

CHAPTER FIVE : RELATED COPOLYMER SYSTEMS

In tro d u ctio n  116

V in y l ch lo r id e  — • methyl a c r y la te  copolymers 117

( i )  a n a ly s is  of v o la t i l e  products 117

( i i )  d isc u ss io n  121

V in y l ch lo r id e   n -b u ty l m ethacrylate copolymers 124

( i )  a n a ly s is  of v o la t i l e  products 126

( i i )  a n a ly s is  of c o ld -r in g  f r a c t io n  151

( i i i )  d isc u ss io n  132

V in y l bromide -----  methyl m ethacrylate copolym ers 134

( i )  a n a ly s is  o f v o la t i l e  products 135

( i i )  a n a ly s is  o f c o ld -r in g  fr a c t io n  141

( i i i )  d isc u ss io n  143



PAGE

V in y l c h lo r id e  -----  n -b u ty l methacrylamide copolymer 145

( i )  p o ly (n -b u ty l m ethacrylam ide): a n a ly s is  o f  145

v o la t i l e  products

( i i )  p o ly (n -b u ty l m ethacrylam ide): a n a ly s is  of 150

c o ld -r in g  fr a c t io n

( i i i )  copolymer: a n a ly s is  o f v o la t i l e  products 153

( i v )  a n a ly s is  o f c o ld -r in g  f r a c t io n s  153

(v )  a n a ly s is  of polymer resid u e 135

( v i )  d isc u ss io n  157

V in y l ch lo r id e  -----  m eth acry lic  a c id  copolymer 159

( i )  a n a ly s is  of v o la t i l e  products 160

( i i )  a n a ly s is  o f co ld -r in g  fr a c t io n  163

( i i i )  a n a ly s is  o f polymer resid u e 165

( i v )  d isc u ss io n  165

V in y l ch lo r id e  -----  sodium m ethacrylate copolymer 1 66

( i )  ch o ice  o f p o lym eriza tion  i n i t i a t o r  167

( i i )  p r e - la c to n iz a t io n  168

( i i i )  therm al degradation  o f poly(sodium  m ethacrylate) 170

( i v )  ,,copolymer,l : a n a ly s is  o f  v o la t i l e  products 172

(v )  a n a ly s is  of c o ld -r in g  f r a c t io n  175

( v i )  a n a ly s is  of polymer resid u e  177

( v i i )  d iscu ss io n  177

General con clu sion s 17&

CHAPTER SIX : THERMAL DEGRADATION OF POLYMER BLENDS

In tro d u ctio n  181

Purpose o f t h i s  chapter 181

General a sp ects  of therm al degradation o f polymer blends 182



PAGE NO

Blends of PVC w ith  PMMA, PMA and PBMA 183

Blend o f PVC w ith  p o ly (n -b u ty l methacrylam ide) 185

Blend of FVC with p o ly (m eth acry lic  a c id ) 187

Blend of PVC w ith  poly(sodium  m ethacrylate) 189

Blend o f p o ly (v in y l bromide) with PMMA 191

A study o f la c to n iz a t io n  in  VC -  MMA copolymers 193

u sin g  polymer b lends

( i )  b lend  o f copolymer w ith  FVC 194

( i i )  b lend  o f copolymer w ith PMMA 196

( i i i )  gen era l con clu sion s 200

APPENDIX ONE : POLYMER PREPARATION

V in y l ch lo r id e  -----  methyl a cry la te  copolymers 201

V in y l ch lo r id e  -----  n -b u ty l m ethacrylate copolymers 201

P o ly (n -b u ty l methacrylam ide) 202

V in y l ch lo r id e  ----- n -b u ty l methacrylamide copolymer 203

P o ly (v in y l bromide) 204

V in y l bromide -----  methyl m ethacrylate copolymers 204

V in y l ch lo r id e  -----  m eth acry lic  a c id  copolymer 205

Poly(sodium  m ethacrylate) 206

V in y l ch lo r id e  -----  sodium m ethacrylate copolymer 206

APPENDIX TWO : MOLECULAR WEIGHT DATA FOR THE 208

COPOLYMERS

REFERENCES 210



-  1 -

C H A P T E R  O N E

POLYMER DEGRADATION

Polymers in  everyday use are su b jected  to  a v a r ie ty  of m odifying  

in f lu e n c e s , some or a l l  of which may be in  operation  a t any tim e , 

depending on the p a r tic u la r  environment and a p p lic a t io n  of the m a ter ia l. 

These in f lu e n c e s  in clud e the a c t io n  of h e a t, l ig h t  (and other h igh  

energy r a d ia t io n ) ,  mechanical s t r e s s e s ,  atm osphere, chem icals and 

b a c te r ia .

In  c l a s s i c a l  chem ical u sage , the term "degradation" im p lies  a 

breaking down in  chem ical stru ctu re  and in  polymer chem istry t h is  

would be eq u iv a len t to  a f a l l  in  m olecular w eigh t. HoY/ever, polymer 

degradation  i s  now g en era lly  regarded as any d e te r io r a tio n  of those  

p ro p er tie s  which make the m ateria l com m ercially u s e fu l as a p la s t i c ,  

rubber or f i b r e . • A decrease in  m olecular weight i s  not always in v o lv ed .

Q uite o f te n , the lo s s  o f  one u s e fu l property  may lead  to  the  

development o f  another, so th a t degradation  can be used to  extend the  

a p p lic a tio n s  o f the polymer. Because o f t h i s ,  the term "degradation"  

w il l  be used in  i t s  broadest sense to  cover a l l  chem ical r e a c tio n s  o f  

polym ers.

The usual approach to  the understanding o f polymer degradation  

i s  to  study each m odifying agency sep a ra te ly  and then  tr y  to  deduce 

th e ir  combined e f f e c t .  C lea r ly  th is  approach has many shortcomings 

and i s  only adopted fo r  ease of study.

T his v/ork d ea ls  w ith  the therm al degradation  of v in y l-ty p e  

polymers o f gen era l structure-fC H  -  Vihere X and Y are e ith e r

H or some fu n c tio n a l groupv
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THE REASONS FOR STUDYING- THERMAL DEGRADATION

From a s c i e n t i f i c  p o in t o f v ie? /, therm al degradation s tu d ie s  

h elp  to  e lu c id a te  macromolecular s tr u c tu r e , such as the sequence and 

arrangement o f th e  rep ea t u n its  and sid e-grou p s in  the polymer or 

copolymer ch a in , as w e ll as the nature of the chain-ends and o f the 

c r o s s lin k s  between chains* Such s tu d ie s  a ls o  throw l ig h t  on the  

s tren g th s  o f  the variou s bonds v /ith in  the m acrom olecule, on the  

k in e t ic s  of degradation r e a c t io n s ,  on the e f f e c t s  o f t im e , tem perature, 

p ressu r e , and other v a r ia b le s  on r a te s  and products of degradation .

From a p r a c t ic a l  p o in t of v iew , therm al degradation s tu d ie s  are 

im portant in  th a t th ey  can e x p la in  the behaviour of polymers under 

c o n d itio n s  of h igh  tem perature and, a f te r  a p r e c ise  knowledge o f the  

degradation  mechanism has been ob ta in ed , e x is t in g  polymers can be 

s t a b i l i s e d  in  a lo g ic a l  way and new polymers “ta ilo red "  to  meet new 

or e x is t in g  requirem ents.

THE MECHANISMS Cl? THERMAL DEGRADE ION

The thermal degradation mechanisms o f polymers f a l l  in to  2 

d is t in c t  c a te g o r ie s :

(1 )  C h a in -sc is s io n  r e a c t io n s .

(2 )  S u b stitu en t r e a c t io n s .

C h a in -sc is s io n  re a c tio n s  in v o lv e  rupture of the main backbone 

of the polymer m olecu le. The products a t any in term ediate stage o f  

the r e a c tio n  are s im ila r  to  th e  parent m ater ia l in  th e  sen se th at the  

monomer u n its  are s t i l l  d is t in g u ish a b le  in  the ch a in s . New typ es of 

end-groups may or may not appear, depending upon the nature o f the 

c h a in - s c is s io n  p ro cess .



S u b stitu e n t r e a c tio n s  in v o lv e  m o d ific a tio n  or t o t a l  e lim in a tio n  

of the su b s t itu e n ts  a ttach ed  to  the polymer backbone. The la t t e r  i s  

not broken, but th e  chem ical nature o f the rep ea tin g  u n it  in  the  

macromolecule i s  changed. Any v o la t i l e  products are ch em ica lly  

u n lik e  monomer.

CHAIN SCISSION REACTIONS

These proceed by a fr e e  r a d ic a l chain  p ro cess . I n i t i a t io n ,

which i s  the s p l i t t in g  o f the chain  to  form r a d ic a ls ,  may occur a t

ch a in -en d s, a t  im p u rities  in  the chain  s tr u c tu r e , or a t random along

the len g th  o f th e chain . Monomer may then be produced in  a

depropagation p r o c e ss , which i s  sim ply the reverse  o f propagation  in

the p o ly m erisa tio n  r e a c t io n . T ransfer r e a c t io n s  may occur in

com p etition  w ith depropagation and these in v o lv e  a tta ck  by a lo n g -

chain  r a d ic a l  on another polymer chain (in term o lecu la r ) or on i t s e l f

(in tr a m o le c u la r );  they g ive  r i s e  to  fragm ents la rg er  than monomer

and to  chain  s c is s io n .  Free r a d ic a ls  are f i n a l l y  removed from the

system  in  a term ination  s te p  which may in v o lv e  com bination or
(1 -4 )

d isp ro p o rtio n a tio n . Simha, Y/all and B la tz  showed th a t  the

t o t a l  mechanism may be rep resen ted  as fo l lo w s : -

Random I n i t ia t io n :  . *
M i  P . + P * . n  > J n -j

Chain-end I n i t ia t io n :  k.
M ---- ^  P# . + P*n n-1 1

D epropagation: m ^
+Mi

kfT ran sfer: • »,p* 4. JJ ------5.^ +. p
i n  i n



Term ination:
>  M. + M . or M. .i  j  —  i+ j

where n i s  th e chain  le n g th  of th e  s ta r t in g  m a ter ia l and M ., M ., e t c ,
 ̂ J

and P . , PT e t c .  r e p r e se n t, r e s p e c t iv e ly ,  dead polymer m olecules and1 J

lo n g -ch a in  r a d ic a ls ,  i / j  e t c .  monomer u n its  in  le n g th .

I t  was a ls o  shown th a t although c h a in -s c is s io n  rea c tio n s  can  

g e n e r a lly  be accounted fo r  in  terms o f  t h is  s in g le  mechanism, d is t in c t  

behaviours are observed in  d if f e r e n t  polymers due to  v a r ia tio n s  in  the

predom inates, th e  m olecular w eight tends to  be m aintained, s in ce  whole

m olecu les are bein g  r a p id ly  removed from the system . High y ie ld s  o f

monomer are produced and th e ra te  o f v o la t i l i z a t i o n  decreases throughout

th e r e a c t io n  when th e  polymer i s  h eated  iso th erm a lly  under vacuum.

P oly(m ethyl m eth acry la te), PMMA,behaves in  t h is  fa s h io n , g iv in g  a 10Ofo 

( 5 )y i e l d  o f  monomer. '

I f  in te r  m olecular tr a n s fe r  i s  th e  predominant r e a c t io n , th e

outcome w i l l  be a rapid  decrease in  m olecular w eigh t. The o v e r a ll

p ro cess  approxim ates c lo s e ly  t o  the s i tu a t io n  in  which the polymer

chains are b e in g  randomly broken and the r a te  of v o la t i l i z a t io n  now

p a sses  through a maximum. A continuous spectrum of products o f v ar iou s

c h a in -le n g th s  i s  produced, th e  sh orter  fragm ents b ein g  v o la t i l e  a t the

r e a c tio n  tem perature. The y ie ld  o f monomer i s  very low .

In tram olecu lar tr a n s fe r , on th e  o ther hand, has no d r a s t ic  e f f e c t  on

m olecular w e ig h t, s in ce  on ly  very sh ort ch ain  fragm ents are produced.

In  degradations where in tram olecu lar tr a n sfer  i s  predominant, no ra te

maximum i s  observed. L inear p o ly eth y len e  e x h ib it s  behaviour ty p ic a l

of in term olecu lar  t r a n s fe r .during degradation , w hile  branched p o lyeth y len e
( 6)

appears to  undergo in tram olecu lar tr a n s fe r .

r e la t iv e  importance of depropagation and tr a n s fe r . \7hen depropagation
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C le a r ly , th e  mode of c h a in - s c is s io n  i s  determ ined by th e  chem ical 

stru ctu re  of th e  polymer m olecu le.

THB EFFECT 0? POLYMER STRUCTURE ON CHAIN SCISSION

The r e la t iv e  importance o f depropagation and tr a n s fe r  depends 

b a s ic a l ly  on the two fo llo w in g  f a c t o r s • -

( i )  The r e a c t iv i t y  o f th e  degrading polymer r a d ic a l .

( i i )  The a v a i la b i l i t y  cf r e a c t iv e  atoms (u su a lly  H atoms) in  the

polymer m olecule.

Both fa c to r s  are c le a r ly  dependent upon polymer s tr u c tu r e .

I f  a polymer r a d ic a l i s  r e la t iv e ly  u n rea ctiv e  or i f  the fr e e  

e le c tr o n  i s  sh ie ld e d  by bu lky s u b s t itu e n ts ,  th e  r a d ic a l v d l l  tend  

to  depropagate ra th er than a b stra c t neighbouring atom s, e s p e c ia l ly  

when th e la t t e r  are r e l a t iv e l y  u n rea ctiv e  and s t e r i c a l ly  h indered  

th em selves.

U nreactive  r a d ic a ls  are g e n e r a lly  th ose  which are s t a b i l iz e d  

by resonance or by a h igh  degree o f s u b s t itu t io n .  A ty p ic a l  example

Here the degrading r a d ic a l i s  t r i - s u b s t i t u t e d  and a d d it io n a l  

s t a b i l i z a t io n  r e s u lt s  from d e lo c a l is a t io n  o f th e  fr e e  e le c tr o n  in to  

th e double bond of the OC -carb on y l group. In  a d d it io n , none of the  

H atoms in  th e  polymer m olecule are p a r t ic u la r ly  r e a c t iv e — the

secondary H atom s, which are the most l i k e ly  can d id ates fo r  

a b s tr a c t io n , are s t e r i c a l ly  u n a v a ila b le .

i s  FMMA

CH-3
CH

3

/VCH
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C onsequently, PllKA. depropagates to  the com plete e x c lu s io n  c f tr a n s fe r  

and t h is  behaviour i s  ty p ic a l  g en era lly  of the polymers o f 1 , 1-  

d is u b s t itu te d  v in y l  monomers.

(7 )In  p o ly sty ren e  d egrad ation , ' tr a n sfe r  and depropagation are  

e q u a lly  im p o rta n t,s in ce  although th e  polymer r a d ic a ls  are resonance-  

s t a b i l i s e d  by the ad jacent benzene r in g s ,  they  are on ly  d is u b s t itu te d  

and can e a s i ly  a b stra c t the h ig h ly  r e a c t iv e  (and r e la t iv e ly  unhindered) 

OC H atoms c f  the polymer m olecules

/V'CH

Replacement of th ese  atoms w ith  deuterium r e s u lt s  in  an in cr ea se  

in  the y ie ld  of monomer from 42 to  7Q* a t  th e  expense o f the la r g er  

fragm ents.

SUBSTITUENT REACTIONS

For c h a in -s c is s io n  r e a c t io n s ,  i t  has been noted how the nature  

cf the su b s t itu e n ts  can g r e a t ly  in f lu e n c e  the p re ferred  course o f  

the r e a c t io n , w ithout a c tu a ljy  changing the b a s ic  f r e e -r a d ic a l  

mechanism. S u b stitu en t rea c tio n s  d i f f e r  in  th a t the b a s ic  mechanism

of degradation depends la r g e ly  on the chem ical nature of the pendant 

fu n c t io n a l groups. F r e e -r a d ic a l ,  m olecular or io n ic  p ro cesses  may 

be in v o lv e d .

S u b stitu en t rea c tio n s  can only occur vhen th e ir  in i t i a t i o n  

tem perature i s  below th a t requ ired  fo r  backbone s c is s io n .  Even the
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most s tr u c tu r a lly  favoured c h a in - s c is s io n  p ro cesses  seldom occur

are o fte n  w e ll  advanced a t t h is  tem perature.

The most u n ify in g  fe a tu r e  o f s u b s t itu e n t  rea c tio n s  i s  th e  

m o d ific a tio n  o f the rep eat u n it  in  the polymer chain and th e type 

of s u b s t itu e n t  r e a c t io n  in v o lv ed  i s  determ ined by the 7/ay in  which 

t h is  change comes a b o u t:-

TYPE A; The repeat u n it i s  changed as a r e s u lt  o f product- 

m o d ific a tio n  or s e lf -m o d if ic a t io n  o f the su b s t itu e n ts ,

TYPE B: The repeat u n it  i s  changed by chem ical r e a c t io n  between

neighbouring fu n c t io n a l groups or atoms.

An example o f m o d ifica tio n  of the su b s titu e n ts  by the  

degradation  products i s  the r e a c t io n  o f gaseous HC1 (from the  

degradation  o f v in y l c h lo r id e , VC, sequences) Y/ith the pendant e s t e r  

groups in  F/C-P1.11A b len d s and VC-MMA cop o lym ers,^ ^  The 

mechanism i s  probably io n ic .  Methyl ch lo r id e  i s  produced and 

ca rb o x y lic  a c id  u n its  are l e f t  in  the r e s id u e : -

o
beloY/ 200 C and su b s t itu e n t  r e a c t io n s , i f  they  can occur a t a l l ,

CH CH CK,
1 3

XVCH2 C A //VCH0 C'V' HC1 /VCIT — C 'V2 ,  => 2 ,

H
+ CH3C1

S e lf -m o d if ic a t io n  of a su b s t itu e n t  i s  t y p if ie d  by e s te r  

decom position  r e a c tio n s  o f the ty p e : -
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?VCH A/CH /V C H  C"V
2 I

+ c h 2 = c ;
H

C
R V

( - R ,- r' 2£ -ALKYL, -H)

One example of t h is  i s  the therm al degradation  of p o ly (t^  b u ty l  

m eth acry late) v<hich g iv e s  r i s e  to  isob u ten e and p o ly (m eth acry lic

a c id ) .  A concerted  m olecular mechanism, proceeding v ia  a 6 -

membered c y c l ic  t r a n s it io n - s t a t e  i s  b e lie v e d  t o  be in v o lv ed .

TYPE B re a c tio n s  are much more common and are p a r t ic u la r ly  

s ig n i f ic a n t  in  th e p resen t work. The neighbouring fu n c t io n a l groups 

or atom s, between which r e a c t io n  takes p la c e , may be v ic in a l  or 

sep arated  by th ree  or more carbon atoms. In  the la t t e r  in s ta n c e ,  

th e  in te r a c t io n  le a d s  to  the form ation  of c y c l ic  s tru c tu res  in  the  

polymer ch a in .

In  soma c a s e s ,  type B r e a c tio n s  are c h a in -lik e  in  ch a ra cter , 

w ith  se v e r a l p a ir s  o f su b s t itu e n ts  bein g  in v o lv ed  in  su c c e ss io n  along  

p a r tic u la r  segments of the polymer ch a in . Common examples o f t h i s  

are the therm al co lo u r a tio n  re a c tio n s  of PVT) ^ ^ a n d  p o ly (a c r y io n it r i le )

(11 , 1 2 )



'/'CH —  CH—CH— CH—CH— CH—C H /\L 2 | 2

Cl Cl
(PVC)

>xCH«— CH—CH=— CH=CH—CH— C H /VI ICl Cl

(-HC1)

(-HC1)
< ----------------/VCH2~CH=CH— CH=CH—CH— C H /V

Cl

V^CH2— CH—CH— CH—CH— CH—CHA/

CN

CN CN CN

(PAN)

y ° H2 \  / CH2 \  / ° H2 \  / ° H2-> NC—CH ^X CH/  ^CH' x)H' Z

V 7  N1

NC
CH,

NH
N N

CN ‘CH,

CN

In  PVC, c o lo u r a tio n  of the polymer a r is e s  by a p ro g ress iv e  

b u ild -u p  in  polyene sequences a long th e  backbone, due to  e lim in a tio n  

of KC1. T his r e a c tio n  f r i l l  be d iscu ssed  in  g rea ter  depth la t e r .  

C olouration  in  PAN i s  probably due to  step w ise  p o ly m er isa tio n  o f the  

n i t r i l e  groups as shown; no e lim in a t io n  i s  in v o lv e d .

I t  i s  s t i l l  u n certa in  whether th ese  p ro cesses  are m olecu lar, 

io n ic  or f r e e -r a d ic a l  in  ch aracter .

:NH °%N
CN CH,



Other type B su b s titu e n t  re a c tio n s  in v o lv e  in te r a c t io n  between  

randomly s e le c t e d  p a ir s  of neighbouring su b s t itu e n ts  on th e  polymer 

m olecu le. I f  c y c l iz a t io n  o ccu rs , i t s  e x te n t  can be p red ic te d  by  

s t a t i s t i c a l  c o n s id e r a tio n s , both fo r  homopolymers and copolym ers.

One example o f t h is  i s  the therm al dehydration o f p o ly (m eth acry lic

(1 3 )a c id ) which i s  b e lie v e d  to  be m ech a n is tica lly  s im ila r  to  an a c id -

c a ta ly se d  e s t e r i f i c a t i o n j -

/s/GH,

CH CH. CH. CH. CH CH

H + h2o

CH3 CH3

A /C H  C ^
2

i . e . ,  the r e a c tio n  p a sses  through th e  fo llo w in g  t r a n s i t io n - s t a t e : -
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Another r e a c t io n  in  t h is  ca teg o ry  i s  th e  therm al la c to n iz a t io n  

which occurs in  copolymers of v in y l h a lid e s  w ith e s te r s  o f 

m eth acry lic  and a c r y lic  a c id s .  A t y p ic a l  r e a c tio n  occurs during 

th e therm al degradation of v in y l ch lor id e-m eth y l m ethacrylate  

copolym ers:-

Methyl ch lo r id e  e lim in a tio n  accompanies the c y c l iz a t io n  and the  

amount ev o lv ed  can be p red ic te d  s t a t i s t i c a l l y  i f  th e  copolymer

in vo lv ed  i s  u n certa in . T his p a r tic u la r  system  w i l l  be d iscu sse d  more 

f u l l y  in  Chapter I I I .

Attem pts to  c o r r e la te  the therm al break do?/n of polymers Y/ith 

low m olecular weight; model compounds have been la r g e ly  u n su c c e ss fu l.

The unique nature of macromolecular stru ctu re  a llo w s in tim a te  co n ta c t  

betY<een r e a c tiv e  s i t e s  and. p o t e n t ia l ly  r e a c tiv e  on es, so th a t  the  

p o s s i b i l i t i e s  fo r  rea c tio n s  in v o lv in g  chain  mechanisms are much 

enhanced. The “r e a c tiv e  sites'*  in  polymers are u su a lly  chain  im purity  

s tr u c tu r e s  such as u n sa tu ra tio n , chain  branches, head-to-head  or t a i l -  

t o - t a i l  u n it s ,  in i t i a t o r  fragm ents or oxygenated s tr u c tu r e s . These 

w i l l  be absent in  the low m olecular w eight co u n terp a rts , which 

consequently  show h igh er .th erm al s t a b i l i t y .

CH CH.
3

/  ^ C H 'V  + CH Cl 
I 3
0

com position  i s  known. However, the ex a c t nature of the mechanism

GENERAL ASPECTS 0? THE THERMAL DEGRADATION 1ECHAHISM3 OP POLYMERS 
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More s o p h is t ic a te d  m odels, in corporatin g  one or other o f  

th ese  abnormal s tr u c tu r e s , have provided  some in form ation  on t h e ir  

r e la t iv e  importance in  in i t i a t in g  degradation . Samples of the  

same polymer prepared under d if f e r e n t  co n d itio n s w i l l  g e n e r a lly  

show somewhat d if fe r e n t  thermal behaviours due to  v a r ia tio n s  in  th e  

r e la t iv e  abundance o f the im portant im p u r it ie s .

The p h y sica l p r o p e r tie s  o f a copolymer are g e n e r a lly  q u ite  

d is t in c t  from th o se  of the corresponding homopolymers and t h is  i s  

a lso  tru e  o f degradation  behaviour. In  random copolym ers, sequences 

o f l ik e  u n it s  in  th e  polymer ch ain  w i l l  o ften  degrade to  g ive the same 

products as th ey  would generate in  the homopolymer. However, the  

method o f in i t i a t io n  may be q u ite  d if f e r e n t ,  lea d in g  to  breakdown 

a t tem peratures low er or higher than th ose  found in  th e  homopolymers. 

In  a d d it io n , other r e a c t io n s ,  vh ich  are absent from the homopolymer 

d egrad ation s, may occu r, th ese  bein g  mainly su b s t itu e n t  re a c tio n s  

betY/een ch em ica lly -u n lik e  u n i t s ,  product-product or product-copolym er 

in t e r a c t io n s •

The d i f f i c u l t y  in  a ss ig n in g  a p a r t ic u la r  m echan istic type 

( i . e .  m olecu lar, io n ic  or fr e e -r a d ic a l)  to  su b stitu e n t r e a c t io n s  has 

alread y  been m entioned. Organic rea c tio n s  which proceed by an io n ic  

mechanism are g e n e r a lly  in flu en ce d  by the p o la r ity  o f the so lv en t and 

are o fte n  c a ta ly se d  by a c id s  and b a se s . C onsequently, the thermal 

d ehydroch lorination  of P7C in  dime thy I f  crciamide, fo r  exam ple,

vtfiich i s  g r e a t ly  a c ce lera te d  by th e presence o f organic b a s e s ,  i s  

b e lie v e d  to  proceed v ia  charged in term ediates*  Io n ic  r e a c t io n s ,  

however, are d i f f i c u l t  to  en v isage  during bulk degradation u n le ss  

th e polymer m elt i s  s u b s ta n t ia l ly  p o la r .
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Under th ese  c o n d it io n s , m olecular or f r e e -r a d ic a l  mechanisms seem 

much more p la u s ib le ,  but even  fo r  th e s e , th e  evidence i s  o ften  

in d ir e c t .  I t  i s  p o ss ib le  to  d e tec t  s h o r t - l iv e d  fr e e -r a d ic a l  

in term ed ia tes  u s in g  E .S .R . sp ectroscop y  but the method i s  not e a s i l y  

adapted to  stud y  polymer degradation . In  a d d it io n , i t  i s  p o ss ib le  

th a t r a d ic a ls  observed by E .S .R . sp ectroscop y  may not be true  

in term ed ia tes in  the degradation  p r o c e ss , e .g .  the polyene sequences 

in  p a r t ia l ly  degraded FVC can g ive  r i s e  to  paramagnetic behaviour due

( m )to  therm al e x c i ta t io n  of e le c tr o n s  in  the TT o r b i t a l s .v ' More 

o f te n , the p o s s ib i l i t y  of a r a d ic a l p rocess i s  deduced from th e  

in f lu e n c e  of f r e e -r a d ic a l  in i t i a t o r s  and in h ib ito r s  on the r e a c tio n  

ra te  or from k in e t ic  data.

F a ilu re  to  d e tec t the e x is te n c e  of io n ic  or f r e e -r a d ic a l  

in term ed ia tes  u s u a lly  r e s u lt s  in  the mechanism being  termed "m olecular”.

METHODS USED FOR STUDYING- THERMAL DEGRADATION

In  order to  be able to  a ss ig n  a s p e c i f ic  mechanism to  a 

degradation  p r o c e s s , a number of experim ental r e s u lt s  have t o  be 

obtained  and c o r r e la te d . These in c lu d e : -

( i )  The chem ical n atu re, q u an tity  and ra te  of form ation  o f

each of the v o la t i l e  products o f  degrad ation .

( i i )  The chem ical n atu re , ex te n t and ra te  of production  of

any new chem ical s tru c tu res  formed ?u th in  th e  polymer 

m olecu le•

( i i i )  The r a te  of change o f m olecular w eight of the res id u e .

C le a r ly  the a c q u is it io n  o f k in e t ic  data i s  c f fundamental im portance.
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The main d i f f i c u l t y  l i e s  in  f in d in g  a method vh ich  a llow s  

continuous m onitoring o f as many as p o s s ib le  o f the above fa c to r s  

as the polym er degrades, v h ile  m inim ising com p licatin g  p r a c t ic a l  

fa c to r s  vh ich  obscure the tru e  thermal behaviour of the polymer 

( i . e .  behaviour on a m olecular s c a le ) .  I t  i s  im p racticab le to  

monitor con cu rrently  a l l  o f  th ese  changes and i t  i s  th ere fo re  

n ecessary  to studyeach fa c to r  in  turn  u s in g  a range of experim ental 

methods, some o f v/hich w i l l  in e v ita b ly  e n t a i l  in te r r u p tio n  of the  

degradation  p rocess to  a lio?/ r e t r ie v a l  o f data .

This work in v o lv e s  a p p lic a t io n  o f methods in  c a te g o r ie s  ( i )  

and ( i i )  above. I t  should be noted th a t the form ation  o f a new 

chem ical stru ctu re  in  the polymer can o ften  be s tu d ied  in d ir e c t ly  by 

m onitoring the vola/fciles evo lved  ( e .g .  many type B su b stitu e n t  

r e a c t io n s ) .

The method chosen f o r  th e  study of v o la t i l e  e v o lu t io n  w i l l  

depend upon whether the components o f the gas e f f lu e n t  stream  are 

a lread y  known, whether high-vacuum c o n d itio n s  are requ ired  and 

whether the gases must be m onitored con tin u ou sly  or c o l le c t e d  f i r s t  

and an a lysed  la t e r .  The most commonly used techn iques may be l i s t e d  

as f o l lo w s : -

G-as-phase chromatography

Mass spectrom etry

In fra red  spectrophotom etry ( in c lu d in g  rap id -sca n  

techn iques fo r  continuous m onitoring)

T herm oparticulate a n a ly s is

T itr a t io n  and other methods of chem ical a n a ly s is
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S e le c t iv e  ab sorp tion /con d en sation  o f one or more 

of th e components.

T orsion  e f fu s io n  a n a ly s is

P ressure measurement, u sin g  a manometer, spoon 

gauge or P ira n i gauge 

Most of th e se  methods are now so g en era lly  ap p lied  as to  m erit
(a g\

no s p e c ia l  d e sc r ip tio n  and th ey  have been w e ll review ed by C arroll 

(19)and by Lodding . T herm oparticulate a n a ly s is  (TPA) i s  a 

com paratively  new technique fo r  the thermal a n a ly s is  of polym eric  

m ateria ls  and i s  based on the p h oto d etectio n  of m oisture condensation  

n u c le i evo lved  from a polymer sample th a t i s  temperature programmed. 

T orsion  e f fu s io n  a n a ly s is  has been d escrib ed  by Rosen and M e lv e g e r ^ ^  

in  a study o f the ra te  of v o la t i l i s a t io n  of a p o ly (te tr a f lu o r o e th y le n e )  

sample. Yu'hen i t  i s  known that on ly  one rea c tio n  in v o lv in g  the r e le a se  

o f  v o la t i l e s  occurs w ith in  a s p e c if ie d  tem perature range, then  other  

techn iques such as therm ogravim etrie a n a ly s is  (TG), d i f f e r e n t ia l  therm al 

a n a ly s is  (DTA) and d i f f e r e n t ia l  scanning ca lor im etry  (DSC) may be u se fu l  

fo r  ob ta in in g  fu r th e r  q u a n tita t iv e  k in e t ic  and ca lo r im etr ic  in form ation  

about the r e a c t io n . These methods are a ls o  w e ll review ed by the  

above au thors.

RADIOTRACER TECHNIQUES
- - - -    -  -

The use o f ra d io tra c ers  in  polymer chem istry has been review ed  
( 21)by B evington . T heir a p p lic a tio n  to  monomer r e a c t iv i t y  r a t io

d eterm ination  in  copolymer system s w i l l  be d iscu ssed  in  Chapter I I .
( 22 )In  th e thermal degradation  f i e l d ,  P ow ell e t  a l  have s tu d ied  the  

th erm ally -in d uced  la c to n iz a t io n  which occurs In I/l/IA/<X“hydroxym ethylstyrene
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14copolym ers u s in g  C e s t e r  -  la b e l le d  MMAT

I | Vacuum E xtrusion
c  J®o J j/ \  /0 0 CH 0 ^ 0 '

*  CH,

The lo s s  o f a c t iv i t y  from th e  polymer was stu d ied  u sin g  l iq u id  

s c i n t i l l a t i o n  counting o f polymer s o lu t io n s .

In  fact^m ost r a d io tr a c e r  s tu d ie s  in  polymer ch em istiy  in v o lv e  

the m onitoring of changes in  the s p e c i f i c  a c t iv i t y  of th e  polymer

1 4-i t s e l f , e i th e r  by s o lu t io n  counting or o c c a s io n a lly  (where C i s
x (23 )used; by o x id a tio n  to  CÔ  and gas cou n tin g . The d ir e c t  m onitoring

o f v o l a t i l e  e v o lu tio n  u sin g  r a d io a c t iv e ly - la b e l le d  polym ers has not
(24 )

been w idely  used . KcG-uchan and M cNeill used Cl to  stucty- the 

•isotherm al degradation of ch lo r in a ted  p o ly  ( iso b u te n e s)  by measuring 

the amounts o f  ch lo r in a ted  v o l a t i l e s  (m ainly HCl) evo lved  w ith  tim e ,

u sin g  gas-phase Geiger-M viller cou n tin g . The s p e c i f i c  a c t iv i t y  o f
(25 )

ch lo r in e  in  the apparatus cou ld  be found by counting a sample o f  

ch lo r in e  g a s , condensing i t  in to  a s o lu t io n  of potassium  io d id e  and 

t i t r a t i n g  the l ib e r a te d  iod in e  a g a in s t  standard sodium th io su lp h a te  

s o lu t io n .

In  g en era l, ra d io tra cer  techn iques can provide a ccu ra te , 

q u a n tita t iv e  a n a ly s is  of samples o f polymer or degradation  p rod u cts, 

with the accuracy of th e r e s u lt s  lim ite d  only  by the counting time 

a v a ila b le ,  ( s e e  C hapterII, page 25)
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T h is must be balanced  a g a in st th e  d isadvantages o f preparing la b e l le d  

monomer, measuring i t s  s p e c i f ic  a c t iv i t y  and observing a d d it io n a l 

s a fe ty  p reca u tio n s .

( 26, 27)
THERMAL VOLATILIZATION ANALYSIS (TVA)

U nlike the m onitoring o f  v o la t i l e s  u sin g  r a d io tr a c e r s , th is  

i s  e s s e n t ia l l y  a “p h ysica l"  technique in v o lv in g  continuous measurement 

of the p ressu re exerted  by the v o la t i l e  products as they  are r e le a se d  

from the heated  polymer. D egradation i s  conducted under high-vacuum  

c o n d itio n s  and the v o la t i l e s  are con tin u o u sly  pumped from the sample 

p a st a P ir a n i gauge to  a co ld  tra p . P ira n i response i s  recorded  

co n tin u o u sly  as a fu n c tio n  of oven temperature and g iv e s  a measure 

of th e  ra te  of v o la t i l i z a t io n  of the sample. D isc r e te  rea c tio n s  

which produce v o la t i l e s  g iv e  r i s e  to  "peaks" on the TVA tr a c e .

U n fo rtu n a te ly , TVA i s  only a sem i-q u a n tita tiv e  tech n iq u e, s in ce  

P ir a n i response i s  on ly  l in e a r  w ith the rate o f v o la t i l i z a t i o n  fo r  

resp on ses up to  about 1mv. At h igh er f lo w -r a te s ,  the P ira n i becomes 

p r o g r e s s iv e ly  l e s s  s e n s i t iv e ,  although c a l ib r a t io n  i s  p o s s ib le  u sin g  

a flow -m eter . I t  i s  a lso  found th a t P ir a n i response per u n it  mole i s  

dependent on th e substance d i s t i l l i n g ,  so th at a d ir e c t  comparison o f  

amounts o f d if fe r e n t  v o la t i l e  m a te r ia ls , even a t low P ira n i responses^  

i s  not p o s s ib le .  In  a d d it io n , the peaks on a TVA trace  o fte n  merge 

and th is  may obscure d is c r e te  r e a c t io n s  occurring in  the polym er.

A u se fu l development of the technique has been the in tro d u ctio n  

of d ifferential condensation'of p r o d u c t s ^ , based on the p r in c ip le  th a t  

th e co n d e n sa b ility  of a substance in  traps a t various tem peratures i s
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c h a r a c te r is t ic  of th a t substance. By sim ple in sp e c t io n  o f the  

TVA tra ce s  corresponding to  trap s a t  variou s tem peratures, i t  i s  

o fte n  p o s s ib le  to  make u s e fu l deductions about th e  v o la t i l e  products  

which are co n tr ib u tin g  to each peak, assuming th a t  no two show the 

same co n d e n sa b ility  c h a r a c te r is t ic s .  A more comprehensive account 

of th e  p r a c t ic a l  and th e o r e t ic a l  a sp ects  o f TVA w i l l  be g iven  in  

Chapter IV.

THE AIM CF THIS WCRK

The primary aim of t h i s  work i s  to  study the therm al degradation  

mechanisms o f random copolymers o f VC w ith  comonomers b earing pendant 

a c id , e s t e r ,  amide and carbo^ylate anion su b s t itu e n ts  and to  compare 

th e ir  therm al behaviour w ith those o f th e parent homopolymers.

Although the b a s ic  technique employed in  th ese  s tu d ie s  has been  

D if f e r e n t ia l  Condensation TVA, a la rg e  p art of the work i s  devoted to  

the assessm ent of a rad iochem ical method u sin g  Cl fo r  the q u a n tita tiv e  

study o f v o l a t i l e  e v o lu t io n  from VC-M'A copolym ers. R ad ioactive  assay  

o f th e  copolymers has been used to  c a lc u la te  monomer r e a c t iv i ty  r a t io s  

fo r  the system , v h ile  the copolymer com positions have a ls o  been r e la te d  

to  th e  r e la t iv e  q u a n tit ie s  of degradation  products evo lved  and 

comparison made with th ose p red ic ted  by s t a t i s t i c a l  c o n s id e r a tio n s .

U sing in form ation  su p p lied  by TVA and degradation  product 

a n a ly s is ,  an attem pt has been made to  deduce more f u l l y  the nature o f  

the i , I —in te r a c tio n s  vuiich occur an th e  variou s copolymer system s 

o u tlin e d  above and to  e s t a b l is h  th e  e f f e c t  of th ese  in te r a c t io n s  on th e  

gen era l degradation c h a r a c te r is t ic s  of the polym ers.
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C H A P T E R  T WO

PREPARATION AND ANALYSIS OR 3^C1 -  LABELLED VINYL 

CHLORIDE -----  METHYL METHACRYLATE COPOLYMERS

INTRODUCTION

In  order to  account fo r  th e  therm al (and other) p r o p e r tie s  o f  a 

random copolymer system , a p r e c ise  knowledge of copolymer com positions  

i s  f i r s t  o f a l l  req u ired . Comparison of th ese  w ith  the com position  

o f  the monomer mixture used to make each copolymer en ab les r e a c t iv i t y  

r a t io s  to  be determ ined f o r  the system  and th ese  in  turn  can be used  

in  s t a t i s t i c a l  c a lc u la t io n s  to  f in d  the arrangement of monomer 

sequences in  the copolymer.

I f  in terseq u en ce c y c l iz a t io n  ( e . g . ,  la c to n iz a t io n )  i s  p o s s ib le  

in  th e  copolym er, i t  w i l l  be most p rev a len t where th ere  i s  a tendency  

towards a lte r n a t io n  of monomer u n its  in  the ch a in , so that the  

com position  of th e  degradation  products can o fte n  be r e la te d  t o  

sequence d is tr ib u t io n  in  the polym er. Thus a sequence d is tr ib u t io n  

o f the type —^ ^ i^ % ^ A M A A — w i l l  g ive  a h igh  proportion  o f A -  B 

c y c l iz a t io n  p rod u cts, whereas a copolymer having lo n g  sequences o f  

l ik e  u n it s ,  say o f type A, and short sequences of type B, w i l l  show 

a degradation p a ttern  more akin to  th a t o f th e  corresponding homo­

polym er, p o ly (A ).

In  the p resen t work, an attem pt has been made to r e la te  v o la t i l e  

com position  (o b ta in ed  exp erim en ta lly ) to  the th e o r e t ic a l  sequence 

d is tr ib u t io n  p red ic ted  from e m p ir ic a lly  — determined r e a c t iv i t y  r a t io s .  

The c a lc u la t io n  of sequence d is tr ib u t io n  and i t s  q u a n tita t iv e  r e la t io n
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to  r e a c t io n  mechanism w i l l  be more f u l l y  d iscu ssed  in  Chapter IV.

The most common method o f determ ining copolymer com position  i s  

by elem en ta l a n a ly s is . T his can o ften  be a p p lied  vdth a minimum of 

d i f f i c u l t y ,  s in ce  the procedures u s u a lly  in v o lv e  d estru c tio n  o f the  

polymer and s o lu b i l i t y  problems are not encountered. When attem pts 

are made-to apply chem ical methods other than elem ental a n a ly s is  ( e . g . ,  

th e determ ination  of ca rb o x y lic  a c id  groups by t i t r a t i o n ) , s o lu b i l i t y  

problems are freq u en tly  s e r io u s , although s u ita b le  so lv en t m ixtures 

can o fte n  be found.

Many copolymer system s len d  them selves to  a n a ly s is  by I . R.  or 

U.V. spectrophotom etric tech n iq u es , but a major problem here i s  the  

need fo r  standard copolymers o f known com position  fo r  c a lib r a t io n

purposes -----  a b s o r p t iv it ie s  based on the absorbance of in d iv id u a l

homopolymers are not always id e n t ic a l  w ith  those obtained from  

copolym ers.

