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smiMAHr

The h a rd en in g  mechanism o f p o ly e s te r  " c o n ta c t"  r e s in s  i s  

in v e s t ig a te d  w ith  r e fe re n c e  to  a model system , m ethy l m e th a c iy la te /  

p o ly e th y le n e  fu m ara te  (M'A/PEN) ,  These two r e a g e n ts  a re  co m p le te ly  

co m p a tib le  w ith o u t th e  a d d it io n  of any c o m p lic a tin g  f a c to r s .  The 

p re p a ra t io n  and c h a r a c te r i s a t io n  of th e  PEP r e s in  a re  d e sc r ib e d .

The g e l l in g  c h a r a c t e r i s t i c s  of t h i s  system  a re  in v e s t ig a te d  

u sin g  a new v i s e omete r - d i l a t omete r  ( v is c o -d i la to m e te r )  te c h n iq u e  f o r  

fo llo w in g  polym er r e a c t io n s  The g e l tim e  and r a t e  of p o ly m e ris a tio n  

a re  in v e s t ig a te d  over a ran g e  of monomer fe e d  r a t i o  (pEO/ihvA), 

c a t a ly s t  c o n c e n tr a t io n ,  te m p e ra tu re  and d e g re e  o f p o ly m e r is a tio n  of 

th e  i n i t i a l  p o ly e s te r .  E x p erim en ta l p o in ts  f o r  th e  dependence of th e  

g e l tim e on th e  fe e d  r a t i o  and i n i t i a l  c h a in  le n g th  a re  compared w ith  

t h e o r e t i c a l  c u rv es  f o r  th e  g e l  tim e d e riv e d  from  c l a s s i c a l  g e la t io n  

th eo ry . The g e l  tim e i s  found c o n s ta n t r e g a rd le s s  of th e  c a t a ly s t  

c o n c e n tra tio n  b e c a u se , on th e  c l a s s i c a l  g e la t io n  b e h a v io u r , an  in c re a s e  

in  p o ly m e r is a tio n  c h a in  le n g th  c a n c e ls  out th e  e f f e c t  of th e  in c re a s e  

in  r a t e  on g e la t io n .  T h is co n stan cy  of th e  g e l  tim e confirm s th a t  

th e  r e a c t io n  i s  a sim p le  c o p o ly m e risa tio n . The e f f e c t  of tem p era tu re  

on b o th  th e  r a t e  and g e l  tim e i s  in  acco rd an ce  w ith  th e  c l a s s i c a l  

g e la t io n  th e o ry .

The d i r e c t  d e te rm in a tio n  of th e  main k i n e t i c  p a ra m e te rs , 

namely th e  r e a c t i v i t y  r a t i o s  of th e  two monomers (imA and PSP) i s  

accom plished  ro u g h ly  by a te c h n iq u e  of e x t r a c t in g  th e  c ro ss-co p o ly m er
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form ed by s o lv e n t e x t r a c t io n  of th e  ge l, The "netw ork” polym er 

o b ta in e d  i s  an a ly se d  by a d e n s i ty  te c h n iq u e , m ic ro a n a ly s is  and m ic ro -  

h y d ro g en a tio n  t o  e v a lu a te  th e  monomer r e a c t i v i t y  r a t i o s .  These 

te c h n iq u e s  a llovr th e  b ra c k e t in g  of th e  v a lu e s  of and rp  w i th in  a 

ran g e  w hich l i e s  c lo s e  to  th e  v a lu e s  demanded by th e  t h e o r e t i c a l  

t re a tm e n t  of th e  g e l  p o in t .

The in v e s t ig a t io n  i s  ex tended  beyond th e  g e l p o in t  where 

a sudden in c re a s e  in  th e  p o ly m e ris a t io n  r a t e  i s  o b serv ed . T liis  g e l  

e f f e c t  i s  e x p la in e d  by th e  a sc u n p tio n  of a  model where th e  i n i t i a l  

r e a c t io n  c o n s ta n ts  rem ain c o n s ta n t  b u t changes in  th e  e f f e c t iv e  

r a d i c a l  c o n c e n tra t io n s  due to  d i f f u s io n  c o n tr o l  le a d  to  a d e c re a se  

in  th e  te rm in a t io n  r e a c t io n .  T h is Tromrasdorf e f f e c t  a t  th e  g e l  

p o in t  i s  on ly  observed in  sy stem s where th e  p r in a iy  p o ly m e r is a tio n  

c h a in  i s  s u f f i c i e n t l y  la r g e .