A l l  the above methods of a n a ly s is  are made e s p e c ia l ly  d i f f i c u l t  

i f  the monomers are very  s im ila r  or i f  one monomer i s  p resen t in  very  

sm all amounts. Use of a la b e l le d  monomer overcomes th ese  problems 

s in ce  the copolymer com position can be r e a d ily  determined by ra d io ­

a c t iv e  a ssay . Most of th e  tr a c e r  s tu d ie s  on copolym erization  have

14 3 36in v o lv ed  C, but H and Cl have a lso  been u sed . In  s u ita b le  c a s e s ,

comparisons of the r e s u lt s  from the tr a c e r  method w ith  th ose  from other
( 29)

a n a ly t ic a l  techn iques have shown good agreement

o 14 3The use o f very weak p -e r a it te r s  l ik e  C or H i s  conven ient only
36

vAien l iq u id  s c i n t i l l a t i o n  or p rop ortion a l counting i s  a v a ila b le . Cl

5 Ahas a long h a l f - l i f e  ( t i .  = 3 .0  x 10  y e a r s ) ,  i s  a pure ^ -e m itte r  with

Emov = 0 .7 2  MeV and i s  com paratively  non-hazardous. R adioch lorine (C i0)
HIcLX cL
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has been used by M cN eill to  study u n sa tu ra tion  in  b u ty l rubbers and

by McG-uchan and M cN eill to  estim ate  the much low er con cen trations o f

unsaturated  end-groups in  p o ly isob u ten e  prepared by c a t io n ic  polym er-
(25)

iz a t io n  . The la t t e r  workers subsequently  s tu d ied  the therm al

s t a b i l i t y  of ch lo r in a ted  p o ly iso b u ten es  con ta in in g  variou s con cen tration s

o f ch lor in e  la b e l le d  w ith  ^ C l .  In  a l l  c a s e s ,  m ateria l la b e l le d  w ith

the iso to p e  was found to  respond w e ll to  G eiger -  M uller counting in

both  l iq u id  and gas p h ases.

B evington and Johnson used  ^^Cl in  a study o f the cop olym erizaticn

(31)o f  methyl m ethacrylate w ith  methyl O C -chloroacrylate and found

s c i n t i l l a t i o n  counting in  s o lu t io n  to  be su ita b le  fo r  assay  o f ^ C 1 in

th e  copolym ers, by comparison with r e s u lt s  obtained  u sin g  ^ C - la b e l le d

m eth acry la te . Quenching was found to  be im portant and v a r ied  with

copolymer com position . A comparison was a lso  made o f s c i n t i l l a t i o n

counting and G eiger -  M uller counting u sin g  a l iq u id - s le e v e  counter fo r  

36C l. The two methods gave r e s u lt s  in  good agreement. I t  should be 

n o ted , hoY^ever, th a t  Geiger -  M uller counting o f ^C 1 u sing  a l iq u id -  

s le e v e  counter i s  on ly  about 1% e f f i c i e n t ,  w h ile  l iq u id  s c i n t i l l a t i o n  

counting g iv e s  about &Qfo e f f i c i e n c y ,  so th a t fo r  measuring very  low  

con cen tra tion s o f the is o to p e , the la t t e r  method ( i f  a v a ila b le )  i s  to  

be p referred .

Taking th ese  fa c to r s  in to  account, r e a c t iv i t y  r a t io s ,  fo r  

subsequent use in  th e  sequence d is tr ib u t io n  c a lc u la t io n s ,’ cou ld  f e a s ib ly  

be determined fo r  th e  v in y l c h lo r id e  -  methyl m ethacrylate system  by the  

in corp oration  of C l- la b e l le d  v in y l ch lo r id e  in to  th e polym ers.

E qually  im portant, the la b e l  would a llow  a p r e c ise  a n a ly s is  o f  c h lo r in e -

co n ta in in g  v o la t i l e  products, by gas-phase G eiger -  M uller cou n tin g , in  

the subsequent degradation s tu d ie s .
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Geiger -  M uller so lu t io n  counting was adopted as the method o f  

copolymer a n a ly s is .  Comparison of r e s u lt s  obtained  with la b e l le d  

p o ly (v in y l c h lo r id e ) ,  a f te r  c o r r e c tio n  fo r  the s p e c i f ic  a c t iv i t y  o f  

the monomer used  in  each c a se , would y ie ld  copolymer com positions.

THE PREPARATION OF ^ C 1 -  LABELLED VINYL CHLORIDE (w ith  B. Dodson)

The most convenient la b e l le d  s ta r t in g  m ateria l a v a ila b le  was 

hyd roch loric  a c id  and two p o ss ib le  sy n th e tic  rou tes based on th is  

were co n sid ered :-

(1 )  The d ir e c t  com bination of a ce ty len e  with hydrogen ch lo r id e  in  

the gas p h ase: -

CHECH + HC1-------------->  CH2=  CHC1

T his method i s  used in d u s tr ia l ly  and has th e  advantage of b ein g  

a s in g le - s t e p  p rocess vfith no products other than v in y l c h lo r id e , so 

th a t  th ere  would be no lo s s  of a c t iv i t y .  On a lab oratory  s c a le ,  . 

th ere  remained th e d i f f i c u l t i e s  of gen erating  gaseous HC1 from i t s  

aqueous so lu t io n  and o f arranging s u ita b le  gaseous f lo w -r a te s ,  c a ta ly s t  

and tem perature to  g ive  a good y ie ld  o f the monomer.

( 2) The r e a c t io n  of ch lo r in e  with eth y len e  to  g iv e  1 ,2 -d ich lo ro eth a n e

and subsequent dehydroch lorination  o f th is  to  v in y l  c h lo r id e .

C hlorine can be prepared e a s i l y  from h yd roch loric  a c id , u s in g  the

( 32^method o f Brown, G i l l i e s  and S tevens '

puri , % j. K R On -— —----- — Cl + 2KHS0
(a q .)  ’ 2“ 2 8 ^  " '2

w h ile  the d ehydroch lorination  of 1 , 2-d ich loroeth an e can be ach ieved  by

(3 3 )the method of Baxter

NaOH + CH- CĤ  ----------:----   >  CH = =  CHC1 + NaCl + HO
| 2 j 2 CH OH/K^O 2 2
Cl Cl
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The c o n tr o lle d  r e a c t io n  of ch lo r in e  and e th y len e  in  d ich loroethane  

and in  presence of a c a ta ly s t  i s  used in d u s tr ia l ly  in  the manufacture 

o f  v in y l c h lo r id e . On a lab oratory  s c a le ,  c h lo r in a tio n  o f  a lk en ss can 

o fte n  be ca rr ied  out by p a ssin g  the alkene through a so lu t io n  o f ch lor in e  

in  carbon te tr a c h lo r id e . However, t h is  method was u n su ita b le  fo r  the  

prep aration  of 1 , 2-d ic h lo r o e th a n e , due to  the d i f f i c u l t y  o f sep aratin g  

product from so lv e n t  (b o i l in g  p o in ts  83.7°C and 76.7°C r e s p e c t iv e ly ) .  

S ev era l other so lv en ts  ( e .g .  e th er ) were t r i e d ,  but none was found 

s a t is f a c t o r y .  A major problem was the d isplacem ent o f d is so lv e d  

ch lo r in e  by e th y len e .

The b est method was found to  be the passage o f e th y len e  gas through  

l iq u id  c h lo r in e . At -8 0 °C, 1 ,2 -d ich lo ro eth a n e o f h i$ i  p u r ity  (b o il in g  

p o in t and I .R . a n a ly s is )  was obtained  in  good y ie ld  and t h is  method was 

adopted as the middle s te p  in  th e  sy n th e s is , i . e . ,

C12 ( l )  + CH2 = CH2( g)----------------
Cl Cl

Experim ental Procedure

2 M aqueous hydrochloric a c id  with s p e c i f i c  a c t iv i t y  42 p c i/m l.  

(R adiochem ical C entre, Amersham) was d ilu te d  w ith in a c t iv e  h yd roch loric  

a c id  to  0 .3  M and s p e c if ic  a c t iv i t y  2 p c i/m l. Potassium  persu lp h ate  

(3 3 g . ) wa>s then heated  with the 0 .3  M a c id  (200m l.) to  73-80 C in  a 

stream of n itro g en . The ch lo r in e  produced was f i r s t  bubbled through  

w ater to  remove unreacted  a c id , then  d ried  by passage through  

concentrated  H SO . The gas was f in a l l y  p assed  through c o tto n  wool
O

to  remove any a c id  spray and c o l le c te d  by condensation  a t -9 0  C, the  

c o l le c t io n  v e s s e l  being p r o te c te d  by a calcium  ’ch lo r id e  drying tu b e.
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When ch lo r in e  e v o lu tio n  had cea sed , e th y len e  (B .O .C ., L td .)  was 

g e n tly  bubbled through the l iq u id  ch lo r in e  a t  -8 0 °C to  produce 1 ,2 -  

d ich lorceth an e (3 .5 g ;  lO fo ). When th e  y e llo w  co lour had disappeared , 

the co o la n t was removed to  prevent fr e e z in g  o f th e  d ich loroethane and 

the e th y len e  f lo w  was continued fo r  a short tim e to  ensure complete 

r e a c tio n  of any d is so lv e d  c h lo r in e .

The a d d itio n  of in a c t iv e  d ich loroeth ane a t t h i s  stage  can be 

co n v en ien tly  used to  c o n tr o l th e s p e c i f ic  a c t iv i t y  of the v in y l ch lo r id e  

u lt im a te ly  obtained. In  the p resen t c a s e ,  a f o r t y - f o ld  d ilu t io n  with  

in a c t iv e  m ateria l was made and th e  d ich loroethane was then  p u r if ie d  by 

washing y d th  d i lu t e ,  aqueous KOH, th en  with w ater, drying over calcium  

ch lo r id e  and d i s t i l l i n g .  The fr a c t io n  with b o il in g  p o in t 84°C. was 

r e ta in e d .

T his was used to  prepare v in y l c h lo r id e  by th e method o u tlin ed  on 

P. 22 • 1 ,2 -d ich lo ro eth a n e  (lO O g.) was added dropwise to  a s t ir r e d

1 ;1 m ixture o f methanol and 50fo W/?f aqueous NaOH a t 60°C. Water and 

methanol were removed from th e v in y l ch lo r id e  by p assin g  the gas up 

through a water condenser and then  through a trap  coo led  to  - 12°C.

V in yl c h lo r id e  (50g; QOfo) was c o l le c t e d  a t -70  C in  a d ouble-w alled  

g la s s  v e s s e l ,  the l a t t e r  being  used to  minim ise the r is k  o f any rad io ­

a c t iv e  hazarc/contam ination  by in s u la t in g  the in n er tube from therm al 

shock.

The c o l le c t io n  v e s s e l  v/as tr a n sferred  t o  the vacuum l in e  and the  

v in y l  ch lo r id e  degassed by su c c e ss iv e  fr e e z in g  and thaw ing. The 

monomer was then d i s t i l l e d  in to  a s t a in le s s  s t e e l  bomb (Hoke L td .)  fo r  

s to ra g e .

R ad ioactive  sodium ch lo r id e  by-product, which contained  h a lf  o f
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th e o r ig in a l a c t iv i t y  used in  th e  l a s t  p art of the s y n th e s is ,  was 

re ta in e d  fo r  subsequent treatm en t.

THE ALLOCATION OF AVAILABLE RADIOACTIVITY TO HOMOPOLYm 

AND COPOLYMERS

I f  a s e r ie s  o f a c t iv i t y  read ings i s  taken from a " fix ed  mass" of 

ra d io a c tiv e  sample and th ese  take the v a lu es n̂  , n^, n^ ,___ , n^

count s /m in u te , then  the average cou n t-ra te  i s  c le a r ly  given  by

ni + n2 + n3 +------ + counts/m inute. From th e frequency d is tr ib u t io n
N

curve obtained  when N—*0 0 , i t  can be show n^^ th a t there i s  a GBfo chance 

th a t any measured count r a te ,  n , w i l l  l i e  w ith in  th e l im it s  ± J “n  the  

true average v a lu e , a 9 chance th a t i t  w i l l  l i e  w ith in  + of t h is  

v a lu e , and so on, where / n  = CT i s  the standard d ev ia tio n  on any given  

measurement.

T his can be extended to  th e case There only one measurement i s  

recorded fo r  each sam ple. For example, i f  a sample g iv e s  a measured 

a c t iv i t y  of 10 ,000  cou n ts/m in u te , then there i s  a 95?o chance th a t the

tru e average value w i l l  l i e  w ith in  + 200 count s/m inute o f  t h is  f ig u r e  -----

th a t i s ,  we must quote a p o s s ib le  error of + 2ft> on a count ra te  of th e  

order o f 10 ,000  c .p .m . Less a c tiv e  samples w i l l  requ ire to  be counted  

u n t i l  10 ,000 counts are r e g is te r e d  to  g iv e  an error  on th e  count r a te  o f  

+ 2&

Thus fo r  a reason ab le l e v e l  of accuracy a t p r a c t ic a b le  counting , 

tim es in  the subsequent assay  of samples of polymer or degradation  

p rod u cts, copolymers having low  ch lo r in e  con ten ts w i l l  c le a r ly  have to  

in corporate the h ig h est p o s s ib le  s p e c i f ic  a c t iv i t y .

A range o f copolymer com p osition s, which would a llow  a good
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grap h ica l determ ination  of monomer r e a c t iv i t y  r a t io s  by th e  Pineman -

Ross method and a lso  provide the most u se fu l data in  thermal degradation

s tu d ie s ,  was chosen, ranging from 10 to  90rfo (m olar) VC*. The weight

of VC req u ired  to  prepare 2 g. o f 1Q& VC* copolymer Yfas c a lc u la te d  from

(3 5 )monomer r e a c t iv i t y  r a t io s  obtained by Tkachenko e t  a l .  fo r  the
o

so lu t io n  p o lym erization  a t  45 C. and the crude, la b e l le d  1 ,2 -d ic h lo r o -  

e th a n e , obtained in  th e second stage of the VC* s y n th e s is ,  was d ilu te d  

to  the appropriate e x te n t  b efore d eh yd roch lorination , a llow in g  fo r  lo s s e s  

in cu rred  during p u r if ic a t io n  and the percentage y ie ld  o f VC obtained  w ith  

in a c t iv e  m a ter ia l. Copolymers of in cr ea sin g  VC* co n ten t, and f in a l l y  

PVC*, were made by s u c c e s s iv e ly  d ilu t in g  th e  monomer r e tr ie v e d  from the  

previous p o lym eriza tion  vdth in a c t iv e  m a ter ia l.

ALTERNATIVE METHOD FOR ALLOCATION OF AVAILABLE RADIOACTIVITY

The t o t a l  a v a ila b le  r a d io a c t iv ity  can be d iv id ed  up at th e  d ich lo r o -  

ethane s ta g e , fo llo w ed  by separate syn theses o f VC* fo r  use in  each  

copolymer and t h is  method has the advantage of a llow ing ea sy  and accurate  

determ ination  o f the s p e c i f i c  a c t iv i t y  o f each batch  of v in y l ch lo r id e  by 

l iq u id  counting of the d ich loroeth an e. U n fortu n ate ly , the method does

not a llow  in corp ora tion  o f the h i p e s t  p o s s ib le  a c t iv i t y  in to  th e low VC 

con ten t copolymers where i t  i s  most needed. C onsequently, i t  was 

n ecessary  to  d ev ise  a procedure fo r  the d ir e c t  measurement o f th e  

s p e c i f i c  a c t iv i t y  of v in y l  c h lo r id e .

DETERMINATION OP THE SPECIFIC ACTIVITY OF GASEOUS VINYL CHLORIDE 

The method adopted was to  tr a n s fe r  a known f ix e d  volume o f gas at 

a measured temperature and pressure in to  a G eiger -  M uller counter and 

m onitor the a c t iv i t y  of th e sample. Q u a n tita tiv e  tr a n s fe r  o f th e v in y l
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ch lo r id e  was ach ieved  by d i s t i l l a t i o n  from a manometer in to  the counter  

under c o n d itio n s  o f high vacuum and the r e s u lt in g  p ressure in  th e  

counting volume was o f th e order of h a lf  an atmosphere.

The method assumes th a t v in y l ch lo r id e  behaves as an id e a l  gas 

under the experim ental c o n d itio n s  used, i . e . ,  n = FV/RT, where n i s  

the number of moles o f g as , P the p ressu r e , V the volume, T the  

ab so lu te  temperature and R i s  the General Gas Constant. The fo llo w in g  

experim ent showed th a t  th is  was a reasonable approxim ation to  th e true 

behaviour

D iffe r e n t  p ressu res  o f VC* o f a f ix e d  s p e c if ic  a c t iv i t y  and a t a f ix e d  

volume and tem perature were tr a n s fe r r e d  to  the counter and a r e la t io n ­

sh ip  between count s/m inute and gas p ressure was obtained  g ra p h ica lly  

( s e e  P ig . 1 ,p . 2 8 ) . A good approxim ation to  l in e a r i t y  i s  obtained  

and,assum ing th a t th e  number o f counts observed i s  p rop o rtio n a l to  the  

number of moles o f gas p r e se n t , then the s p e c i f ic  a c t iv i t y  of th e  VC* 

can be exp ressed  as fo llo w s

The lay o u t of the manometer and gas counting  system  i s  shown in  

P ig . 2 ,p . 29» The exa ct volume of the b u lb , V, had been determ ined  

p r e v io u s ly  and th e  tem perature of the gas b ein g  tr a n sfe r r e d  to  the  

counter was measured by the thermometer, T. The counting zone

The G eiger -  M uller tube was a m odified  halogen-quenched liq u id - s le e v e

s p e c i f ic  a c t iv i t y  
(c .p .m ./m o le )

c o u n ts / m in.( corrected )

com prised the volume en c lo sed  by 3  ̂ and S^, w ith open and a 

"vacuustat" p ressure gauge was connected to  the counting zone v ia  .
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co unts / m in
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F i g . 2

MEASUREMENT OF SPECIFIC ACTIVITY OF VINYL CHLORIDE

TO COUNTER
s

T

V

A

Three-way Stopcock  

Thermometer

Bulb, Volume = 572.5  CM̂

VC* R eservo ir  a ttach ed  here

'A

FROM 
MANOMETER

Stopcocks

B14 Greased J o in t

G eiger-M uller Tube
Screw C onnections 
C o -ax ia l Cable 
Cold Finger  
Bulb
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type (M ullard L td .,  type MX I Z b /C f t )  operating  a t 375 v o l t s  and used  

in  con ju n ction  w ith a Bendix -  E ricsson  Ltd. type 110A probe u n it  and 

Ekco E le c tr o n ic s  Ltd. type N529D s c a le r .

A fte r  th e  VC# had been thoroughly degassed , the double-w alled

tube (which was c lo se d  by a stopcock) was a ttached  to  the manometer

a t A and the whole system  was pumped down to  g ive a "sticky" vacuum

on the v a cu u sta t. A background count was taken fo r  one hour and

atm ospheric p ressure was then read  from the manometer. S was c lo se d

to  the pumps and opened to  A and V and about 20cm. Hg o f VC# was fe d

in to  the manometer. A fter  the gas pressure and tem perature had been

n o ted , the manometer-counter con n ection  was is o la t e d  from the pumps

and S was c lo sed  to  A and opened to  V and the cou n ter , en ab lin g  a

known amount of gas to  be tra n sferred  to  th e counting zone by co o lin g

F to  -196°C . The p ressure reading on th e  manometer returned to

"atm ospheric". S and S ,  were then  c lo se d  and the gas was allow ed to  
-1 "“3

warm to  ambient temperature b efore counting . The gas was counted fo r  

15 minutes (c o r r e c t io n  bein g  made fo r  counter dead-tim e and background) 

and su bseq u en tly  d i s t i l l e d  back in to  i t s  co n ta in er .

POLYMERIZATION PROCEDURE

Methyl m ethacrylate (Hopkin and W illia m s, L td .)  was fr e e d  from 

in h ib ito r  by washing with d ilu te  aqueous a lk a l i ,  fo llo w ed  by d i s t i l l e d  

w ater, separated  and d r ied  over anhydrous calcrum c h lo r id e . Benzoyl

peroxide in i t i a t o r  was p u r if ie d  by r e c r y s t a l l i z a t io n   a sa tu ra ted

s o lu t io n  in  chloroform  was f i l t e r e d  and added dropwise to  a sm all 

volume of m ethanol. C ry sta ls  o f  benzoyl peroxide separated  out* were 

f i l t e r e d  o f f  and dried  under vacuum.
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0 . 35?o (W/V) o f b en zoyl peroxide v/as in troduced  in  acetone so lu t io n

in to  a 100ml. d ila to m e te r , f i t t e d  with a Q u ic k fit  T eflo n  T F 2 / l 8  tap and

B14 cone, and the so lv e n t was pumped o f f  on th e  vacuum l i n e .  Yfith the

tap  c lo s e d , the d ila to m eter  was then  weighed on an a n a ly t ic a l ba lan ce.
36Cl v in y l ch lor id e  o f known s p e c i f ic  a c t iv i t y  was degassed s ix  tim es  

in  the double-w alled  r e se r v o ir  and the appropriate volume d i s t i l l e d  at 

-75°C . in to  th e  d ila to m e te r , which was then rew eighed. A ca lc u la te d  

volume o f methyl m ethacrylate (MMA) was then d i s t i l l e d  a t ambient 

tem perature in to  the d ila tom eter  a f te r  thorough d egassin g . (The 

volumes o f VC* and MM monomer used fo r  a g iven  copolymer com position  

allow ed  fo r  thermal expansion  to  45°C. and measured c o e f f ic ie n t s  of 

c u b ic a l expansion  o f 0 .00238 and 0.0001 60 ( C) were used fo r  VC and 

MM r e s p e c t iv e ly ) .  The d ilatom eter was reweighed and then  immersed 

in  a therm ostat bath at 45(.+ 0 .005)°C . A l l  of th e  copolymers were 

taken  to  about co n v ersio n , w hile  F7C* homopolymer was taken to  about 

8}b» P o lym eriza tion  was stopped by co o lin g  in  l iq u id  n itrogen .

V in y l ch lo r id e  monomer was recovered a f te r  each p o lym eriza tion  by

d i s t i l l a t i o n  from th e  d ila to m eter  at -75°C ---- - MMA i s  a s o l id  a t  t h is

tem perature. The r e s id u a l mixture was d is so lv e d  in  r e d i s t i l l e d  

tetrah yd rofu ran  and the polymer p r e c ip ita te d  in  Analar m ethanol. The 

polym ers were f i l t e r e d  o f f ,  dried  and weighed and then  tw ice  r ep re c ip r ta ted .  

They 'were d ried  in  a vacuum oven at 50 C. fo r  se v e r a l days and f in a l l y  

sto red  in  a d e s s ic a to r .

L ab elled  v in y l ch lo r id e  f o r  subsequent p o lym eriza tion s was

d ilu te d  with in a c t iv e  m ateria l (B.D.H. L td .) ,  which was f i r s t  degassed
o

then  d i s t i l l e d  in to  a r e se r v o ir  of a c t iv e  m ateria l a t -75 C to  g ive the  

req u ired  volume.
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MOLECULAR 'WEIGHT DETERMIIATIOIB

S o lu tio n s  o f the polymers in  cyclohexanone were run on a H ew lett- 

Packard model 501 membrane osmometer. The r e s u lt s  are shown in  Table 

I I  , P. 34 •

ASSAY OP POLYMER SOLUTIONS

A M ullard MX 124/01 l iq u id - s le e v e  Geiger -  M uller tube was f i t t e d  

w ith  a Q u ic k fit  B19 sock et and ground g la s s  stopper. Operating a t  

390 v o lt s  and en clo sed  in  a le a d  c a s t l e ,  the counter was used in  

con ju n ction  with the same probe u n it  and s c a le r  as b e fo re . S o lu tio n s  

we re made up vdth r e d i s t i l l e d  tetrahydrofuran  and th ese  contained  O.Olg. 

of polym er/m l. A fter  a so lv e n t background had been taken , 10.0m l. c f  

polymer so lu t io n  was assayed  and the mean of s ix  con secu tive  read ings  

tak en , c o r r e c t io n  being made fo r  counter dead-time and background.

The counting tube was decontam inated a fte r  each experim ent by washing 

w ith  tetrahydrofuran  and chromic a c id .

U nlike the quenching e f f e c t  observed in  l iq u id  s c i n t i l l a t i o n

cou n tin g , vhich v a r ie s  not only with sample w eight but w ith  copolymer
(3 1 ) .

com position  , s e lf -a b s o r p t io n  by a d ilu te  polymer s o lu t io n  assayed  oy

the Geiger -  M uller method does not appear to  vary s ig n i f ic a n t ly  from 

polymer to  polymer. A sim ple model system  was s tu d ie d  m  which the
■? f

assay  o f a 1 :1 (y/ w) mixture o f °C1 FVC and in a c t iv e  F7C in  t e t r a ­

hydrofuran so lu t io n  was compared with th a t of a 1 :1 (Vi/W) mixture of
“2 f  2 iT

Cl FVC and PMMA in  the same s o lv e n t ,  the same weight of Cl F/C 

being used each tim e. The s p e c i f ic  a c t i v i t i e s  (co r r e c te d  co u n ts /m in ./ 

m l.) o f the so lu tio n s  were equal w ith in  the l im it s  o f experim ental error  

fo r  so lu tio n s  o f the same con cen tra tion  as were used in  assay o f the 

copolym ers.



-  33 -

ESTIMATION OF THE CHLORINE CONTENT OF THE COPOLYMERS

From the r e s u lt s  obtained fo r  la b e l le d  FVC, the fo llo w in g  

r e la t io n s h ip  was worked o u t: -

3 ̂molar s p e c if ic  a c t iv i t y  o f Cl in  polymer so lu t io n  (cou n ter I ) 

molar s p e c if ic  a c t iv i t y  of ^ C 1 in  gas phase (cou n ter  I I )

Counters I  and I I  r e fe r  to  th ose  used fo r  so lu t io n  and gas-phase  

counting r e s p e c t iv e ly .

3 6I f  th e  s p e c i f i c  a c t iv i t y  o f Cl v in y l  ch lo r id e  used to make a 

copolymer i s  measured in  the gas phase, then the a c t iv ity /m o le  of Cl 

in  the copolymer can be p red ic ted  u sin g  the above conversion  fa c to r .

By measurement of the s p e c i f i c  a c t iv i t y  of the ccpolymer s o lu t io n , the  

number o f  moles o f Cl in  a known weight of polymer can be determined.

RESULTS AND DISCUSSION

D e ta ils  o f the p o lym eriza tion  con d ition s and polymer an alyses  

are g iven  in  T ables I  and I I .  Errors have been estim ated  fo r  a l l  

me a sure merits in vo lved  in  determ ination  of th e  r e a c t iv i t y  r a t io s  

( in c lu d in g  a 20*lim it  on a l l  a c t iv i t y  rea d in g s) and the u n c e r ta in t ie s  

quoted were found by the standard methods fo r  com bination o f  e r r o r s .  

Percentage conversion  data (Table I I )  are based  on w eights o f polymer 

p r e c ip ita te d  fo r  the copolymers and on the measured volume co n tra ctio n  

fo r  FVC*.
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TABLE I  : P o lym erization  C onditions

Polymer

Molar Monomer 
Peed R atio :

F

S p e c if ic  A c t iv ity  
of 36c l  v in y l
Chloride used, 

(cpm/mole)

I n i t ia t o r  
C oncentration  

(fc T S /V )

Polymer iz  at i  c n 
time at 45 C. 

(M in.)

Copolymer 1 1 .733 9 3 3 ,38 3 (+81.52) o. 366 1 65

» 2 5.262 595 ,013( +6380) 0.365 295

,f 3 25.73(+O .O l) 4 5 7 ,378(+5749) 0.365 423

4 7 0 .53(+0.Q5) 371 ,755(+4507) 0.365 367

3 115 .8  (+ 0 .1 ) 421 ,985(+5287) 0.366 322

FVC* ----- 4 l2 ,553 (+ 5036) 0.366 218

TABLE I I  : Polymer P ro p erties

Polymer
0̂ Conversion  
to  polymer

M olecular
weight

S p e c if ic  A c t iv ity  
of polymer in  
THE S o lu tio n  
(cp n /g . o f  
polymer)

Molar Monomer R atio  
in  copolymer:

,  -  d t > 3
d [m i]

Copolymer 1 2.39 208,000 51 70( +100) 0 . 1079(+ 0 . 0016)

11 2 1 .9 0 111,000 8700(+1 30) 0 . 3202( +0 . 0088)

t! 3 > 1 .3 7 36,600 20570( +200) 1 .6 8 5 (+0.074)

it 4 1 .68 32,800 25Vf0(+230) 5 .6 7 8 (+ 0 .5 3 6 )

It 5 1 .7 2 37 ,000 31130( +250) 8 . 464(+1. 1 03 )

FVC* 8.17 84 ,900 36190( +270)
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The eq u ation s o f  Fineman and R o ss ^ ^ h a v e  been used to  ob ta in  

v a lu es  fo r  th e  monomer r e a c t iv i t y  r a t io s

Z ( f - 1 )  = £ r  -  r   Q
f  f  1 2

■©

whe re F =

f-1  _ r  f _
]?  ̂ 2 ]?2

molar con cen tra tion  o f VC in  monomer feed  

“  molar con cen tra tion  of MMA in  monomer feed

^  _ molar con cen tration  of VC in  copolymer
X ®  mm m  i «  m n mm, him i mmm m a m m o th  ii ■m miaiM  i

”  molar con cen tra tion  of MIA in  copolymer

and r  and r  are th e  monomer r e a c t iv i t y  r a t io s  fo r  VC and MMA- i  ~*2

r e s p e c t iv e ly .

Equation (2) i s  obtained  by rearrangement o f the standard f o r m 0  

and i t s  a p p lic a tio n  g iv e s  b e t te r  sep ara tion  of p o in ts  on th e  graph 

corresponding to  the low VC conten t copolym ers.

The data corresponding to  equations 0  and0  are conta ined  in  Table 

I I I  and th e  corresponding graphs appear on pages 36 and 37-

TABLE I I I  : Fineman -  Ross Data

Copolymer f  ( f - 0
F2
f

f-1
F

f_
F2

1 -1 4 .3 3  (+0* 27) 2 7 .8 3 (+ 0 .4 6 ) -0 .3 1 4 8 (+0.0010) 0 . 03393(+ 0 .00039)

2 - 1 1 .1 7(+ 0 .43) 8 6 .4 7 (+ 2 .3 8 ) -0 .1  2 9 2 (+ 0 .0017) 0 .0 1 136( +0.00032)

3 1 0 .4 6 (^ .6 7 ) 392.9C +17.3) 0 .0 2 6 6 2 (+0.00283) 0 .0Q2^>4p( +0. uOwl 1 d.)

4 38.11 (+1.1 7) 8 7 6 .1 (+ 8 2 .7 ) 0 . 06633(+0.00760) 0.001141 (+0.0001 03)

3 102.1 (+1 .78) i384(+ 206) 0.06i446(+0.00932) 0 . 0006311(+0 . 0000S22)
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R e a c t iv ity  r a t io s  have a ls o  been estim a ted  u sing  the grap h ica l

(37)method o f Mayo and Lewis (F ig . 5, P»39 )• These r e s u l t s ,  to geth er

with th e  ones obtained by the Fineman -  Ross p lo ts  are g iv en  in  Table 17 ,

where they are compared with data obtained by other workers.

F in a l ly ,  a copolymer com position  curve has been drawn fo r  the system

(F ig . 6, p .3 9 ) .  The la r g e , n egative  d ev ia tio n  from th e  d iagonal

corresponding to  f  = F i s  ty p ic a l  o f system s in  which r  i s  much sm aller
—1

than r  .
- 2

11 PEI1ILTIMAT E11 EFFECTS DURING- COPOLYMERIZATION

The e f f e c t  of penultim ate u n its  in  determ ining the r e a c t iv i t y  o f
( 37^

the groY/ing polymer r a d ic a ls  has been shorn by G-uyot and coworkers^ 

to  be unimportant in  th e VC -  MMA system , so th a t only two r e a c t iv i t y  

r a t io s  need be con sid ered .

TABLE IV : R e a c tiv ity  R atios

r^VC) r 2( MMA) Remarks R eference

0.1 1 0 .0 Bulk P olym erization  ; 68°C. (3  8)

o .044 ( +0 . 005) 11 ,2 (+ 1 .0 )
0

Bulk P olym erization  ; 68 C. (1 5 )

0 12 .5
0

Bulk P o lym erisa tion  ; 60 C. (3 3 )

0.02

0 .0 6 9 (+0.003)

O.O67

0 .072

15

16 .5  

16 . 6( + 0.6) 

1 7 .0

S o lu tio n  Polyme 

-\
Fineman -  Ross 

Mayo -  Lewis

ir iz a t io n  ; 45°C.

This work;
 ̂ Bulk Polymer­

iz a t io n  a t  
45 °C.

(3 5 )
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MAYO -  LEWIS DETERMINATION

o f r

F i g . 6
COPOLYMER COMPOSITION CURVE FOR VC -  MMA 
SYSTEM.

MOLE FRACTION  
O F  VC IN 
C O P O L Y M E R

M O L E  F R AC T IO N O F
VC IN M O N O M E R  F E E D
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C H A P T E R  T H R E E

INTRODUCTION

36
Thermal degradation s tu d ie s  on the C l- la b e l le d  polymers w i l l  

be d escr ib ed  f u l l y  in  Chapter IV. At t h is  s ta g e , i t  w i l l  be u s e fu l  

to  review  the f a c t s  a lready known about the therm al p ro p ertie s  o f  

random VC -  MM copolym ers. As a p r e r e q u is ite  to  t h i s ,  the thermal 

degradation  mechanisms o f  PMMA and PVC must be d iscu ssed  in  some 

depth.

THE THERMAL DEGRADATION OF P0LY(METHYL METHACRYLATE)

(5 )F ir s t  s tu d ied  by G rassie and M e lv ille  , PMMA degradation

(40)has been w e ll review ed by MacCallum . I t  i s  one of th e  few  

homopolymers from which q u a n tita tiv e  y ie ld s  o f monomer are 

ob ta in ab le  on h ea tin g  and i t  has been shown th a t the degradation  can 

be accounted fo r  in  terms o f a fr e e  r a d ic a l chain mechanism which 

fo llo w s  the gen era l scheme p o stu la ted  by Simha, W all and B la tz  

( s e e  page 3 ) ,  excep t th a t  tr a n s fe r  p ro cesses  are knov/n to  be 

unim portant.

I t  has been f ir m ly  e s ta b lis h e d  f o r  some con sid erab le  tim e th a t  

th e mechanism i s  a tw o-stage p ro cess . In  polymer samples prepared

by a f r e e -r a d ic a l  mechanism, in i t i a t io n  occurs at unsaturated  ch a in -
o 0 0

end s tru c tu res  a t  200 C v h ile  a t  tem peratures between 250 C and 300 C,

in i t i a t i o n  i s  p ire dominantly by random s c is s io n  o f the backbone. In

e i th e r  c a se , the r a d ic a ls  formed "unzip" to  g iv e  q u a n tita t iv e  y ie ld s

o f  monomer.
(41-47)

More recen t work has confirm ed t h is  p ic tu r e  and shown

a ls o  th a t term ination  i s  b im olecu lar a t low  tem peratures and changes
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to  unim olecular a t  h igh  tem peratures. The most obvious in te r p r e ta t io n  

o f  t h i s  i s  th a t  p a ir s  of r a d ic a ls  m utually d estroy  each other at low  

tem peratures, w hile  the u ltim a te  sm all r a d ic a l from complete unzipping  

escap es from the system  a t h igh  tem peratures.

M cN eill has used  thermal v o la t i l i z a t i o n  a n a ly s is  to  s tu ty  the  

therm al degradation of and th is  method shows c le a r ly  the

two s ta g e s  of monomer production  as two peaks on the TVA t r a c e s . ( s e e  p .138) 

The e f f e c t s  of v a r ia b le s  such as m olecular w eigh t, p o lym erisa tion  

method, u n sa tu ra tion  and comonomers are a lso  c le a r ly  demonstrated  

and may be summarized as fo llo w s

The e f f e c t  of polymer preparation  method

U nsaturated  chain  ends, p resen t in  polymer made by the f r e e -  

r a d ic a l p ro cess  cause in s t a b i l i t y .  Polymers prepared by an anionic  

mechanism have no such ends and are s ta b le  to  much h igh er tem peratures.

The e f f e c t  of m olecular weight

The amount of monomer produced by chain-end  in i t i a t io n  i s  h ig h est  

fo r  low m olecular weight polym er, due to  th e  h igher con cen tra tion  o f  

unsaturated  term inal u n it s .  For the same reason , the maximum ra te  of  

monomer production  fo r  the low -tem perature p rocess occurs a t  

p r o g r e s s iv e ly  low er tem peratures as the m olecular w eight i s  reduced.

For the h igh-tem perature random s c is s io n  p r o c e ss , on the other  

hand, M cN eill has shown th at th e ra te  of monomer production  in cr ea se s  

w ith th e  i n i t i a l  m olecular w eight and th a t the maximum ra te  o f  

v o la t i l i z a t i o n  occurs a t  p r o g r e ss iv e ly  low er tem peratures as the  

m olecular weight i s  r a ise d .
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T his agrees w ith  the e a r l i e r  iso th erm al r e s u lt s  of G-rant and 

B y w a te r ^ ^  and o f M acCallum ^^and i s  c o n s is te n t  on ly  w ith random 

s c i s s io n  o f th e  polymer backbone.

The e f f e c t  of backbone u n satu ration

Y/hen MMA, i s  copolym erised Y/ith phenyl acetylene, two in terestin g

e f f e c t s  are n o ticed . F i r s t l y ,  there i s  very  l i t t l e  e n d - in it ia te d

r e a c t io n , but what l i t t l e  th ere i s  g iv e s  r i s e  to  a ra te  maximum a t

th e  same temperature as fo r  a homopolymer o f s im ila r  m olecular vreight.

This i s  presumably due to  a “blocking" a c t io n  by the comonomer u n its

which reduces the z ip  le n g th  of th e  depropagation. S econ d ly , the

maximum r a te  of monomer production  a sso c ia te d  vdth the random s c is s io n
o

p ro cess  occurs about 30 C e a r l ie r  than in  the homopolymer. T his i s  

probably due to  th e ease  of s c is s io n  a t the unsaturated  u n its  along  

the backbone

C H , C H , CH• I 1 I
• ^ C H -  C  C H j r C  —  CH =  C —  C H | - | - C ' V ^

1 I I I
C02CH C02CH3 Ph C02CH3

The tj>onds in d ica te d  probablj'" c o n s t itu te  weak p o in ts .
i

T h e /e f fe c t  o f other fo r e ig n  u n its  in  the backbone
/

Assuming th a t th ey  do not depolym erise r e a d ily  them selves or 

in te r fe r e  w ith  the form ation of term inal unsaturated  stru c tu res  

during p o ly m eriza tio n , other comonomcrs can s t a b i l i z e  polymer made 

by the fr e e  r a d ic a l method a g a in st breakdoYa a t low tem peratures. 

M ethyl, e t h y l ,  propyl and b u ty l a c r y la te s  show t h is  behaviour, as
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does s ty r e n e . C opolym erization w ith  the s tr u c tu r a lly  s im ila r  monomer, 

e th y l m ethacrylate, however, has a n e g l ig ib le  e f f e c t  on the degradation  

p a tte r n , due to  i t s  a b i l i t y  to  depropagate.

Some a t te n t io n  should f i n a l l y  be g iven  to  the nature o f th e  

un satu rated  end u n it s .  Formed by d isproportdonation  o f m acroradicals  

during the term ination  s tep  of p o ly m eriza tio n , two p o s s ib le  s tru ctu res  

can be e n v isa g e d :-

Bond rupture w i l l  occur as shown. S tructure ( i l )  w il l  generate  

a m acroradical id e n t ic a l  to  th a t formed during p o lym eriza tion , while

( i )  w i l l  g iv e  r is e  to  the r a d ic a l CH7

On the b a s is  of em p ir ica l a c t iv a t io n  energy v a lu es  fo r  th e  in i t i a t io n

to  depropagate.

THE THERMAL DEGRADATION MECHANISM OF FVC

Due to  i t s  e v e r - in c r e a s in g  importance as a commercial polym er, 

FVC has been th e su b jec t o f a v a s t  amount of in d u s tr ia l  and academic 

re se a r c h , w ith i t s  thermal degradation  behaviour b ein g  o f p a r t ic u la r  

im portance. As w i l l  be s e e n , th e  mechanism of degradation i s  s t i l l  

a m atter o f some con troversy .

CH.
3

CH.
3

CH

A/NCH^—j“ C— C H =  C OR AACH^— C

( I ) c.o2ch3 co2ch3 C0oCH7 C0oCH_ ( I I )2 3 2 3

/V-SQ

C02CH3

(40)
p r o c e ss , MacCallum has su ggested ' th a t t h is  form may a lso  be able
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FVC s u f fe r s  from the disadvantage of undergoing con sid erab le  

therm al degradation  near to  i t s  m elting p o in t (c a . 180°C ). In  the

absence o f s u ita b le  s t a b i l i z e r s ,  the tem peratures req u ired  fo r  

fa b r ic a t io n  of the polymer are o ften  s u f f i c ie n t  to  induce co lo u ra tio n  

and d e te r io r a tio n  of m echanical and e l e c t r i c a l  p r o p e r t ie s . Over

degradation  and open the way to  new a p p lica tio n s  of FVC p rod u cts, 

but such s t a b i l iz e r s  have been evo lv ed  em p ir ic a lly  and are o ften  

r e la t iv e l y  expensive and sometimes t o x ic .  A complete understanding  

of the mechanism of s t a b i l iz a t io n  i s  c le a r ly  im portant i f  such fa c to r s  

are t o  be minimised and t h is  w il l  fo l lo w  on ly  when the degradation  

mechanism i t s e l f  can be f u l l y  in te r p r e te d . In  the p resen t work, the 

e f f e c t  o f  various comonomers as p o te n t ia l  " in ternal"  s t a b i l iz e r s  i s  

in v e s t ig a te d .
(49)

The therm al degradation o f FVC has been w e ll review ed by Braun 

and by G e d d e s ^ ^ . B a s ic a l ly ,  the rea c tio n  in v o lv e s  the step w ise(" zip p er" )  

removal of KC1 from the polymer to  le a v e  a co loured  resid u e  T&iich 

con ta in s  conjugated  polyene sequences. Once double bonds have been  

form ed, th ey  are able to  a c t iv a te  atoms in  the a l l y l i c  p o s it io n  and 

so  promote fu r th e r  r e a c tio n

the y e a r s , sev era l c la s s e s  of m a ter ia ls  ( e .g .  m etal soap s, organo- 

t i n  compounds and ep ox id es) have been used  s u c c e s s fu l ly  to  combat

2 CHAA. — j >  S A C H = r  GK— C H =  CH— C H =  Clr'W

Cl Cl Cl + HC1

In  u n s ta b il iz e d  polym er, co lo u ra tio n  i s  apparent long  b efore any o f  

the other e f f e c t s  o f degradation and becomes more in te n se  as the

degradation  proceeds.
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I t  w i l l  be convenient to  d isc u ss  the d ehydroch lorination  in  

fou r p a rts

(1 )  S i t e s  f o r  in i t i a t io n

(2 )  C olouration

(3 )  Mechanism of HC1 lo s s

( 4 ) The in flu e n c e  o f hydrogen ch lo r id e

INITIATION SITES

The in i t i a t io n  step  i s  very  important as i t  demands a r e la t iv e ly  

high  a c t iv a t io n  energy (25-35  k c a l/m o le ) . Model in v e s t ig a t io n s  with  

2 ,4 -d ich lo ro a lk a n es  ( e .g .  2 ,4 -d ich lorop en tan e) have shown th a t pure 

FVC sh ou ld , in  th eory , be ra th er  s ta b le ,  w ith dehydroch lorination  of 

th e model compounds a t  350°-400°C req u ir in g  an a c t iv a t io n  energy o f

( 5"0.about 50 kcal/m ole '* I t  fo llo w s  th a t in i t i a t i o n  must occur at

"impurity" stru ctu res  in  the chain  and th ese  have been d escrib ed  in

the l i t e r a t u r e  as f o l lo w s : -

Chain end groups w ith  i n i t i a t o r  r e s id u es  or 

unsaturated  stru ctu res

Branch p o in ts  w ith  t e r t ia r y  ch lo r in e  atoms

Random u n sa tu ra tion  w ith  a l l y l i c  ch lor in e  atoms

Oxygen-bearing stru c tu res

H ead-to-head u n its

S tu d ie s  cf sm all m olecule models in corp ora tin g  u n sa tu ra tion  

and bran ch -p oin ts have rev e a led  th a t unsaturated  chain  ends should  

be r e la t iv e ly  unim portant, whereas random is o la t e d  double bonds w ith  

a l l y l i c  ch lo r in e  atoms and a lso  branches w ith  t e r t ia r y  c h lo r in e  atoms 

should c o n s t itu te  p o in ts  of weakness.

( i )

( i i )

( i i i )

( i v )

(v)
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The amount of chain  branching in  FVC can be determined f a i r l y

a cc u r a te ly  by comparing in fra red  sp ectra  of l in e a r  polym ethylene
( 52)a g a in st  FVC reduced w ith  LiAlH^v J . Depending on the method o f  

p rep aration  of the polym er, about 5 to  15 CĤ  -  groups per 1000 C -  

atoms are found. Although branching d e f in i t e ly  e x i s t s ,  however, i t  

i s  now con sid ered  u n lik e ly  th a t t e r t ia r y  ch lor in e  atoms e x i s t  a t  

th ese  s tr u c tu r e s .

End-groups in  FVC can be formed from in i t i a t o r  resid u es or by

c h a in -tr a n sfe r  term in ation , but many of th e  experim ents used to

study th e ir  e f f e c t  on degradation  have been in c o n c lu s iv e .

U nsaturated  end-groups in  FVC have been id e n t i f i e d  and estim ated

(55)q u a l i t a t iv e ly  by Bengough but t h e ir  suggested  r o le  as in i t i a t io n

s i t e s  in  the degradation i s  not confirm ed by experim ents w ith  low

m olecular w eight m odels. Baum and Wartman^^  ̂ found only  a 1C$

d iffe r e n c e  in  in t r in s ic  v i s c o s i t y  between a so lu t io n  of undegraded

FVC and a so lu t io n  of polymer which had f i r s t  been therm ally  degraded

and then  subsequently  ozon ized . They su ggested  th a t  in i t i a t io n

occurs m ostly  a t unsaturated  chain-ends and th a t the form ation of

polyene sequences from random double bonds in  the polymer chain  i s

r e la t iv e ly  unim portant. T heir r e s u lt s  c o n f l i c t  sharply w ith  th ose  

( 57)o f Braun and Quarg 7 who claim  to have observed a rapid decrease  

in  m olecular w eight when therm ally-degraded FVC i s  o x id a t iv e ly  

c lea v ed .
v ( 58 \

In  a recen t study by Valko and Tvaroskaw  ' ,  sem i-em p ir ica l 

c a lc u la t io n s  have been made of th e  a c t iv a t io n  energy req u ired  fo r  

the un im olecular e lim in a tio n  of IIC1 ( s e e  page 52 ) from unsaturated
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end u n its  and th ese  have p red ic ted  th at such stru ctu res  sh ou ld , in

f a c t ,  be r e la t iv e ly  s t a b le .

Random u n satu ration  w ith  a l l y l i c  ch lor in e  atoms was noted

e a r l i e r  to  produce thermal l a b i l i t y  in  low m olecular w eight models

and the experim ental evidence f o r  the e x is te n c e  o f these s tru c tu res

in  FVC i s  probably more c o n c lu s iv e .

In  a study o f v in y l ch lo r id e  -  v in y l bromide copolym ers, i t

was noted  th a t below 200°C, dehydroch lorination  was in i t i a t e d  at
(59)

a l l y l i c  ch lo r in e  s i t e s ,  formed by the p r io r  e lim in a tio n  of HBr.

R ecen tly , Braun and Quarg have observed a d ir e c t  c o r r e la t io n  of
( 5 7 )

random u n sa tu ra tion  with th e ra te  o f dehydroch lorination  7 in  a 

study in v o lv in g  the o x id a tiv e  cleavage o f various FVC samples u sin g  

KMnÔ  in  d im ethylacetam ide. During the o x id a tion  a t  20°C, th e  

m olecular w eight f e l l  to  a con stan t f i n a l  v a lu e , a llow ing th e  number 

o f c leavages per 1000 C-atoms to be c a lc u la te d . For fr a c t io n s  of 

b u lk  FVC, the number of c leavages was found t o  be independent of 

m olecular w eight (Mv ) ,  as was the ra te  of de hydro c h lo r in a tio n .

However, Then te c h n ic a l suspension  FVC samples from various sources  

were used., both  the number of c le a v a g e s /1 000 C and the ra te  o f HC1 

l o s s  were observed to  decrease smoothly w ith  in crea sin g  m olecular  

w eight and a c o r r e la t io n  o f the two e f f e c t s  showed th a t the ra te  of 

dehydroch lorination  in c r e a se s  r e g u la r ly  w ith the number of c lea v a b le  

s i t e s .

I t  could  be shown that in  the e a r ly  s ta g e s  of d eh yd roch lorination ,

one polyene sequence was formed from each i s o la t e d  double bond.

In  a d d itio n , c a r e fu l c h lo r in a tio n  of the double bonds le d  to  in creased

therm al s t a b i l i t y  and a red u ctio n  o f the number of double bonds found

by cleavage w ith KMnO, .
4
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D egradation  fo r  one hour a t  180°C, fo llo w ed  hy o x id a tio n  in  s o lu t io n ,

gave the same m olecular w eight decrease as w ith d ir e c t  o x id a tio n  of

undegraded FVC, su ggestin g  th a t  the polyene sequences formed were

i n i t i a t e d  a t th e  o r ig in a l unsaturated  s tru ctu res  and were r e la t iv e ly

sh o r t . The average le n g th  o f the polyene sequences could be

c a lc u la te d  from t i e  amount of HC1 evo lved  and the number of c lea v a g es .

The r e s u lt s  obtained  were in  good agreement w ith  the sp ectro sco p ic

f in d in g s  ( s e e  page 49 ) .

The importance of random u n sa tu ra tion  i s  a lso  supported by the

V ( 58 )c a lc u la t io n s  of Valko and Tvaroska , which have a lready been

mentioned (s e e  page 46 ) .

Carbonyl ab sorptions have been observed in  the in fra re d  sp ectra  
( 60)

o f  FVC 7 and th ese  are thought to  a r is e  by subsequent decom position

o f peroxide or hydroperoxide s tr u c tu r e s , formed by ox id a tio n  o f the  
/ 6, n

polym er. Popova has shown th a t an in crea se  in  the oxygen content

o f  th e  polymer i s  a s so c ia te d  w ith an in crea se  in  the ra te  o f

d eh yd roch lorination  and i t  i s  p o ss ib le  th a t th e r a d ic a ls  formed during

the decom position  of the peroxide s tru ctu res  may in i t i a t e  a r a d ic a l

de hy d ro ch io r in a tio n .

H ead-to-head u n i t s , although not y e t  id e n t i f i e d  in  FVC, have
( £2)

been s tu d ie d  u sin g  ch lo r in a ted  trans-1  ,4 -p o lybu tad ien e and the 

v ic in a l  ch lo r in e  atoms shown to  oe mere "cncrmsAly l a c n c  tnan th e ir  

1 ,3 -c o u n ter p a r ts . HC1 lo s s  beg in s sooner than in  pure FVC, but the

r a te  of e lim in a tio n  i s  s low er, probably due to  th e r e la t iv e  s t a b i l i t y

o f  the ^ C H  -  CH = C -  CH/W stru c tu res  i n i t i a l l y  form ed, compared
2 f 2

Cl

w ith  a l l y l i c  u n its  (b ased  on low m olecular weight model com parisons).
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In  c o n c lu s io n , i t  must be noted th a t  the s te r e o r e g u la r ity  o f  

FVC a lso  appears to  a f f e c t  i t s  therm al s t a b i l i t y ^ ^  \  L i t t l e  

in form ation  has been c o l le c t e d  so f a r ,  w ith  th e  obvious d i f f i c u l t y  

being the d if f e r e n t ia t io n  from c r y s t a l l in i t y  and m elting p o in t  

e f f e c t s .

COLOURATION DURING- D EKYD RO C lib OR INAT ION

The development of c o lo u r a tio n  i s  f ir m ly  e s ta b lish e d  as a

consequence o f polyene form ation  b u t , as y e t ?no q u a n tita tiv e  r e la t io n

between colour and the amount of HC1 evo lved  has been form ulated.

However, U.V. and v i s ib l e  spectroscopy  has rev e a led  se v e r a l in te r e s t in g

fa c to r s  concerning th e  len g th s  and frequency d is tr ib u t io n  o f the

various le n g th s  of polyene sequence.

U sing the Beer-Lambert Law and th e  f a c t  th a t th e  e x t in c t io n

c o e f f i c i e n t  of th e  main, e le c tr o n ic  absorption  band of a polyene i s

d ir e c t ly  p rop ortion a l to  the number o f double bonds ( n ) , Thallm aier  

(64)
and Braun derived  the e x p r e s s io n :-

H = 1 0 6  V 1n   —-
lnxC

P

where H  ̂ i s  a r e la t iv e  measure o f the frequency o f polyene sequences  

w ith  n double bonds in  degraded FVC. 

lo g  I  / i  i s  the absorbance 

1 i s  th e c e l l  path length

x  i s  the conversion  ( i . e .  moles Cl removed: moles Cl in

undegraded polymer)

S ’ i s  the  c o n ce n tra tio n  cf polymer in  s o lu tio n  ( g / l )
o

By p lo t t in g  H  ̂ a g a in st n fo r  FVC degraded to  0.17/6 a t 180 C, i t  was 

found th a t polyene sequences com prising 5 double bonds were most
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common, vfhile the lo n g e s t  sequences had about 25 to  30 double bonds.

Furtherm ore, vdth in cr ea sin g  conversion  (o r  tem perature), i t

was found th a t the frequency d is tr ib u t io n  underwent a sm all s h i f t  to

sh o rter  sequences and a ls o  the con cen tra tion  of polyene (measured

sp e c tr o sc o p ic a lly )  decreased. T his can be exp la ined  by the onset of

c y c l iz a t io n  and c r o ss lin k in g  r e a c t io n s . Aromatic hydrocarbons

( e .g .  benzene and to lu en e) are formed and the I .R . sp ec tra  of the
( 6 5)

polymers show arom atic structures^  . Presumably, t h is  p rocess  

occurs m ostly a t  the expense o f the longer sequences.

The ob servation s o f T hallm aier and Braun su g g est th a t HC1 

e lim in a tio n  b eg in s s im u ltan eou sly  a t many s i t e s .  W ith in cr ea sin g  

con v ersio n , th e number of polyene sequences in c r e a se s , but not th e ir  

le n g th , and a f te r  th e form ation  o f sequences w ith  20-25 double bonds, 

th e “zipper" type mechanism i s  f i n a l l y  a rrested  ( s e e  page $1+. ) .

THE MECHANISM OF DSHYPROCHLORINATION

Like the mode c f i n i t i a t i o n ,  the mechanism o f dehydroch lorination

i t s e l f  i s  s t i l l  in  d isp u te . R a d ica l, io n ic  and unim olecular

mechanisms have been d iscu sse d  w idely  in  the l i t e r a tu r e  and i t  i s  not

in co n ce iv a b le  th at d if f e r e n t  mechanisms may operate to g e th er  w ith in

c e r ta in  tem perature ran ges.

( i )  R ad ica l Mechanism:

Many e a r ly  workers p o s tu la te d  a ’fr e e -r a d ic a l  d eh yd roch lorination ,

w ith  the iiechaiiism o f Stromberg e t  a l.^  ^  r e c e iv in g  most support.

( 66)Experiments by Bengough and Sharpe^ ' ,  however, have shown th a t  

f r e e -r a d ic a l  in h ib ito r s  have no e f f e c t  on th e  therm al degradation  of

FVC in  an in e r t  s o lv e n t ,  which appears to  d iscount a r a d ic a l p rocess  

( a t  l e a s t  under th ese  c o n d it io n s ) .
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In  a d d it io n , th e  E .S.R . spectrum o f stron gly-d egrad ed  FVC has not

o ffe r e d  unambiguous proof o f fr e e -r a d ic a l  in term ed ia tes ( s e e  page 1 3 ).
(67)

However, Bamf ord and Pent on , in  a study of the thermal 

degradation o f FVC in  t r it iu m - la b e lle d  to lu e n e , found in corp ora tion  

of tr it iu m  in to  the polymer chain  and there was a l in e a r  r e la t io n  

between the e x te n ts  o f  tr it iu m  in corp ora tion  and dehydroch lorination . 

U sing t h i s ,  to g e th er  w ith  other ev id e n c e , a f r e e -r a d ic a l  mechanism 

was p o stu la ted .

( 68)M cNeill and N e il  have o ffered  th e  degradation behaviour o f

FVC b lends Tdth other polymers ( e .g .  FMMA) as ev idence fo r  a f r e e -  

r a d ic a l p rocess during bulk degradation . FMMA i s  found to  be i n i t i a l l y  

l e s s  s ta b le  and g iv es  monomer a t tem peratures corresponding to  F/C 

d eh yd roch lorination , w hile some i n i t i a l  re ta rd a tio n  o f the  

dehydroch lorination  i t s e l f  i s  a ls o  observed. These e f f e c t s  can be 

exp la in ed  in  term s o f d if fu s io n  in to  the FMMA phase of ch lor in e  

r a d ic a ls  which can there a b stra c t hydrogen atoms and produce e a r ly  

r a d ic a l depropagation.

The f a c t  th a t Clg îas no'fc been d etec ted  during FVC degradation  

does not support a r a d ic a l mechanism, but th is  could e a s i l y  be due 

to  th e  h igh  r e a c t iv i t y  o f the s p e c ie s .

( i i )  Io n ic  Mechanism:

The dehydroch lorination  of FVC at 60°C by b ases such as lith iu m

(1 6 )
c h lo r id e  in  dimethyIformamide fo llo w s  an io n ic  mechanism' •

Su lphuric a c i d ^ ^  and some heavy m etal s a l t s  ( e s p e c ia l ly  iron  s a l t s ) ,  

to g e th er  w ith  a d d it iv e s  b earing  mobile p ro to n s, such as organ ic a c id s ,  

a lc o h o ls  and p h e n o ls^ 0  ̂ are found to  a c c e le r a te  the dehydrochlorination
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(71^o f bu lk  PVC, w hile Marks e t  a l-  have found a r e la t io n sh ip

between the r a te  o f  degradation  in  s o lu t io n  and the d ie l e c t r ic  

con sta n t of th e  so lv e n t .

There thus e x i s t s  strong evidence fo r  a dehydroch lorination  

mechanism in v o lv in g  charged in term ed ia tes  under c e r ta in  c o n d it io n s ,  

but the f a c t  th a t c e r ta in  a d d it iv e s  o f an io n ic  ch aracter  a cce lera te  

the degradation  does not prove c o n c lu s iv e ly  th a t th e mechanism i s  

io n ic  in  th e ir  absence. Probably the g r e a te s t  support f o r  an io n ic  

p ro cess  during bulk degradation stems from the a b i l i t y  to  ex p la in  

a u to c a ta ly s is  by HC1 ( s e e  page 53 )•

( i i i )  U nim olecular E lim in a tio n :

( 72)Braun and Bender- found th a t th e  d ehydroch lorination  of 

F\TC between l60°Cand 200°C, in  an in e r t  so lv en t (e th y l  benzoate)  

and under an in e r t  atm osphere, fo llo w s  a f i r s t  order ra te  law  and 

th ey  p o s tu la te d  a un im olecular mechanism which proceeds v ia  a c y c lic  

t r a n s it io n  s ta te

Once i n i t i a t e d ,  th e  mechanism con tin u es in  the u su a l "zipper” fa sh io n  

a lon g  the ch a in , w ith a l l y l i c  a c t iv a t io n  o f the ch lo r in e  atoms.

>  ^ G H -— CH—CH—-CHCI/VV
2 l 1

S+ S -
AACĤ r— CH— CH— CHC3AV

2 I I I ICl H Cl H
<$- <5 +

1
/VVCH-— CH= CH—CHC1/Vv' « /WCH GH—• GH— CHC l W

* HC1
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The a u to c a ta ly t ic  e f f e c t  of HC1 can a ls o  be exp la in ed  in  terms 

o f a m olecular p rocess ( s e e  b e lo w ), bu t onceagain the b e s t  ev idence  

does not r e fe r  to  degradation of the bulk  polymer.

In  co n c lu s io n , i t  would appear th a t  the on ly  p ra c tic a b le  s o lu t io n  

o f the mechanism enigma l i e s  in  the refinem ent of the E .S.R . tech n iq u es.

THE INFLUENCE OP HYDROGEN CHLORIDE

In  the more recen t l i t e r a t u r e ,  d e f in ite  evidence i s  c i te d  fo r

c a t a ly s i s  of th e  dehydroch lorination  by HC1. Talam ini e t  a l .  observed
(73 )

a u to -c a ta ly s is  during the therm al degradation  of s o l id  FVC , while

Braun and Bender observed a h igher ra te  o f dehydroch lorination  in

(72 )e th y l  benzoate in  presence of fr e e  IIC1 . At tem peratures below  

200°C, a u to c a ta ly t ic  fea tu res  on ly  appear i f  HC1 i s  a llo y e d  to  

accumulate in  the system  and a c t iv a t io n  en erg ies  o f 21 and 28 k c a l /  

mole r e s p e c t iv e ly  fo r  the c a ta ly se d  and u n cata lysed  system s have been

- V70)rep orted  .

The p r e c ise  nature of th e  in te r a c t io n  between HC1 and the

degrading PVC i s  not y e t  c le a r ,  but below 200 C any d is s o c ia t io n  of
(74 )

HC1 in to  fr e e  r a d ic a ls  seems u n lik e ly . Van der Ven and de "Wit 

have proposed the p a r t ic ip a t io n  of b a s ic  sp e c ie s  Cl ' or HClg > 

formed by d is s o c ia t io n  o f HC1:-

HC1 > H+ + Cl
2HC1-----> K + + hc12*"

Cl” + vvcHssCH— CH— CH^V > AA(cH =:CH)A/V + HC1 + Cl”
2 |

Cl
(o r  HC1~ )
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Evidence fo r  the form ation of Cl or HCl^* i s ,  however, in d ir e c t ,  being  

based on th e in flu en ce  of complexing agents such as FeCl^ on th e  

a u to c a ta ly s is •

( 7 2)Braun and Bender have su ggested  a m olecular r e a c tio n  o f the

ty p e : -
yH-rCl

ClS ; h
X  r S

WCH—  CH-^CH— CHCl'W 

( 75)w hile  Morikawa has proposed an in te r a c t io n  between HC1 and the  

double b on ds:-

s ~
wvqh  —  CH—CH— CHC1''-V

•^ci**’’
.<r-

R egard less of th e  mechanism in v o lv e d , the presence o f HC1 during  

commercial p rocessin g  cf PVC p oses a d e f in it e  th rea t to  the h eat  

s t a b i l i t y  of the polym er. Commercial PVC s t a b i l iz e r s  ( a l l  o f vdiich 

are ab le to  r e a c t w ith HCl) help  to  a l l e v ia t e  a u to c a ta ly s is .

I t  s t i l l  remains to  be exp la in ed  why the “unzipping11 p rocess  

term inates a f te r  the form ation of only 5 -10  double bonds (on  average) 

per sequence. Above 200°C, term ination  of the unzipping can be 

ex p la in ed  by the onset of c y c l iz a t io n  and c r o ss lin k in g  (s e e  page 50 ) ,  

b u t f o r  th e  term ination  at low con version , another reason must be 

sought.

I f  a fr e e  ra d ic a l e lim in a tio n  i s  in v o lv e d , t h is  w i l l  presumably 

in v o lv e  chain  term ination  or tr a n sfe r  r e a c t io n s , in  rfaich the ch lor in e  

atom or th e  polymer r a d ic a l i s  d ea ctiv a ted  in  some way.



-  55 -

The r a t io  of tr a n s fe r  or term ination  to  propagation  i s  probably  

tem perature-dependent, so  th a t average polyene sequence le n g th s ,  

and hence the co lour o f  the degrading polymer^ may w e ll be a fu n c tio n  

o f  degradation  tem perature.

For a n o n -ra d ica l p r o c e ss , a d if fe r e n t  exp lan ation  i s  requ ired . 

P o s s ib ly ,  the growth of polyene sequences i s  b locked  by s tr u c tu r a l  

ir r e g u la r i t ie s  in  the polymer ch a in , but th ese  on ly  appear to  be 

p resen t in  very  low co n cen tra tion . A more p la u s ib le  exp lan ation  i s  

th a t a f te r  the f i r s t  few  e lim in a tio n s  in  a sequence, the a d d itio n a l  

energy gained by the system by fu rth er  ex ten sio n  o f the conjugation  

b eg in s to  d im in ish , so  th a t a p o in t i s  reached where the thermo­

dynamic d riv ing  fo rce  i s  in s u f f ic ie n t  to  j u s t i f y  e lim in a tio n  of 

another HC1 m olecu le. S ince the C-Br bond i s  weaker than the C-Gl 

bond, t h is  cou ld  ex p la in  the form ation  o f lon ger polyene sequences 

in  p o ly (v in y l bromide) under the sane co n d itio n s^ ^ ^ .

THE THERMAL DEGRADATION OF VINYL CHLORIDE -  METHYL 

METHACRYLATE C OPQLYMERS.

The anomalous therm al behaviour of v in y l h a lid e  -  MMA copolymers

(76 )p u zzled  se v e r a l e a r ly  workers. B lauer and G o ld ste in v noted th a t

p o ly (v in y l brom ide), FVB, was more s ta b le  than a copolymer of VB w ith

( 71)MMA, w hile  A lfrey  and co workers showed th a t VC-MMA copolymers 

ev o lv ed  abnormally la r g e  amounts of ch lo r in a ted  products upon r e a c tio n  

w ith  z in c .

Lehrie and R o b b ^ ^  used p y r o ly s is  -  gas chromatography to  compare 

the therm al degradation c f VC-MMA b lock  and random copolymers with  

the behaviour o f a b lend  of the two homopolymers.
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The degradation  a t v a r io u s tem peratures bet7«en 150°C and 950°C 

was stu d ied . FMMA gave monomer and a ce ty len e  as the p r in c ip a l  

degradation  p rod u cts, vh ile  PVC gave HC1 and a c e ty le n e . The 

copolymers and a lso  th e b lend  y ie ld e d  a mixture o f MMA and HC1.

The random copolymer contained  7Q/Z (m olar) VC and appeared to  be 

s t a b i l i s e d  w ith  re sp ec t to  lo s s  of MMA but s tro n g ly  d e s ta b il is e d  

w ith  re sp e c t to  dehydroch lorination . The b lock  copolymer and 

b len d  (which viere  both of s im ila r  com position  to  the random copolymer) 

showed s im ila r  behaviour, but HC1 lo s s  did not occur a t such low  

tem peratures.

( 1 k )Z utty andVfelch stu d ied  the therm al degradation of random 

VC-MMA copolymers o f d if f e r e n t  com position  and compared th e ir  

behaviour with the degradation  of a homopolymer b len d . The gaseous 

products were analysed by mass spectrom etry. They found th a t  

p y r o ly s is  of the copolymers a t  tem peratures around 150 C induced a 

p u re ly  in tram olecu lar la c to n iz a t io n  r e a c tio n  which formed OC-methyl- 

'jj'-butyrolactone groups in  th e polymer backbone, concom itant w ith  the  

q u a n tita t iv e  e lim in a tio n  of methyl c h lo r id e . The fo llo w in g  copolymer 

and terpolym er system s underwent analogous rea c tio n s

VC -  e th y l m ethacrylate  

VC -  e th y l a cry la te  

VC -  dimethy lita c o n a te

VC -  MMA -  tetra h y d ro fu rfu ry l m ethacrylate

v in y lid en e  ch lo r id e  -  MMA.

v in y l bromide -  MMA ^
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The form ation  of m ethyl ch lo r id e  was on ly  seen  to  a sm all ex ten t in  

the case  cf the PMMA. -  PVC b len d , the major products b ein g  those  

a sso c ia te d  w ith  the homopolymer degradations. HC1 was the only other

VC -  MMA copolym ers.

In  g en era l, the form ation of lacton e groups was found to  lea d  to  

in crea sed  chain  r ig id i t y  and h igher polymer so fte n in g  p o in ts . The 

ev o lu tio n  of gaseous a lk y l ch lo r id e  above the so ften in g  p o in t o f the  

polymers allow ed  r ig id  foams of good com pressive s tren g th  to  be formed. 

In  t h is  in s ta n c e , however, no stucty" was made o f the part p layed  by 

la c to n iz a t io n  in  the com plete degradation p r o cess .

THE MECHANISM OP LACTONIZATION

For the la c to n iz a t io n  occurring in  random VC -  MMA copolym ers, 

Z utty and Welch proposed the fo llo w in g  o v e r a ll p r o c e s s :-

T heir d ed u ction s, gleaned  from s tu d ie s  o f 'the other copolymer 

system s l i s t e d  above, to g e th er  with the ob servation s made by other  

w orkers, w i l l  now be d is c u s se d :-

( l )  R ep lacing  Cl w ith Br le a d s  to  an enhancement o f th e  ra te  o f

la c to n iz a t io n  in  accordance with the low er bond stren g th  o f C-Br.

major v o la t i l e  product observed below  200°C during degradation o f the

CH. CH
3

W'CH—  C CHAV »  wCH— c CHW + CH,C1

Cl 0
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.(2) In crea sin g  the p o s it iv e  charge on the C -  atom bearing the

halogen  (a s  in  a v in y lid en e  ch lo r id e  copolymer) a ls o  e n h a n c e s  the

(79 }ra te  o f s u b s t itu t io n . B urnett e t  a l .  '  have shown th a t thehave shown th a t the

r e a c t io n  in  f a c t  proceeds a step  fu rth er  in  the case of v in y lid en e  

c h lo r id e , g iv in g  a )(-u n sa tu r a te d ^ -la c to n e  by e lim in a tio n  of HC1:~

(3 )  Varying the e s te r  group in  the m ethacrylate s e r ie s  has apparently

no e f f e c t  on the r a te  or e f f ic ie n c y  o f la c to n iz a t io n .

(4 )  E ster  comonomers con ta in in g  no OC-substituent form l i t t i e ; i f  any,

la c to n e  upon p y r o ly s is ,  ( e .g .  e th y l a cry la te  copolym ers). The

s ig n if ic a n c e  of e le c tr o n  w ith d raw al/rep u lsion  by the 0C- su b st itu e n t

has not been f u l l y  rev e a led , due to  confusion  w ith  s t e r ic  e f f e c t s .

For exam ple, the slow er r a te  o f H acton ization  o f poly(m ethyl OL-

c h lo r o a c r y la te )  versus the VC -  MMA copolymers could be due to  s t e r ic

hindrance by the e s te r  group on the halogen-bearing C -  atom, ra th er

than the p o s it iv e  and n ega tive  in d u ctiv e  e f f e c t s  o f the 0 (-su b st itu e n t .
( 80N

A s im ila r  s i tu a t io n  was encountered by Perkin  and Stone  ̂ who 

performed th e sy n th e s is  shown b e lo w j-

AACH-—C/W C H  *— C C/W

CH. Cl CH

Br
0
II

0
II

0 QEt 0

+ EtBr
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The r e a c t io n  proceeded norm ally -when the (X. -Br m s rep laced  hy  

~CH^, "but f a i l e d  to  take p lace  viien -C l was su b s t itu te d . P o ss ib ly  

the sm aller  s iz e  o f the Cl atom i s  r e sp o n s ib le , ra th er than i t s  very  

strong electron-vdthdraw ing p r o p e r tie s ,

(3 )  S tu d ie s  on the VC -  d im eth ylitacon ate  system  showed th a t  

form ation  o f a 6-meinhered lac to n e  in  the degrading polymer occurs 

more r e a d ily  than form ation of a 5-niembered one. ( th e  r e sp e c tiv e  

r e a c t io n  tem peratures were 110-130°C and 150-170°C). This i s  in  

accordance with c la s s ic a l  c y c l iz a t io n  in  sm all m olecu les.

Probably the most in form ative study of the mechanism o f therm al
/ o, \

la c to n iz a t io n  to  date i s  the one c a r r ie d  out by Crawford and Plant^ ‘ ' 

who stu d ied  th e p y r o ly s is  of p o ly  (+ ) - s e c -b u ty l (X -ch lo ro a cry la te  

By h ea tin g  the polymer at 190°C in  vacuo, se c -b u ty l ch lo r id e  was 

ev o lv ed  and i t s  co n fig u ra tio n  found to  be in v e r te d , w ith  about k-Ofo 

ra ce m iza tio n :-

C1 Cl Cl CÔ Bu

.CH^ ^CH;
#/W Q  >  AAAC C 'W

] | + BuC

/ \  C°2BU /  °
0 0 0 

* I
Bu

I f  la c to n iz a t io n  proceeds s o le ly  by a b im olecu lar mechanism, through  

the t r a n s it io n  s ta t e  shown below , then the b u ty l group should have 

undergone com plete in v e r s io n  o f co n fig u ra tio n  to  y ie ld  f u l l y  a c t iv e  

BuCl. ^
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Cl COBu 
I 2

C /v w

The f a c t  th a t racem ization  occurs su g g ests  some p a r t ic ip a t io n  

o f  a unim olecular p r o c e ss , in v o lv in g  f i r s t  form ation of a d isc r e te  

b u ty l c a t io n , fo llo w ed  by r e a c tio n  o f the io n  Y/ith c h lo r in e . This 

must occur a t l e a s t  to  th e  ex te n t o f racem ization . Screening of 

the b u ty l ion  by th e carboxylate ion  could p o s s ib ly  lea d  to  some 

in v e r s io n .

(15 )Johnston and Harwood , on the other hand, consider th a t the  

mechanism of la c to n iz a t io n  i s  analogous to  th a t in vo lv ed  in  the

therm al c y c l iz a t io n  of c e ty l  Y*"cl:lloro^u‘fcyra^e * T his r e a c tio n  has
(8 2 ) 18„ n  ̂ „ 

been stu d ied  by Denney and G-iacmx ' u sin g  0 -  la b e l le d  carbonyl

and i t  v/as found th a t on ly  the carbonyl oxygen p a r t ic ip a te s  in  r in g

form ation . The mechanism p o stu la ted  i s  shown b elow :-

/ CH2 \ CH2  + RC12

0

RO cr

I t  i s  in te r e s t in g  to  note th a t the experim ental r e s u lt s  o f Crawford 

and P la n t could  a lso  be ex p la in ed  by t h is  mechanism.
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In  a recen t stu^y of the k in e t ic s  o f  la c to n iz a t io n  in  VC -  MMA

copolym ers, Johnston and J o e s t e n ^ ^  have obtained  a value of

31 k ca l/m ole fo r  the a c t iv a t io n  energy fo r  p y r o ly s is  in  vacuo between  
o o

1 70 C and 190 C* Thermogravimetrie a n a ly s is  was used to  monitor the

lo s s  of m ethyl ch lo r id e  and ra te  con stan ts found in d ica te d  th a t the  

e v o lu tio n  o f the gas i s  f i r s t  order vdth r e sp e c t to  the number o f  

c y c l iz a b le  A. -  B groups*

THE EFFECT OF LACTONIZATION ON COPOLYMER STABILITY 

The e f f e c t  on d ehydroch lorination

At f i r s t  s ig h t ,  i t  might be expected  th a t  th e  presence of 

la c to n e  u n its  in  the polymer backbone v d ll  reduce the k in e t ic  z ip -  

le n g th  of dehydroch lorination  and so in crea se  s t a b i l i t y .  In  a
( 9 )

recen t study of VC -  MMA copolym ers, however, G u illo t  e t  a l .  

have shown th a t fo r  copolymers r ic h  in  VC, the presence of lac ton e  

s tr u c tu r e s  appears to  induce dehydroch lorination  a t lower tem peratures 

than in  pure FVC« T his i s  in  accordance w ith  the e a r ly  r e s u lt s  of 

Lehrle and Robb (see page 35 ) .  Presumably, sons in te r a c t io n  occurs 

between la c to n e  groups and adjacent VC u n its  which low ers th e h igh  

a c t iv a t io n  energy norm ally requ ired  to  i n i t i a t e  unzipping.

In  copolymers o f I oy/ VC con ten t ( <  2Q& m olar), most of the VC 

u n it s  are i s o la t e d  between la c to n e  s tru ctu res  and consequently  cannot 

unzip  in  the normal vray* G u illo t  e t  a l .  have shown th at the  

d ehydroch lorination  of th ese  u n it s  occurs a t tem peratures above th ose  

req u ired  by pure PVC and t h is  i s  a lso  supported by the f in d in g s  of 

N e i l ^ ^ , who has s tu d ied  low-VC-content MMA copolymers u sin g  TVA.
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In  th ese  i s o la t e d  YC u n it s ,  the a c t iv a t io n  energy fo r  

dehydroch lorination  should s t i l l  he low ered hy the la c to n e  -  VC 

in te r a c t io n , b u t the energy norm ally acquired by the system  through  

polyene form ation  w i l l  no lon ger be a v a ila b le .

The tendency fo r  comonomer u n its  in  the polymer chain  to  

d e s ta b i l is e  VC sequences has a ls o  been observed in  VC -  styrene  

co p o ly m er s^ ^  and in  VC -  v in y l a ce ta te  c o p o ly m e r s^ ^ . In  the 

l a t t e r  c a s e , it  has been su ggested  th a t  dehydrochlorination  i s  in i t i a t e d  

by neighbouring group p a r t ic ip a t io n  by th e a ce ta te  groups. However, 

a s im ila r  in te r a c t io n  in  VC -  MM copolymers i s  d i f f i c u l t  to  en v isa g e , 

s in ce  any la b i l i s a t io n  of th e ch lor in e  atoms adjacent to a lacton e  

group i s  s t e r i c a l ly  unfavoured. I t  i s  p o s s ib le ,  th a t in  th is  c a s e ,  

i t  i s  the m ethylenic C -  H bonds which are weakened by the in d u ctiv e  

e f f e c t  of the la c to n e  carbonyl as shown b e lo w :-

I t  i s  a lso  con ceivab le th a t r e a c t iv e  in term ed ia tes formed during the  

la c to n iz a t io n  p rocess can i n i t i a t e  degradation o f the VC sequences. 

T his p o s s i b i l i t y  has been in v e s t ig a te d  in  the p resen t work and w i l l  

be d iscu sse d  la t e r .

H

CHA/VAAACH

Cl 0
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The e f f e c t  on methyl m ethacrylate production

I t  has a lready been noted (page 42 ) how th e presence of

comonomsr u n its  in  the polymer chain  can s t a b i l i s e  PMMA.

L a cto n iza tio n  in  VC-MMA copolymers occurs at tem peratures w e ll
(84 )

below  those requ ired  fo r  depropagation and N e il has found th a t

th e lacton e u n its  ‘'block" depropagation in  a s im ila r  way, (The

maximum ra te  of monomer production  in  the copolymers was found to

occur as much as 50°C above th a t found in  PMMA).

In  t h e ir  study of the complete range of copolymer com p osition s,

( 9 )G -uillot e t  a l ,  have confirm ed th is  e f f e c t  and noted th a t  

depropagation i s  only s ig n if ic a n t  in  copolymers with g rea ter  than  

about 50^ (m olar) MMA co n ten t. As exp ected , two s ta g es  o f MMA 

production  were observed, w ith the h igh  temperature one being  more 

im portant in  the high-MMA-content copolym ers. The high-tem perature  

(random in i t ia t io n )  p rocess w i l l  c le a r ly  be l e s s  in h ib ite d  by 

"block ing" , w hile the low-tem perature one (chain-end  in i t i a t io n )  i s  

b ad ly  a f fe c te d . I t  has a lso  been su ggested  th a t the low-tem perature 

production  of monomer may a lso  comprise MIA r e le a se d  from is o la t e d  

u n it s ,  thus exp la in in g  the g rea ter  r e la t iv e  importance of the f i r s t  

step  in  the most a lte r n a tin g  copolymer.

Apart from th e ir  fu n c tio n  as "blocking" a g e n ts , N e il has a lso  

su ggested  i/ha^ "uhe -±_a o rone u n i s  may jLnduco co m p etm v e tiu iiu ic*  

r e a c t io n s , because of the ea se  o f removal o f th e ir  t e r t ia r y  or
(o

secondary H -  atoms by a depropagating r a d ic a l ' ^ J .

OTHER PRODUCTS 0? DEGRADATION

G -uillot e t  a l.^   ̂  ̂ have observed a second production  o f methyl 

ch lo r id e  between 200 and 300°C, which i s  most conspicuous in  copolymers
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Qf a lte r n a t in g  stru c tu re  and they have exp la ined  t h is  in  terms of

a r e a c t io n  o f dry HC1 with unreacted e s te r  groups to  give CH Cl and
3

a p o ly a c id  residue# The mechanism has already been d iscu ssed  under 

type A su b s t itu e n t  r e a c tio n s  on page 7 , Chapter I .

Benzene production  in  the copolymers i s  reduced because of 

p a r t ic ip a t io n  of some o f the VC u n its  in  la c to n iz a t io n , but G u illo t

( 9 )e t  a l .  have found th a t ev o lu tio n  of th is  product by c y c l iz a t io n

o f the rem aining VC sequences i s  not perturbed by the comonomer u n it s .

Benzene i s  a minor product and has only been observed in  the v o la t i l e s

from VC " r ic h  ( >  Lfiffo molar) copolymers.

At h igh er tem peratures, to luene and other hydrocarbons have been

d e te c te d , but th ese  too  are only minor products.

Breakdown o f th e  lac to n e  r in g s commences w ith in  approxim ately

the same tem perature range as the second phase of MMA form ation and

( 8k )N e il has id e n t i f i e d  CÔ  as a major product^ ' An appreciable  

amount of more v o la t i l e  m ateria l i s  a lso  produced in  t h is  temperature 

range, b u t has not y e t  been ch aracter ized .

The degradation  p a ttern  cf VC -  MMA copolym ers, based on the 

r e s u l t s  of G u illo t  e t  a l . ^   ̂ and of N e i l ^ 4̂ ,  i s  summarized below .

I t  i s  im portant to  note th a t the data covers the e n tir e  com position  

range and i s  based on experim ents u sin g  d if fe r e n t  con d itio n s o f sample 

atmosphere and h eatin g  rate<>

TVA curves obtained in  the presen t work fo r  a h-3% VC -  MMA 

copolymer are shown in  F ig . 29»P.122 , togeth er  w ith the v o la t i l e  

products id e n t i f i e d  by Gas-Phase I .R . a n a ly s is . The c h a r a c te r is t ic  

absorption  bands o f benzene and methane may be obscured by other  

a b so rp tio n s.
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TEMPERATURE

100°  -

o
200 ~

300°  -

RANGE, VOLATILE PRODUCTS

200
methyl ch lo r id e  ( la c to n iz a t io n )  

hydrogen ch lor id e  

benzene (VC-rich copolymers only)

300

methyl ch lor id e  (H C l/ester  in te r a c t io n )  

hydrogen ch lorid e  

benzene (VC-rich copolymers only) 

methyl m ethacrylate (chain-end  

in i t ia t io n ;  MMA-rich copolymers only)

400

hydrogen ch lorid e  

to luene and other hydrocarbons 

(VC-rich copolymers only)

< methyl m ethacrylate (random- 

s c is s io n  in i t ia t io n ;  MMA-rich 

copolymers only) 

carbon dioxide
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C H A P T E R  F O U R

INTRODUCTION

The experim enta l methods used to  study the degradation of the 

^ C l- la b e l l e d  polymers w i l l  sh o r tly  be d escrib ed . Although the 

degradation  s tu d ie s  e s s e n t ia l ly  in v o lv e  the c o l le c t io n  and ra d io ­

a c t iv e  a ssa y  o f ch lo r in a ted  v o la t i l e s ,  the experim ental arrangement 

i s  s im ila r  to  th a t used in  TVA and sin ce  the la t t e r  technique has 

been used  both  to  develop the system and a lso  as an a d d itio n a l  

m onitor w ith in  th e  system u lt im a te ly  used, i t  w i l l  be u se fu l to  

d isc u ss  i t s  th e o r e t ic a l  and p r a c t ic a l a sp ects  more f u l ly  a t th is  

p o in t . T h is d escr ip tio n  w i l l  a lso  form a b a s is  fo r  la t e r  chapters  

where TVA r e s u lt s  are presented .

DESCRIPTION OF THE TVA APPARATUS

The TVA technique and i t s  a p p lica tio n s  have been developed by 

M cN eill and i t s  b a s ic  p r in c ip le  has already been described  (p . 17 ).-  

A schem atic p ic tu r e  o f the general experim ental layou t i s  g iven  in  

F ig - 7 , p . 6 7 , w hile F ig . 8, p .  67 shows d e ta i ls  o f the sample h ea tin g  

assem bly.

The polymer sam ple, u su a lly  in  the form of a f in e  powder or as 

a f ilm  c a s t  from a s u ita b le  s o lv e n t , i s  heated on the base of a g la s s  

tu b e , 6M lo n g , con stru cted  from a Pyrex FG-35 f la n g e . The top of th e  

tube and the greased fla n g e  jo in t  are coo led  by a w ater jack et (" co ld  

rin g" ) during the experim ent. The tube i s  heated using a Perkin  

Elmer F11 oven and lin e a r  temperature programmer, vhich enab les the  

sample to  be heated  iso th erm ally  or l in e a r ly  from ambient tem perature 

up to  500°C a t h ea tin g  r a te s  varying from 1 to  AO°C/minute. Oven
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tem perature i s  measured u sin g  a chromel-alumel thermocouple, f ix e d  

near th e  base of the tube.