Complete r a t e  c u rv es  f o r  th e  sy stem , o b ta in ed  by  a  combined 

d i la to m e te r  d e n s i ty  tu b e  tec h n iq u e  a re  p re s e n te d , show ing th e  

t r a n s i t i o n  to  th e  t h i r d  s ta g e  of th e  r e a c t io n  when b o th  th e  i n i t i a t i o n  

and p ro p a g a tio n  s te p s  become s u b je c t  t o  d i f f u s io n  c o n t r o l .  The 

p o ly m e r is a tio n  s to p s  a t  ap p ro x im a te ly  th e  same d eg ree  o f c u re  o r 

m o b il i ty  i r r e s p e c t iv e  o f th e  fe e d  r a t i o  A p re lim in a ry  th e o ry  f o r  

th e  s t a t e  o f cu re  i s  p u t fo rw ard  in  te rm s of th r e e  p a ra m e te rs : th e

c o n c e n tra t io n  of c r o s s l i n k s ,  th e  c o n c e n tra t io n  of r e s i d u a l  m ethyl 

me th e o ry  l a t e ,  and th e  c o n c e n tra tio n  of r e s i d u a l  f r e e  p o ly e th y le n e  

fu m ara te  c h a in s .
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INTRODUCTION.

U n sa tu ra te d  p o ly e s te r  r e s in s  have r e c e n t ly  become e s ta b l is h e d  

a s  c o n s t r u c t io n a l  m a te r ia ls  in  th e  fo rm  of la m in a te s , f o r  such  d iv e rs e  

pu rposes a s  th e  m anufacture of c a r -b o d ie s ,  s h ip s  up to  th e  s iz e  of 

medium la u n c h e s , and p a r t i c u l a r l y  in  th e  a e ro p la n e  in d u s t r y ,  where th e y  

a re  a lm ost th e  on ly  m a te r ia ls  s u i ta b le  f o r  radome h o u sin g s , R esin s 

of t h i s  ty p e  c o n s i s t ,  e s s e n t i a l l y ,  of an  u n s a tu ra te d  p o ly e s te r  and an 

u n sa tu ra te d  monomer such as s ty re n e  o r  m ethyl m e th a c ry la te , in  

c o n ju n c tio n  w ith  a f i l l i n g  i m t e r i a l  o f g l a s s - f i b r e , c lo th ,  p a p e r  ac th e  

l i k e .  The la m in a te s  form ed in  t h i s  v/ay a re  s t r o n g ,  l i g h t ,  and have 

a h ig h  r e s i s ta n c e  t o  c o rro s io n  b u t t h e i r  g r e a te s t  advantage i s  th e  

ease  of f a b r i c a t i o n .  High p re s s u re  and e la b o ra te  m oulding m achines 

a re  not r e q u ir e d . Lam inates a re  p rep a red  by sp re a d in g  th e  f i l l i n g  

m a te r ia l  on a mould of th e  d e s ir e d  sliape and sp re a d in g  th e  m a te r ia ls  

on in  s u c c e s s iv e  la y e r s  a t  low te m p e ra tu re s  and p r e s s u r e s .

Though r e s in s  of t h i s  type  a re  now w ide ly  l i t t l e  i s

knoTTn about th e  mechanism of th e  h a rd en in g  r e a c t io n .  T h e ir  

com m ercial developm ent has no t been  f u l l y  e x p lo ite d  because  of t h i s  

la c k  of fundam enta l t h e o r e t i c a l  1-cnowledge,

The p o ly m e ris a tio n  of th e s e  system s i s  c h a r a c te r is e d  by  an 

in c re a s e  in  v i s c o s i ty  of th e  s o l u t io n ,  th e  p o in t  where th e  o r i g in a l  

s o lu t io n  f i r s t  becomes s o l id  b e in g  knovn as  th e  g e l  p o in t .  Much 

of th e  fu n d am en ta l work on th e  g e la t io n  and c ro s s  l in k in g  of polym er
(ji )

system s i s  due t o  F lo r y ,  S tockm ayer and 'f a l l i n g ,  F lo ry ^   ̂ f i r s t
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p o s tu la te d  t h a t  th e  g e l  p o in t  in  p o ly fu n c t io n a l  r e a c t io n s  o c cu rs

when th e  w e i ^ t  average  m o le cu la r w eight (and hence th e  v i s c o s i ty )

becomes i n f i n i t e ,  i . e . ,  when in  an i n f i n i t e  s a n p le  of th e  r e a c t io n

m ix tu re  th e  w eigh t f r a c t i o n  of i n f i n i t e  n e tw orks f i r s t  exceeds z e ro .