D if f e r e n t ia l  Condensation TVA i s  b a s ic a lly  s im ila r , but here 

the v o l a t i l e s  are pumped along four g eo m etrica lly -eq u iva len t rou tes  

to  a common "back-up'' trap a t -196°C. (se e  P ig . 9? p. 6 9 ) .  The four  

ro u tes  con ta in  trap s a t the a rb itra r ily -c h o sen  tem peratures of 0 ° ,
r-0 O 0

“A-5 j —7b and -100  C r e s p e c t iv e ly . Each tra p , in c lu d in g  the common 

tr a p , i s  fo llo w ed  by a P iran i gauge and outputs from th ese  are 

tra n sm itted  v ia  a m ultihead sw itch u n it to  a 1 2 -channel recorder, 

where th ey  are recorded continuously  with oven tem perature. Products 

can be c o l le c t e d  f o r  a n a ly s is  at the p o in ts in d ica ted .

I t  can be shown em p ir ica lly  that the same qu antity  of v o la t i l e s  

p a sses  in to  each of the four r o u te s , but when a trap i s  reached, one 

or more of th e  components may be condensed ou t, so th a t fo r  a mixture 

o f v o l a t i l e s ,  the P ira n i tra ce s  are o ften  n on -co in cid en t.

By means of sp ectro sco p ic  a n a ly s is  o f the products and a p rior  

knowledge of the behaviour of various substances in  th e d if fe r e n t  

tr a p s , i t  i s  o ften  p o ss ib le  to obtain  a u se fu l q u a lita t iv e  p ic tu re  

of the degradation  p a ttern  at various tem peratures. Then a product 

shows " lim it in g  rate" behaviour in  one of the tra p s , t h is  o ften  

f a c i l i t a t e s  i t s  id e n t i f i c a t io n .  The l im it in g  rate e f f e c t  occurs 

when a product condenses in  one o f the i n i t i a l  tr a p s , but then  s low ly  

b eg in s to  d i s t i l  over in to  the -196 C trap . The P iran i response  

generated  i s  o ften  seen as a "plateau" and th e displacem ent of t h i s  

( in  m i l l i v o l t s )  from the b a se - lin e  i s  o ften  c h a r a c te r is t ic  fo r  a 

p a r t ic u la r  m a ter ia l.
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PRODUCT ANALYSIS OF TVA FRACTIONS

The v o l a t i l e s  f a l l  in to  two c a te g o r ie s ;—

( i )  "condensables"

( i i )  "non-condensables"

The ttcon d en sab lestl are th ose m ateria ls vhich condense at -1 9 6°C in  

a continuously-pum ped system and they are e a s i ly  analysed by 

subsequent d i s t i l l a t i o n  in to  an I .R . gas c e l l ,  l iq u id  sample tu b e, 

e t c .  11N on-condensablesn are c o l le c te d  by "closed-system " degradation

and are a n a lysed , a f te r  c o l le c t io n  in  an I .R . gas c e l l  or gas sample 

tu b e , w ith  th e  -1 96°C trap in  p la ce . Because of the c o l le c t io n  

method u sed , the sp ectra  obtained are weaker than fo r  the condensables.

• l̂e  "c o ld -r in g  fr a c t io n 1* comprises those products vhich are 

v o l a t i l e  a t degradation tem peratures, but in v o la t i le  at ambient 

tem perature, and u su a lly  c o n s is t  of short chain fragm ents. I t  i s  

p a r t ic u la r ly  u s e fu l f o r  studying the nature o f the polymer chain  a t  

the in term ed ia te  stage of degradation , a fte r  the low-tem perature 

s u b s t itu e n t  r e a c tio n s  have occurred, but before the m olecule i s  

g r o s s ly  fragm ented. This fr a c t io n  may be analysed a f te r  removal 

w ith  a t i s s u e  m oistened with s o lv e n t ,  fo llow ed  by e x tr a c tio n  from the  

t i s s u e ,  or i t  may be removed as a s o l id  and ground w ith  KBr to  form a 

d isc  fo r  I .R . a n a ly s is .

The in v o la t i le  residue may be analysed as a so lu t io n  or as a 

s o l id ,  as fo r  the co ld -r in g  fr a c t io n .

DETERMINATION Off SAMPLE TEMPERATURE

For the p resen ta tio n  of c o n s is te n t  and meaningful therm al data , 

i t  i s  c le a r ly  the sample temperature vhich i s  requ ired  and not th a t
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of* th e  oven. Sample temperature la g s  behind oven temperature and 

the magnitude of t h is  la g  depends not only on temperature and h eatin g  

r a t e ,  but a ls o  on the apparatus used and the p o s it io n  of the oven 

therm ocouple. For a p a r ticu la r  apparatus and heating  r a te ,  the 

tem perature la g  i s  known to  be consistent^  "^and i t  may be p lo t te d  

as a fu n c tio n  of temperature by sim ultaneously recording the outputs 

o f  the oven thermocouple and th a t of another r e s t in g  on th e  in s id e  

base o f the sample tu b e, with a bead of Apiezon “L" grease a t i t s  

t ip  to  promote good thermal con tact and sim ulate polymer.

Due to  th e large  heat cap acity  of the sample tube, exotherm ic 

or endotherm ic rea c tio n s  in  the degrading polymer should have l i t t l e  

e f f e c t  on sample tem perature.

SAMPLE HEATING- RATS

U n less  otherw ise s ta te d , a l l  TVA data in  the. presen t work, 

in c lu d in g  Tmax v a lu es  ( i . e .  the tem peratures at which peak maxima 

occur) r e fe r  to  a programmed heating ra te  of 10 C per m inute.

THE DISADVANTAGES OF TVA

The l im ita t io n s  of the P ira n i gauge fo r  studying v o la t i le

e v o lu t io n  have already been d iscu ssed  (p .1 7 )-  • The most r e le v a n t

fa c to r  in  a study of VC -  MMA copolymers i s  the fa i lu r e  o f D if f e r e n t ia l

C ondensation TVA to  d is t in g u ish  between products with s im ila r

c o n d e n sa b ility  c h a r a c te r is t ic s  — — in  th is  in s ta n c e , HCl and methyl

c h lo r id e . Both of th ese  are non—c on dens able at -100 C under TVA
.0

c o n d it io n s , but are f u l l y  condensed at -196 C.

ADVANTA&ES OF RADIOACTIVE ASSAY 0? VOLATILES

R ad ioactive  assay  of KOI and methyl ch lor id e  i s  su ita b le  not only
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fo r  r e la t in g  t h e ir  r e la t iv e  proportions to  sequence d is tr ib u tio n  in  

th e copolym ers, but a lso  fo r  studying the r e la t io n  o f copolymer 

com position  to  thermal s t a b i l i t y .  The success o f the technique  

h in ges on uhe a b i l i t y  to separate HCl from methyl ch lor id e and. i t  

was con sid ered  more convenient to  separate these products b e fo r e , 

ra th er than a f t e r ,  c o l le c t io n .

THE SEPARATION OF HCl AND METHYL CHLORIDE

A conven ient method was sought which would a llow  continuous 

sep a ra tio n  of HCl and methyl ch loride as they  were evolved  from a 

copolymer under co n d ition s of. high vacuum. There were th ree ba.sic 

requirem ents o f  the method:-

( 1 ) C om pletely s e le c t iv e  and q u an tita tiv e  removal o f one o f the  

p rod u cts.

(2 )  N on-in terrupt ion  of the flow  of v o la t i le s  from the sample, s in ce  

c o n s is te n t  f lo w -r a te s  would be required fo r  accurate comparison o f the  

e v o lu tio n  p a ttern s  of CH^Cl or HCl alone and of (CH^Cl + HCl).

(3 )  Any method of sep a ra tio n , vdiich in volved  d ire c t con tact o f  the  

gases w ith  a s o l id  phase, would require the s o lid  to  ex er t a 

n e g l ig ib le  vapour p ressu re , in  order to  m aintain the high-vacuum  

c o n d it io n s .

The q u a n tita tiv e  a n d -to ta lly  s e le c t iv e  removal of HCl or methyl 

ch lo r id e  was in v e s t ig a te d  by studying changes in  the TVA curves of P/C 

and a VC -  MMA copolymer when a physica l/ch em ica l separation  system  

was in terp o sed  between sample and P iran i gauges. The F7C used was 

Breon 113, whose f i r s t  TVA peak (Tmax = 295°C) comprised m ater ia l non- 

condensable at -1 00°C (but f u l l y  condensed a t -196 C) and known to  

c o n s is t  e s s e n t ia l ly  or pure HCl. The c o p o ly m er  used ( s e e  .pig. 12 ,P. 7 /0
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was of* in term ed ia te  com position and i t s  f i r s t  TVA peak (Tmax = 220^C) 

c o n s is te d  e n t ir e ly  of m aterial non-condensable a t ~100°C (but f u l ly  

condensed a t  -196  C) and th is  was assumed to  be pure methyl ch lor id e  

on th e  ev idence of N e i l ^  ( la t e r  fin d in gs supported t h i s ) .  The 

second peak in  the copolymer TVA (Tmax = 300°C) co n sisted  p a r t ia l ly  

o f  m a ter ia l non-condensable at -100°C (but f u l ly  condensed a t  -196°C) 

and t h is  p o r tio n  was la t e r  shown to  c o n s is t  p a r tly  of HCl ( s e e  P ig . 12 , 

P. 77 )-

P h y s ic a l S ep aration

Both HCl and methyl ch loride are condensable under the h igh -

vacuum co n d itio n s  of TVA. T heir normal b o ilin g  p o in ts a t  760mm. Hg

are -84®9°C and - 2 3 .8 °C ., r e s p e c t iv e ly , but there i s  no sim ple method

fo r  p r e d ic t in g  th e ir  condensation temperatures in  a con tin u ou sly -

pumped system . The d ifferen ce  in  th e ir  v o l a t i l i t y  suggested that i t

might be p o s s ib le  to  induce th e ir  separation  at some temperature 

o o
between -1 0 0  C and -196 C. Cooling the v o la t i le s  from the VC -  MMA

o
copolym er, by passage through a trap at -130 C, hov/ever, gave no 

v i s i b l e  decrease in  the amount o f methyl ch loride reaching the Pirani. 

gauges and i t  was decided to  abandon th is  approach due to the d i f f i c u l t y  

o f m ain ta in in g  a ccu ra te ly  the very low trap temperature which would 

c le a r ly  be requ ired  fo r  a ’'c lean ” sep aration .

Chemical S eparation

Borkowski and Van Venrcoy^ ^ u se d  f e r r ic  oxycnloride to  remove 

HCl from a vapour stream and i t  was found th a t the HCl could la t e r  De

desorbed by heating® A U—tube packed with ground f e r r ic  oxych loride  

was in s e r te d  between sample tube and P iran i gauges and a TVA was run
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of the VC -  MM copolymer. HThen compared with r e s u lt s  obtained with

the U-tube empty, th ere was no apparent s e le c t iv e  removal o f HCl,

although i t  must be adm itted th a t d is to r t io n  of the peak shapes, due

to  th e  r e s t r ic t e d  gas flo w , made in te r p r e ta tio n  d i f f i c u l t .

When sodium hydroxide p e l le t s  were used in  p lace of fe r r ic

o x y c h lo r id e , th ere was l i t t l e  d is to r t io n  of the t r a c e s ,  but the peak 
o o

with Tmax = 300 C on th e -100 C trace of th e  copolymer appeared

u n a ffe c te d . Experiments with FVC confirmed th a t s o l id ,  anhydrous

NaOH has l i t t l e  e f f e c t  on HCl under TVA co n d itio n s .

I t  was found th at q u a n tita tiv e  removal of HCl was p o ss ib le  Then

the U-tube contained  large ic e  c r y s ta ls  a t -1 00°C ( ic e  ex er ts  a vapour

-6  op ressu re  o f 13 x 10 to rr  a t -98 C). This was shown by the e f f e c t

on th e  TVA tra ce  fo r  FVC *  on ly  the "hydrocarbon" peak (TEax « 470°C)

rem ained. In  a d d it io n , the f i r s t  peak in  the copolymer TVA tra ce  was 

v ir t u a l ly  unchanged, suggesting  th a t there was no in te r a c tio n  of the  

ic e  w ith methyl c h lo r id e . U nfortunately , large ic e  c r y s ta ls  could not 

g iv e  c o n s is te n t  f lo w -r a te s  and a batch of ic e  could not be used  

in d e f in i t e ly  due to  sa tu ra tio n  ?d.th HCl, so th at attempts were made to  

f in d  an ic e  su rface of s u f f ic ie n t  area to  remove a s p e c if ie d  amount c f  

HCl, w ithout in terr u p tin g  the gas flow .

When a la y er  o f ic e  was ca st on the base of a U—tube by ad d itio n  

o f a few  ml. o f water and co o lin g  to  -1 00 C, the HCl peak from a iGOng. 

sample o f FVC showed one of the fo llo w in g  fea tu res

( l  ) An "edge e f fe c t"  (s e e  F ig . 11 , p .73)> ^hich ^  

being evo lv ed  i s  removed fo r  a tim e, then suddenly begins to  reach the  

P ir a n is  to  g ive  a normal continuation  of the TVA tr a c e s . Tnis e f ie c o  

occurs when an in s u f f ic ie n t  area of ic e  i s  exposed to  the v o la t i l e s  ana
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The “e d g e - e f f e c t ” as observed in  an 88.6^  VC-MMA copolymer.

1 OOmg, f i lm  c a s t  from cyclohexanone; h ea tin g -ra te  1 .3 2  C/min.

 Trane observed with no ic e  in  con cen tric  trap .

— ——  Trace observed w ith incom plete HCl adsorption .
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i s  a ls o  observed when products or so lv e n ts , wiich are condensable a t  

-100  C, are allow ed to contaminate the su rface .

( 2) D im inution of th e  area under the KOI peak. This occurs when 

only p a rt o f the gas stream makes contact w ith  th e  ic e  su rfa ce , 

a llow in g  on ly  p a r t ia l  removal of the HCl.

In  an e f f o r t  to  overcome th ese  problem s, the trap shown in  

F ig . 1 0 ,p .69 was t r ie d  in  conjunction  with an i n i t i a l  trap a t -1 00°C 

to  remove p o te n t ia l  contaminants ( e .g .  MI/JL monomer). The trap  

c o n s is te d  o f  two con cen tric  g la s s  tu b es , of r e sp ec tiv e  diam eters 4 .3  

and 6cm. , w ith a 6mm. gap between the b ases and a hole of diameter 

6mm. on the base of the inner tube. A 4g. ic e  layer  was c a st  from 

d i s t i l l e d  water on th e  base o f the trap and by using the same weight 

each tim e , c o n s is te n t  flow -rabes could be obtained. The system was 

shown to  be capable o f removing the HCl evolved from .1 OOmg. of F/C by 

h ea tin g  the polymer to  300°C a t lo'Vmin. , thawing the ic e  la y e r  and 

t i t r a t in g  the so lu t io n  aga in st standard ‘0.1 U NaOH s o lu t io n , using  

p h en o lp h th a le in  as in d ic a to r . To prevent any lo s s  of trapped HCl 

as the ic e  warmed up, 2ml. of Analar methanol was in je c te d  (w ater  

caused cracking of the tr a p ) , while the ic e  was s t i l l  a t -100 C 

the presence o f sm all amounts of methanol did not a f f e c t  the en d -p o in t. 

U sing r e p r e c ip ita te d  Breon 113 and d i s t i l l e d  tetrahydrofuran fo r  f i lm -  

c a s t in g ,  ten  degradations were performed and the fr a c t io n  o f to  ».al

. •> . t , «. . .  1 J L 1 - . . .  r\/~\ f  ry —i\< ?t n e o r e t r e a r  KCx rem o v ed  was jl ouna 00 ue iwy o .  / y/c*

P ig . 1 2 ,P .77 shows the e f f e c t  on the approxim ately 1 : 1 YC -  lUlk 

copolymer o f  in se r t in g  the trap with 4g* ic e  -100  C between sample 

and P ir a n i, 109mg. of copolymer was oast as a f ilm  from to lu e n e , the

so lv e n t being  removed by the i n i t i a l  trap  au -100 C. ih e  tra^e^ shown
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rep resen t m ateria l non-condensable at -100°C (but f u l l y  condensed a t  

-19^ C) and the tra ce  obtained w ith the same sample w eight, the i n i t i a l  

trap a t  -100  C and the concentric  trap empty and a t ambient tem perature, 

has been  superimposed on the o r ig in a l curve# The fo llo w in g  fe a tu r e s  

Yfere noted

At a h ea tin g  ra te  of lO °/m in ., the peaks with Tmax = 220°C are 

c o in c id e n t , so  t h a t : -

( i )  The e a r l ie r  assum ption, th a t th is  peak rep resen ts CH^Cl production  

o n ly , was c o r r e c t .

( i i )  The ic e  has no v i s ib le  e f f e c t  on methyl chloride#

The peak w ith  Tmax = 300°C i s  g r e a tly  reduced in  a rea , in d ic a tin g

a s iz a b le  HCl component. (T itr a tio n  o f the i c e ,  a f t e r  heating  the
0 -5

copolymer to  500 C, revea led  th a t 4 .2 5  x 10 moles of HCl had been

removed)# At le a s t  one other component which i s  non-condensable at

-1 0 0 °C c le a r ly  co n tr ib u tes  to  th is  peak.

The e f fe c t iv e n e s s  of th e  ic e  in  removing HCl was not reduced when

only  2g . of water Y/as used and th is  was c a st  as a th in  ic e  f i lm  in

s i t u ,  by c o o lin g  the con cen tr ic  trap to  -196 C and pumping water vapour

through i t .  T his was v e r i f ie d  u s in g - la b e lle d  FVC, when no a c t iv i t y

was r e g is te r e d  from th e v o la t i l e s  c o l le c te d  at -196 C beyond the ic e

tra p . I t  was considered  th a t a f ilm  of ic e  would be more l i k e ly  to
0 /  .

g iv e  c o n s is te n t  flov /~rates when sample h eatin g  ra te s  o f 1 /m m . were 

employed in  th e  subsequent degradation s tu d ie s .

The Natu re  o f the HCl—-Ice In te r a c tio n

One, or b o th , o f  the fo iloY d n g  p r o c e sse s  may be occurring on, or 

ab ove, th e  ic-e su r fa c e :-

( i )  A sso c ia t io n  of HCl and K?0 in  the gas phase to  g ive a hydrate Tciich

i s  condensable at -100°C.



-  79 -

( i i )  A dsorption  of HCl on the ic e  su rface .

The ad sorp tion  o f gases on ic e  a t low temperatures i s  a lready  

documented. Adamson and Dormant^  ̂ showed th a t n itrogen  could be 

adsorbed on annealed ic e  powders a t —195 C, the adsorption  behaviour  

b ein g  c h a r a c te r is t ic  of a non-polar su rfa ce , w hile Barrer and R u z ic k a ^ ^  

have rep orted  spontaneous c la th ra te  form ation between ic e  powders and 

xenon and krypton a t -78 C and spontaneous ethane hydrate form ation a t  

-96°C .

In  the p resen t work, experiments showed th at the H C l/ice in t e r ­

a c t io n  i s  tem perature-dependent. When the temperature of e ith e r  the 

i n i t i a l  trap or the ic e - tr a p  f e l l  below about -110°C , when a lOOmg. 

sample o f  FVC* was being heated at 1 °/m in, , a flow  of HCl through the 

ic e - t r a p  was r e g is te r e d  on a P ira n i gauge and v e r i f ie d  by assay of the  

v o l a t i l e s  vh ich  passed  through. As the trap tem peratures were r a ise d  

t o  about —110°C, the P ira n i response due to u n affected  HCl gradually  

d ecreased  to  zero . C lea r ly , the degree o f in te r a c t io n  i s  determined  

by the tem perature cf the ic e  &nd/ o r  by the temperature o f  the HCl 

im pinging upon i t .

An in te r e s t in g  fea tu re  of the temperature-dependence was th a t  

HCl f lo w  through th e ic e - tr a p  to  the P iran i produced th e  fa m ilia r  

Me d g e - e f f e c t u , c h a r a c te r is t ic  of an in s u f f ic ie n t  ic e  surface area .

As the ic e  f i lm s  were prepared by the same method each t im e , from the  

same w eight of w ater, the area o f ic e  exposed to  the v o la t i l e s  must 

vary w ith  tem perature. In  f a c t ,  i t  ms kno~/n th a t ic e  undergoes 

s tr u c tu r a l changes between —1 bO and -70  ^  and these w i l l  g ive r i s e

to  v a r ia t io n s  in  the t o t a l  surface area. I f  the HCl/H^O in te r a c t io n  

i s  p u rely  a gas-phase p r o c e ss , then no edge—e f i e c t  should have been  

observed on low ering the tem perature, rather the appearance of an
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u n d is to r te d , though l e s s  in ten se  HCl peak.

EVALUATION Off DEGRADATION APPARATUS AND TECHNIQUE

A schem atic diagram of the apparatus used fo r  the degradation  

experim ents i s  shown in  F ig . 13, p . 81 . The P ira n i gauge was added 

l a t e r ,  bein g  p r im a rily  intended as a ” tro u b le-sh o o tin g ” device ( s e e  

p . 8 6 ) and i t  should be considered  absent a t  th is  p o in t in  the  

d is c u s s io n . The sam ple-heating assembly was s im ila r  to  th a t used  

in  TVA ( see  F ig . 8, p. 67 ) a-ftd the vacuum l in e  was constructed  

throughout o f 6mm. diameter tub ing. Q u ick fit FG10 fla n g es  on the  

ic e - t r a p  allov/ed  i t  to  be removed at w i l l .  Greased stopcocks of 

2mm. bore were used throughout and the gas counting assembly was the 

same as had been used fo r  measuring the s p e c if ic  a c t iv i t y  of v in y l  

ch lo r id e  ( s e e  F ig . 2, P . 29 )*  A vacuum o f 10 to rr  was o b ta in ab le .

Polymer f ilm s  were c a s t  by p ip e ttin g  5^1. of* a standard so lu t io n
/ o ,m  uetrahyarofuran (non-condensaoie at -100 C) in to  the sample tuce

and removing the so lv en t in  a vacuum oven. 100mg. of polymer was
o ,

degraded u sin g  a h eatin g  ra te  of approxim ately 1 C /m in., and the
.o

v o l a t i l e s  were passed  a lte r n a te ly  through the two -196 C tr a p s , during

the oven temperature ranges (ambient -  140 C), (140 -  160 C ), (160 -

18 0 ° c ) , --------   (380 -  4 00°C). W hile one fr a c t io n  was being

condensed in  one lim b, the previous fr a c t io n  could be tra n sferred  to

a c o l le c t io n  tube. The f r a c t io n -c o l le c io r s  c o n s is ted  o f tv e iv e

20cm. -  long tu b es, f i t t e d  vdth tap s and arranged in  c lu s te r s  of s ix

and th e fr a c t io n s  could be stored  in  l iq u id  n itrogen  u n t i l  requ ired .
o

The two f i n a l  fr a c t io n s  could be stored  in  the —196 C tr a p s , but were 

tr a n sfe r r e d  as soon as c o l le c t io n  tubes became vacant.

The f r a c t io n s  were counted cum ulatively , in  order of in cr ea sin g
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F i g . 13 

FR A C T IO N A T IO N  AND ASSAY OF CHLORINATED 
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tem perature ran ge, by d i s t i l l i n g  each one in  turn in to  the counting  

zone and pumping o f f  any non-condensable m ateria l. The volume of 

the counting  zone was arranged so th a t the pressure exerted  by the  

v o la t i l e s  from 100 mg. of polymer ?/ould not exceed one atmosphere. 

Output from the counter v<as transm itted  v ia  a probe u n it to  th e  s c a le r > 

as b e fo r e .

For each  copolymer, two experiments were carried  ou t, the f i r s t  

w ith a 2g . ic e  f ilm  a t -100  C in  the trap and the second w ith  an empty 

ic e  tra p  a t -100  C. The f i r s t  curve obtained (corrected  counts/m in. 

v s . tem perature) showed methyl ch lorid e ev o lu tio n  on ly , w hile the 

second showed the e v o lu tio n  p r o f i le  fo r  the t o t a l  ch lor in a ted  v o la t i l e s  

('CH^Cl + HCl). S u btraction  o f the two curves showed the e v o lu tio n  of 

HCl a lon e .

The slow  h ea tin g -ra te  employed ensured th a t the tim e taken fo r  

o p e n in g /c lo s in g  tap s was in s ig n if ic a n t  and i t  allow ed ample time fo r  

tr a n s fe r r in g  fr a c t io n s  to  the c o l le c to r s .  I t  was a lso  qu ite p o ss ib le  

to  count fr a c t io n s  during the course of a run, but th e accuracy o f  

counting was n a tu r a lly  reduced.

The experim ental method ou tlin ed  above gave s a t is fa c to r y  r e s u lt s  

w ith a la b e l le d  FVC sample, but subsequent experiments on a la b e l le d  

25% VC copolym er,using the separation  tech n iq u e, showed the procedure 

to  be t e c h n ic a l ly  im p erfect. The r e s u lt s  obtained fo r  th e copolymer 

are shown in  F ig . 1A-. p .83. The most obvious anomaly i s  the apparent 

lo s s  o f accumulated HCl a c t iv i t y  (a s  found by d iffere n c e ) towards the  

end of th e  experim ent. The fo llow in g  p o ss ib le  sources o f error  wsre 

in v e s t ig a te d : -

(1 )  A bsorption  of v o la t i l e s  by greased su rfaces in  the counting

volume a t high gas p ressu res .
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(2 ) Loss of some a c t iv i t y  during the pumping out of non-condensable 

m a ter ia l.

(3 ) A tem perature d iffere n c e  between cold—fin g er  and cou n tin g-tu be.

(4 )  Removal of some methyl ch loride by ic e  a t the low v o la t i le  f lo w -  

r a te s  b ein g  used .

( 3 ) I n e f f i c i e n t  HCl removal a t low v o la t i le  f lo w -r a te s .

( 6 ) In c o n s is te n c y  of sample weight and th ick n ess .

(7 ) In crea sed  s e lf -a b so r p tio n  o f 3̂ by the v o la t i l e s  at high p ressu res .

To check ( 1 ) ,  the t o t a l  v o la t i le s  from a ra d io a c tiv e  2 %  VC* 

copolymer were counted and then d i s t i l l e d  in to  an evacuated tube whose 

w a lls  were coated  w ith a layer  o f Apiezon "L" grease (a s  used on th e  

jo in ts  and sto p c o ck s). A fter the tube had been warmed to  ambient 

tem perature, th e v o la t i l e s  were allowed to  r e d i s t i l  in to  the counter  

fo r  a few m inutes. Times required for  the q u a n tita tiv e  d i s t i l l a t i o n  

of such sm all amounts of m ateria l were normally of the order of a few  

secon d s, y e t  a lO/o reduction  in  a c t iv i t y  was observed. Presumably, 

the m ethyl c h lo r id e  component i s  more su scep tib le  to  absorption by a 

hydrocarbon grease — - th is  would exp la in  the apparent absence of the  

e f f e c t  in  experim ents with P/C*. The problem was overcome bp removal 

of a l l  greased  taps and jo in ts  from the counting volume and replacem ent 

by a s in g le  T eflon  tap  (Q u ick fit  TF^/18) ,  as in  P ig . 13, P» 83 .

To e lim in a te  ( 2) , the "pumping out" p ra c tic e  was s to p p e d -----

vacu u sta t read ings confirmed, th a t leakage o f a ir  in to  the counting zone 

was n e g l ig ib le  during the course of an experim ent.

The number of moles o f gas in  the counting tuoe (and hence the 

number of count s/m inute) w il l  vary 'with the temperature 01 the co ld  

f in g e r  when the counting volume i s  is o la te d , so th a t ( 3 ) was e lim in a ted
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F i g . 15

GAS COUNTING ASSEMBLY
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G- Geiger-M uller Tube 

S Screw Connections 

T T eflon  Tap

Approximate T ota l Counting 
Volume = 60 CM

Fig.16 CURVE REPRODUCIBILITY FOR 
10Orag. OF FVC*

C O U N T S / M I N .
3 0 Q O -

O Heating Rate = 1 ,32 °/n iin .

A  Heating Rate = 1. 2 9  / iflin.

1000- -

4 0 03 0 0200
TEMPERATURE(°C)



-  86 -

by always a llov /in g  the co ld  f in g e r  to  reach ambient temperature a f te r  

thawing the condensed v o la t i l e s .

In  order to in v e s t ig a te  ( 4 ) and (5)> a P ira n i gauge was incorporated  

in to  th e  system  (a s  in  P ig . 1 3 ,p. 81 ) and the i n i t i a l  "methyl ch loride"  

TVA peak o f a 10^ VC* copolymer was monitored w ith/w ithout ic e  in  the  

tra p . To avoid  overlap  o f th is  peak with the one caused by the 

r e le a s e  of tetrah yd rofu ran , the so lv en t fo r  the polymers was changed 

to  cyclohexanone; th is  was condensable at -100°C and could th erefore  

be removed in  th e  i n i t i a l  trap . I t  was hoped th at any removal o f  

methyl ch lo r id e  by the ic e  would produce a c o n s is te n t d ifferen ce  in  

the TVA . c u rv es , but the experim ents were in con clu sive  sin ce  sm all

changes in  the peak shape obtained by h eatin g  100 mg. of polymer a t  

0 ,
1 /m in . cou ld  be a ssign ed  to  various other fa c to rs

( i )  V a r ia tio n  of trap  temperatures between runs.

( i i )  Opening and c lo s in g  ta p s , which caused sm all lo c a l  v a r ia tio n s  in  

P ira n i resp on se .
o

( i i i )  Changes in  the l iq u id  n itrogen  le v e ls  in  the -196 C tra p s , which

e f f e c t i v e l y  v a r ied  the d istance from P iran i to  co ld  trap .

( i v )  S lig h t  d iffe r e n c e s  in  programmed neating  r a te s  ( s e e  p .90 )•

(v )  V a r ia tio n  in  sample weight and th ick n ess ( s e e  p .87 )•

Trap tem peratures were monitored oy f i t t i n g  chromel—alums1

therm ocouples and p a ssin g  the outputs in to  the record er, but even with  

matched trap  tem peratures, the TVA curves obtained la i l e d  to  r e v e a l a 

trend  which would in d ic a te  methyl ch loride removal.

In  another experim ent, the 10yo VC* copolymer was degraded to  ljrax 

o f th e  i n i t i a l  "methyl chloride" peak and the a c t iv i t y  of the ic e  was

m onitored. Methyl ch lor id e d is so lv e s  in  wat 

of 3 .0 3  ml . /m l.  o f w ater, so th a t su ff  i c i e

a t 20°C to  the ex ten t

nt (
V —
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thawing 2g. o f i c e )  to  d is so lv e  the t o t a l  th e o r e t ic a l methyl ch lor id e  

evo lved . The a c t iv i t y  of the water rose only by about and part o f  

t h is  might be due to  tr a c e s  o f HCl*. Thus i t  was apparent th a t any 

CH^Cl/ice in te r a c t io n  was in s ig n if ic a n t .

As a f i n a l  check, an in a c t iv e  copolymer of interm ediate com position

was degraded u n t i l  Tmax of the "methyl chloride" peak was reached and a

gas-phase I .R . spectrum was taken of the t o t a l  v o la t i le s  non-condensable 
o

a t -100  C. The experiment was repeated with ic e  in  the trap and

comparisons were made o f the in t e n s i t ie s  o f the main absorption bands

o f methyl c h lo r id e , but no in d ica tio n  of methyl ch lorid e removal was 

obtained .

(5 )  was in v e s t ig a te d  as a source of experim ental error by degrading 

la b e l le d  PVC a t 1 °/m in. and measuring the a c t iv i t y  of the v o la t i le s  

vfhich. b y -p assed  the ic e  f ilm  and c o lle c te d  in  the -196°C trap s. HCl 

removal was found to  be q u a n tita t iv e , ju st  as i t  had been a t a heating  

ra te  of lO °/m in . However, observation  of the P iran i response le d  to  

the d isco v ery  th a t HCl removal i s  dependent upon the temperature of the 

ic e  f i lm  ( s e e  p . 79).

(6 ) proved to be an important source Of error. The f ilm -c a s t in g

technique in vo lved  p ip e t t in g  5ml. a so lu tio n  of the polymer in  

cyclohexanone onto th e  base of the TVA tube, fo llow ed  by slow evaporation  

of the so lv e n t  in  a vacuum oven. The t o t a l  HCl evolved  from two FVC* 

f ilm s  c a s t  from "equal" volumes o f the same so lu tio n  was compared by

gas counting  and found to  d if f e r  by an amount w e ll outwith th a t expected  

from u se o f th e  2CT confidence l im it  (about 10?c, in s tea d  of a " s ta t is t ic a l"  

The v is c o s i t y  of the polymer so lu tio n s  (con cen tration  = 20m g./m l.) 

c le a r ly  p reven ts c o n s is te n t  volume tra n sfer  fiom a p ip e t te .
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f Another r e la te d  problem was the d i f f ic u l t y  in  preparing f ilm s  

of uniform  th ick n ess  slow  removal of cyclohexanone in  the vacuum 

6ven did  not g iv e  very  s a t is fa c to r y  r e s u lt s .  There w i l l  be two 

p o s s ib le  consequences o f v a r ia tio n  in  sample th ic k n e ss :-

( i )  D if fu s io n  c o n tr o l of the ra te  of v o la t i le  ev o lu tio n  in  some 

experim ents but not in  o th ers . The r e s u lts  of N e i l ^ s u g g e s t  th a t  

t h is  e f f e c t  can be n eg le c ted  under the present experim ental co n d ition s  

i f  f i lm s  o f reason ab ly  uniform th ickness are used.

( i i )  Changes in  the ex ten t of product -  polymer in te r a c tio n s  as a 

consequence o f ( i ) .  A ty p ic a l example o f  th is  i s  the downward s h i f t  

of Tmax, twhich i s  observed to  occur with in creasin g  f ilm  th ick n ess ,  

fo r  the dehydroch lorination  rea ctio n  in . FVC. (see  p . 189) .

To e lim in a te  th ese  e f f e c t s  and a lso  the p o s s ib i l i t y  of inaccurate  

polymer w e ig h ts , a b e tte r  f ilm -c a s t in g  method was sought

S o lu tio n s  o f known concentration  were made up and a measured 

w eight o f th e  s o lu t io n  was tra n sferred  to  the TVA tube, so th at the  

ex a ct w eight o f polymer in  the film  (100 -  3rog.) could be c a lc u la te d .  

The so lv e n t  was removed by gen tle  blowing with oxygen-free n itro g en  ax 

a con stan t f lo w -r a te , fo llow ed  by heating in  a vacuum oven fo r  four  

hours a t  60~70°C. Cyclohexanone tends to  undergo p erox idation  in  

presence o f oxygen and the incorporation  of peroxides in to  the polymer 

w i l l  n a tu r a lly  a f f e c t  i t s  degradation behaviour. C onsequently, the  

so lv e n t  was d i s t i l l e d  and stored  under oxygen-free n itrogen  p r io r  to  

u se .

F ilm s c a s t  by the new method were of uniform th ick n ess and 

la b e l le d  FVC samples (co rrected  to  lOOmg) gave p lo ts  of cou n ts/ 

minute v s .  tem perature which were superimposable w ith in  th e s t a t i s t i c a l
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error l im it s  of counting (s e e  P ig . 16 ,p .8 5 ) .

F in a l ly , erro rs  due to  se lf-a b so r p tio n  a t  high gas pressures ( 7 ) 

were found to  be in s ig n if ic a n t

The a c t iv i t y  o f a sample of ra d io a ctiv e  HCl (from the degradation  

of 10Omg. of FVC*) d id  not s h i f t  beloyf the 2(X error lim it  when benzene 

was added to  th e  counter, even to  the ex ten t vfnere the sample was 

sa tu ra ted  w ith benzene. S im ila r ly , the a c t iv i t y  of a sample of 

r a d io a c tiv e  v in y l ch lor id e  was not reduced vhen a large volume of 

carbon d iox id e was added.

A fte r  g iv in g  a tte n tio n  to  fa c to rs  ( 1 ) —  ( 7) and making the 

n ecessa ry  a lte r a t io n s  to  the technique and apparatus, s a t is fa c to r y  

r e s u l t s  were obtained  with the copolymers as w ell as with FVC*. 

In corp ora tion  o f the P ira n i gauge allowed a u se fu l a d d itio n a l monitor 

of v o la t i l e  e v o lu tio n  and the temperatures o f the i n i t i a l  trap and 

ic e - t r a p  cou ld  be kept f a i r l y  c o n s is te n t  between runs by recording  

the output from the therm ocouples.

SUMMARY

The apparatus which gave the most inform ative and r e l ia b le  r e s u lt s  

i s  shown in  F ig . 13 , p.81 , incorporating  an i n i t i a l  trap a t  -100  C ( to  

remove p o te n t ia l  contam inants), an ic e - tr a p  m aintained above -110 C ( to  

remove HCl) , fo llo w ed  by a P iran i gauge and a Hg r e a se le s sn gas counting

sv«t-~, f  a- '.r, ^  PuA Polymer- f ilm s  were c a st  from a weighed am cun t
j  \ ^ •.>} p * • ' j

o f  cyclohexanone so lu t io n  of knov/n concentration .

PRESENTATION OF RESULTS

( i )  Sample Temperatures

The sample temperature corresponding to  any given oven temperature 

was ob ta in ab le  a f te r  p lo t t in g  the temperature la g  oetween oven and
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sample- as a fu n c tio n  o f temperature (see  F ig . n7 , p .9 1 ) .  The standard  

method d escr ib ed  on p .70 was used.

( i i )  Sample H eating Rates

S in ce  th e average oven heating  ra te  between the s ta r t  r̂irj f in i s h  

of each run was f a i r l y  con stan t, always being w ith in  -  %  of 1 . 32°/inin . 

(s e e  Table V , p. 91 ) ,  i t  can be assumed that the in d iv id u a l sample 

h ea tin g  r a te s  w i l l  be p rop ortion al to  those fo r  the oven.

( i i i )  Trap Temperatures

The v a r ia t io n  in  temperature of the i n i t i a l  and con cen tric  traps  

during each run i s  shown in  Table V I, p. 92.

( i v ) C orrection  of A c t iv ity  Measurements

The cou n t-ra te  obtained a fte r  the accumulation of each v o la t i le

fr a c t io n  was co rrected  fo r  counter background (approxim ately 30 cpm)

and dead-tim e and then corrected  to  100 mg. of polymer. The data

obtained  fo r  each copolymer v>ere then  fu rth er adjusted to  a llow  fo r

3^the d if fe r e n c e s  in  s p e c i f i c  a c t iv i t y  of C l, by m ultip ly ing each count- 

ra te  by th e  r a t i o : -

s p e c i f i c  a c t iv i t y  of VC* used to  make PYC* 

s p e c i f i c  a c t iv i t y  of VC* used to  make copolymer

The 20"con fid en ce l im it  was ap p lied  to  a l l  measurements.

The TVA and radiochem ical v o la t i le  a n a ly s is  curves obtained fo r

FVC* and the copolymers are shown in  F ig s . 18 to  23 • (pages 93 ~ 93)

In  both  s e t s  o f d a ta , the curves drawn as a continuous l in e  (——•— )

correspond to  r e s u lt s  obtained vath no ic e  in  the con cen tric  tra p ,

w hile th o se  drawn as a broken l in e  ( ............. ) correspond to  data obtained

w ith a 2 g . ic e  f i lm .
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f  T E M P E R A T U R E  
3 0 -  L A G  ( ° C )

Fig.17

TEMPERATURE LAG- BETVTEEN OVEN AND SAMPLE AS A 

FUNCTION OF OVEN TEMPERATURE.

2 0 -

I Q -

200 A00
OVEN T E M P E R A T U R E ( ° C )

3 0 0

TABLE V

Average Oven H eating-R ates During Each Run ( C/Hin.)

Polymer Ice  in  Trap No Ice  in  Trap

Copolymer 1 1 .33 1 .33

.« 2 1 . 36 1 .3 4

3 1.31 1 .3 4

H 4 1.31 1^30

i. 5 1 .3 4 1 .3 0

FVC* — , 1.30
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TABLE VI

Trap Temperatures during each Run (° c )

Polymer Trap Ice  in  Trap No Ice  in  Trap

— >
Copolymer 1 I -110 - 105 -115 -105

I I -110 -80 -110 -85

» 2 I -115 -100 -115 -100

I I -115 -80 -115 -85

" 3 I -115 -100 -115 -95

I I -120 -85 -115 -85

4 I -115 -95 -110 -95

I I -115 -85 -110 -85

ii 5 I -110 -100 -110 -100

I I -110 -80 -110 -85

FVC* I -110 -100

I I -120 -90

I  and I I  r e fe r  to  the i n i t i a l  trap and ic e -tr a p  r e sp e c tiv e ly ,
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P I R A N I  
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F ig . 19

THERMAL DEGRADATION OP &/c VC* COPOLYMERP I R A N I  
OUTPUT  

9 . .  (mv.) (1 )  TVA Data

8 - -
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2 - *

0100 200 300 C

C O U N T S / M I N .

2000 - (2 )  Radiochem ical A n alysis

150Q*

500**

300100 200 TEMPERATURF( A
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Fig.  20

THERMAL DEGRADATION OR 82.2$  VC* COPOLYMER

P I R A N I  
. .  O U T P U T  

(mv.)
(1 )  TVA Data

7-*

3 -

2 -

200100 300 o

c o u n t s / m i n .
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Fig. 21

THERMAL DEGRADATION OP 62.6%  VC* COPOLYMER

(1) TVA Data

100 200 3 0 0

A COUNTS/MIN.
1 5 0 0  +

(2 )  Radiochem ical A nalysis

1 0 0 0 -

• O '  *O '

5 0 0 -  *

300200100
TEMPERATU
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P I R A N I  
q . .  O U T P U T  

(mv.)
THERMAL DEGRADATION OP 24.7% VC* COPOLYMER

(1) TVA Data

100 200 300

c o u n t s / m i n .

300-

(2 ) Radiochem ical' A nalysi

300100 200
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Fig.  23

P I R A N I
O U T P U T

(mv.)

THERMAL DEGRADATION OP 9.5Q?0 VC* COPOLYMER 

( 1 )  TVA D a t a

7 -

100 200 3 0 0 o,c

150

(2 ) Radiochemical A nalysis

3 0 0200100 TEMPERATURE(°C)
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(V) R e l a t i o n  b e tw e e n  r a d i o a c t i v i t y  and  m oles o f p r o d u c t

By t i t r a t in g  the v o la t i l e s  against standard NaOH s o lu t io n , i t  

was shown th a t q u a n tita tiv e  lo s s  of HC1 was obtained when 100 mg. o f  

FVC* was heaoed to  400 C at 1 /m in . I t  was thus p o ss ib le  to  r e la te  

the t o t a l  v o la t i l e  a c t iv i t y  obtained on degrading 10 0  mg. o f F/C* to  

a s p e c i f i c  number o f moles of C l, so that in  P ig s . 18 -  23 (and  

in  a l l  subsequent d a ta ),each  count per minute can be equated w ith  

5 .6 9 4 (-0 .0 3 6 )  x 10 moles of ch lor in e-con ta in in g  v o la t i le  product.

The on ly  s ig n if ic a n t  ch lor in ated  products in  the degradation of 

random VC -  MMA copolymers are knovm to  be IiC l and methyl c h lo r id e ,  

so  th a t in  each c a s e ,  the f i r s t  stage of ra d io a ctiv e  v o la t i le  ev o lu tio n  

must correspond to  CH-Cl# produced by la c to n isa t io n . i . e . ,

CH CH
3 3

A Q l ,C---- ------ — -----0

/  \ »  /

I t  w i l l  be r e c a l le d  th a t th is  rea c tio n  in v o lv es  random ly-selected  

p a ir s  o f adjacent VC and MMA u n its  in  the polymer chain .

A second phase o f CH^Cl* ev o lu tio n  i s  observed (ex cep t in  

copolymers a t  extreme ends of the com position range) and t h is  must 

correspond to  rea c tio n  of HCl* with un lacton ized  MMA u n i t s , as p^o^csed 

by G -uillot e t  a l . ^  fo r  t h is  copolymer system and by M cNeill and N e il  

fo r  F/C -  PMMA b le n d s:-



/ \  „/\
... ... 

/ N ^ A ,
CH., CH.

+ CHjCl*

+ H O

(o r  CH3OH)

C onsequently, the t o t a l  HC1* liberated: by any copolymer i s  s to ic h io -

me t r i e  a l l y  eq u iv a len t to  the summation of fr e e  HC1* and CH Cl* lib e r a te d
3

in  t h i s  secondary r e a c tio n .

The v o l a t i l e  a n a ly s is  curves fo llo w  the general p a ttern  shown 

b elo w :-

Fig.24c o u n ts /
minute

E xtrap o la tion

At 400°C , a l l  the tr a c e s  are e f f e c t iv e ly  p a r a lle l  to  the temperature

36 . .
a x is .  Comparison of the f in a l  Cl a c t iv i t y  obtained in  eacn case

( i . e . ,  HC1* + CH C l* ), with the corresponding value fo r  FVC* degraded
3

to  4-00°C, confirm ed th a t removal o f chlorine from the copolymers can
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be regarded as complete a t th is  temperature ——- copolymer com positions  

obtained  by measuring the to ta l  v o la t i le  a c t iv i t i e s  compare favourably  

w ith those p red ic te d  from the r e a c t iv ity  r a t io s  obtained in  Chapter I I : -

TABLE V I I : Copolymer Compositions from R adioactive V o la t i le  A nalysis

Copolymer
% VC by V o la tile  

A nalysis
% VC P red icted  using  

ri ’ r 2

d ) 9.81 9 .5 8

(2 ) 21.8 2A.7

(3 ) 60.9 62 .6

U ) 82.5 8 2 .A

(5 ) 89.6 88.6

/

For each copolymer, a curve corresponding to  " lacton ization"

CH^Cl* can be obtained by ex tra p o la tin g , p a r a lle l  to  the temperature 

a x is ,  the h o r iz o n ta l p ortion  of curve I  which e x is t s  before the onset 

o f th e H C l* /ester  in te r a c tio n . A curve corresponding to  t o t a l  KC1* 

e v o lu tio n  can then be obtained by subtraction  of th is  ex trap o la ted  

curve from curve I I ,  w hile "free" HC1* evo lu tio n  i s  found by su b tractin g  

I  from I I .  F ig s . 25 and 26 (pp. 102and 103) show the ev o lu tio n  p a ttern s  

obtained  fo r  t o t a l  HC1# and to ta l  CHZC1* r e sp e c t iv e ly . In  the former
j

c a se , the graphs have been drawn by s u b t r a c t i o n  of "o e-s t j i t . 1, cu rves, . 

so th a t  no er r o r  l im it s  are included 111 the error on any p o in t w i l l  

be g iven  by + I  + e *  , where ) and (+e2) are the errors on the

curves being  subtracted  a t th a t point and approximate va lu es oi these  

can be ob tained  by referen ce to  F ig s. 18 -  23*
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c o u n t s / m i n .
PVC

2500

88-6 % V C
2000

1000 ”

500--

300200
T E M P E R A T U R E ( ° C )

F i g . 2 5

EVOLUTION OF HC1* PROM PVC* AND THE COPOLYMERS.
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T  C O U N T S/M I

7 0 0

6 0 0

5 0 0 - -
  T

4 0 0

3 0 0 -

100 -

100 200 3 0 0
T E M P E R  AT U R E ( ° C )

F i g . 26

EVOLUTION OF CH^Cl* FROM THE COPOLYMERS.
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I t  i s  now requ ired  to  corre la te  the th e o r e t ic a l sequence 

d is tr ib u t io n s ,  p red ic ted  from r  ̂ and r^> with v o la t i le  com position . 

Exam ination of P ig . 24 p. 100 shows that the fr a c t io n  of the t o t a l  VC 

u n its  which are la c to n iz e d  in  each copolymer can be found sim ply by  

measuring _d̂  and The ca lcu la tio n  of the corresponding th e o r e t ic a l

fr a c t io n s  demands a short d iscu ssion  of the s t a t i s t i c s  o f  random 

in terseq u en ce c y c l iz a t io n  reactions

THE STATISTICAL TREATMENT OP 1 ,3-CYCLIZATION REACTIONS OP 

VINYL POLYMERS

(91)Marvel and Levesque found that the 1 ,3 -c y c liz a t io n  r ea c tio n  

which occurs when poly(m ethyl v in y l ketone) i s  pyrolyzed a t  300°C was 

n o n -sto ic h io m e tr ic , y ie ld in g  only 85fo of the t o t a l  th e o r e t ic a l ly -  

a v a ila b le  H^O:-

/C H s .
/W \Q H  C H ^  ^ ' C I i /W  AAACH----- CH"^ ^ 'C H 'W

2 i | ^ + h20

„ / \ h 3  / \ h 3  / N s X \ , 3

Marvel and Sam ple^  ̂ a lso  showed th a t the 1 ,3 —d ecn lo r in a tio n  of 

PVC w ith  m e ta ll ic  z in c , to  g ive  cyclopropane r in g s , was lik e w ise  non- 

qu a n t it  a t iv e : -

AVCH- CH— CHr—  QHAA/  ~ A V - C H 2 CH -CKA/V + ZnCl2_ H--------- —CKA/V +
2 |  2 | ^ ea t

Cl Cl

P lorv^ ^ ^  exp la ined  these phenomena in  terms of a random 1 , 3 -  

in te r a c t io n ,  in  vMch some of the pendant su b stitu en ts  w i l l  remain
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i s o la t e d  between neighbours which have reacted . For polymers having  

the general stru ctu re  MCH— CH— CH—  CHAV , F lory  showed th a t  th e

X X

number o f  X groups which remain unreacted i s  given by

i  f  <»-*> <=?*
i=o

viiere n i s  the number of monomer u n its  in  the polymer chain* This 

was in  good agreement w ith  the experim ental r e s u lt s .

A lfr e y , Lewis and M a g e l^ ^  have extended th is  treatm ent to  

d escrib e 1 , 3 - in te r a c t io n s  found in  random copolymers o f the "type d ea lt  

w ith  in  the p resen t work. They have derived an exp ression  fo r  the  

t o t a l  number o f  B u n its  in  a random AB copolymer which cannot undergo 

c y c l iz a t io n  (assum ing th a t c y c liz a t io n  i s  known to  occur) by summation 

of th e two p o s s ib le  types of B u n it present in  the ch a in :-

( i )  Those which occur w ith in  a ltern a tin g  sequences o f the type  

A^ABABAB'VN and are l e f t  is o la te d  and unreacted by v ir tu e  o f the random 

nature of th e  A -  B in te r a c t io n . The s itu a t io n  here i s  analogous to  

random c y c l iz a t io n  in  a homopolymer and a m odified form of F lory*s  

equation  can be ap p lied .

( i i )  Those B u n its  which cannot react because they are adjacent to  

other B u n it s ,  i . e . ,  th ose w ith in  sequences of the type AAABBB BBA//>V̂  

The f i r s t  and la s t  3 u n its  belong to  the a lter n a tin g  sequences fla n k in g  

the sequence o f B u n its  and thus come under category ( i ) .  Those 

rem aining are g iven  by the summation

D O

y  (n -2 )  x ( t o t a l  number of B sequences of len gth  n) 

n=3
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Xn both ( i )  and ( i i ) ,  the t o t a l  number of sequences o f a g iven  

type i s  exp ressed  as a fu n ction  of the propagation p r o b a b ilit ie s  of 

the copolymer system . For example, p^g i s  the p ro b a b ility  th a t ,  

during the copolym erization  p ro cess , a growing polymer chain of the  

type aaaa* w i l l  rea c t with a monomer molecule of type B. Thus the
i i

t o t a l  number o f a lte r n a tin g  sequences of type A*i (AB)n A ! A, fo r

exaraple, i s  g iven  as /  ' !

2
(T o ta l number o f A u n its  in  copolyner) x p ^   ̂ p^g11 p ^ n

S im ila r ly ,  the to ta l  number of f1homopolymer” sequences of type  
I i

A j (B )n [ A i s  g iven  by
• I

n—1
(T o ta l number o f A u n its  in  copolymer) x p^g # Pgg # Pg^

In  a l l  c a s e s ,  p a n d  pgg can be elim inated  u sin g  the r e la t io n s  

P ^  + P^g = 1 and pB̂  + p-g-g = 1 , g iv ing  as the f in a l  e x p ress io n :-

where f u (B) i s  the fr a c t io n  of the t o t a l  B u n its  which cannot undergo 

c y c l iz a t io n .
( 9 5 )The p r o b a b il i t ie s  can be ca lc u la te d  fo r  low—conversion  

copolymers from th e  monomer r e a c t iv ity  r a t io s  (r^ , r-g) and the  

percentage molar concentrations (Ap, Bp) o f monomer u n its  in  the 

p o lym eriza tion  mixture

PAB = 1/(1 ' + rA - W

PBA = VC"1 +



A lte r n a t iv e ly , th ese  p r o b a b ilit ie s  can be ca lcu la ted  from the percentage  

molar co n cen tra tio n s (A,B) o f  A and B in  the copolymer and the run 

number, R , by use of the fo llo w in g  eq u ation s: -

?AB = P/2A 

PgA = V 2 B

Run numoer i s  d efin ed  as th e average number , o f monomer sequences 

(ru n s) which occur per 100 monomer u n its  in  a copolymer. C onsider, 

fo r  exam ple, th e  p ortion  o f copolymer chain shown below :-

AV^ABAABABAAABBABBBBAABA/W

The chain  co n ta in s 20 monomer u n its  arranged in  12 a lte r n a tin g  runs 

(u n d e r lin e d ). The run number a sso c ia ted  with th is  stru ctu re i s  

th ere fo re  60.

Run number i s  a convenient parameter fo r  ch aracteriz in g  sequence 

d is tr ib u t io n  in  copolymers. I t  provides a u se fu l mental p ic tu re  of 

sequence d is tr ib u t io n  and i t s  use s im p lif ie s  considerably the  

c a lc u la t io n s  in v o lv ed . One u se fu l parameter which can be e a s i ly  

determ ined from R i s  the number-average length  of a given type o f  

sequence, denoted by^A^ o r ( f i ) .  This i s  sim ply the t o t a l  number 

of given  type monomer u n its  d ivided by the number of runs of th a t  

“type p r e s e n t : -

^A^ = A /( B /2 )  and  ̂B  ̂ = B /(R /2)

The ex p ressio n  of propagation p r o b a b ilit ie s  in  terms o f A, B 

and R a ls o  a llo w s , fo r  example, th e  fra c tio n  of A u n its  centred  in  

/V\BAaABA/type pentads to  be determ ined:-

2
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Run numbers them selves can be ca lcu la ted  fo r  low -conversion  

copolymers from monomer r e a c t iv ity  r a t io s  and monomer feed  com p osition s, 

using the r e la t io n : -

E = 200 /(2  + 1 ^ ^

(l c\
Johnston and Harwoo<r 7 have expressed the A lfrey-Lewis-M agel 

equation  in  terms of R j-

*u(B) = o sh( R2/ifAB) 2 -  ( a/B ) 2 sinh  (R2/4A B)2

I t  i s  in s tr u c t iv e  to  work with the equation in  th is  form, fo r  i t

in d ic a te s  th a t fu (B) i s  very s e n s it iv e  to R and th at copolymer 

c y c l iz a t io n  r e a c tio n s  can be used very e f f e c t iv e ly  to  ch a racter ize  

copolymer s tr u c tu r e .

EMPIRICAL AND THEORETICAL RESULTS FOR THE FRACTION CF 

LACTONIZABLE VC UNITS.

U sing r e a c t iv i t y  r a t io  values of r = r = 0 . 068( +0.003) 2ndu —A —

£B = r^ = l6 .5 5 (+ 0 .6 0 )  fo r  VC and MMA r e sp e c t iv e ly  (mean v a lu es from 

the two Pineman-Ross determ inations), together with va lu es fo r  A and 

B p r e d ic te d  u sin g  Af ,Bf ,rA and rB, th e o r e tic a l values fo r  th e f r a c t io n ,  

f L(A) , of la c to n iz a b le  VC u n its  v/ere obtained fo r  each copolymer, by  

f i r s t  c a lc u la t in g  the run number and then using the r e la t io n : -

^ (-k ) = 1 ” AiC^)

The r e s u l t s  obtained are snown in  Table V i i l .  Krrors have been "worked 

through" u sing the standard methods, the ones a sso c ia ted  with Â» and B̂>
v

being regarded as in s ig n if ic a n t*

The corresponding em pirical values of fj^(A), obi/ained by measuring

dj and d2 , are shown in  Table IX and, with the p o ss ib le  excep tion  of the

value obtained  fo r  copolymer(l ) ,  compare favouraoly To.th the tn ecre tu ca l

p r e d ic t io n s .
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TABLE IX : Empirical values fo r  ^ ( k )

Copolymer fj /A ) x 100

(1 ) 92.1 (+ 2 .7 )

(2 ) 88 .0 (+ 2 .4 )

(3 ) 47*1 (+ 1 .0 )

(4 ) 20 .2 (+ 0 .4 )

(5 ) 1 1 .9 (+ 0 .3 )

For con ven ience, fu(A) k3̂ 6 been expressed as percentages

in  T ab les V III and IX.

R eference to  P ig .23 , p. 98 shows that the em pirical r e s u lt s  obtained

fo r  the 9*58/2 VC* copolym er(l) must be trea ted  with cau tio n . The non-
o o

coxncidence o f th e  TVA tra ces  between 1 00 C and 220 C probably in d ic a te s

an in c o n s is te n c y  of sample weight and/or ra te  of pumping ra th er than an

e a r ly  e lim in a tio n  of HC1, sin ce  in  the other copolymers co incid en ce of
o

the tr a c e s  i s  a lso  observed fo r  the peak above 300 C, w hile  in  th is  

in s ta n ce  i t  i s  n o t.

DISCUSSION OP RESULTS

I  E xtent and Tenraenature Range of L acton ization
run i-nim-t -nr-n ii in I n  --------------- "  1 ■ ........................................

The v a r ia t io n  in  the ex ten t of la c to n iz a tio n  with copolymer 

com position  i s  shown in  Table X , where the y ie ld s  of methyl ch lor id e  

obtained  exp erim en ta lly  are compared with those p red ic ted  using  va lu es  

of A, B and f L(A) ca lcu la ted  from the r e a c t iv ity  r a t io s .  A ll  data

r e fe r  t o  100 mg. o f copolymer. ,
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° f . roethyl ch loride from la c to n iz a tio n

Copolymer Em pirical Y ield  

(m oles x 10^)
T h eoretica l Y ie ld  

(moles x 106)

( 1 )

( 2 )

(3 )

(4 )  

( 3 )

9 4 .0 (+ 0 .6) 

207 .8 (^ 5 .8 )  

370.1 (+ 10.2) 

252 .0 (+ 7 .3 )

159 .4 (+ 4 .4 )

9 7 .4 (+ 3 .2 )  

241.5 (+ 6 .7) 

3 74 .3 (+ 7 .9 )  

238 .4(+ 5 .2)  

1 6 7 .2 (+ 4 .1 )

The two s e t s  of data are in  q u ite  good agreement. The main

anomaly i s  the rather low value for  th e -amount of methyl ch lor id e

produced by th e  24.7/0 VC copolymer(2) , but th is  i s  la r g e ly  assign ab le

to  th e  d iffe r e n c e  of 2 ,9  in  the percentage VC com positions o f the

copolym er, as found by use of the r e a c t iv ity  r a t io s  and by radiochem ical

v o la t i l e  a n a ly s is  r e sp e c t iv e ly .

The TVA data show th a t la c to n iz a tio n  occurs over the temperature

range 90 -  220°C, although the radiochem ical assay of methyl ch lor id e

i s  not s e n s i t iv e  below 120°C. The maximum rate of CH^Cl e v o lu tio n

occurs between 171 °C and 178°C and there i s  some in d ica tio n  th a t Taax

in cr ea se s  w ith  MMA con ten t. G-uillot e t  a l .  have assigned a s im ila r

e f f e c t  in  t h e ir  G-C a n a ly s is  of th is  system to  d ifferen ces  in  t a c t i c i t y

over th e  copolymer com position ra n g e^ ^ . although the e f f e c t  they

observed was much greater than in  the present stu d y , with the maximum
o c

r a te s  of m ethyl ch lor id e  ev o lu tio n  occurring between 158 0 and 180 C.

I I  E xtent and Temperature Range of D e hy dr o c h i or in a t i  on

T he v a r i a t i o n  i n  th e  e x t e n t  o f  d e h y a r o c h lo r in a t io n  w ith  copo+ym er 
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com position i s  shown in  Table XI , where em pirica l y ie ld s  of HCl are 

compared w ith  those  p re d ic te d  from £l and r 2. The d a ta  again  re fe r  

to  100 mg. of polym er. The e rro rs  quoted on th e  em p irica l r e s u l t s  

are only those  a sso c ia te d  v lth  the nmoles — activity** conversion 

f a c to r  (s e e  p .  99 ) and do not take account of the a d d itio n a l u n c e r ta in ty  

in tro d u ce d  by curve su b tra c tio n  (see p .101).

TABLE XI : Y ields of HCl

Copolymer E m pirical Y ield 
(moles x 10°)

T h e o re tic a l Y ield  
(moles x 10°)

d ) r e s u l t  suspect : see p . 110 1 .9 (+ 0 .5 )

(2 ) 28.5(+0.2) 30 .5 (+ 2 .1 )

(3 ) 4 l0 .0 (+ 2 .6 ) 443.1 (+8.7)

(4 ) 945 .2 (+6.0) 953.6 (+9.3)

(5 ) 1l84(+7.5) 1160(+9)

I t  i s  c le a r  th a t  dehydrochlorination  d if f e r s  from methyl ch lo rid e  

p ro d u c tio n  (th rough  la c to n iz a tio n )  in  th a t the ex ten t of th e  form er 

r e a c t io n  decreases re g u la r ly  as the VC content of the  copolymers a s  

reduced. P roduction  of HCl becomes se n s itiv e  to  ra d io ac tiv e  assay  

above about 180°C and i s  g en era lly  observed between th i s  tem perature 

and 320°C. In  copolymers of low VC co n ten t, HCl ev o lu tion  becomes, 

in c re a s in g ly  d i f f i c u l t  to  measure as i t s  degree of ra d io a c t iv i ty  (c .p .m .)  

approaches the 2(Tconfidence le v e ls  for  tne curves corresponding to  

(CH,C1* + HCl* ) and CH.,Cl* alone.
2 3

I n  the copolymers vdiere HCl evo lu tion  i s  c lea rly  defined , and a lso  

in  PVC, th e  tem perature a t  which the maximum ra te  of denyarccnrorrnat-on
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I
occurs on ly  v a r ie s  between about 233°C and 263 °C* At 260°C, the 88 .6

and 8 2 . VC copolymers have produced somewhat more HCl than the same 

weight of PVC, but the e f f e c t  i s  much le s s  pronounced than th a t found 

by G u il lo t  e t  a l .  u sing  argent op ote n t i  ome t r y ^  ̂ . In  th e la t t e r

in s ta n c e } IiCl ev o lu tio n  from an 86/0 VC copolymer was observed to

0 0commence a t 110 C, a t ta in  i t s  maximum rate at 210 C and reach com pletion
0 , Q

at about 400 C. (In  PVC, the corresponding temperatures were 200 C, 
0 0

223 C and 400 C r e s p e c t iv e ly ) .  There i s  thus very l i t t l e  evidence  

in  the p resen t r e s u lt s  to  support the view of G u illo t e t  a l .  th at  

lacton e groups in  the polymer backbone lower the a c t iv a tio n  energy  

required f o r  dehydrochlorination .

G u illo t  e t  a l .  a lso  report th a t HCl ev o lu tio n  occurs over a broader 

tem perature range in  copolymers o f high LIMA content and th a t the maximum 

rate of d ehydroch lorination  in  a 24% VC copolymer occurs about 130°C

w l c x x j .  x i i  x  v  v  •  a. C  e l l  u  u w x  ti*D  w x  wxxs^

i s o la t io n  of in c r e a s in g ly  short VC sequences between lacton e s tr u c tu r e s ,

lea d in g  to  an in crea sed  a c t iv a tio n  energy fo r  the zip  dehydrcchlcrination .

There i s  l i t t l e  d e f in it e  evidence in  the present r e s u lts  to support th is

view , although the maximum ra te  of HCl ev o lu tio n  in  the 62. 6% VC

copolymer cou ld  be as much as 10°C higher than in  PVC and i t  must be

adm itted th a t  the l im it  of accurate rad ioactive  HCl a n a ly s is  i s

approached a t com positions o f the order o f 24% VC with the counting  

3 6tim es and ‘ Cl a c t i v i t i e s  a v a ila b le .

I l l  E xtent and Temperature Range of the H C l/ester In te ra c tio n

T his i s  a minor r ea c tio n , being only v is ib le  in  copolymers of 

in term ed iate  com position (see  F ig . 2 6 ,p .l0 3 )  and i t  reaches i t s  maximum 

ex ten t in  th e  62.6% VC copolymer, where the concentrations o f o n cyclizeu

VC and !.i'A u n its  w i l l  both be r e la t iv e ly  high. The process n e c e s s a r y ,
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overlaps w ith HCl production and i s  gen era lly  observed between 220°C 

and 310 C. I t  i s  presumably a random rea c tio n , although th ere i s  

no sim ple way o f  r e la t in g  i t  q u a n tita tiv e ly  to  sequence d is tr ib u t io n .

G u il lo t  e t  a l .  found that with a copolymer com position of 46% VC, 

methyl c h lo r ia e  production by th is  mechanism was a t le a s t  h a lf  as 

im portant as la c to n iz a t io n . The le s s e r  exten t of th e  rea c tio n  in  

the p resen t study i s  probably due to the use o f polymer f ilm s  and 

h igh—vacuum con d ition s in stea d  of the powder samples and dynamic 

n itro g en  atmosphere adopted by G u illo t e t  a l .  The d if fu s io n  of HCl 

out of the polymer can be expected  to  occur much more ra p id ly  under 

the p resen t co n d itio n s .

IV Degree o f overlap of the la c to n iz a tio n  and de hydro ch lo r in a tio n  

r e a c tio n s

R eference to  F ig s . 1 8 - 2 3  shows that HCl evo lu tion  from the  

copolymers does not occur to  a measurable ex ten t U n til the la c to n iz a t io n  

r e a c t io n  i s  alm ost com plete.

GENERAL ASSESSMENT OF THE RADI 0 CHEMICAL METHOD OF VOLATILE 

ANALYSIS

R adiochem ical a n a ly s is  i s  su ita b le  fo r  the study of methyl ch lor id e  

.ev o lu tio n  over the copolymer com position range, d ea lt w ith in  the p resen t  

work and a lthough  i t  becomes l e s s  r e l ia b le  fo r  monitoring the very  sm all 

e x te n ts  of HCl production in  copolymers of low VC con ten t, t h i s  problem  

could be overcome by incorporating Cl of higher s p e c if ic  a c t iv i t y  

in to  the polym ers or by extending counting tim es. The determ ination  

of HCl e v o lu t io n  using C l- la b e lle d  polymers i s  otherw ise very  u se fu l  

fo r  th e  study of th is  copolymer system , as i t  avoids the problems 

a sso c ia te d  w ith  argent op otentiome t r ie  estim ation  of the gas in  presence



-  113 -

of methyl m ethacrylate (a s  found by G u illo t e t  a l . )  and a lso  any

in te r fe r e n c e  w ith  t it r im e tr ic  estim ation  (u sin g  NaOH s o lu t io n ) ,

caused by th e presence of carbon dioxide degradation product.
36

F in a l ly ,  the use of C l-la b e lle d  PVC fo r  a p rec ise  study of 

the therm al behaviour of polymer blends (se e  p .181) ,  or of other  

PVC compounds, seems to hold p articu la r  prom ise, s in ce  ra d io a c tiv e  

PVC i t s e l f  i s  com paratively easy to  prepare.
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C H A P T E R  F I V E  

RELATED COPOLYMER SYSTEMS

INTRODUCTION

S ev era l other copolymer systems have been stud ied  Y/hich are 

p o te n t ia l ly  capable o f undergoing 1 ,3 -in te r a c tio n s  o f the type 

found in  VC -  MMA copolymers. Some of these are novel copolymer 

system s, w hile the remainder have p rev iously  been prepared but not 

examined in  d e t a i l  fo r  th e ir  thermal behaviour. Since r e a c t iv i ty  

r a t io s  have been a v a ila b le  fo r  the la t t e r  system s, i t  has been  

p o s s ib le  to  study a range of copolymer com positions, but fo r  the  

novel system s only one copolymer has been prepared in  each c a se ,  

and i t  has been attem pted to  prepare copolymers o f interm ediate  

com position  in  order to  maximise any 1 ,3 -in te r a c t io n s . In  the  

absence o f r e a c t iv i t y  r a t io s ,  Q-e d a ta ^ ^  have been employed. 

R elevant d e t a i l s  of monomer and polymer preparation methods are 

contained  in  the Appendix.

In  a l l  c a s e s ,  the behaviour of the copolymers i s  compared 

v/ith th a t o f the parent homopolymers using TVA data and th is  i s  

p resen ted  g r a p h ic a lly  Y/here most p ertin en t to  the d iscu ssio n . The 

p r e v io u s ly  prepared systems v in y l ch loride-m ethyl a c r y la te , v in y l  

c h lo r id e -n -b u ty l m ethacrylate and v in y l bromide-methyl m ethacrylate  

w i l l  be d iscu esed  f i r s t .
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V/fflYL chloride -  methyl acrylate copolymers

The p rep aration  of these copolymers and th e ir  prelim inary

a n a ly s is  by TVA and I»R. spectroscopy has been carr ied  out by 
(9 9 )

MacDonald . A d e ta ile d  study of poly(m ethyl a c r y la te ) , FMA, 

degradation has been made by Cameron and Kane^ Xn common w ith  

other m onosubstituted  ethylene polymers, FMA y ie ld s  in s ig n if ic a n t  

amounts of monomer and most of the to ta l  products comprise chain  

fragm ents, formed by ex ten siv e  tra n sfer  rea c tio n s. The v o la t i le  

products c o n s is t  m ainly of methanol and carbon dioxide and Cameron 

and Kane have exp la in ed  the formation o f a l l  the products (and a ls o  

the o n se t o f co lo u ra tio n  during degradation) in  terms of competing 

r e a c tio n s  o f a r a d ic a l precursor o f the type shown below , formed 

a f te r  tr a n s fe r  of a la b i le  Ov-hydrogen atom.

H
I ,  '

/ W C  —  CH: C— CH*''-'

I I
co2ch3 co2ch3

A n alysis  o f V o la t i le  Products

The TVA curves o f poly(m ethyl a cry la te )£ see  F ig . 27 > P . 118  ̂

comprise a s in g le  peak w ith  f ma:c = ^ 0  C MacDonald has id e n t i f i e d  

m ethanol, carbon d ioxide and methyl acry la te  among the condensable 

products. In  th e non-condensable fr a c t io n , only ethylene «as 

id e n t i f i e d ,  but i s  l ik e ly  th a t carbon monoxide and methane are a lso

(100)
p resen t, as found by e a r l ie r  workers .
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C opolym erization with only 5 . 1#  (molar) VC leads to  the

appearance o f  a new peak in  the TVA Ydth Tmax = 253°C, c o n s is t in g

e n t ir e ly  of m ateria l non-condensable a t -100°C (but f u l ly  condensed

at -196 C) and id e n t i f i e d  by I.R . a n a ly sis  as methyl c h lo r id e .

Tmax fo^1 th e  main stage of degradation remains at 430 C and carbon

d io x id e , m ethyl a cry la te  and methane ?/ere observed here. No

methanol was id e n t i f i e d .

In crea sin g  the VC content to  31.2^ (see  F ig .28 , p .1 20 )leads to

enhancement of the new peak ( i .R . an a lysis  : methyl ch lo r id e , H C l),

Ydiich remains s t a t i c  a t  235°C, and the appearance of a th ird  peak, 
o

w ith Tjaax = 300 C, co n s is t in g  mainly o f m aterial non-condensable a t

-100°C (b u t condensable at -196°C) and id e n t if ie d  as HCl and carbon

d io x id e , w ith  a sm all amount of methyl ch lo r id e . The main peak
0

s t i l l  shows Tmax a t about 430 C, but i t  has been broadened, presumably 

by the v o l a t i l e s  xrcm lacton e decomposition, ( i t  must be s ta te d  tn a t  

the e x is te n c e  o f la c to n e  u n its  can only be deduced in  t h is  case from 

the e a r ly  e lim in a tio n  of methyl chloride at a cons.tant Tmax, sin ce  

no sp e c tr a  were obtained fo r  co ld -r in g  fra c tio n s  or r e s id u e s ) .

Further in crea sin g  the VC content to  67*7% leads to  enhancement 

o f  the second peak (Tmax = 303°C; I.R . a n a ly s is—— HCl, carbon 

dioxide and m ethyl ch lo r id e ) at the expense of methyl ch lor id e  

production (Tma>_ = ?33°C). The main peak ( T ^ .  = 430°Cj I .R . 

a n a ly s is  —  carbon d io x id e , methane, propylene and e th y len e) i s  

dim inished somewhat, probably due to  the sm aller amounts o f m ateria l 

being ev o lv ed  from lacton e breakdown, but i s  s h if te d  to  a h igher  

temperature due to  the in creased  polyene reactions oj. the Vo sequences.
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D iscu ssion

The degradation  p attern  of the copolymers shows o v era ll s im ila r ity  

to  the VC -  UMA system (se e  P ig .29, p>122) but la o to n iz a tio n  occurs a t a  

higher tem perature (255°C vs. 206°C). HCl formation i s  ev id en t in  

copolymers w ith  g rea ter  than 50/S VC, but, u n fortun ately , the e f f e c t

o f cop olym erization  on HCl production cannot be accu rate ly  d efin ed , 

due to  th e  overlap  of the "HCl" peak (ca.300°C) with other sta g es  

of degradation .

A p u z z lin g  fea tu re  o f MacDonald’s r e s u lts  i s  the fa i lu r e  to  

id e n t i f y  methanol as a product from the high -  MA -  content copolym ers, 

e s p e c ia l ly  when monomer i s  observed— methanol is  the major 

condensable product in  B1A degradation^'00!  S t a t i s t i c a l  c a lc u la t io n s  

show th a t on ly  about 5 .3^  of the MA u n its  in  a 5 .13$  VC copolymer 

can undergo la c to n iz a t io n  and i t  i s  d i f f ic u l t  to  exp la in  how one 

la c to n e  u n it  per 20 MA u n its  could in terrupt any o f the three methanol 

production  mechanisms proposed by Cameron and Kane.

MacDonald has a lso  noted the occurrence o f strong carbonyl 
—1 —1absorptions a t  1 738cm and 1749cm in  the non-condensable fr a c t io n  

from the 67 .7^  VC copolymer, but these were not id e n t if ie d .  A 

re-exam ination  has shovn that acetone (a  so lven t used fo r  the  

copolym ers) and formaldehyde ex h ib it  strong carbonyl absorptions a t  

I738cm_i and 1749cm-1 r e sp e c tiv e ly  in  the gas phase, but both  are 

f u l ly  condensed a t —196 C in  a continuously-pumped system .

MacDonald’ s f in d in g s  have not been fu rth er examined due to la ck  o f  

sample, b u t t h is  i s  c le a r ly  a system which deserves fu rth er  a t te n t io n .
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Table XII g iv e s  some o f the more u sefu l data r e la t in g  to  

sequence d is tr ib u t io n  in  the copolymers. The symbols used have 

already been d iscu ssed  in  Chapter IV.

TABLE XII

Mole F ra c tio n  

of VC(A) 5.135? 15.85? 5 1 . # 67.7%

R 9.9 6 28.5 57.9 49 .5

<A> 1 .03 1 .11 1.77 2 .74

<B> 19.1 5.91 1.69 1 .30

pAB 0.971 0.903 0.565 0.365

pBA . 0.0525 0.169 0.593 0.767

ft,(A ) 99.9% 31.6% 67.0% 4 2 . #

*l ( b ) 5.325? 18. 2$ 10.3% .
00CO

The above data are based on monomer r e a c t iv ity  r a t io s  o f 0 .12  and

4 .4  fo r  VC and m ethyl acry late r e sp e c tiv e ly . S t r ic t ly  speaking, the
o o

f ig u r e s  r e fe r  to  a polym erization  temperature of 50 C, and not 40 C 

as used by MacDonald, but they are acceptable fo r  a purely q u a lita t iv e  

assessm ent.

I t  can be seen th a t the copolymer of low est VC content c o n s is ts  

e s s e n t ia l ly  o f  lo n g  MA sequences, interrupted only o cca s io n a lly  by 

is o la te d  VC u n it s .  As the 1 :1 composition i s  approached, a lte r n a tio n
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begins to  predominate and th is  i s  associated with high va lu es fo r  

both pAB and pBA and maximum la c to n iz a tic n . At the VC -  r ich  end 

of the com position  range, VC sequences are, on average, longer than 

those o f MA, but are s t i l l  very much shorter than those a tta in ed  by 

MA u n its  in  the 5*1 VC copolymer.

VINYL CHLORIDE -  n-BUTYL METHACRYLATE COPOLYISLS

T his copolym er system was f i r s t  stud ied  as a B .Sc. project^101 \

The therm al degradation of po ly(n -buty l m ethacrylate) at 250°C 

has been stu d ied  by G rassie and MacCallun/1 Monomer was found to  

be the predominant v o la t i l e  product, but depropagation proceeded  

only to  th e  e x te n t  of about L&fo. and on prolonged heating the residue  

became p r o g r e s s iv e ly  more s ta b le . Grassie and MacCallum have 

exp la ined  th e se  fe a tu r e s  in  terms of a competing fr e e -r a d ic a l e s te r  

decom position p r o c e ss , during which carboxylic acid  u n its  are 

i n i t i a l l y  formed in  the polymer chain .

T heir mechanism assumes the a b il i ty  of a depropagating polymer 

ra d ica l to  r e a c t  in  i t s  a lter n a tiv e  canonical form :-

CH OH
3

/n/VC* <6------->  AAAC
II
C,

Such a s itu a t io n  i s  not without precedent, fo r  example, the k eten e-

^ ^ a r e  known to  r e s u ltUJL UJ* ^ j ---------------
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from r e a c t io n  of th e  growing polymer ra d ic a l  in  the  fo rm :-

/W CH- C = C = rN

The e s t e r  decom position is  believed  to  proceed v ia  a s ix — 

membered c y c lic  t r a n s i t io n  s ta t e ,  according to  the  follow ing re a c t io n  

scheme:-

ch2ch3

+ CH2—  ch— ch2ch3

S e l f - in h ib i t io n  of the depropagation re a c tio n  th en  fo llo w s , due' 

to  the  fo rm atio n  of te rm ina l anhydride s tru c tu re s , which probably  

a r is e  by th e  f u r th e r  re a c tio n  of a term inal acid  u n it  w ith an 

ad jacen t e s te r  fu n c t io n :-

CH_ CH
I 5 I 3

/W CH j  c---------------------------------W C H -----C
2 II n. ------„ 2 II

£ — 0.. C —  OH
/  V /

° \  ■ > 0
'CH— CH  ̂ \ h_ -C H -

'ch2ch3

/
CH, CH

I „  1AV>CH“— -C* <--------- >----AAACH-----1

/  \ > H  0 OH
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CII,. CH
3 n  ?H3 f 3

A V c /  ^ C -
I l ^ °  ----------** | |

/V V  /VS
+ CH =  CH— CH—CH 

2 2 3

+ HO
2

CfW y H

XH

CH2CH3

In h ib it io n  i s  believed , to  be the r e su lt  o f an equilibrium  which w i l l  

be s e t  up between th is  anhydride rad ica l and the ra d ica l formed by 

lib e r a t io n  of one more e th y len ic  u n it from the chain end:-

CĤ  CĤ  CH

I I  J2L
a /v m t  ^ c * a a a c « 2 *

0

G-rassie and MacCallum have a lso  used the f i r s t  part of the above

rea ctio n  sequence to  exp la in  the evo lu tion  of butene and form ation

of sm all amounts of carb oxylic  acid  u n its  in  the polymer chain
o (j 04)

during the p o lym erisation  of n -butyl methacrylate at 30 C 

Presumably, a copolymer o f n-butyl methacrylate w il l  a lso  con ta in  a 

small number of a c id  fu n c tio n s .

A nalysis of V o la t i le  Products.

The TVA curves fo r  po ly  (n -bu ty l m ethacrylate) are shown in
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P ig . 30 , P. 128. The rather in v o la t i le  monomer g ives a lim it in g  

rate e f f e c t  in  the -45 C trace and the major peaks (Tmax = 292°C 

and 345°C) presumably represent ch a in -en d -in itia te d  and random-

s c i s s io n - in i t i a t e d  depropagations r e sp ec tiv e ly  —  G rassie and 
(102)

KacCallum have already shown that monomer production begins at 

chain enas during degradation a t 250 C. Above 300 C, the response 

on the -75/~lOO°C trace  probably in d ica tes  formation of b u t-1 -en e , 

while the e v o lu tio n  o f non-condensable m aterial (Tm x  = 425°C) i s  

probaoly the r e s u lt  of breakdown of acid  or anhydride s tru ctu res .

C opolym erisation vath only 5 . ^  (molar) VC r e su lts  in  considerab le  

a lte r a t io n  of the TVA shape. A new peak appears w ith T max = 225°C, 

in corporatin g  m ateria l which g iv es  a lim itin g  rate e f f e c t  in  th e  

-100°C trap  and id e n t i f ie d  by I.R . an a lysis  as n -butyl ch lo r id e .

The peak o r ig in a l ly  associated with lov,-temperature monomer production  

i s  alm ost removed, leav in g  only a small resid u a l shoulder at 315°C on 

the 0°C tr a c e . The main stage of monomer production i s  s h if te d  

upwards by 4 5 °C to  g ive  = 390°C, although a small part of th is

s h i f t  can be a ssig n ed  to  the increased  production o f m ateria ls non- 

condensable at-iOO°C (but condensed at -196 C) and non-condensable 

at -196°C . Tn,„  fo r  the peak due to  non-condensable production i s
L)3,X *

sh if te d  from 425°C in  the homopolymer to  448 C in  the copolymer.

I .R . a n a ly s is  has shown th a t in  the main stage o f  degradation  

( i . e .  above about 250°C ), monomer, carbon d iox id e , isobutene and 

but-1 —ene ( and/ ot nropylene) are evolved , with methane (and probably  

a lso  carbon monoxide) accounting fo r  the non-condensable fr a c t io n .

In  accordance w ith  the e a r l ie r  work on p o ly (n -b u ty l m ethacrylate)
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i t  i s  v ery  l i k e l y  th a t b u tH -en e i s  produced in  the copolymer, but 

propylene may a ls o  be p resen t. I t  has not been p o ss ib le , on in frared  

evidence a lo n e , t o  c la r i f y  th is  p o in t, due to  the very sim ilar  

absorption p a ttern s  of the two o le f in s .

In c r e a s in g  the VC content from 5.6?0, through 14 . 2$  and 2 3 .%  

to  49«2/o ( r i g ,  31 ,P*130) lea d s to a gradual enhancement of b u ty l-  

chloride p rod u ction , fo r  vhich Tmax remains s ta t ic  at 223°C. Tmay 

fo r  the main sta g e  o f degradation continues to move upwards from 

390°C in  the 5 . 6/0 VC copolymer to  425°C in  the 1:1 copolymer and as 

the VC con ten t i s  r a is e d , m ateria ls non-condensable at -1 00°C (but 

condensable a t -196  C) and non-condensable at -196°C begin to account 

fo r  most o f th e  v o la t i l e  products in  th is  temperature range. Monomer

production i s  c le a r ly  in  d e c lin e . In  ad d ition , a small shoulder
o 0

appears on th e 0 C trace  and th is  s h if t s  from shout 320 C in  the

14*nyb VC copolymer to  reach 365°0 in  the 1 :1 com position. This new

stage o f r e a c t io n  appears to  represent la r g e ly  m aterial which i s  not

condensed a t  -100°C (but condensed at -196 C) and probably c o n s is ts

in  part of HCl, which has been id e n t if ie d  among the products formed

above 270°C in  the 1 :1 copolymer. The other products d etected  here

by I .R , a n a ly s is  were monomer, carbon d iox id e, but-jp-ene (and/or

p rop y len e), to g e th er  with small amounts of isobutene and e th y len e .

Methane end carbon monoxide were id e n t if ie d  among the non-condensable s .

F in a l ly , by r a is in g  the VC content from 4?*a/o uo /4 .070, one
o

b u ty l ch lo r id e  peak begins to  d im inish , but m aintains T^ y a t  225 C, 

while a peak of comparable s iz e  emerges with TIBax = 323 C. lh e  

f in a l  sta g e  o f degradation (Tmax = 453°C) i s  now much l e s s  pronounced
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and s t i l l  c o n s is t s  to  a large ex ten t of m aterials non-condensable at 

-100°C (but condensed at -196°C) and non-condensable at -196°C.