F lo ry  d e riv e d  a s t a t i s t i c a l  th e o ry  f o r  t h i s  c r i t i c a l  c o n d it io n  f o r

poüycondensatio n s , in  te rm s of th e  f r a c t i o n  of f u n c t i o n a l i t i e s  r e a c te d ,
(2 )

T his th o e ry  was extended by S tockm ayer; who showed th a t  th e  e q u a tio n  

could  be a p p lie d  to  p o ly a d d it io n  c liain  r e a c t io n s ,  fa llin g ^ ^ ^ ab an d o n ed  

th e  s in p le  c l a s s i c a l  th e o ry  f o r  p o ly a d d it io n s  and p o s tu la te d  a d i f f u s io n  

c o n tr o l  th e o ry  of g e la t io n  t o  o b ta in  agreem ent f o r  th e  g e l  p o in ts  

p re d ic te d  from  th e  c l a s s i c a l  th e o ry  v i t h  h is  e x p e rim e n ta l v a lu e s .

The p re s e n t  work i s  an a ttem p t to  b r in g  fun d am en ta l k in e t ic  

t h e o r i e s  t o  b e a r  on th e  p o ly m e ris a tio n  of p o ly e s te r  r e s i n s ,  by 

i n v e s t ig a t in g  th e  g e l l in g  b eh av io u r w ith  in c re a s e  of v i s c o s i ty  and 

f in d in g  what e f f e c t  th e  v i s c o s i ty  has on the  k in e t i c  s te p s  as th e  

r e a c t io n  p ro ce ed s .

In  o rd e r  t o  in v e s t ig a te  a c o irp lic a t^ d  sy s tem  of t h i s  ty p e  

th e  r e l a t i v e l y  sim p le  model sy stem , m ethyl m e th a o ry la te /p o ly e th y le n e  

fu m ara te  has been  chosen . These two re a g e n ts  a re  co m p a tib le  w ith  

each  o th e r  in  a l l  p ro p o r t io n s  so  t h a t  no a d d i t io n a l  s o lv e n ts  o r 

c o n d it io n e r s  have to  be added as in  com m ercial r e s in s  ( e .g .  s ty re n e  

and fu m ara te  a re  n o t w ho lly  c o n p a t ib le  and a s o lv e n t  o r  o th e r  comonomer 

has t o  be a d d e d ) , so a d d i t io n a l  c o n p lic a t in g  f a c t o r s  a re  av o id ed .

Though very  l i t t l e  fundam en ta l work on th e  r e a c t io n  mechanism of t h i s  

ty p e  of system  has been p u b lis h e d , a s h o r t  in t r o d u c to r y  in v e s t ig a t io n
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of th e  to p ic  by th e  w r i t s h o w e d  t h a t  th e  g e l  p o in t  was independen t 

o f th e  c a ta ly s t  c o n c e n tra t io n . T h is  was i n te r p r e te d  in  te rm s o f a 

c o p o ly m e risa tio n  ch a in  r e a c t io n  betw een th e  m e th a c ry la te  and fu m ara te  

un s a tu r a t io n .

E x p e rim e n ta l v/ork in v o lv in g  th e  in v e s t ig a t io n  and measurement 

o f k i n e t i c  p a ra m e te rs  sh o u ld , i d e a l l y ,  be  c a r r i e d  out in  h ig h  vacuum 

on m a te r ia ls  of a  h igh  s t a t e  of p u r i ty .  The a tta in m e n t of t h i s  id e a l  

in  th e  p re s e n t  case  i s  n o t p o s s ib le  s in c e  th e  p o ly e s te r  i s  a s o l id  a t  

room te m p e ra tu re  and i s  n o t homogeneous. A l l  s t a r t i n g  m a te r ia ls  

w ere p u r i f i e d  as w e ll  as  p o s s ib le  and th e  re a so n a b le  r e p r o d u c ib i l i ty  

of th e  r e s u l t s  o b ta in ed  j u s t i f i e s  th e  t re a tm e n t  by c l a s s i c a l  k in e t i c  

th e o r ie s .
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SECTION 1.