The second peaJc (Tmax = 323 C) does not su ffe r  from ex cess iv e  

overlap w ith  i t s  n eighbours, so products detected  can be assigned  

almost s p e c i f i c a l l y  t o  t h is  stage of rea c tio n . These included  a 

large amount of HCl w ith a sm aller quantity of carbon d ioxide. The 

-196°C tra ce  showed the presence o f a small non-condensable component 

and t h is  was found to  con ta in  ethylene (w ith  p o ssib ly  some carbon 

monoxide)•

The th ir d  stage  of degradation in  the 74.6^ YC copolymer 
o .

(®max " '̂53 C) i s  again  f a ir l y  "clean-cut" and products evolved  h ere, 

and id e n t i f i e d  by I .R . a n a ly s is ,  were mainly carbon d iox id e , with 

some but-lp-ene ( a n d / o r  p rop y len e), isobutene and eth y len e.

A nalysis o f Colu—Ring F raction

The c o ld -r in g  fr a c t io n  obtained when the 1 :1 copolymer was heated

to  500 C showed stron g  in frared  absorption bands at 1760cm and

1700cm 1 . These probably represent ^ -la c to n e  and carboxylic a c id

stru ctu res r e s p e c t iv e ly .  6-membered c y c lic  anhydride stru ctu res

absorb a t 1800cm"”1 and 1760cm”1 , but the presence of these must remain
-1

sp ecu la tiv e  s in c e  the absorption  a t 1800cm i s  obscured in  thus case .

The e x is te n c e  o f acid  groups was supported by the presence of a broad
—1 -1

absorption ex ten d in g  from 3600cm to  2500cm , while a medium

absorption band a t 16 JO cm 1 probably represents unsaturated  

hydrocarbon s tr u c tu r e s .
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D isc u ss io n

As in  the prev ious system s, la c to n iz a t io n  i s  the f i r s t  s ta g e  o f  

degradation  in  the copolymers and t h is  reduces the amount o f  n -b u ty l  

m ethacrylate monomer production  ( 1 ) by removing a v a ila b le  e s t e r  u n it s .

(2 )  by "blocking" depropagation.

As b e fo r e , c h a in -e n d - in it ia te d  depropagation i s  most d r a s t ic a l ly  

a f fe c te d  by in tro d u ctio n  o f la c to n e  s tr u c tu r e s , whereas random- 

s c i s s io n - in i t i a t e d  monomer production  i s  not g r e a tly  reduced in  

ex te n t  but req u ires  h igh er tem peratures to ach ieve i t s  maximum r a te .

As u su a l, th e  e f f e c t  of la c to n iz a t io n  on d ehydroch lorination  i s  

n ot c l e a r ,  s in c e  HCl production  i s  on ly  observed in  the 4 9 .2  and 

74.6/2 VC copolym ers. As was seen , th e  peak with Tmax = 323°C in  

the 7 4 .6>& VC copolymer i s  la r g e ly  due to  HCl, but th e o th er products 

may s h i f t  T^-jr con sid erab ly  from the dehydro c h lo r in a tio n  v a lu e .

Breakdown of the la c to n e  stru ctu res  con tr ib u tes  la r g e ly  to  the  

com position  o f the v o l a t i l e s  in  the copolymers o f h igher VC c o n te n t ,  

bein g  n o ta b ly  re sp o n sib le  fo r  th e la r g e -s c a le  production  o f carbon  

d io x id e .

The e f f e c t  o f copolymer com position  on but-l^-ene p roduction  

cannot be a ccu ra te ly  a sse sse d  w ithout a more s e le c t iv e ,  q u a n tita t iv e  

in v e s t ig a t io n  ( e . g . ,  by gas-phase chrom atography), but i t  would 

undoubtedly be in te r e s t in g .  Copolym erization o f n -b u ty l m ethacrylate  

w ith  a sm all amount of VC w i l l  c le a r ly  reduce the number o f  u n its  

capable of undergoing a f r e e -r a d ic a l  e s te r  decom position  (by th e  

mechanism o f G rassie and MacCallum), so th a t e s t e r  sequences i s o la t e d  

between la c to n e  u n its  may be forced  to  undergo a d if f e r e n t  r e a c t io n
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sequence — — e . g . ,  m olecular e s te r  decom position :—

CH

A A /C W + b u t-1 -ene
»

5 -  \ s j /  2

CH

(105)Such a mechanism i s  a lread y  known to  occur in  non-polym eric system s

th e  e n t ir e  copolymer com position  range and i t  i s  q u ite  con ceivab le  

th a t  i t  i s  a lso  evo lv ed  from p o ly (n -b u ty l m eth acry late) a t h igher  

tem peratures (p rev iou s an a lyses d ea lt  only w ith degradation  below

Table X III g iv e s  a s t a t i s t i c a l  c o r r e la t io n  between copolymer 

com p osition , sequence d is tr ib u t io n  and e x te n ts  o f la c to n iz a t io n  and 

p rov id es a q u a lita t iv e  exp lan ation  of the trends observed in  v o la t i l e  

com p osition . L a cto n iza tio n  i s  favoured when pA3 and pBA are both  

high  and occurs to  a maximum e x te n t in  the 1 :1 copolym er, vhereas  

monomer production  and dehydroch lorination  are favoured  a t  op p osite  

ends of the com position  sca le ,,

The data are based on monomer r e a c t iv i t y  r a t io s  o f  0 .0 5  and 

13*5 fo r  YC and BMA r e s p e c t iv e ly .

Isob u ten e ( i .R .  ; 890cm ) has been id e n t i f i e d  as a product over

300°C ). Backbone fragm entation  i s  presumably i t s  main sou rce .
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TABLE X III

Mole F ra c tio n  

o f VC(A)

5 .6 $ 1 4 . ^ 29 .5% 4 9 .2 $ 7 4 .6 $

R 1 0 .8 25 .7 4 4 .9 5 1 .8 4 0 . 2

<*> 1 .0 4 1 .1 2 1.31 1 .9 0 3.71

<B> 1 7 .5 6 .67 3 .1 4 1 .9 6 1 .26

pAB 0 .9 6 0 .89 0 .76 0 .5 3 0 .2 7

pBA 0.057 0 .1 5 0.32 0.51 0 .7 9

f L(A) 99$ 98% 89% 66% 31$

* l( b ) 5*8% 17$ 51% 6i$> 92$

VINYL BROMIDE —  METHYL METHACRYLATE COPOLYMERS

The i n i t i a l  s tu d ie s  o f  th is  system  were c a r r ie d  out in

c o lla b o r a t io n  w ith B .S c . student P. Anderson^

The therm al degradation  of p o ly (v in y l bromide), FVB, has not been

stu d ie d  in  d e t a i l  s in ce  the behaviour o f  the polymer has been assumed

to  fo llo w  approxim ately th a t  of FVC. The form ation  o f lon ger polyene

sequences an i.‘/B T-nan an PW nas a lread y  b^en d is c u s se r  \P«53 y and
( c,

Braun and Thallmaier^ ^  have shown th a t an average polyene sequence 

com prises 12-13 double bonds* Mention has a ls o  been made o f the  

work by B lauer and G o ld ste in  on VB -  MMA copolymers (p. 5 5 ) ,  in  which 

i t  was found th a t copolymers o f h igh  VB con ten t were l e s s  th erm ally
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s ta b le  than  pure FVB, b u t, up u n t i l  now, no d e ta i le d  stucftr o f therm al 

behaviour over the com plete range of copolymer com position  has been  

rep orted .

A n a ly s is  o f V o la t i le  Products

The TVA curves f o r  FVB are shown in  F ig . 32, p .1 36. The s im ila r it y

to  FVC i s  im m ediately obvious, although Tmax o f th e  i n i t i a l  peak l i e s  

a t 203°C, compared w ith  325°C in  FVC (se e  F ig . 33., p . 137) .  Above 370°C a 

second phase o f  r e a c t io n  occurs in  which a number o f v o la t i l e  products 

are form ed, in c lu d in g  some non-condensable m a te r ia l. T his second  

phase o f  r e a c t io n  c lo s e ly  resem bles th a t o f FVC, although i s

h ig h e r , being  about 500°C in  FVB, as opposed to  480°C in  FVC.

Comparison vdth FVC su g g ests  th a t th e i n i t i a l  peak in  FVB rep re se n ts  

l o s s  of hydrogen brom ide, w hile the second peak i s  caused by polyene  

c y c l iz a t io n  and c r o ss lin k in g  p r o c e sse s .

When an MA copolymer con ta in in g  only 4 .8 7 $  (m olar) "'VB i s  

degraded, the TVA shape i s  con sid erab ly  a lte r e d  from th a t  o f FVMA 

( s e e  F ig .3 4 ,p .138) .  A new peak appears w ith  Tmax = .175°C c o n s is t in g  

e n t ir e ly  of m ater ia l non-condensable a t  -100°C and id e n t i f i e d  by I .R .  

a n a ly s is  as m ethyl brom ide. The peak w ith  Tmax = 295°C, a s so c ia te d  

w ith  c h a in -e n d - in it ia te d  depropagation i s  alm ost removed, w hile  th e  

major sta g e  o f monomer production  (TEax = 376°C) i s  s h if t e d  upwards 

to  about 420°C. A sm all p art o f  t h is  s h i f t  can be a ssig n ed  to  the • 

on set o f a r e a c tio n  phase (T ^ ^  = A44°C) which produces a m ixture o f  

v o l a t i l e s ,  some o f which are non-condensable at -196°C and o th ers  

non-condensable a t  -100°C , but condensable a t  -196°C . W ith in  the
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main sta g e  o f  degradation  ( i . e .  above about 280°C ), m ethyl m ethacrylate  

monomer and carbon d iox id e  have been id e n t i f i e d ,  although  i t  i s  l i k e ly  

th a t carbon monoxide and hydrogen are a lso  p resen t ( s e e  a n a ly s is  

below  f o r  4 8 .4% VB copolym er).

An in cr ea se  in  VB con ten t from 4.87>o, through 9,l&?o and 24# 5^ 

to  4 8 . 4^ causes a la r g e  in cr ea se  in  s iz e  o f th e  m ethyl bromide peak, 

whose Tmax remains con stan t a t  1 75°C ( s e e  F ig ,3 5 ,p .1 4 0 ) .  The la r g e  

peak o r ig in a l ly  a s so c ia te d  w ith  r a n d o m -sc is s io n -in it ia te d  depropagation  

i s  s h i f t e d  upwards on the tem perature sc a le  to  g iv e  Tmax = 450°C in  

the 48.4/£ VB copolym er, but th e s iz e  of t h i s  peak i s  grad u ally  

dim in ished  as m ethyl bromide form ation  in c r e a se s  and in  the 48.4>o V3 

copolymer i t  i s  seen  to  c o n s is t  la r g e ly  o f  non-condensable m a te r ia l, 

which has been id e n t if e d  as carbon monoxide and hydrogen by I . R .  and 

m ass-sp ectrom etric  a n a lyses r e s p e c t iv e ly .  Carbon d iox id e i s  the

o
c h ie f  component of the v o l a t i l e s  which are non-condensable a t —100 C,

o
but condensable at -196 C.

The other major fea tu re  o f th e  1 :1 copolymer i s  the appearance 

o f  an im portant peak v ith  Tmax = 237°C, c o n s is t in g  o f a mixrbure of 

v o l a t i l e s  which co n ta in s  hydrogen brom ide, carbon d iox id e and some 

MMA monomer and a lso  a non-condensable component. E vo lu tion  o f th e  

non-condensable m ateria l commences at approxim ately Tmax and t h is  

f r a c t io n  has teen  shown to  c o n s is t  of carbon monoxide (a lth ou gh  

hydrogen may a lso  be p r e se n t) .

As the VB conten t i s  r a ise d  fu r th er  to  73.2?o, the methyl bromide 

peak (Tmax = 175°C) b eg in s to  dim inish and the h igh-tem perature peak  

(Tmax = 467°C) i s  l e s s  in te n se  but broadened, presumably by the o n set  

o f  the h igh-tem perature polyene r e a c tio n s  o f the VB sequences.
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The middle peak i s  now stro n g ,w ith  Tmax = 215°C ( comparable w ith  

■̂max ^ or e lim in a tio n  in  PVB) and a t  t h i s  com position  c o n s is t s

la r g e ly  o f  m ater ia l non-condensable a t -100°C , but condensable at 
o

-196  C. A non-condensable component i s  s t i l l  e v id e n t , though l e s s  

im portant than in  the 1 :1 copolym er. E vo lu tio n  of the non-condensable  

m a ter ia l aga in  b eg in s a t Tmax fo r  th e t o t a l  peak ( i . e .  215°C ).

A n a ly s is  o f Cold-Ring F ra c tio n

P i g . 3 6 , p. 142 compares the I .R . ab sorp tion s o f th e  c o ld -r in g

f r a c t io n  o f the 1 :1 copolymer (h ea ted  to  500°C) with th ose o f the

undegraded polymer (both  samples run as KBr d is c s ) .  The strong

e s t e r  ab sorp tion  i s  s t i l l  ev id e n t in  the c o ld -r in g  f r a c t io n  as a

-1shou lder a t 1 740cm , w hile nev? bands appear, as shoulders or

-1  -1  -1d i s t in c t  peaks, a t  1800cm , 1765cm and 1700cm , with a weaker,

-1broad ab sorp tion  between 165O and 1600cm . These new bands

probably rep resen t 6-membered c y c l ic  anhydride, ^ - la c to n e , ca rb o x y lie

a c id  and u n satu rated  hydrocarbon s tr u c tu r e s  r e s p e c t iv e ly .

A su r p r is in g  fea tu re  i s  the p resen ce , even in  the undegraded

-1polym er, of an ab sorp tion  a t 1765cm , ev id en t as a shoulder on the

main e s t e r  a b sorp tion . This phenomenon has a lso  been n o tic e d  in  the  

I .R . spectrum of a VC -  m ethacrylic a c id  copolymer and becomes very  

pronounced in  a VC -  sodium roethacrylate copolymer ( s e e  P ig . 4 6 , p .  17b) 

I t  may in d ic a te  that some la c to n iz a t io n  occurs during the bu lk  

co p o lym erisa tion  p r o c e ss , but t h i s  “p r e - la c tc n iz a t io n "  e f f e c t  w i l l  

be d e a lt  v/ith more f u l l y  under th e’ VC -  sodium m ethacrylate copolymer 

system .
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D iscu ss io n

The degradation  behaviour o f VB -  MMA copolymers rough ly  

p a r a l le ls  th a t o f the VC analogues, except th a t p ro cesse s  # i ic h  

in v o lv e  s c i s s io n  o f a carbon-halogen bond ( i . e .  la c to n iz a t io n  and 

dehydrobrom ination) occur much more r e a d ily .  L a cto n iza tio n  g r e a t ly  

reduces c h a in -e n d - in it ia te d  monomer production  and r a is e s  i t s  

a c t iv a t io n  energy. R a n d o m -sc is s io n -in it ia te d  depropagation i s  not 

g r e a t ly  reduced in  ex ten t but i t s  a c t iv a t io n  energy i s  r a is e d  on

co p o lym erisa tion  with on ly  a sm all amount of VB  ----  Tmax s h i f t s

upv/ards by about 50 C. Presumably Mblocking" by la c to n e  s tr u c tu r e s  

i s  again  r e sp o n s ib le .

HBr e lim in a tio n  ban only  been observed in  copolymers co n ta in in g  

more than about 25/  ̂ VB, but the e f f e c t  o f copolymer com position  on 

th e e x te n t  and temperature range o f HBr form ation  i s ,  as u su a l,  

d i f f i c u l t  to  in te r p r e t .

The presence o f a c id  and anhydride u n its  in  the c o ld -r in g  

f r a c t io n  su g g ests  th a t  HBr may be r e a c t in g  w ith  u n la c to n ized  e s t e r  

groups to  g ive a second phase o f m ethyl bromide form ation  (a s  in  VC -  

MMA copolym ers) but a more ex a c t method o f v o la t i l e  a n a ly s is  w i l l  be 

req u ired  to  prove t h i s .

The production  o f non-condensable m a ter ia l which b eg in s abruptly  

a t T o f  the HH3rH peak and reaches i t s  g r e a te s t  ex ten t in  the 1 :1 

copolymer would appear to  be r e la te d  to  the co n cen tra tio n s o f  la c to n e  

groups and o f HBr and may in v o lv e  a c a ta ly se d  r in g-op en in g  p ro cess .

No such e f f e c t  i s  ev id en t in  VC -  MMA copolymers and the r e la t iv e  

bond strengths o f HBr and HC1 (86 and 102 k c a l /^ o le , r e s p e c t iv e ly )
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may be a d ecid in g  fa c to r . I t  i s  in te r e s t in g  to  note th a t M cN eill
(107)

and Mohammed have n o ticed  an abnormally la r g e  p roduction  o f  non- 

condensable m ateria l during the therm al degradation  of PMMA in  

presence of z inc bromide. No such e f f e c t  i s  observed w ith  z inc  

ch lo r id e  a d d it iv e .

I t  i s  u s e fu l to  compare the trends observed in  product 

com position  a g a in st the s t a t i s t i c a l  data con ta in ed  in  Table XIV. 

L a cto n iz a tio n  reaches i t s  maximum e x te n t  when pAB and pBA are both  

la r g e  ( i . e .  in  a 1 :1 copolym er), w hile monomer production  w i l l  be 

h ig h e s t  in  copolymers o f  low  VB c o n te n t, where long e s te r  sequences  

are found, in terru p ted  only  by an o cca s io n a l la c to n e  r in g . The 

h ig h e s t  degree of dehydrobrom ination should  be observed in  th e 7 3 .13* 

VB copolym er, but even h ere , the VB sequences are much sh o r ter  than  

th o se  a tta in e d  by MMA a t the opposite end o f the com position  s c a le .

TABLE XIV

Mole F ra c tio n  
o f VB(A)

4 .9 % 9 .8 $ 24.3^ 48.4/£ 7 3 .1 #

R 9 .2 6 1 7 .6 3 7 .0 3 0 .0 3 2 .3

(A) 1 .05 1.11 1 .3 2 1 .9 4 3 .7 2

<B> 20 .6 10 .3 4 .0 8 2 .0 7 1 .3 7

pAB 0.931 0.903 0 .733 0 .3 1 6 0.2o9

pBA 0.0490 0 .0980 0 .243 O.4 84 0.731

1 OQ/o 9 9 f c 91 ^ 6670 3 2 f o

*l ( b ) 3 .2^ 11 % 30£$ 61 fo
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The above data are based on monomer r e a c t iv i t y  r a t io s  o f  0 .0 5  and 

20 fo r  VB and MMA r e s p e c t iv e ly .

VINYL CHLORIDE -----  n-BUTYL KEPHACRYLALIIDS (BMAC) COPOLYliSR

The i n i t i a l  s tu d ie s  o f t h i s  system were ca rr ied  out in
( 108)

c o lla b o r a t io n  w ith B .S c . student R.L.G-. N ic o l e t t i

The copolymer was stu d ied  b a s ic a l ly  to  determ ine whether a 

therm al la c ta m iza tio n  p rocess (analogous to  la c to n iz a t io n )  cou ld  be 

induced when the e s t e r  fu n c tio n  i s  rep la ced  with amide. n -b u ty l 

methacrylamide was chosen as comonomer s in ce  i t  i s  a l iq u id  in  i t s  

normal s ta t e  (m ethacrylam ide, fo r  example, i s  a s o l id  o f m eltin g  

p o in t 102-106°C) and m isc ib le  w ith  l iq u id  v in y l ch lo r id e  so  th a t  

bulk cop olym erization  y/ould be easy  to  a ch ieve . The therm al 

degradation  of p o ly (n -b u ty l m ethacrylam ide), which i t s e l f  has not 

been p r e v io u s ly  prepared, cou ld  a lso  be compared w ith the degradation  

o f  i t s  e s t e r  analogue, p o ly (n -b u ty l m eth a cry la te ).

P o ly (n -B u ty l M ethacrylamide) s A n alysis of V o la t i le  Products

The TVA curves o f PBMAC homopolymer are shown in  P i g .3 7 , p . 146. 

The f i r s t  peak, I 5 (Tmax = 258°c) can be r e so lv e d  in to  two peaks

(Tmax = 189°C, 258°C) by u sin g  a la r g e r  sam ple. With a 25^g. sample 

(a s  show n),the low -tem perature peak on ly  appears as a sm all sh ou lder.

Thus th ere  would appear to  be at l e a s t  two phases o f  r e a c t io n  in
_  .  o

Stage I  and th e products id e n t i f i e d  by ±.R. a n a ly s is  up to  265 C

were b u ty lam in e, monomer and ammonia. Ammonia i s  non-condensable a t
o 0 0

-100  C ; the fr a c t io n  condensable between -75  C and -100  C i s  probably
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b u ty lam in e, w hile th e  le a s t  v o la t i l e  component, which i s  condensed  

betw een -45  C and -7 5  C, i s  l i k e l y  to  be monomer*

In  the remaining s ta g e s  o f degradation  (peaks I I  and I I I  ;
O O v

Tmax = 370 C, 432 C ), the products id e n t i f i e d  by I .H . a n a ly s is  were 

bu ty lam in e, ammonia, monomer, iso b u te n e , e th y le n e , h u t-1 -en e  (anchor  

propylene) and p o s s ib ly  m e th a c r y lo n itr ile  (928cm ) ,  w ith carbon,

monoxide and methane com prising the non-condensable f r a c t io n .

S tage I

The la r g e - s c a le  production  o f  butylam ine su g g ests  th a t an 

im id iz a tio n  p ro cess  may be occurring  h e r e :-

CH CH OH, CH

/ J ; /  . ^ U v  A V /  ^ C ' W  + Bulffl

I I -------* I
/* C\  K s . J s ' '  %

c /  X NH HN 0 O N  0

Bu Bu Bu

B r e s le r  e t  a l .^ ^ h a v e  noted  th e occurrence o f a s im ila r  p ro cess

during p y r o ly s is  in  vacuo of p o ly(m eth yl m ethacrylam ide) between  
o o

515 C and 525- C, in  which methylamine was evo lved  and c y c l ic

s tr u c tu r e s  formed in  th e  residue* An analogous p ro cess  in  p o ly

(n -b u ty l m ethacrylate) i s  not p o s s ib le .

I t  i s  alm ost c e r ta in  th a t ammonia prod u ction  a t t h i s  sta g e  o f

r e a c t io n  i s  the r e s u l t  o f amide decom position , e x a c t ly  analogous to

e s t e r  decom position  in  p o ly (n -b u ty l m eth a cry la te ). I t  wras not

p o s s ib le  to  id e n t i f y  but-1_-ene s p e c i f i c a l ly  by gas I .R . a n a ly s is
-1

a lo n e , s in ce  ammonia absorbs at 9i2cm and th e other stron g  band



o f b u tH -en e  (3010cm ) i s  obscured by butylam ine. The p resence o f

but-V -ene Y/as deduced as f o l lo w s : -

~1( i )  The ab sorp tion  a t 912cm was stronger in  the degradation

-1products than the band a t 890cm , whereas in  pure ammonia, t h i s

s i t u a t io n  i s  reversed .

( i i )  Gas chromatographic a n a ly s is  of the products ( c o l l e c t e d  to

Tmax o f the f i r s t  TVA peak) showed the presence o f a m a ter ia l which
o

had the same r e te n t io n  tim e as but-l_-ene on Porapak a t 130 C.

Amide decom position  appears to  take p la ce  con cu rren tly  with  

im id iz a t io n  and depropagation , but i t  i s  not p o s s ib le  t o  say whether 

th e mechanism i s  m olecular (a s  proposed by M a c c o l l^ ^ f o r  gas-phase  

e s t e r  decom position) or in v o lv e s  a depropagating r a d ic a l (a s  proposed  

by G rassie  and M acC allum ^ ^ for p o ly -n -b u ty l m ethacrylate d ecom p osition ).

CH CH

i . e .  AAAC'W /W -CAAA + b u t-1 -en e
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or A/Vrc«
y \

CH.

/vVvC

CH.

/vwC
< —

NH|

II
f \•o xnhi |

- »  II
/ \

HO
Bu \  / CH2

CH1

i

ch2ch3 >r

CH,

1
AAVC>

|

A

+ b u t-1 -en e

R eg a rd less  o f which mechanism i s  in v o lv e d , the primary amide group 

so  formed presumably r e a c ts  w ith  th e  adjacent secondary amide fu n c tio n  

to  y ie ld  ammonia and more b u t-1 -e n e :-

CH* CH3 i 3

/ v\ A q

I
.C

c^ ( •  ̂

U °.c
NH

CH
2S C ycr

H

ch2ch3

f S  ?H2
/WC Nclw v)

/ \  X \0 NH c

+ but-1 -en e

+ NH.

S ta g es  I I  and I I I

I .R . a n a ly s is  has shown monomer to  be a s ig n i f ic a n t  product in  

t h is  r e g io n , to geth er  w ith  but-l_-ene (an d /or  p ro p y len e ), w h ile
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butylam ine and ammonia are s t i l l  a lso  im portant. The reason  fo r  the 

broad peak vdth Tmax = 370 C i s  not c le a r ,  but i t  may in c lu d e  a second  

phase of monomer production  (a s  evidenced  by th e re -d iv erg en ce  of the  

-45  C and -75  C t r a c e s ) .  Above 380 C, r e le a se  of non-condensable  

m a ter ia l b eg in s and t h is  i s  probably due la r g e ly  to  decom position  o f  

th e  s tr u c tu r e s : -

r ch~i rein
/V W C H -—  C r  ^  C>VW

A J k

! i i
i Bu1i___i

Carbon monoxide, butylam ine and methane have been id e n t i f i e d  h e r e ,

to g e th e r  w ith  isob u ten e (and p o s s ib ly  p ro p y len e), which probably

o r ig in a te s  from s c is s io n  o f  the r e s id u a l backbone.

The apparent presence of raeth a cry lo n itr ile  among the v o l a t i l e s
(110)

from S ta g es I I  and I I I  i s  not unexpected. M cN eill e t  a l .  have 

a lread y  found I .R . and gas-chrom atographic evidence fo r  th e  form ation  

of th is  product during degradation  of poly(m ethacrylam ide) and i t  i s  

l i k e l y  th a t i t  o r ig in a te s  from dehydration of primary amide u n it s ,  

fo llo w e d  by s p l i t t in g - o u t  from the backbone.

A n a ly s is  of Cold-Ring F raction

The solid-ph& se I .R . spectrum of the c o ld -r in g  f r a c t io n  ob tained  

when PBMAC i s  heated  to  500°C i s  shown in  R ig .3 8 ,p .151> where i t  has 

been superimposed on the spectrum of the undegraded polym er.
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In  th e  undegraded sam ple, th e  Amide I  and Amide I I  bands o f the

—1 —1secondary amide fu n c tio n  appear a t 1635cm and 1520cm r e s p e c t iv e ly .

-1A conspicuous shoulder a t  1 705cm may in d ic a te  th a t  some im id iz a t io n  

occurs during the fr e e -r a d ic a l  p o ly m erisa tio n  p ro cess  a t 50°C, s in c e  

the ab sorp tion  i s  c o n s is te n t  w ith  e i th e r  a c y c lic  or 6-meirbered c y c l ic  

im ide s tru c tu res  (C = 0 s t r e t c h ) .  Models o f th ese  s tr u c tu r e s  ( fo r  

which sp ec tra  vere a v a i l a b l e ) a r e  shown below  to g e th e r  with t h e ir  

ab sorp tion  freq u en c ie s  in  the carbonyl reg io n .

CH:

0
I I

1 71 Ocm 

1695cm

17c0cm 

1740cm

-KH-

0
II

(S trong)

(Medium)

0

/ CH 2CH3
f a  ? C

| ^ ch2ch3

‘Mi

1715cm 

1655cm
(S tron g)

1755cm (Weak Shoulder)

The o r ig in  of th ese  s tru c tu res  would be in t e r -  and in tr a -  m olecular

(112)im id iz a t io n  r e s p e c t iv e ly .  Crauwels and Smets have a lread y  noted

th a t im id iz a t io n  occurs during th e  f r e e -r a d ic a l  p o lym eriza tion  o f

methacrylamide in  aqueous s o lu t io n ,  when the tem perature exceeds 65°C.
-1

In  the c o ld -r in g  fr a c t io n ,  the Amide I I  band a t 1520cm i s  much

w eaker, in d ic a t in g  ex ten s iv e  removal o f the secondary amide fu n c t io n ,
—1 —1

w hile a shoulder a t 171Ocm and another ab sorp tion  a t 1 695cm

correspond c lo s e ly  to  a c y c lic  im ide. The maximum ab sorp tion  occurs 

—1a t 1665cm and probably rep resen ts  the c y c l ic  im id e , although i t  may 

be due in  p art to  is o la t e d  primary amide s tr u c tu r e s  (form ed by amide
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decom position) which are unable to  im id iz e . The rem aining band a t  
-1

1755cm would be c o n s is te n t  w ith  e i th e r  type o f im ide s tr u c tu r e .

I t  th ere fo re  appears p o s s ib le  th a t  both in t e r -  and in tr a ­

m olecular im id iz a tio n  operate con cu rrently  during the therm al 

d egradation .

VC -  BMAC Copolymer : A n alysis of V o la t i le  Products

The TVA curves fo r  a 23% (m olar) VC copolymer are shown in  

F ig * 39, p .1 54. The most obvious fe a tu r e s  are th e  absence of th e  

f i r s t  homopolymer peak (Tmax = 258°C) and the appearance of a new

(Tmax = 178 C), which c o n s is t s  to  a la r g e  ex te n t of m ater ia l non-

condensable a t  -100°C . The main stage o f degradation  has Tmax at
o o

402 C, compared vdth 432 C fo r  the f in a l  stage  o f homopolymer

breakdown.

I .R . gas a n a ly s is  has shown the v o la t i l e  products up to  th e  end

of th e  f i r s t  peak to  c o n s is t  of HC1, butylam ine and dioxane (p r e c ip ita n t

used  fo r  i s o la t in g  th e polym er). Products id e n t i f i e d  by I . R .  a n a ly s is

/  0  \in  th e  rem aining stage of decom position (above 230 C)  were butylam ine,

ammonia, monomer,but-1_-ene (an d /or propylene), iso b u te n s , e th y len e  and
“1p o s s ib ly  m eth a cry lo n itr ile  (928cm ) w ith  methane and carbon monoxide

co n tr ib u tin g  to th e non-condensable f r a c t io n .

A n a ly s is  o f Cold-Ring F raction s

A w hite o c l id  cold '’r in g  f r a c t io n  formed during the f i r s t  s tage  

o f degradation (Tmax -  178°C) was so lu b le  in  w ater and e th a n o l and 

showed I . R .  absorption  c h a r a c te r is t ic  of a primary amine s a l t : -

1590cm”1 (s tro n g ) — ; asymmetri c bending mode*'
f  KBr d is c .

1495cm” (s tro n g ) ---------  NĤ + symmetric bending mode
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The I .R . spectrum of th e  t o t a l  c o ld -r in g  f r a c t io n ,  ob ta in ed  by

h ea tin g  the copolymer to  500°C, i s  shorn in  P i g . 40, p . 156,  where i t

has been superimposed on the spectrum of th e undegraded polymer (KBr

d is c s  were used  in  each c a s e ) .  R esidual secondary amide s tr u c tu r e s

are p resen t in  the c o ld -r in g  f r a c t io n ,  as ev idenced  by the band a t  
-1

1520cm (Amide I I ) .  In  the undegraded copolymer the s tr o n g e s t

~1ab sorp tion  i s  due to  Amu.de I  a t  1640cm , but t h i s  becomes obscured

in  the c o ld -r in g  f r a c t io n ,  where th e  maximum absorption  i s  s h if t e d  to  
-1

1 665cm . T his l a t t e r  ab sorp tion  probably rep resen ts  c y c l ic  imide

s tr u c tu r e s ,  as in  the c o ld -r in g  f r a c t io n  of th e  homopolymer ( p . 150 ) .
—1 —-|

Shoulders a t 1700cm and 1690cm , which were a ls o  observed in  th e

c o ld -r in g  f r a c t io n  of the homopolymer, may again  in d ic a te  the presence  

o f a c y c l ic  im ide groups.

A n a ly s is  of Polymer Residue

To h elp  e lu c id a te  the nature of the HC1 l o s s ,  th e  copolymer

was h eated  u n t i l  th e  f i r s t  TVA peak had been passed  and th e  resid u e

was examined fo r  I . R .  ab sorp tion . The spectrum obtained  i s  shorn in

P ig  . 4 0 ,  where i t  has been superimposed on the spectrum o f the

undegraded polymer. The most s ig n i f ic a n t  d iffe r e n c e  in  the sp ec tra

-1  -1i s  the growth of a shoulder between 1730cm and 1700cm on going

from the undegraded to  the p a r t ia l ly  degraded sample. U n fo r tu n a te ly ,

both  a c y c l ic  and 6-meinhered c y c l ic  im ides absorb in  tm s  r e &io n , sc

th a t  i s  not p o s s ib le  to  a ss ig n  t h is  band s p e c i f i c a l ly  to  a J -la c ta m
“1

stru c tu re  (carbonyl absorption  I 1700cm ) .

One other in te r e s t in g  fea tu re  i s  th e  occurrence in  the undegraded
-1

copolymer of a medium absorption  a t 1765cm , vuiich i s  r e ta in e d  on
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h e a tin g . I t  i s  aga in  p o s s ib le  th a t  t h is  i s  due to  in term o lecu la r  

im id iz a t io n  during p o ly m erisa tio n .

D isc u ss io n

The most in te r e s t in g  fea tu re  of th e  copolymer i s  c le a r ly  the
o

e lim in a t io n  o f HC1 very  e a r ly  in  the degradation  (Tmax = 178 C,
o

compared with about 300 C in  F7C). The p o s s ib le  reasons fo r  t h is  

e a r ly  e lim in a tio n  are o u tlin ed  below :-

( i )  HC1 may be e lim in a ted  by th e  u su a l “zipp er"-typ e p r o c e s s , i t s  

e a r ly  r e le a s e  being the r e s u lt  o f base c a t a ly s is  by butylam ine or 

p o s s ib ly  neighbouring group p a r t ic ip a t io n  by the amide group.

i . e . ,  /WCH— CH CH-— CHAV or AVCH----C-—  CHAV

Cl H Cl /  --,H C1

Bu

( i i )  HC1 e lim in a tio n  may be the r e s u lt  of a la c ta m iz a tio n  p rocess,

| 5 I 3

i . e . ,  /WCH— C ^  2^"CHA/V /WCH——  C CH/W
2 I   2 I I + HC1

C l xp------------------\

o 1/
1
Bu

( I )
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CH.

or /WCHg— C
CH

NH ^ o :

CHAA/
I
Cl

Bu

CH.

/WCH- C
-  2 J

y

CH
CH'VW

-0

H N'

u

CH.

Bu

■0

+ Cl

.  ch2 \
W C H a— T  ?H/W + h c i

( i i )

No d e f in it e  sp ec tro sco p ic  ev idence has been ob ta ined  fo r  the form ation

o f  e i th e r  ( i )  or ( l l ) .

A b r ie f  study has been made o f th e  therm al degradation  o f FVC

in  p resen ce o f  p o ly  (n -b u ty l m ethacrylam ide) [ s e e  F ig . 4 8 , p . 186 • [] An

in te r a c t io n  i s  observed in  which HCI e lim in a tio n  i s  app aren tly  d iv id ed
0

in to  tv/o overlapping s ta g e s  and b eg in s about 20 C sooner than in  pure 

PVC. Base c a t a ly s is  by butylam ine seems the most l i k e l y  ex p la n a tio n  

o f  t h is  and presumably the e f f e c t  i s  much enhanced vhen m ixing i s  on 

a m olecu lar s c a le  — - i . e . ,  in  a copolymer.

The f a c t  th a t  no HCI was d e tec ted  a t  h igh er tem peratures may of 

course be due to  the low VC con ten t of tho copolym er. S tu d ie s  o f  a 

h igh  VC con ten t copolymer would th erefo re  be in t e r e s t in g .

R egard less o f th e  true mechanism in v o lv e d , th e  HCI r e le a se d  r e a c ts
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w ith  butylam ine (from im id iza tio n ) to  g iv e  an in v o la t i l e  amine s a l t : -

Because o f t h i s  e f f e c t ,  the s iz e  of th e  i n i t i a l  nim id iza tion "  peak  

in  the TVA i s  much reduced. S im ila r ly , the "HCI" peak, because o f  

i t s  o v er la p , on ly  rep resen ts  a f r a c t io n  of the t o t a l  HCI r e le a se d  from 

th e polym er.

VINYL CHLORIDE —  METHACRYLIC ACID C0P0LYM5R

The therm al degradation  of p o ly (m eth acry lic  a c i d ) ,  PMAA, has been 

stu d ied  in  some d e t a i l  by G-rant and G - r a s s ie ^ .  At 200°C, monomer 

was found to  be only  a minor product, w ith  the major r e a c t io n  being  

t i e  l o s s  of water to  form a resid u e which con ta in ed  g lu ta r ic  anhydride 

type u n it s

The mechanism of anhydride form ation  was con sid ered  to  be analogous to  

an a c id -c a ta ly se d  e s t e r i f i c a t io n  ( s e e  p. 10 ) .  Vacuum-dried PMAA 

r a p id ly  absorbs atm ospheric m oisture and the r e le a s e  o f t h i s  was 

observed  b efore the on set of anhydride form ation .

have confirm ed th ese  f in d in g s  and shown th a t at h ig h er  tem peratures

HCI + BuNH, Bui®. + Cl2 3

C A/V •HO /WCH;A/VCH'

(28  113)More recen t s t u d i e s ,  u sin g  TVA and I .R.  a n a ly s is  of p r o d u c ts ,' * 7
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th e  anhydride s tr u c tu r e s  decompose to  g iv e  carbon d io x id e , carbon  

m onoxide,m ethane, e th y le n e , propylene and iso b u ten e . Presum ably, 

th e se  products a r is e  by fragm entations of th e  type shown b e low :-

r chI  I chI

L' b > cĤ HAVCH- C W

1  A

< Q V  'P '' V 0>

The o le f in s  must o r ig in a te  from s c i s s io n  o f th e  r e s id u a l backbone.

The TVA curves fo r  PMAA. are shown in  F ig .41 , p .161 . The l im it in g  

r a te  e f f e c t  in  th e - 75°C tra ce  i s  c h a r a c te r is t ic  of water and the  

r e le a s e  o f t h is  b eg in s as soon as h eatin g  commences. Above about
o

170 C, th e main source of w ater becomes anhydride form ation  and ■max
o

fo r  t h is  p rocess  occurs a t  249 C. Water e lim in a tio n  cea ses  a f t e r
o o . o

325 G, as shown by the retu rn  of th e  0 / - 4 5  C tr a c e s  to  th e  b a se - lin e *

The main sta g e  o f degradation has Tffiax = lf44°C and can be seen  to  

•include a la r g e  p roportion  of non-condensable m a ter ia l.

Copolymer —  Analy s i s  of V o la t i l e  Products

The TVA fo r  a 6$fo (m olar) VC -  MAA copolymer i s  shown in  

P ig . 4 2 , p . 162. The large  response on the 0°/~45°C tr a c e s  a t  low  

te lite r a tu r e s  i s  m ainly due to  the so lv en t cyclohexanone, but the
r\

l im it in g  ra te  in  the - 75"C tra ce  a lso  su g g ests  the d esorp tion  o f  

w ater. The displacem ent of the - 100°C tra ce  to  g iv e  a peak w ith  

Tmax -  l 68°C i s  due n e ith e r  to  cyclohexanone nor w ater ( s in c e  both  

are f u l l y  condensed a t t h i s  tem perature) and I .R.  gas a n a ly s is  has 

shown HCI to  be r e sp o n s ib le .
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A bove 22.0 C , a  s e c o n d  an d  m ore im p o r t a n t  p h a s e  o f  HCI e l i m i n a t i o n

o
b eg in s t o  g iv e  Tmax = 319 C. Sm aller amounts o f benzene and carbon

d io x id e  h a v e  a l s o  b e e n  i d e n t i f i e d  h e r e  an d  t h e  d i s p la c e m e n t  o f  t h e  
o

-196 C tra ce  shows th a t a very  sm all q u an tity  o f non-condensable  

m a ter ia l i s  a ls o  b ein g  r e le a se d .

The f i n a l  s t a g e  o f  d e g r a d a t i o n  show s Tffiax a t  I M - ° C  ( a s  i n  R5AA) 

a n d  th e  v o l a t i l e  p r o d u c t s  we r e  i d e n t i f i e d  a s  c a rb o n  d i o x i d e ,  b u t - 1 - e n e  

( a n c / o r  p r o p y l e n e ) ,  e t h y l e n e  and  p o s s i b l y  some i s o b u t e n e .  T h e  n o n -  

c o n d e n s a b le  f r a c t i o n  i n c l u d e d  c a rb o n  m onoxide a n d  m e th a n e .

A n a ly s i s  o f  C o ld - r in g  F r a c t i o n

The c o l d - r i n g  f r a c t i o n  o b ta in e d  b y  h e a t i n g  t h e  c o p o ly m e r t o

o
5 0 0  C w as d i s s o l v e d  i n  c h lo ro f o rm  an d  c a s t  a s  a  f i l m  o n to  a  N aC l

p l a t e .  I t s  I . R .  a b s o r p t i o n  i s  show n i n  F i g . 4.3 p . l 6 A ,w h e re  i t  h a s

b e e n  s u p e r im p o s e d  on t h e  s p e c tru m  o f  t h e  u n d e g r a d e d  c o p o ly m e r  (K Br

-1
d i s c ) .  I n  t h e  l a t t e r ,  maximum a b s o r p t i o n  o c c u r s  a t  1700cm  an d  t h i s

i s  im m e d ia te ly  a s s i g n a b l e  t o  t h e  c a r b o x y l i c  a c i d  f u n c t i o n .  S h o u ld e r s

-1 -1
a r e  a l s o  a p p a r e n t  a t  1765cm  an d  1720cm  , I t  i s  p o s s i b l e  t h a t  t h e

f i r s t  o f  t h e s e  i s  due t o  t h e  o c c u r r e n c e  o f a  l i m i t e d  am ount o f  

l a c t o n i z a t i o n  d u r i n g  t h e  p o l y m e r i z a t i o n  p r o c e s s  (s e e . p .l  6 8 ) ,  w h e re a s  t h e  

s e c o n d  i s  p r o b a b ly  c a u s e d  b y  t r a p p e d  c y c lo h e x a n o n e  s o l v e n t ,

-1The maximum a b s o r p t i o n  i n  t h e  c o l d - r i n g  f r a c t i o n  o c c u r s  a t  1765cm

a n d  t h i s  i s  p r o b a b ly  due l a r g e l y  t o  l a c t o n e  s t r u c t u r e s  —— g l u t a r i c

a n h y d r id e  ty p e  s t r u c t u r e s  a l s o  a b s o rb  a t  t h i s  f r e q u e n c y ,  b u t  t h e  " tw in "

c a r b o n y l  p e a k  w h ich  s h o u ld  a p p e a r  a t  l 8 0 0 cm i s  n o t  d i s t i n c t  ( o n l y

“1
a  w eak  s h o u ld e r  i s  v i s i b l e ) .  A b a n d  a t  1020cm  w h ic h  h a s  a l s o  b e e n  

a s s o c i a t e d  by  G ra n t  a n d  G r a s s ie  w i th  g l u t a r i c  a n h y d r id e  t y p e  u n i t s ,  i s  

p r o b a b ly  c a u s e d  m a in ly  i n  t h i s  c a s e  b y  a  C -  0 -  C s t r e t c h i n g  mode o f
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- l a c t o n e .  The same b a n d  was n o te d  i n  an  u n d e g ra d e d  VC -  so d iu m

m e t h a c r y l a t e  c o p o ly m e r ( s e e  p . l 7 6 ) i n  w h ich  ^ - l a c t o n e  s t r u c t u r e s  w ere

know n t o  b e  p r e s e n t ,  w h ile  a  l i q u i d  f i l m  s p e c tru m  o f  y - b u t y r o l a c t o n e

s h o v e d  a  s t r o n g  a b s o r p t i o n  a t  1030cm . A s t r o n g  a b s o r p t i o n  a t
-1

1 1 9 0 cm i n  t h e  c o l d - r i n g  f r a c t i o n  ca n  be  a s s i g n e d  t o  t h e  o t h e r

C -  0  -  C s t r e t c h i n g  mode o f  ^ - l a c t o n e  b y  c o m p a r is o n  w i th  a  sam p le

o f  ^ - b u t y r o l a c t o n e .  T he l a t t e r  a b s o r b s  s t r o n g l y  a t  1 1 70cm \

-1The o t h e r  m ain  c a r b o n y l  a b s o r p t i o n  a t  1705cm  m ust b e  due t o

u n r e a c t e d  -CO^H g ro u p s  a n d  f i n a l l y ,  a  w e ak , b r o a d  a b s o r p t i o n  a t  

-1
1 6 0 5 cm p r o b a b ly  r e p r e s e n t s  u n s a t u r a t e d  h y d ro c a rb o n  s t r u c t u r e s .  

A n a ly s i s  o f  P o ly m e r R e s id u e

o
T he r e s i d u e  o b t a i n e d  b y  h e a t i n g  t h e  c o p o ly m e r t o  5 0 0  C was

e x a m in e d  f o r  I . R .  a b s o r p t i o n  b y  c a s t i n g  i t  a s  a  f i l m  o n to  a  s a l t

p l a t e  a s  b e f o r e .  A p a r t  f ro m  th e  e x p e c te d  a lk a n e  a b s o r p t i o n s ,

u n s a t u r a t e d  h y d ro c a rb o n  s t r u c t u r e s  w ere e v id e n c e d  b y  b a n d s  a t  5 1 0 0 -

-1 -1 -1 -1
3000cm  , 1 600cm , 875cm a n d  820cm . A weak a b s o r p t i o n  a t

-1
' 1 7 6 0 cm' may h av e  b e e n  due t o  r e s i d u a l  l a c t o n e  u n i t s .

D i s c u s s i o n

HCI e l i m i n a t i o n  a t  a n o m a lo u s ly  lo w  t e m p e r a t u r e s  i s  c l e a r l y  t h e  

r e s u l t  o f  a n  i n t r a m o l e c u l a r  l a c t o n i z a t i o n  p r o c e s s : -

c h 3 c h 3

I -C IW  -HCI i
/WCH- C ^  ^ C H /W  -------------------- >  AVCH----- C ^  CHA/V

2 I I I •r  r  i  ------------- — 0
/ \  /o '  OH 0
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T his appears to  reduce d r a s t ic a l ly  the number o f  a c id  u n it s  a v a ila b le

fo r  anhydride fo r m a tio n  ev idenced  by the alm ost t o t a l  removal o f
o

the "water" peak a t  249 C on going from. RiAA to  copolymer and a ls o  by  

th e  I .R . a n a ly s is  of the c o ld -r in g  f r a c t io n ,  vhich shows th a t la c to n e  

s tr u c tu r e s  outnumber th ose  of anhydride and is o la t e d  -CO^H.

The e f f e c t  of cop o lym erisa tion  on th e main sta g e  o f HCI lo s s  

("unzipping") i s ,  as u su a l, d i f f i c u l t  to  a s s e s s ,  s in c e  sm all amounts 

of carbon d ioxide and benzene are con cu rren tly  r e le a s e d , but on an 

o v e r a l l  b a s is ,  T ^ y  i s  on ly  s h if t e d  from 323°C in  pure FVC to  

319 C in  the copolymer. (25mg. f ilm  samples used in  each ca se )

VITO CHLORIDB —  SODIUM MKPHACRYLAff COPOLY&HR

The thermal behaviour of p o ly e le c tr o ly te s  has not been  stu d ied  

in  much d e ta i l  in  the p a s t ,  probably due la r g e ly  to  th e ir  mode of 

a p p lic a t io n . Por exam ple, ty p ic a l  u ses  o f  a c r y lic - ty p e  

p o ly e le c t r o ly te s  in clu d e water co n d itio n in g  and waste treatm ent and 

th ey  have a ls o  been employed as s o i l  d isp ersa n ts  and p ro cess in g  

a d d it iv e s  in  the paper and t e x t i l e  in d u s tr ie s .  I t  seems l i k e l y ,  

however, th at p o ly e le c tr o ly te s  w i l l  be used in c r e a s in g ly  t o  extend  

the u ses o f the more im portant commercial polym ers, e ith e r  in  th e  

form of copolymers or as polymer b len d s , so th at a p r io r  knowledge o f  

t h e ir  therm al degradation c h a r a c te r is t ic s  w i l l  be u s e fu l .

.A wide range o f  m etal s a l t s  (and a lso  th e  ammonium s a l t )  o f  

polym ethacry1ic  a c id  i s  cu rre n tly  under study by M cN eill and

Cii 3)Z u lfiq u ar , and, in  g en era l, the polymers have been found to  be 

h ig h ly  c r y s ta l l in e  powders which are r e la t iv e ly  s ta b le  to  h ea t. In  

the p resen t work, the major aim has been f i r s t  of a l l  to  prepare a 

VC -  sodium m ethacrylate copolymer and then to  examine i t s  therm al 

behaviour, w ith p a r tic u la r  .reference to  the e f f e c t  of rep la c in g  the
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t h e  e s t e r  f u n c t i o n  ( a s  i n  VC -  MMA c o p o ly m e r s )  w i th  a  h i g h l y  p o l a r  

c a r b o x y l a t e  g ro u p .

C h o ic e  o f P o ly m e r i s a t i o n  I n i t i a t o r

B e n z o y l  p e r o x id e  f a i l e d  t o  o p e r a t e  a s  a n  e f f e c t i v e  i n i t i a t o r  

f o r  t h e  c o p o l y m e r i s a t i o n  i n  m e th a n o l  s o l u t i o n  a t  4 5 °C . T he y i e l d  

o f  p o ly m e r  was l e s s  t h a n  e v e n  a f t e r  s e v e r a l  d a y s ,  a n d  on o p e n in g  

t h e  d i l a t o m e t e r ,  a  s m e l l  v e r y  s i m i l a r  t o  t h a t  o f  m e th y l  b e n z o a te  ?ras

o b s e r v e d .  A s i m i l a r  e f f e c t  h a s  b e e n  n o te d  d u r in g  t h e  c o p o l y m e r i s a t i o n

o (1 1 4 )
o f  so d iu m  a c r y l a t e  w i th  v i n y l  a c e t a t e  a t  70  C i n  a l c o h o l  s o l u t i o n ^

b u t  h e r e  t h e  e f f e c t  was a t t r i b u t e d  t o  t h e  i n h i b i t i n g  p r o p e r t i e s  o f

d e c o m p o s i t io n  p r o d u c t s  o f  v i n y l  a c e t a t e .

A m ore r a t i o n a l  e x p l a n a t i o n  o f  t h e s e  e f f e c t s  w ou ld  seem  t o  b e  t h e

d e s t r u c t i o n  o f  t h e  i n i t i a t o r  b y  m e t h a n o l y s i s , i n  p r e s e n c e  o f  m onom eric

a n io n  a s  b a s e .  P o r  e x a m p le , i n  t h e  p r e s e n t  s y s te m , C H j= C ( C H ^ ) .  CO^

i s  a  m o d e ra te  b a s e .  B e n z o y l  p e r o x id e  c a n  b e  c o n s i d e r e d  t o  b e  a  m ix e d

a n h y d r id e  o f  b e n z o ic  an d  p e r o x y b e n z o ic  a c id s  a n d  b a s e - a s s i s t e d

m e th a n o ly s i s  w i l l  o c c u r  a s  show n b e lo w : -

0— C

CH.

N a + 0°)
r  n

CH­

OCK.
i ^ V

m e th y l  b e n z o a te  
( l e f t  i l l  5 01 'ut j. 011)

B ase"

0

+  -  II
Na

sodium  p e r o x y b e n z c a te
/ ____ ̂pi em-jpj.
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T his r e a c t io n  scheme i s  d ir e c t ly  comparable w ith  th a t found in  the

t h e  p e r o x id e  i s  r e a c t e d  v d th  so d iu m  e t h o x i d e  i n  e t h e r - a l c o h o l  s o l u t i o n  

o
a t  ~5 C. A z o - b i s - i s o b u t y r o n i t r i l e  c a n n o t  b e  c o m p e t e t i v e l y  rem o v ed  

fro m  t h e  s y s te m  i n  t h i s  way a n d  i t  was fo u n d  t o  g iv e  s a t i s f a c t o r y  

i n i t i a t i o n  o f  th e  c o p o l y m e r i s a t i o n .

P r e - L a c t  o n i  z a t i  on

T h e re  a p p e a r s  t o  b e  a  s t r o n g  te n d e n c y  f o r  a d j a c e n t  VC a n d  s a l t  

u n i t s  t o  l a c t o n i z e  d u r in g  t h e  p o l y m e r i s a t i o n  p r o c e s s .  P rom  t h e  

p o i n t  o f  v ie w  o f  c o m p a r in g  t h e  d e g r a d a t i o n  b e h a v io u r  o f  t h i s  s y s te m  

v d th  t h e  p r e v io u s  o n e s ,  t h i s  was a  d i s a p p o i n t i n g  f a c t o r  a n d  a l s o  a  

c o m p l i c a t in g  o n e ,  s i n c e  t h e  p r o d u c t  o f  t h e  p o l y m e r i s a t i o n  w ou ld  

e f f e c t i v e l y  be  a  t e r p o ly m e r  an d  n o t  a  c o p o ly m e r . The p r e s e n c e  o f  

l a c t o n e  s t r u c t u r e s  i n  t h e  u n d e g ra d e d  p o ly m e r  was d e d u c e d  fro m  t h e

-1
p r e s e n c e  i n  t h e  I . R .  s p e c tru m  (K Br d i s c )  o f  s t r o n g  b a n d s  a t  1765cm

_ -1
a n d  1195cm .

T he c a r b o x y l a t e  a n io n  i s  a  v e r y  good  n u c l e o p h i l e  f o r  a t t a c k

a t  s a t u r a t e d  c a rb o n  a n d  i t  seem s l i k e l y  t h a t  t h e  f o l l o w i n g  r e a c t i o n

o
i s  a b l e  t o  t a k e  p l a c e  i n  m e th a n o l  s o l u t i o n  a t  45  C : -

p r e p a r a t i o n  o f  p e r o x y b e n z o ic  a c i d  fro m  b e n z o y l  p e r o x id e i n  w h ich

CH CH.
3

-'vvc >CH/W

C- •0.c,
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A lth o u g h , n o t  i n v e s t i g a t e d ,  N aC l i s  p re s u m a b ly  a  b y - p r o d u c t  o f  t h e  

p o l y m e r i z a t i o n .

A n a lo g o u s  r e a c t i o n s  c a n  b e  e n v i s a g e d  f o r  t h e  VC -  MAA a n d  

VB -  MMA s y s te m s ,  w h ere  t h e r e  was a l s o  some s p e c t r o s c o p i c  e v id e n c e  

f o r  p r e - l a c t o n i z a t i o n : -

CH. CH.

,CH
A/VC'

I
. c .

/ V
H d V

CHAA

C l

CH^OH »CH

45 °C
/W C ‘ K

o

CHAA

I
0

+ HC1

CH2 CH,
| 5 | 3
I b u l k  ^  I ^ C H v ^

A V C ^  CHAA "T o" ^  ^ C H A A / + CH .B r

I I 28 c I I 3
,C. B r  £ ------------------- 0

✓  \ >  O'7

CH3

T’he  f i r s t  o f  t h e s e  r e a c t i o n s  p r o b a b ly  o c c u r s  by  v i r t u e  o f  t h e  h i g h

p o l a r i t y  o f  t h e  0  -  H b o n d  a n d  t h e  p o l a r i t y  o f  t h e  s o l v e n t ,  w h i le  t h e

s e c o n d  p r o c e s s  may r e s u l t  fro m  t h e  r e l a t i v e  w e a k n e ss  o f  t h e  C -  B r  b o n d

( s e e  p . 1 7 9  ) a n d / o r  fro m  th e  a b i l i t y  o f  t h e  B r i o n  t o  f u n c t i o n  b o t h  a s

a  good l e a v i n g  g ro u p  a n d  a s  a  good n u c l e o p h i l e .

L e a th e r  r e a c t i o n  can. o c c u r  a s  r e a d i l y  d u r in g  p o l y m e r i z a t i o n  a s  i t

d o es  d u r in g  th e r m a l  d e g r a d a t io n  o f  t h e  p o ly m e r .
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T h e rm a l D e g r a d a t io n  o f  P o ly (S o d iu m  M e th a c r y l a t e )

T he TVA c u r v e s  f o r  PNaMA a r e  show n i n  F i g .  4 4 ,  p .  1 7 1 . M c N e ill  a n d  

Z u l f i q u a r  h a v e  shov/n t h a t  t h e  s lo v / r e l e a s e  o f  a b s o r b e d  w a te r  b e g i n s  

a s  so o n  a s  h e a t i n g  i s  commenced an d  t h i s  i s  s e e n  a s  t h e  i n i t i a l  

" p l a t e a u "  r e g i o n  i n  t h e  0 / - 4 5  / - 7 5  C t r a c e s .  Above a b o u t  2 1 5 °C , 

t h e  r e l e a s e  o f  m ore v o l a t i l e  m a t e r i a l  com m ences, i n c l u d i n g  a  n o n -  

c o n d e n s a b le  f r a c t i o n ,  an d  t h e  v o l a t i l e  p r o d u c ts  i d e n t i f i e d  b y  I . R .  

a n a l y s i s  w ere  s i m i l a r  t o  t h o s e  e v o lv e d  i n  t h e  l a t e r  s t a g e s  o f

d e g r a d a t i o n   i s o b u t e n e ,  b u t - 1_ -e n e , e t h y l e n e ,  m e th y l  e t h y l  k e t o n e ,

d i - e t h y l  k e t o n e ,  m e th y l  c y c lo p e n ta n o n e , d im e th y l  c y c lo p e n ta n o n e , c a rb o n  

d io x id e  an d  c a rb o n  m o n o x id e .

o
On h e a t i n g  t h e  p o ly m e r t o  5 0 0  C , t h e  r e s i d u e  was i d e n t i f i e d  a s  a  

m ix tu r e  o f c a rb o n  a n d  so d ium  c a r b o n a t e ,  w h i le  th e  c o l d - r i n g  f r a c t i o n  

y/as m a in ly  m onom er. No a n h y d r id e  s t r u c t u r e s  h av e  y e t  b e e n  i d e n t i f i e d  

a n d  t h i s  w ould  a p p e a r  t o  d i s c o u n t  t h e  p o s s i b i l i t y  o f  s p l i t t i n g  o u t  

Na^O i n  a n  a n a lo g o u s  f a s h i o n  t o  w a te r  e l i m i n a t i o n  fro m  PMAa.

The u n i f o r m i t y  o f t h e  v o l a t i l e  p r o d u c t  c o m p o s i t io n  th r o u g h o u t  th e  

d e g r a d a t i o n  s u g g e s t s  t h a t  t h e  r e a c t i o n  o f  i s o t a c t i c ,  s y n d i o t a c t i c  a n d  

a t a c t i c  s e g m e n ts  o f  t h e  p o ly m e r c h a in  may o c c u r  a t  d i f f e r e n t  

t e m p e r a t u r e s .  S od ium  c a r b o n a te  p r o b a b ly  o r i g i n a t e s  fro m  tw o s o u r c e s

( i )  d e c o m p o s i t io n  o f  m o n o m er  M c N e ill  a n d  Z u l f i q u a r  h a v e  show n t h a t

t h i s  y i e l d s  a  m ix tu r e  o f  c a rb o n  a n d  Na^CO^ on h e a t i n g  t o  5 0 0  C.

( i i )  e l i m i n a t i o n  fro m  a d j a c e n t  s a l t  g ro u p s  a s  show n b e l o w  ■ t h e

r e s u l t i n g  c y c lo b u ta n o n e  s t r u c t u r e  r e a r r a n g e s  .b y  b o n d  s c i s s i o n  t o  g iv e  

t h e  s u b s t i t u t e d  c y c lo p e n ta n o n e s , w h ich  a r e  t h e n  r e l e a s e d : -
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M e th y l e t h y l  k e to n e  an d  d i e t h y l  k e to n e  p re s u m a b ly  a r i s e  b y  s e c o n d a ry  

f r a g m e n t a t i o n  o f  t h e  k e to n e  s t r u c t u r e s .  C a rb o n  m onoxide may b e  fo rm e d  

i n  p l a c e  o f  k e to n e  a s  show n . C arb o n  d io x id e  p r o b a b ly  a r i s e s  b y  t h e

d e c o m p o s i t io n  o f  s in g le  -CO^Na u n i t s  (Na^CO^ d o e s  n o t  decom pose b e lo w

o \ +
5 0 0  C ) ,  b u t  th e  f a t e  o f  t h e  r e s u l t a n t  Na i o n s  i s  n o t  c l e a r .  T he

o l e f i n s  p re s u m a b ly  a r i s e  b y  s c i s s i o n  o f  t h e  r e s i d u a l  b a c k b o n e ,  a s  i n  

p r e v io u s  s y s te m s .

"C o p o ly m er"  : A n a ly s i s  o f  V o l a t i l e  P r o d u c t s

Due t o  t h e  p r e - l a c t o n i z a t i o n  r e a c t i o n ,  m i c r o a n a l y s i s  f i g u r e s  f o r  

t h e  " c o p o ly m e r"  w ere  r e n d e r e d  u s e l e  s s  a n d  i t  c a n  o n ly  b e  s t a t e d  t h a t  

t h e  " c o p o ly m e r"  was o f  a p p r o x im a te ly  i n t e r m e d i a t e  c o m p o s i t io n ,  on t h e  

b a s i s  o f  t h e  Q -e  d a t a  u s e d .

The TVA c u r v e s  o b t a i n e d  a r e  show n i n  F i g .  P*173* T he s m a l l  

p e a k  b e lo w  160°C  i s  p ro b a b lj^  c a u s e d  b y  t h e  s o l v e n t s  u s e d  f o r  w a sh in g  

th e  p o ly m e r  ( t e t r a h y d r o f u r a n  a n d  m e th a n o l)  an d  a l s o  some a b s o r b e d  

w a te r  ( s o d iu m  m e t h a c r y l a t e  p o ly m e rs  a r e  v e r y  h y g r o s c o p ic ) .  Above 

1 9 0 ° C , t h e  l a r g e - s c a l e  e v o l u t i o n  o f  v o l a t i l e  m a t e r i a l  b e g in s  an d  I . R .  

g a s  a n a l y s i s  h a s  show n t h a t  t h e  p r o d u c t s  e v o lv e d  up u n t i l  Tmax o f  t h e  

f i r s t  p e a k  (3 1 3 °C ) a r e  t h o s e  a s s o c i a t e d  v d th  t h e  d e g r a d a t i o n  o f  VC

s e q u e n c e s  ------  HC1 an d  b e n z e n e ,  A v e r y  s m a l l  am ount o f  c a rb o n  d io x id e

i s  a l s o  p r e s e n t .  The i n i t i a l  s e p a r a t i o n  o f  th e - t r a c e s  i s  c h a r a c t e r i s t
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o f  HC1 e v o l u t i o n  i n  p r e s e n c e  o f  w a te r  an d  i t  i s  l i k e l y  t h a t  t h i s

e f f e c t  i s  due t o  t h e  l i m i t e d  a d s o r p t i o n  o f  HC1 on i c e  d e p o s i t e d  in

t h e  t r a p s  — a  s i m i l a r  e f f e c t  h a s  b e e n  n o t i c e d  d u r in g  s t u d i e s  o f

a  PVC -  PMM b l e n d  ( s e e  p . 1 8 8 ) ,  i n  w h ic h  w a te r  i s  r e l e a s e d  j u s t  b e f o r e

t h e  o n s e t  c f  HC1 e l i m i n a t i o n e I n  t h e  p r e s e n t  c a s e ,  I . R .  a n a l y s i s

show ed  t h a t  w a te r  was p r e s e n t  among t h e  v o l a t i l e s  o b t a i n e d  on h e a t i n g  

o
t o  5 0 0  C a n d  i t  i s  l i k e l y  t h a t  m o st o f  t h i s  i s  l i b e r a t e d  b e f o r e  T m a - r  

o f  t h e  nH C lM p e a k  ——  a  s m a l l  am ount o f l i q u i d  p r o d u c t  r e l e a s e d  b e lo w  

313  C was i n s o l u b l e  i n  c a rb o n  t e t r a c h l o r i d e  an d  c h lo r o f o r m ,  b u t  

d i s s o l v e d  im m e d ia te ly  on a d d in g  a c e to n e .  I t  i s  l i k e l y  t h a t  t h e  w a te r  

p ro d u c e d  i s  m e re ly  a b s o r b e d  m o is tu r e  an d  n o t  t h e  r e s u l t  o f  s u b s t i t u e n t  

r e a c t i o n s  i n  t h e  p o ly m e r .

o \
T he s e c o n d  p e a k  i n  t h e  TVA (T mq y = 373 C) c o i n c i d e s  w i th  t h e  f i r s t

m a jo r  s t a g e  o f d e g r a d a t i o n  o f  PNaMA, b u t  i t  i s  p r o b a b le  t h a t  t h i s  p h a s e

o f  r e a c t i o n  i n  t h e  c o p o ly m e r  i s  due p a r t l y  t o  l a c t o n e  d e c o m p o s i t io n  — »
o

T m a x  ^ o r  s t a g e  o f  r e a c t i o n  w h ich  i n c l u d e s  l a c t o n e  b re a k d o w n  i s  4 2 0  C

in  a 1 :1 VC -  MMA c o p o ly m e r .  E x te n s iv e  p e a k  o v e r l a p ,  h o w e v e r ,  p r e c l u d e s

a n  a c c u r a t e  i n t e r p r e t a t i o n  i n  t h e  p r e s e n t  c a s e .

I . R .  a n a l y s i s  o f  t h e  c o n d e n s a b le  f r a c t i o n  h a s  show n t h a t  t h e  o t h e r

o
v o l a t i l e  ?;>roducts r e l e a s e d  b e lo w  3 0 0  C i n c l u d e  a  l a r g e  am oun t o f  c a r b o n  

d io x id e  v d th  s m a l l e r  q u a n t i t i e s  o f  b u t - 1 - e n e  ( a n d / o r  p r o p y le n e )  a n d  

e t h y l e n e ,  l b  a b s o r p t i o n s  a s s o c i a t e d  v d t h  k e t o n i c  p r o d u c t s  h a v e  b e e n  

o b s e r v e d ,  d e s p i t e  t h e  s t r o n g  an d  c l e a r l y  d e f i n e d  a b s o r p t i o n s  o f  t h e  

o t h e r  c o m p o n e n ts . A n a ly s i s  o f  t h e  n o n -c o n d e n s a b le  f r a c t i o n  show ed  t h e  

p r e s e n c e  o f  m eth an e  a n d  c a rb o n  m onoxide an d  t h e  TVA t r a c e s  r e v e a l  t h a t  

e v o l u t i o n  o f t h e s e  b e g in s  above a b o u t  310  C.
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A n a ly s i s  o f  C o ld -R in g  F r a c t i o n

P a r t  o f  t h e  I . R .  s p e c tru m  o f  t h e  c o l d - r i n g  f r a c t i o n  o b t a i n e d  on

u n r e a c t e d  -CO Na g ro u p s  r e s p e c t i v e l y .  I n  th e  c o l d - r i n g  f r a c t i o n ,  a

c a r b o x y l i c  a c i d  u n i t s  fo rm e d  b y  HC1 a t t a c k  on  th e  s a l t  g r o u p s .  To

i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  t h e  f o l l o w i n g  e x p e r im e n t  w as c a r r i e d  o u t : -

PVC an d  p o ly ( s o d iu m  m e t h a c r y l a t e )  w ere  g ro u n d  t o g e t h e r  i n

a p p r o x im a te ly  1 :1 p r o p o r t i o n s  an d  t h e  I . R .  s p e c tru m  o f  t h e  m ix tu r e

w as r e c o r d e d .  T he m ix tu r e  was t h e n  h e a te d  u n t i l  t h e  nHCl" p e a k  o f

t h e  PVC h a d  b e e n  p a s s e d  a n d  an  I . R .  s p e c tru m  was t a k e n  o f  t h e  r e s i d u e .

“"I
S h o u ld e r s  w ere  fo u n d  t o  h av e  d e v e lo p e d  a t  1800cm  , 1750cm  a n d

1 0 1 0cm a n d  t h e s e  a r e  i n d i c a t i v e  o f  g l u t a r i c  a n h y d r id e  t y p e  s t r u c t u r e s .  

I n  c o n t r a s t ,  when a, sam p le  o f  PNaMA was h e a t e d  t o  t h e  same t e m p e r a tu r e  

i n  a b s e n c e  o f PVC, th e  s p e c tru m  w as v i r t u a l l y  u n c h a n g e d . I t  c a n  b e  

f a i r l y  c o n f i d e n t l y  a s s u m e d , t h e r e f o r e ,  t h a t  t h e  f o l l o w i n g  c o n v e r s io n s  

o f  t h e  s a l t  g ro u p s  t a k e  p l a c e  on r e a c t i o n  v d th  H C 1 :-

h e a t i n g  t h e  " c o p o ly m e r1* t o  500°C  i s  show n i n  P i g . 4 6 , p .1  7 6 , w h ere  i t  

h a s  b e e n  s u p e r im p o s e d  on t h e  s p e c tru m  o f  t h e  u n d e g ra d e d  p o ly m e r .

(B o th  s a m p le s  w ere  r u n  a s  KBr d i s c s ) .  I n  t h e  u n d e g ra d e d  p o ly m e r ,

—1 —1 .
t h e  b a n d s  a t  1 7 6 5 cm and 1575cm  c a n  b e  a t t r i b u t e d  t o  X - l a c t o n e  a n d

-1
new b a n d  i s  o b s e r v e d  a t  1700cm an d  t h i s  i s  p r o b a b ly  due t o

CH.
1

CH
5

CH_
I

AAAC ,yw c 'W  — NM  C

+ N a+C i + H20
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A s i m i l a r  p r o c e s s  f o r  e s t e r  m o d i f i c a t i o n  h a s  a l r e a d y  b e e n  d i s c u s s e d  

( P .  7  ) •

T he b a n d  f o r m e r ly  a s s i g n e d  t o  -CO^Na i s  b ro a d e n e d  i n  t h e  c o l d -

r i n g  f r a c t i o n  a n d  t h i s  i s  p r o b a b ly  due t o  t h e  p r e s e n c e  o f  some so d iu m

-1
m e t h a c r y l a t e  m onom er, w h ic h  show s c a r b o n y l  a b s o r p t i o n  a t  1 5 6 0 cm .

S od ium  c a r b o n a te  i s  a l s o  p r e s e n t  i n  t h e  c o l d - r i n g  f r a c t i o n ,  b e i n g

-1
e v id e n c e d  b y  a  s t r o n g  a b s o r p t i o n  a t  1450cm  . A s h o u ld e r  b e tw e e n

-1 -1 -1 -1
3100cm  a n d  3 0 0 0 cm , t o g e t h e r  w i th  b a n d s  a t  8 7 5 cm a n d  8 2 0 cm ,

s u g g e s t s  t h a t  t h e  sam e ty p e  o f  u n s a t u r a t e d  s t r u c t u r e s  a r e  p r e s e n t  a s  

w e re  fo u n d  i n  d e g r a d e d  VC -  MAA c o p o ly m e r .

A n a ly s i s  o f P o ly m e r R e s id u e

T he r e s i d u e  o b t a i n e d  b y  h e a t i n g  th e  ‘'c o p o ly m e r” t o  500°C was

f o u n d  t o  b e  a l k a l i n e  i n  aq u e o u s  s o l u t i o n .  E x a m in a t io n  a s  a  KBr d i s c

-1
sh o w ed  a  s t r o n g  I . R .  a b s o r p t i o n  b a n d  a t  1450cm  an d  a n o th e r  m edium

-1
a b s o r p t i o n  a t  8 8 0 cm , b o th  o f  t h e s e  b e in g  c h a r a c t e r i s t i c  o f  so d iu m

-1
c a r b o n a t e .  A w e a k e r ,  b r o a d  a b s o r p t i o n  b e tw e e n  1 600  and 1550cm  w as

p r o b a b ly  due t o  r e s i d u a l  c a r b o x y l a t e  a n i o n ,  w h ile  a n o th e r  s m a l l

-1 -1
absc r p t i o n  b e tw e e n  31 0 0 cm a n d  3 0 0 0 cm , t o g e t h e r  w i th  a  b a n d  a t

-18 2 0 cm , a g a in  s u g g e s t s  u n s a t u r a t e d  h y d ro c a rb o n  s t r u c t u r e s .

D i s c u s s i o n

T h e m o st p u z z l i n g  f e a t u r e  o f  t h e  " c o p o ly m e r"  i s  i t s  r e a d i n e s s  t o

p ro d u c e  Na CO i n  a b s e n c e  o f  k e t o n e s .  The s p e c t r o s c o p i c  e v id e n c e  
2 3

s u g g e s t s  t h a t  u n r e a c t e d  -COgNa g ro u p s  a r e  r e l a t i v e l y  s c a r c e ,  m o st 

h a v in g  p r e - l a c t o n i z e d  o r  u n d e rg o n e  c o n v e r s io n  t o  a c i d .  I t  seem s 

l i k e l y ,  t h e r e f o r e ,  t h a t  m ost o f  t h e  NagCO^ m ust .come f ro m  monomer
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d e c o m p o s i t io n  *-----  t h e r e  w as some e v id e n c e  f o r  t h e  p r e s e n c e  o f  monomer

i n  t h e  c o l d - r i n g  f r a c t i o n .  T he a p p a r e n t  a b s e n c e  o f  a n h y d r id e  

s t r u c t u r e s ,  h o w e v e r ,  s u g g e s t s  t h a t  s e q u e n c e s  c o n t a i n i n g  m ore t h a n  one 

-COgNa g ro u p  a r e  uncom m on, so  t h a t  monomer p r o d u c t i o n  may o c c u r  l a r g e l y  

b y  s p l i t t i n g  o u t o f  i s o l a t e d  u n i t s .

I n  t h e  TVA o f t h e  c o p o ly m e r ,  t h e r e  i s  c o n s i d e r a b l e  o v e r la p  o f  t h e

"H Cl" p e a k  v d th  t h e  s u c c e e d in g  o n e , so  t h a t  t h e  Tmax f o r  HC1 p r o d u c t i o n

o
may w e l l  b e  l e s s  t h a n  313  C. T h i s  s h o u ld  b e  co m p ared  w i th  a  T ^ g ^  o f  

325°C  i n  B re o n  113 (p o w d e r s a m p le ) ,  w h ere  l i t t l e  o v e r la p  i s  o b s e r v e d .

VC s e q u e n c e s  w i l l  b e  s h i e l d e d  fro m  -COgNa o r  -COgH g ro u p s  b y  t h e  l a c t o n e  

s t r u c t u r e s ,  s o  t h a t  d e s t a b i l i s a t i o n  w i th  r e s p e c t  t o  HCl e l i m i n a t i o n  may 

w e l l  b e  due t o  i n t e r a c t i o n  w i th  l a c t o n e .  A l t e r n a t i v e l y ,  th e  e f f e c t  

may b e  t h e  r e s u l t  o f  b a s e  c a t a l y s i s  b y  s m a l l  am o u n ts  o f  so d iu m  

c a r b o n a t e .

G-EKBRAL CONCLUSIONS

T o c o n c lu d e  t h i s  c h a p t e r ,  i t  w i l l  b e  i n s t r u c t i v e  t o  co m p are  t h e  

Tmax v a l u e s  o b s e r v e d  f o r  t h e  l a c t o n i z a t i o n  r e a c t i o n  i n  t h e  v a r i o u s  

c o p o ly m e r  s y s te m s  s t u d i e d .  T h e se  v a lu e s  — ~ t h e  t e m p e r a tu r e s  a t  

w h ic h  t h e  maximum r a t e  o f  l a c t o n i z a t i o n  o c c u r s  when th e  c o p o ly m e rs  a r e

h e a t e d  l i n e a r l y  a t  lO ° C /m in u te  ------- may b e  t a k e n  a s  an  a p p ro x im a te

g u id e  t o  t h e  e a s e  w i th  w h ic h  t h e  r e a c t i o n  o c c u r s  i n  e a c h  c a s e .  T he  

r e s u l t s  a r e  p r e s e n t e d  i n  T a b le  XV.
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TABLE XV

Tmax  V a lu e s  f o r  L a c t o n i z a t i o n  i n  V a r io u s  C o p o ly m er S y s te m s

S y s te m ^m ax ( C) C o p o ly m er
C o m p o s it io n

vc —— m e th y l  a c r y l a t e 259 15.8$ VC

VC — n - b u t y l  m e t h a c r y l a t e 228 4 9 .2 $  VC

VC —— m e th y l  m e t h a c r y l a t e 20 6 4 3 .0 $  VC

VB —— m e th y l  m e t h a c r y l a t e 175 9.76$ VB

vc — m e t h a c r y l i c  a c i d 1 6 8 6 5 .0 $  VC

T m___ v a l u e s  h av e  b e e n  t a k e n  f ro m  t h o s e  c o p o ly m e rs  i n  w h ic h  t h e r e
QiclX

i s  minimum o v e r la p  o f  t h e  TVA c u r v e s  f o r  l a c t o n i z a t i o n  w i t h  th o s e  f o r  

su b  s e  que n t  r e  ac  t  i  o n s .

The h ig h  Tmax v a lu e  f o r  t h e  VC ------ m e th y l  a c r y l a t e  s y s te m  i s  i n

a c c o rd a n c e  v d t h  t h e  f i n d i n g s  o f  e a r l i e r  w o rk e rs  ( s e e  p .  58  ) a n d  

s u p p o r t s  t h e  v ie w  t h a t  a b s e n c e  o f  O t - s u b s t i t u t i o n  on  t h e  e s t e r  u n i t  

m akes c y c l i z a t i o n  m ore d i f f i c u l t .

By c o n t r a s t  t h e  r e s u l t s  f o r  th e  VC -  BMA an d  VC -  MMA s y s te m s  do 

n o t  c o r r o b o r a t e  t h e  f i n d i n g s  o f  S u t t y  a n d  7 /e lc h  t h a t  v a r y in g  t h e  e s t e r  

g ro u p  i n  t h e  m e t h a c r y l a t e  s e r i e s  h a s  no  e f f e c t  on  t h e  e a s e  o f  

l a c t o n i z a t i o n .  P o s s i b l y ,  th e  s t e r i c  e f f e c t  o f th e  b u t y l  g ro u p  i n  a  

p r e d o m in a n t ly  S-^2 r e a c t i o n  i s  r e s p o n s i b l e  f o r  t h i s  phen o m en o n .

T he f a c t  t h a t  l a c t o n i z a t i o n  o c c u r s  a t  a  lo w e r  t e m p e r a t u r e  i n  a  

VB -  MM c o p o ly m e r  t h a n  i n  t h e  VC a n a lo g u e  w i l l  b e  due t o  th e  f i r s t  

( o r  b o th )  o f  t h e  f o l l o w i n g  f a c t o r s ; -

( i )  th e  lo w e r  b o n d  s t r e n g t h  o f  G~Br co m p ared  t o  C -C l (6 5 » 9  ? 7 8 -5

kc a l/m o lle  ) .
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„ ( i i )  t h e  s u p e r i o r i t y  o f  B r o v e r  C l b o th  a s  a  l e a v i n g  g ro u p  a n d  a s  

a  n u c l e o p h i l e  i n  s u b s t i t u t i o n  a t  s a t u r a t e d  c a r b o n .

T h e  v e r y  lo w  Tmax v a l u e  f o r  t h e  VC -  MAA c o p o ly m e r  c a n  b e  a s s i g n e d

t o  t h e  h ig h  p o l a r i t y  o f  th e  0 ------ H b o n d . I n  t h i s  c a s e  a t  l e a s t ,  i t

seem s v e r y  u n l i k e l y  t h a t  r a d i c a l  i n t e r m e d i a t e s  a r e  i n v o l v e d .

I n  a d d i t i o n  t o  t h e  TVA d a t a ,  t h e  p r e - l a c t o n i z a t i o n  e f f e c t  o b s e r v e d  

i n  t h e  VC -  NaMA s y s te m  show s t h a t  an  i o n i c  l a c t o n i z a t i o n  m ech an ism  i s  

q u i t e  p o s s i b l e  u n d e r  c e r t a i n  c o n d i t i o n s .

F i n a l l y ,  i t  m u st b e  ad d e d  t h a t  c o t a c t i c i t y  o f  t h e  monomer u n i t s  

i n  t h e  c o p o ly m e r may h a v e  a n  i m p o r t a n t  i n f l u e n c e  on t h i s  t y p e - o f  

c y c l i z a t i o n  an d  u n t i l  t h e s e  e f f e c t s  a r e  f u l l y  know n, t h e  ab o v e  th e r m a l  

d a t a  m u s t b e  t r e a t e d  w i th  some c a u t i o n .
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C H A P T E R  S I X  

THE THERMAL DEGRADATION OF POLYMER BLENDS

INTRODUCTION

T h e  b l e n d i n g  o f  one p o ly m e r  v r ith  a n o t h e r ,  j u s t  l i k e  c o p o ly m e r -  

i z a t i o n ,  c a n  o f t e n  b e  u s e d  to  m o d ify  t h e  p r o p e r t i e s  o f  th e  p o ly m e r  

an d  e x te n d  i t s  a p p l i c a t i o n s .  T y p i c a l  a d v a n ta g e s  d e r iv e d  f ro m  

b l e n d i n g  a r e  b e t t e r  p r o c e s s i n g  p r o p e r t i e s ,  i n c r e a s e d  im p a c t  and. 

f la m e  r e s i s t a n c e .  On a  c o m m e rc ia l  s c a l e ,  b l e n d i n g  h a s  b e e n  l a r g e l y  

a p p l i e d  to  t h e  m o d i f i c a t i o n  o f  p o l y ( s t y r e n e )  an d  PVC t o  g iv e  " h ig h -  

im p a c t” p r o p e r t i e s .  To t h i s  e n d ,  p o l y ( s t y r e n e )  h a s  b e e n  b l e n d e d  

w i th  n a t u r a l  a n d  s y n t h e t i c  r u b b e r ,  w h i le  t y p i c a l  FVC b le n d s  i n c l u d e  

t h o s e  w i th  b u t a d i e n e - c o n t a i n i n g  r u b b e r y  c o p o ly m e r s ,  some a c r y l a t e s , 

e t h y l e n e - v i n y l  a c e t a t e  c o p o ly m e rs  a n d  ABS p l a s t i c s .

T he s tu d y  o f  c o p o ly m e r d e g r a d a t i o n  .h as  shown how t h e  p r e s e n c e  

o f  f o r e i g n  monomer u n i t s  i n  t h e  p o ly m e r c h a in  c a n  g r e a t l y  i n f l u e n c e  

t h e  s t a b i l i t y  o f  t h e  p o ly m e r .  S i m i l a r l y ,  t h e  d e g r a d a t i o n  b e h a v io u r  

o f  one p o ly m e r i s  o f t e n  a f f e c t e d  b y  i n t i m a t e  c o n t a c t  v d th  a n o t h e r .

A t y p i c a l  c a s e  o f  t h i s  i s  th e  d e g r a d a t i o n  o f  PMMA i n  c o n t a c t  w i th  

PVC, w h ich  h a s  a l r e a d y  b e e n  c i t e d  b y  M c N e ill  a n d  N e i l  a s  e v id e n c e  

f o r  t h e  f r e e - r a d i c a l  d e g r a d a t i o n  o f  t h e  l a t t e r  p o ly m e r  ( s e e  p .  51 ) .  

C l e a r l y ,  th e  s t u d y  o f  p o ^ m e r  b l e n d s  i s  o f t e n  o f  c o n s i d e r a b l e  u s e  i n  

e x t e n d i n g  o u r  k n o w led g e  o f  p o ly m e r  d e g r a d a t i o n  i n  g e n e r a l .

PURPOSE OF THIS CHARTER.

I n  t h e  p r e c e d in g  c h a p t e r s ,  t h e  t h e r m a l  d e g r a d a t i o n  o f  t h e  

f o l l o w i n g  c o p o ly m e r s y s te m s  h a s  b e e n  d i s c u s s e d i —
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1 . VC -  m e th y l  m e t h a c r y l a t e  4 .  VC -  n - b u t y l  m e th a c ry la m id e

2 .  VC -  m e th y l  a c r y l a t e  5 .  VC -  m e t h a c r y l i c  a c i d

3 .  VC -  n - b u t y l  m e th a c r y l a t e  6 . VC -  so d iu m  m e t h a c r y l a t e

7 .  VB -  m e th y l  m e t h a c r y l a t e

I n  t h i s  c h a p t e r ,  a  b r i e f  i n v e s t i g a t i o n  i s  made o f  t h e  th e r m a l  b e h a v io u r  

o f  th e  a n a lo g o u s  p o ly m e r  b l e n d s ,  l a r g e l y  t o  s u p p le m e n t t h e  i n f o r m a t i o n  

a l r e a d y  c o l l e c t e d  f o r  t h e  c o p o ly m e r s ,  b u t  a l s o  t o  s tu d y  a n y  n o v e l  

e f f e c t s  in d u c e d  b y  b l e n d i n g .  S e c o n d ly ,  a n  a t t e m p t  h a s  b e e n  made t o  

e l u c i d a t e  f u r t h e r  t h e  n a t u r e  o f  t h e  l a c t o n i z a t i o n  r e a c t i o n  o c c u r r i n g  

i n  VC -  MMA c o p o ly m e rs  b y  c o m p a rin g  t h e  t h e r m a l  d e g r a d a t i o n  o f  1 :1 

b l e n d s  o f  a  VC -  MMA c o p o ly m e r  w i th  PVC a n d  KvIMA w ith  t h a t  o f  t h e  

r e s p e c t i v e  h o m o p o ly m ers .

GENERAL ASPECTS OF THE THERMAL DEGRADATION OF POLYMER BLENDS

U n l ik e  m a c ro m o le c u le s  a r e ,  i n  g e n e r a l ,  i n c o m p a t ib l e  i n  th e  s o l i d  

s t a t e ,  so  t h a t  a t t e m p t s  t o  p r e p a r e  a  p o ly m e r b l e n d ,  e i t h e r  b y  m e l t  

m ix in g  o r  b y  c a s t i n g  th e m  t o g e t h e r  a s  a  f i l m  f ro m  a  common s o l v e n t ,  

u s u a l l y  r e s u l t  i n  a  h e t e r o p h a s e  s y s te m  w h ic h , a t  b e s t ,  c o n s i s t s  o f  

d o m ain s  o r  m i c e l l e s  o f one p o ly m e r  i n  a  c o n t in u o u s  m a t r i x  o f  t h e  o t h e r .  

T h u s ,  a  p o ly m e r  b l e n d  i s  n e i t h e r  a  t r u e  m i x tu r e ,  n o r  a  s o l i d  s o l u t i o n .

D u r in g  p y r o l y s i s  o f a  p o ly m e r  b l e n d ,  t h e r e f o r e ,  a n y  i n t e r a c t i o n  

b e tw e e n  t h e  co m p o n en ts  ( o r  w ith  t h e  p r o d u c t s  o f  d e g r a d a t i o n )  m ust o c c u r  

a t  p h a s e  b o u n d a r ie s  o r ,  a l t e r n a t i v e l y ,  b y  t h e  d i f f u s i o n  o f  s m a l l  

m o le c u le  p r o d u c ts  i n t o  t h e  s e c o n d  p h a s e .  U n le s s  t h e  r e a c t i o n  e n v i r o n ­

m en t i s  one o f a  p o ly m e r  m e l t ,  t h e  s e c o n d  o f  t h e s e  p o s s i b i l i t i e s  w i l l  

be s e v e re ly  r e s t r i c t e d .

T he m eth o d s  u s e d  f o r  s t u d y i n g  p o ly m e r b l e n d s  b y  TVA h a v e  a l r e a d y
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been d escrib ed  by M cN eill and N e i l ^ ^ .  In  th e  p resen t work, mixed 

and unmixed sam ples have been degraded u sin g  a tw in -lim b ed  ntro u ser  

tu b e’* ( F ig *47 )> which a llow s sim ultaneous degradation  of the unmixed 

sam ples under th e  same co n d itio n s and ready comparison with th e  

blended form. J I

Fig. 47

In  the f i r s t  experim ent, 10-lfjmg. o f  each polymer are degraded  

se p a r a te ly  (a s  powders or f i lm s )  in  the d if f e r e n t  lim b s, w h ile  in  

the second experim ent, the s a m  t o t a l  w eight of each polymer i s  

degraded as a b lend in  both  lim bs. In  absence of a s u ita b le  common 

s o lv e n t ,  mixing has been ach ieved  by grind ing to g eth er  the two s o l id  

polym ers. In  t h is  c a se , tru e b lend ing w i l l  on ly  be ob tained  a f t e r  

fu s io n  of th e two polym ers.

BLENDS OF PVC V/ITH POLY(iSTHYh MjJThACRYhAT5 ) ,  P0LY(METHYL 

ACRYLATE) AND FOLY(n-BUTYL MEEHACRYLATS)
 .....................................  i,           ■ nr----- ---------------------------  ----------------------- ---------------------------

The therm al degradation of th ese  system s has been s tu d ied  by 

other workers and the r e s u lt s  obtained  are summarized in  Table XVI, 

p .lS if . Premature degradation  of the e s te r  polym ers i s  observed in ' 

a l l  ca ses  and i s  g e n e r a lly  assumed to  be the r e s u l t  o f a tta ck  by 

ch lo r in e  r a d ic a ls  from the degrading PVC. In  FMMA and PBMA, 

m o d ifica tio n  o f the e s te r  group by HC1 i s  a ls o  observed.
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BLEW 0? Fv'C WITH P0LY(n-»BUTYL M3THACRYLAJ>UDB)

T his system  has a lready been mentioned b r i e f l y  in  con n ection  

vdth th e VC -  BIvIAC copolymer (p. 1 5 3) .

P o ly (n -b u ty l methacrylam ide) did not d is s o lv e  in  the common 

so lv e n ts  fo r  FVC (tetra h y d ro fu ra n , to lu e n e , cyclohexanone and methyl 

e th y l k e to n e ) , so th a t a ’’blend" cou ld  on ly  be prepared by grind ing  

the two polymers to g e th er  in to  a f in e  powder. The TVA curves  

ob ta in ed  fo r  the mixed and unmixed system s are shown in  F ig . 4 8 , p .186  

and two main fe a tu r e s  are im m ediately obvious

1) The s h i f t in g  of Tmax fo r  the i n i t i a l  sta g e  o f PBIvIAC breakdown 

from 231 °C in  th e unmixed sample to  209°C in  th e  b len d .

2) The s p l i t t in g  and broadening of th e  ”HC1" peak (Traax = 292°C)
o

to  g iv e  two overlapping s ta g e s  o f  r e a c t io n  w ith  TMX = 2?0 C, and 

313°C r e s p e c t iv e ly .

Even in  the unmixed form , Tmax fo r  butylam ine and monomer 

production  i s  about 27°C below  i t s  value in  the pure homopolymer, so  

th at t i e  s h i f t  to  low er tem peratures i s  not due to  any in te r a c t io n  in  

the polymers th em selves. I t  rs l i k e l y  th a t the f lo w  o f butylam ine  

t o  the P ir a n is  i s  c u r ta ile d  as soon as d eh yd roch lorination  b e g in s ,  

because o f  the form ation o f th e  in v .o la t ile  amine s a l t  ( s e e  p. 158 )

3. » © • y

BuNHg + HC1 --------- — —^  BuNH + Cl*".

T his e f f e c t  i s  a ls o  ev id e n t in  th e  b len d , where, because o f th e  

e a r l ie r  lo s s  o f HC1, e v o lu tio n  o f butylam ine cea ses  to  be observed  

a t even low er tem peratures and a downward s h i f t  o f Tma~ i s  brought 

about. For the same rea so n s , the in term ed ia te  stage, o f PBMAC
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P I R A N I
O U T P U T

( mv. )

2 - -

6 -

5--

3 -

2 - -

300200 T E M P E R A T U R E ( ° C )

F ig .  4 8

TVA tr a c e s  fo r  equal w eights (15  mg.) o f P o ly (n -B u ty l M ethacrylamide)

and PVC degraded sim u ltan eou sly  as (a )  unmixed (b ) mixed sam ples.
o .

Powder sam ples; h e a tin g -r a te  1 0 /m in .
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degradation  (Tmax = 370°C ), where butylam ine i s  again  a major product, 

appears t o  have been removed in  both th e  mixed and unmixed c a se s .

A lthough any in flu e n c e  which degrading PVC might have on th e  

s t a b i l i t y  o f PBMAC i s  obscured by th e  above e f f e c t ,  th ere  i s  no r e a l  

ev idence f o r  in crea sed  BlvlAC monomer production  a t  low er tem peratures —  

the sep a ra tio n  of th e  -45°C and -75°C tr a c e s  i s  not markedly a f fe c te d  

by b len d in g .

D ehydroch lorination ,"  on th e  other hand, b eg in s a t l e a s t  20°C 

sooner in  th e b lended sample and the s p l i t t in g  o f  th e  HC1 peak su g g ests  

th a t  two s ta g e s  o f HC1 lo s s  are in  op era tion . The f i r s t  o f th ese  may 

be e lim in a tio n  a t the PVC/PBMAC phase boundary, Yfhere base c a t a ly s i s  

by butylam ine or bound amide groups i s  most e f f e c t i v e ,  w hile th e  second  

i s  normal d ehydroch lorination  o f " n o n -su p erfic ia l"  FVC.

One f in a l  in t e r e s t in g  fe a tu r e  o f the b lend  degradation i s  the

*1 r>r«r»«3 ■’ Q 4- A rrV> 'rn *r\ v» o i "y+a  c* r\*P r\ry flftrkCoKlo moT'o vn o f

and o f  m ater ia l condensed between -100°C and -196>°C. The most l i k e l y  

e x p la n a tio n  of t h is  i s  an in cr ea se  in  th e  amount o f  im id iz a tio n  ta k in g  

p la ce  in  PBMAC (a t  th e  expense o f th e  other p r o c e s s e s ) ,  p o s s ib ly  due 

to  a c id  c a t a ly s is  by HC1. The c y c l ic  im ides su bseq u en tly  decompose 

t o  g ive carbon monoxide, methane, butylam ine and iso b u ten e .

BLENT) 0? FVC Y.TTH P0LY(METH ACRYLIC ACID)

FMAA v;as in so lu b le  in  th e common s o lv e n ts  fo r  FVC, so  th a t  a 

powder "blend” was again  used . The TVA curves obta ined  fo r  th e  

mixed and unmixed system s are shown in  F ig .49> p . i8 8 .
o

*̂ max ^or Psa ^ corresponding t o  anhydride form ation  i s  228 C 

in  the unmixed sample and t h is  i s  c lo se  to  the normal va lu e f o r  a PMAA
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P I R A N I  
O U T P U T

(m v .)
(a)

2 - -

6 - -

2 - -

200 - 300 A 0 °  T E M P E R A T U R E !  ° C )

F i q . 4 3

TVA t r a c e s  f o r  e q u a l  w e ig h ts  (1 5  n ig .)  o f  P o l y ( K e t h a c r y l i c  A c id )  

a n d  FVC d e g ra d e d  s i m u l t a n e o u s ly  a s  ( a )  u n m ix ed  ( b )  m ix ed  s a m p le s .

P o w d er s a m p le s ;  h e a t i n g - r a t e  10 C /m in .
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powder sample ( th e  value f o r  a FMAA f ilm  i s  249°C ). The va lu e i s  

unchanged in  th e polymer "blend. The h igh-tem perature peak a s so c ia te d  

w ith  anhydride fragm entation  i s  a ls o  u n a ffe c ted  by b len d in g .

By c o n tr a s t , the dehydroch lorination  peak i s  a lte r e d  both  in  

shape and in  Tmax va lue ( 283°C— -> 301°C ), on going from unmixed to
(f.p\

mixed sam ples. M cN eill and N e il  have a lread y  observed th a t th e

shape o f the TVA curves fo r  PVC are a fu n c tio n  o f sample fo r m   th in

f i lm s  show a d is t in c t  s in g le  peak , w hile th ic k e r  f i lm s  or powders show 

two overlapping s ta g e s  o f d egrad ation , w ith  th e  main peak showing a
o

prominent shoulder on the h igh-tem perature s id e . ^max -*-s a^ou"fc 30 C 

low er fo r  the th ick er  sam ples. The.se e f f e c t s  have been ex p la in ed  in  

term s o f th e  a u to c a ta ly t ic  e f f e c t  of HC1, which d if fu s e s  more s lo w ly  

out o f th ic k  sam ples.

In  th e p resen t c a s e , the unmixed FVC shows the ty p ic a l  TVA shape 

fo r  a powder sam ple, whereas th e mixed sample more c lo s e ly  resem bles  

the u n ca ta ly sed  degradation . I t  seems l i k e l y  th at the e f f e c t  i s  

caused here e i th e r  by in crea sed  su b d iv is io n  o f the PVC (through  

grin d in g) or by d isp ers io n  of the polymer in  FMAA, both  of vhich  

e f f e c t i v e l y  minimise th e in te r a c t io n  w ith HC1.

In  c o n c lu s io n , th ere  would appear to  be no tru e  chem ical in t e r ­

a c t io n s  in  t h is  b lend  which a f f e c t  the o v e r a ll  s t a b i l i t y  o f the  

c o n s t itu e n t  polym ers.

BLEND OF FVC WITH POLY(SODIUM M3THACRYLATE)

B lending in  t h i s  system was again  ach ieved  by gr in d in g  to g e th er  

th e  two polym ers. The TVA curves ob tained  fo r  th e  mixed and unmixed 

sam ples are shown in  F ig  .50 , p .  1 9 0 .
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TVA tr a c e s  fo r  equal w eights ( i 5  rag.) o f  Poly(Sodium M eth aciy ia te)

and P/C degraded sim u ltan eou sly  as (a )  unmixed (b ) mixed sam ples.
o .

Powder sam ples; h e a tin g -r a te  10 C/min.
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Tmax f ° r  'the deh yd roch lorination  r e a c t io n  i s  unchanged on b len d in g , 

although th e  co a lescen ce  o f  th e shoulder vdth the main peak su g g ests  

th a t the e f f e c t  o f  HC1 c a t a ly s i s  i s  aga in  reduced in  th e b lended sam ple. 

Much more s ig n i f ic a n t  i s  the appearance in  the TVA o f th e  b len d  

o f  a sm all peak vdth Tmax = 403°C, c o n s is t in g  la r g e ly  o f  m ater ia l which 

i s  non-condensable or i s  condensed between - 1 00°C and -1 9 o °0 , T h is  

i s  probably caused by decom position o f  anhydride s tr u c tu r e s ,  which 

o r ig in a te  by in te r a c t io n  o f HC1 vdth the s a l t  groups ( s e e  P .-575)* The 

tem perature at vfoich t h is  p ro cess  occurs i s  c lo s e  to  th a t  observed fo r  

a s im ila r  decom position in  a FVC -  PMMA b l e n d ^ ^ .

BLEND OF PQLY(VINYL BROMIDE) VTTH P0LY(METHYL Kl^HACHYLATS)

Mixed and unmixed samples were prepared by can tin g  f i lm s  from

r e d i s t i l l e d  tetrah yd rofu ran . The TVA curves obtained  are shown in

^ -6 .51>  P .192* both c a s e s ,  the peak preceding KBr e l im in a t io n

rep resen ts  l o s s  o f  s o lv e n t ,

Tmax f ° r  dehydrobrom ination and c h a in -e n d - in it ia te d  monomer

production  are both unchanged in  the b len d , but the ex te n t o f th e

l a t t e r  p rocess  i s  g r e a t ly  c u r ta ile d . The peak a s so c ia te d  vdth

r a n d o m -sc is s io n -in it ia te d  depropagation has Tffiax s h if t e d  upwards by

about 17°C, but part o f th is  s h i f t  i s  a s so c ia te d  vdth the in cr ea se d

p roduction  o f non-condensable m ateria l and o f m a ter ia l which i s

condensed between -1 00°C and -196°C . T*** fo r  th e  r e le a s e  o f th ese
o

more v o la t i l e  products i s  420 C,

D iscu ss io n

I f  FVB degrades by a f r e e -r a d ic a l  p rocess (analogous to  the one 

proposed fo r  FVC) and bromine atoms are ab le to  d if fu s e  in to  the PMMA
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TVA tr a c e s  f o r  eq u al w eights (15  mg.) o f P o ly (V in y l Bromide) and

PMMA degraded sim u ltan eou sly  as (a )  unmixed (b ) mixed sam ples.
o .

Film s c a s t  from THF; h e a tin g -r a te  10 C/min.
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p h ase , then th ey  appear to  be in cap ab le  o f causing  premature degradation  

o f  th e  EMMA. I t  i s  p o s s ib le  th a t r a d ic a ls  are p r e se n t , but th a t  the

tem perature i s  too  low  to  overcome the a c t iv a t io n  energy r e q u ir e d  -

Tniax fo r  the dehydrohalogenation r e a c t io n s  o f FVC and FVB are about 

300°C and 200°C r e s p e c t iv e ly .

The red u ction  in  the ex ten t o f low -tem perature monomer production  

i s  probably caused by th e con version  of some o f the e s te r  groups to  

anhydride (p o s s ib ly  v ia  the ac id ) by r e a c t io n  w ith HBr. The anhydride 

s tr u c tu r e s  then "block*’ depropagation from the chain  ends. The r e le a s e  

o f the h ig h ly  v o la t i l e  m a ter ia l above about 3A-0°C can then  be exp la in ed  

by th e breakdown o f the anhydride u n its  to  y ie ld  carbon d io x id e , methane 

and carbon monoxide, as in  previous system s. I t  i s  s u r p r is in g , however, 

th a t Tmax ^or "k*ie i n i t i a l  monomer production  i s  not s h if t e d  to  a h igher  

v a lu e . • P o s s ib ly ,  overlap w ith methyl bromide form ation  (from  th e  HBr/ 

e s t e r  in te r a c t io n )  i s  r e sp o n s ib le .
, o  o

The area en c lo sed  between th e  0 /-4 5  C and -1 00 C tr a c e s  i s  low ered  

in  th e  b len d  fo r  the peak a s so c ia te d  vdth r a n d o m -sc is s io n -in it ia te d  

depropagation and t h is  would again be c o n s is te n t  vdth anhydride 

form ation  at lov?sr tem peratures.

A STUDY OF THE LACTPNIZATION REACTION IN VC -  MMA COPOLYMERS 

USING- POLYMER BLENDS

The purpose of t h is  in v e s t ig a t io n  was tw o -fo ld

( i )  To study the mechanism o f  la c to n iz a t io n .

( i i )  To h elp  e lu c id a te  any e f f e c t s  which la c to n iz a t io n  may have on 

the s t a b i l i t y  o f VC and MMA sequences in  th e  copolymer.

I t  was considered  p o s s ib le  th a t r e a c t iv e  in term ed ia tes  formed duringI
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la c to n iz a t io n  in  the copolymer could  induce th e  premature degradation  

o f  e i th e r  PMMA or PVC. For exam ple, i f  r a d ic a l sp e c ie s  were in v o lv e d , 

then  an e a r ly  production  of MMA monomer might he a n t ic ip a te d . A 

copolymer which conta ined  1+3% VC (and could th ere fo re  he exp ected  to  

undergo a h igh  degree o f  la c to n iz a t io n )  was b lended in  turn  w ith  PVC 

and PMMA.

BLEND OF THE COPOLYMER WITH PVC

The TVA curves obtained  fo r  the mixed and unmixed system s are 

shown in  F ig .5 2 , P . 19 5 . both c a s e s ,  f i lm s  c a s t  from cyclohexanone

were u sed , g iv in g  r is e  to  broad so lv e n t peaks p r io r  to  m ethyl ch lo r id e  

e v o lu t io n .

Tjj-g-jr fo r  dehydrochlox'ination i s  c le a r ly  u n a ffe c ted  by b lend ing

and in  both c a s e s ,  th e  s p l i t t in g  of th e  HC1 peak to  g iv e  T ^ x  at 293°C
o

and a shoulder a t 320 C i s  a ssign ab le  to  overlap  of the corresponding  

p ro cesse s  in  PVC and in  th e  copolymer —— a sample o f pure PVC degraded  

under id e n t ic a l  co n d itio n s  showred the sym m etrical s in g le  peak (Tmax =

331°C ), a s so c ia te d  w ith  th in  f i lm  behaviour, w hile pure copolymer showed 

?max ^  298°C.

The only  s ig n i f ic a n t  change obtained  on b lend ing  i s  the s h i f t  o f

-^max *̂01' bhe h igh  tem perature peak from 4 l4  0 to  433 C. I t  i s  l i k e l y

th a t  t h i s  i s  due m ainly to  a la r g e  red u ction  in  the amount o f LIMA

monomer being r e le a se d  from the copolym er, due to  con version  of the

e s t e r  fu n c tio n  in  presence of the h i$ i  co n cen tra tio n  o f HC1. T h is

/  0v iew  i s  supported by a red u ctio n  in  th e area between th e 0 /-4 5  C and

the -100°C tr a c e s  in  the b lend TVA and a corresponding in cr ea se  in  the
0

amount o f m ateria l non-con den sab le a.t -100  C. The la t t e r  e f f e c t  i s
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TVA tr a c e s  fo r  equal w eights (15  m g.) o f  L-5% VC -  MM A copolymer

and PVC degraded sim u ltan eou sly  as (a )  unntixed (b ) mixed sam ples.
o .

Film s c a s t  from Cyclohexanone; h e a tin g -r a te  10 C/min.
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c o n s is te n t  w ith  th e  decom position o f  a c id  or anhydride s tr u c tu r e s .

BLEND OF THE COPOLYMER WITH PMMA

The TVA curves ob tained  fo r  th e  mixed and unmixed system s are 

shown in  P ig .5 3 , p. 1 97. The la r g e  i n i t i a l  response on th e  0/-45°C  

tra ce  i s  again  due t o  cyclohexanone.

In  the unmixed sam ple, comparison with th e  curves obta ined  fo r
o o

FMMA degraded alone showed th a t the peaks w ith Tmax = 289 C and 373 C 

are la r g e ly  due to  monomer production  by chain-end and ra n d o m -sc issio n -  

in i t i a t e d  p ro cesses  r e s p e c t iv e ly .  Comparison w ith the curves ob tained  

fo r  th e copolymer degraded alone showed th a t the peak on th e -1 0 0 °C 

tra ce  w ith  T_ „ = 316°C can be a s so c ia te d  m ainly vdth HC1 production
IhcXX

o
in  th e copolym er, w hile  th e  la r g er  peak on th e  same tra ce  a t 414 C i s

due m ainly to  la c to n e  decom position . The e v o lu t io n  o f  non-condensable  

/ 0 \m a ter ia l (Tn,ax = 4 1 4  C) w i l l  be la r g e ly  the r e s u lt  of polyene r e a c t io n s  

and la c to n e  breakdo?/n.

In  the blended sam ple, th ere  i s  an o v e r a ll  decrease in  the t o t a l
, o o

monomer production  (th e  area en c lo sed  between the - 4 5 ,C and -100  C

tr a c e s  i s  low ered by 1Q $), but the amount o f depropagation occurring  

a t  low  tem peratures i s  enhanced and Tmax fo r  t h i s  i n i t i a l  monomer 

production  i s  s h i f t e d  upwards to  co in c id e  w ith Tmax fo r  dehydrochlorin­

a tio n  o f the copolymer. The low ering of monomer production  at high  

tem peratures i s  accompanied by an increase in  th e  amount o f h ig h ly  

v o la t i l e  m ater ia l b e in g  produced around 400°C* Trcax f o r  dehydrochlorin­

a t io n  in  the copolymer i s  unchanged by b len d in g .

In  order to  ex p la in  t h is  behaviour, I .R . sp ec tra  v.ere ob ta ined  fo r
O 0

the v o la t i l e s  produced between 250 C and 500 C by ( i )  pure copolymer and
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TVA t r a c e s  f o r  e q u a l  w e ig h ts  (1 5  m g .) o f  4 3 ^  VC -  MlIA C o p o ly m er

an d  PtiMA d e g ra d e d  s i m u l t a n e o u s ly  a s  ( a )  u n m ix ed  ( b )  m ix ed  s a m p le s ,

o ,
F ilm s  c a s t  fro m  c y c lo h e x a n o n e ;  h e a t i n g - r a t e  10 C /m in .
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( i i )  the same w eight of copolymer blended w ith an equal w eight o f  

EMMA.* The fo llo w in g  fe a tu r e s  came to  l ig h t

(a )  In  a d d itio n  to  the products id e n t i f i e d  by p rev ious workers ( s e e

P . 6 5 ) > a 4-3?o VC -  MMA copolymer y ie ld s  a s ig n if ic a n t  amount o f

~1methanol (a  stron g  ab sorp tion  a t 1035cm ) ,  to g eth er  w ith  b u t-1_-ene

—1 “ 1and/or propylene (9 1 2cm ) and e th y len e  ( 950cm ) .

(b ) In  the same tem perature ran ge, th e  b lend  y ie ld s  a r e la t iv e ly  

la r g e r  amount o f  methanol and a ls o  some iso b u te n e , in  a d d itio n  to  

MMA and th e  copolymer p rod u cts. A bsorption due to  fr e e  HC1 was 

a ls o  observed to  be r e la t iv e l y  weaker in  t h i s  c a se .

S t a t i s t i c a l  c a lc u la t io n s  p r e d ic t  th a t a 4 3 /  VC -  MMA copolymer

w i l l  lo se  2 9 / .of i t s  t o t a l  ch lo r in e  con ten t as HC1, so th a t the

a lt e r a t io n  o f the TVA c h a r a c te r is t ic s  on b len d in g  i s  ex p la in a b le  in

terms o f a tta ck  by Cl* r a d ic a ls  on PMMA to  g iv e  h igher y ie ld s  of

monomer a t  d eh yd roch lorination  tem peratures (a s  in  PVC -  PMMA b len d s)

and con version  of th e e s t e r  fu n c tio n  by HC1 to  r e le a se  methanol and

le a v e  behind anhydride s tru c tu res  in  th e ch a in , which, in  tu r n , "block"

depropagation a t h igher tem peratures and decompose to  g iv e  the h ig h ly
o

v o la t i l e  m ateria l around 400 C.

The p r e c ise  mechanism of methanol form ation i s  u n cer ta in .
/ o \

M cN eill and N e il  have c i t e d  the fo llo w in g  r e a c t io n  sequence to  

e x p la in  the. behaviour o f PVC -  FMMA b len d s , a lthough  methanol was 

never id e n t i f i e d  among the major products (mass s p e c tr a l and &.C. 

a n a ly s e s ) ; -



A lte r n a t iv e ly ,  p a r t ia l  con version  of the e s t e r  groups by HC1 may 

be fo llo w ed  by a p rocess  which i s  analogous to  the one proposed by 

Jam ieson and M cN eill f o r  c y c l iz a t io n  in  MMA -  m eth acry lic  a c id  

co p o ly m er s^ ^ , fo r  which methanol i s  a major degradation  product.
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Jam ieson and M cN eill a lso  su ggest th a t part of th e  methanol 

p rod u ction  in  MMA -  MAA copolymers must a r is e  by th e  h igh-tem perature  

decom position  o f MMA sequences i s o la t e d  between anhydride s tr u c tu r e s ,  

in  com p etition  w ith  depropagation . In  the p resen t c a se , th e form ation

aENERAL CONCLUSIONS

There i s  no in d ic a t io n  in  th e p resen t r e s u l t s  th a t  r e a c t iv e  

sp e c ie s  formed during la c to n iz a t io n  o f the VC -  MMA copolymer have 

any in f lu e n c e  on th e  degradations o f e i th e r  PVC or FMMA. The 

in crea sed  production  o f monomer a t low tem peratures by FMMA heated  

in  presence o f th e  copolymer can be a ssig n ed  to  th e  e f f e c t s  o f Cl* 

r a d ic a ls ,  formed during d eh yd roch lorination  of th e  copolym er, e n te r in g  

th e  FMMA phase. The le s s e r  e x te n t  of the phenomenon in  t h is  in s ta n c e , 

compared w ith PVC -  FMMA b len d s , can be ex p la in ed  in  terms o f  th e

o f  methanol by t h is  p ro cess  w i l l ,  of co u rse , be dependent on ( 1 ) or

1 CH~i

/W Q A /V

I
** CH, + CO + CH OH 

4  3

low er co n cen tra tio n  of VC u n its  which are cap
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A P P E N D I X  O N E  

POLYMER PREPARATION

T h e m e th o d s  o f  p r e p a r a t i o n  o f  t h e  p o ly m e rs  a n d  c o p o ly m e rs  

d i s c u s s e d  i n  C h a p te r s  V a n d  V I a r e  su m m arize d  b e lo w ; -

(0 VINYL CHLORIDE —  METHYL ACRYLATE COPOLYMERS

P u r i f i c a t i o n  o f m onom ers: VC was d i s t i l l e d  f ro m  a  c y l i n d e r ,  d e g a s s e d

a n d  d i s t i l l e d  on t h e  vacuum  l i n e *  MA was s h a k e n  ? d th  d i l u t e  NaOH 

s o l u t i o n  t o  rem o v e i n h i b i t o r ,  w ash ed  w i th  d i s t i l l e d  w a te r  u n t i l  n e u t r a l ,  

d r i e d  o v e r  a n h y d ro u s  c a lc iu m  c h l o r i d e  an d  f i n a l l y  d e g a s s e d  a s  f o r  VC*

R e a c t i v i t y  r a t i o s : MA 4 . 4  I 0 (1 1 ° )
> a t  5 0  C i n  b e n z e n e  s o l u t i o n  

VC 0 . 1 2 ]

T ype o f  p o l y m e r i z a t i o n : b u l k .

Monomer f e e d  c o m p o s i t io n ; t h e  w e ig h t  o f  MA u s e d  was f o u n d  f ro m  v o lu m e , 

t h e  d e n s i t y  b e in g  know n. T he  w e ig h t  o f  VC u s e d  was fo u n d  b y  w e ig h in g

t h e  d i l a t o m e t e r .

I n i t i a t o r i 0 . 0 J / o  (W/V) a z o - b i s - i s o b u t y r o n i t r i l e .  

o
T e m p e r a tu r e ; 40  C.

P o ly m e r i z a t i o n  t i m e s ; 2 5 -3 2  h o u r s .

C o n v e r s io n ; a p p r o x im a te ly  4/2*

I s o l a t i o n  and  p u r i f i c a t i on o f  p o l y m e r : p r e c i p i t a t e d  i n  m e th a n o l .

R e p r e c i p i t a t e d  i n t o  m e th a n o l  f ro m  a c e to n e  s o l u t i o n .

( 2 )  VINYL CHLORIDE —  n-BUTYL METHACRYLATE COPOLYMERS
'  •  i —i—_ r-— iiim - i i    i i     . — — . -------- -------------------- --------------------------------------

P u r i f i c a t i o n  o f  m onom ers: a s  f o r  ( 1 )
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R e a c t iv i ty  r a t io s :  BMA 1 3 .5  1 «
V a t 45 Cv '

VC 0 .0 5 J

Type of p o ly m er iza tio n : b u lk .

Monomer feed  com p osition : as fo r  system  ( l ) .

I n i t i a t o r : 0.3/2 ( W )  a z o -b is - is o b u ty r o n it r i le .

Tem perature: 40 °C.

C onversion: Not exceed ing 4*3/2.

I s o la t io n  and p u r if ic a t io n  of polym er: as f o r  system  ( l ) .

(3 )  P0LY(n-BUTYL METHACRYLAMIDE) .

(120,121)
S y n th e s is  o f n -b u ty l methacrylamide t h is  in v o lv ed  th e  r e a c tio n

o f n-butylam ine vdth m eth acry ly l ch lo r id e  in  aqueous s o lu t io n .

CH, CH,
3 I o

CH2= = C  + UUNH -----------■—>  C H J=C  + HC1

C0C1 CONHBu

The p rep aration  d e t a i l s  fo r  m ethacryly l ch lo r id e  and n -b u ty l methacrylamide

are d escrib ed  under (a )  and (b ) r e s p e c t iv e ly : -

(a )
A m ixture o f 4 2 4 .5  m l.(5  m oles) o f m ethacrylic  a c id , 1049ml.

(10  m oles) of b en zoy l c h lo r id e  and 0 .85g . o f hydroquinone was d i s t i l l e d  

a t  a f a i r l y  rap id  ra te  through a V igreux column. The fr a c t io n  which 

b o ile d  a t ^ 100°C  was c o l le c t e d  in  a r e c e iv e r  (immersed in  i c e )  which 

con ta in ed  0 .8 5 g . hydroquinone. The crude product was th en  r e d i s t i l l e d  

through a shorter, column packed w ith  g la s s  beads. M ethacrylyl ch lo r id e  

d i s t i l l e d  a t  98-1 00°C and was obtained  in  about JO/b y ie ld .
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0 0
125g. o f n-butylam ine ( 16 8 .4 m l.) ,  d is so lv e d  in  1500ml. o f w ater, 

was tr a n sfe r r e d  to  a 2 - l i t r e  f la s k  f i t t e d  with a s t i r r e r ,  dropping 

fu n n el and narrow-bore o u t le t  tu b e. The f la s k  was immersed in  i c e .

8 8 .5g. o f m ethacryly l ch lo r id e  (8 l .5 m l .)  was grad u ally  added to  the 

co o led  s o lu t io n  from th e  dropping fu n n e l. The product, n -b u ty l 

m ethacrylam ide, gave a pink em ulsion which separated  as a red d ish  

la y e r  a f te r  stand ing in  a sep aratin g  fu n n e l. The aqueous la y e r  was 

tw ice  shaken with e th er  and the e th er  e x tr a c ts  were combined with th e  

main product. T his was washed w ith  -water and then  d ried  over anhydrous 

calcium  c h lo r id e . A fter  f i l t e r i n g ,  the e th e r  was removed in  a ro ta ry  

evap orator. A sm all amount of hydroquinone in h ib ito r  was added to  the 

crude amide, which was then  d i s t i l l e d  under vacuum. The amide 

d i s t i l l e d  a t 60-62°C . a t 0.1mm. Hg as an alm ost c o lo u r le s s  l iq u id .

The y ie ld  was approxim ately 55/2.

P olyroerization  t im e : 1 60 min.

C onversion: 18.4/2.

I s o la t io n  and p u r if ic a t io n  o f polym er: p r e c ip ita te d  in  w ater from

methanol s o lu t io n . R e p r e c ip ita te d  in to  w ater/d ioxane m ixture from  

methanol s o lu t io n .

(4 )  VINYL CHLORIDE —  n-BUTYL METHACRYLAMIDE COPOLYMER 

P u r if ic a t io n  of monomers: as fo r  system  ( l ) .

P u r if ic a t io n  of monomer: as fo r  methyl a c r y la te

Type o f p o ly m er iza tio n : bu lk .

I n i t i a t o r : 0.1 (h /V ) a z o -b is - is o b u ty r o n itr i le

Tem perature: 50°C.
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R e a c t iv i ty  r a t i o s : unknown; no Q-e data a v a ila b le .

Type o f  p o ly m er iza tio n : b u lk .

Monomer feed  com p osition : as fo r  system  ( 1 ) .  A molar monomer fe e d

r a t io  o f 1 .2 7  : 1 (VC : BMAC) gave a 23% VC copolym er.

I n i t i a t o r : 0.1%  (W/V) a z o -b is - is o b u ty r o n it r i le .

o
Temperature; 3 0  C.

P o lym eriza tion  t im e : 48 hours.

C onversion; 17%.

I s o la t io n  o f  polym er; p r e c ip ita te d  in  d ioxane.

P o lym eriza tion  t im e ; 10 hours.

C onversion; 4.09%.

I s o la t io n  and p u r if ic a t io n  of polym er: p r e c ip ita te d  in  m ethanol.

R e p r e c ip ita te d  in to  methanol from tetrahydrofuran  s o lu t io n .

( 6 ) VIKYL BROMIDE METHYL METHACRYLATE COPOLYMERS

P u r if ic a t io n  o f  monomers: as fo r  system  ( l ) .

R e a c t iv ity  r a t i o s :

(5 ) BROMIDE)

P u r if ic a t io n  of monomer: as fo r  VC see  system  ( i ) .

Type of p o ly m er iza tio n : bu lk .

I n it - ia to r : 30% hydrogen peroxide (0 ,5m l* /l0g»  o f  VB).

Tem perature: 60°C.

2b C { bulk p o lym eriza tion ;

Type o f  p o ly o e r iz a t io n ; b u lk
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Monomer fe e d  co m p o sitio n : w eights o f VB and MMA used  b oth  found from

volum e, d e n s it ie s  being known.

I n i t i a t o r : 0.35%  (V'7/V ) a z o -b is - is o b u ty r o n it r i le .

Tem perature: 28°C.

C onversion : not exceed in g  5%.

I s o la t io n  and p u r if ic a t io n  of polym er: p r e c ip ita te d  in  40-60  petroleum

e th e r . R ep rec ip ita ted  in  methanol from benzene s o lu t io n .

(7 ) VINYL CHLORIDE —  M2THACRYLIC ACID COPOLYMER

P u r if ic a t io n  o f monomers: VC was p u r if ie d  as in  system  ( 1 ) .  MAA was

d i s t i l l e d  under vacuum, in  presence o f a sm all amount o f copper powder 

to  in h ib it  p o ly m eriza tio n , and th en  tr a n sferred  d ir e c t  t o  the d ila to m eter  

and degassed  on th e vacuum l i n e .

(122)
R e a c t i v i t y  r a t i o s :  u n k n o w n :  Q - e  v a l u e s  u s e d
■ 11—II- -  - I 11 ■! I I I -~Vn - ------------  - - *

Type o f p o ly m er iza tio n : s o lu t io n  in  methanol ( 0 .685  ml. m ethanoi/g . o f

VC).

Monomer feed  com p osition : the weight o f MAA. used  was found from volum e,

th e d e n s ity  being known. The approximate w eight o f  VC used was found  

by th e same method. A molar monomer fe e d  r a t io  o f  4 3 .6  : 1 (VC : MAA) 

gave a 65% VC copolym er.

I n i t ia t o r :  0.3%  (W/V) of a z o -b is - is o b u ty r o n it r i le .

o
T e m p e r a t u r e : 45 C ,

P o lym eriza tion  t im e : i 95 min.

C o n v e r s i o n : 4 . k%.

I s o l a t i o n  a n d  p u r i f i c a t i o n  of polym er: p r e c i p i t a t e d  i n  d i s t i l l e d  w a te r

t o  rem ove MAA. The p o ly m e r  was t h e n  r e - d i s s o l v e d  i n . a c e to n e  and
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r e p r e c ip ita te d  tvd.ce in  water. To remove i n i t i a t o r ,  the polymer was 

n ext r e -d is s o lv e d  in  tetrahydrofuran  and p r e c ip ita te d  in  to lu e n e .

F in a l ly , t o  avoid  a THF peak in  th e  " la c to n iza tio n "  reg io n  of th e  TVA 

tr a c e ,  th e polymer was r e -d is s o lv e d  in  cyclohexanone and p r e c ip ita te d  

in  to lu e n e .

The copolymer was found, to  be in s o lu b le  (o r  on ly  sp a r in g ly  

so lu D le) in  chloroform , methanol and e th a n o l.

(8 )  PQLY(S ODIUM METHACRYLATE)

P reparation  of monomer: a s to ic h io m e tr ic  e x c e ss  o f  d i s t i l l e d  m ethacrylic

a c id  was rea c ted  w ith  sodium hydroxide in  dry methanol a t 0°C. The 

r e a c t io n  m ixture was then  poured in to  a la r g e  volume o f anhydrous 

d ie th y l e th e r . The s a l t  p r e c ip ita te d  as a g e la tin o u s  m ass, w hile  the  

unreacted  a c id  remained in  s o lu t io n .  The s a l t  was f i l t e r e d  o f f  and 

d ried  in  a vacuum oven p r io r  to  r e -p r e c ip ita t io n  from dry m ethanol.

Type o f p o ly m er iza tio n s s o lu t io n  in  methanol (8 g . monomer/100ml. 

m ethanol).

I n i t i a t o r : 0 . 05% (W/V) a z o -b is - is o b u ty r o n it r i le .

o
Temperature: 60 C.

P o lym eriza tion  t im e : 21 0 m inutes.

C onversion: 25%

I s o la t io n  of polym er: p r e c ip ita te d  in  m ethanol.

(9 )  VINYL CHLORIDE —  SODIUM MSTHACRYLATE COPOLYMER

P u r if ic a t io n  of monomers: VC p u r if ie d  as in  ( l ) ,  NaMA as in  ( 8 ) .

R eact! v i t y  ra t 1 os : unknown; Q-e data

Type of polymor1z a t io n : s o lu t io n  in  methanol (2 .46m l; m ethanol/g . of VC),
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■Jlonomer feed  com position: a known w eight of s a l t  was added to  th e

d ila to m eter  as a s o lu t io n  in  dry methanol and th e so lv e n t was pumped

o f f  on th e  vacuum l i n e .  The approximate w eight o f VC added was

estim ated  from the volume a t -75°C , the d e n s ity  a t -15°C bein g  known.

A molar monomer fe e d  r a t io  o f  15*7 : 1 (VC : NaMA) was used .

I n i t i a t o r : a z o -b is - is o b u ty r o n it r i le  (0.36% ll/W o f  monomers),
o

Temperature; 45 C.

C onversion: 4.8%

I s o la t io n  and p u r if ic a t io n  o f polym er: the polymer p r e c ip ita te d  as a

f in e  powder from th e p o lym eriza tion  m ixture. I t  was found to  be 

in s o lu b le  in  w a ter , a ceto n e , cycloh exan one, chloroform , e th a n o l, 

to lu e n e , te trah yd rofu ran , methyl e th y l k eton e , d im ethyl formamide, 

dioxane and m ethanol. Some sw e llin g  v/as observed in  a m ixture o f  

tetrahydrofuran  and methanol and the polymer was shaken in  t h is  medium 

fo r  se v e r a l hours to  remove in i t i a t o r  and r e s id u a l monomer.

0 ° )  POLY(VINYL CHLORIDE)

Breon 113 i s  a B r i t is h  Geon sam ple, s ta te d  to  be fr e e  from 

im p u r itie s  and to  have a m olecular w eight of 4 5 ,6 0 0 .

(1 1 ) P0LY( METHYL METHACRYLATE)

 ̂ o
Sample prepared by f r e e -r a d ic a l  p o lym eriza tion  in  bulk  a t bO C 

u sin g  a z o -b is - is o b u ty r o n itr i le  as i n i t i a t o r .  C onversion l e s s  than  

10%.Molecular w eight (& ) = 1 3 4 ,000 .
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-A P P E N D I X  T WO

MOLECULAR WEIGHT DATA FOR THE COPOLYMERS

M olecular w eight f ig u r e s  fo r  th e  VC -  MMA copolymers s tu d ied  

in  th e p resen t work have a lread y  been p resen ted  on p. 34*

Data ob ta in ed  fo r  th e  VC -  MA, VC -  BMA and VB -  MMA system s 

by MacDonald, S tr a ito n  and Anderson r e s p e c t iv e ly  are shown b e lo w :-

VC -  MA Copolymers ( p . 117)

% VC m olecular w eight (Mn )

5 .1 3 233,000

1 5 .8 241,000

5 1 .2 269,000

6 7 .7 176,000

VC - BMA C opolymers ( p .124 )

% VC m olecular w eight (M )

5 .6 766,000

1 4 .4 291 ,000

2 9 .5 139 ,000

4 9 .2 5 7 ,5 0 0

74 .6 31 ,500
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VB -  MMA Copolymers ( p .134)

fo VC m olecular vreight (M )n

4 .8 7 324 ,000

9 .76 8 5 ,500

24 .5 35,600

4 8 .4 159 ,000

73.1 21 ,900
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