P re p a ra t io n  and C h a ra c te r is a t io n  of P o ly e th y le n e  F u n a ra te .

1 . 1 ,  I n t r o d u c t io n , In  o rd e r  t h a t  th e  r e s u l t s  o f p o ly m e r is a tio n s  

w ith  p o ly e th y le n e  fum ara te  can he in te r p r e te d  and v e r i f i e d  i t  i s  

n e c e ssa ry  to  g ive  a f u l l  d e s c r ip t io n  of th e  p r e p a ra t io n  and 

c h a r a c te r i s a t io n  of th e  r e s i n ,  d is c u s s in g  th e  p o s s ib le  p re sen c e  

and m agnitude of v a r io u s  comp l ie ?  t i n g  f a c t o r s .

The method of p re p a r in g  p o ly e th y le n e  fu ira ra te  (PE?) was 

dev e lo p ed , b e fo re  i t s  u se fu ln e s s  a s  a c r o s s l in k e r  in  p o ly m e r is a tio n s  

was r e a l i s e d ,  m ain ly  th ro u g h  th e  work of C a ro th e rs  and A rv in ^ ^ ^ d u rin g  

t h e i r  in v e s t ig a t io n  of th e  f i b r e  fo rm ing  p r o p e r t i e s  of v a r io u s  

p o ly co n d en sa te s  f r om a c id  a n h y d rid e s  and g ly c o ls ,  e . g . ,

0
H 0 0Cli -  0 HOCHg y  II

n II 0 + n I H( -O-OEp-GHg-O-C-GIi^CH-C- ) OH I
CE -  O'' KOCKg + (n - l) l^ O

0

These and subsequen t w orkers d id  n o t r e a l i s e  t h a t  th e  

i s o m é r is a tio n  of m ale ic  to  fum aric  u n s a tu ra t io n  may o ccu r d u rin g  th e  

p o ly co n d e n sa tio n  r e a c t io n  and i t  was on ly  c o m p ara tiv e ly  r e c e n t ly  t h a t  

B a tz e r  and M ohr^^^detected  t h i s  is o m é r is a t io n  and evo lved  a la b o r a to ry  

method f o r  a v o id in g  i t .

A part from  th e  q u e s tio n  of g e o m e tr ic a l i s o m é r is a tio n  th e  

c h a r a c te r i s a t io n  of p o ly e th y le n e  fum ara te  i s  c e n tre d  on th e  c o r r e c t  

Y /eight-average number DP-ç̂  of fu m ara te  double bonds p e r  PEF m olecu le .
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P ro v id ed  th a t  th e  r e s i n  i s  p re p a re d  from  an eq u im o la r m ix tu re  o f 

g ly c o l  and a n h y d rid e , and c o n s is t s  of l i n e a r  m o lecu les  on ly  a s  

i l l u s t r a t e d  by I ,  th e  d i s t r i b u t i o n  law  of ch a in  le n g th s  may be tak e n  

to  fo llo w  P lo ry*  s s t a t i s t i c a l  e q u a tio n  f o r  a random b i f u n c t io n a l  

co n d en sa tio n  :

/ n-1
%  = n (1 -p )  p (1)

w here p i s  th e  f r a c t i o n  of c a rb o x y ls  e s t e r i f i e d  and i s  th e  w eigh t 

f r a c t i o n  of n -m er. F or t h i s  d i s t r i b u t i o n ,  th e  w e ig h t-a v e ra g e  DP-jĵ  

and th e  num ber-average DP^ a re  g iv en  by:

= ( l + p ) / ( l - p )  = 2DP^ -  1 (2 )

T hree c o m p lic a tin g  f a c to r s  t l ia t  may cause d e v ia t io n s  c f

th e  s t r u c tu r e  o f th e  c o n d en sa tio n  polym er f r om th e  s t a t e  d e f in e d  in  

egn. (1 ) must be tak en  in to  a cc o u n t. These a r e , d e p a r tu re s  from  

s t r i c t l y  equ im o lar c o n p o s i t io n ,  th e  p re sen c e  of c y c l ic  s p e c ie s  in  

th e  r e s i n ,  and th e  p resen c e  of c ro s s l in k e d  m o lecu les a r i s in g  from  

th e  l a t e n t  f u n c t i o n a l i t i e s ,  i . e . ,  th e  fu m ara te  u n s a tu r a t io n ,  in  th e  

co n d en sa tio n  polym er. The e x te n t  to  w hich th e s e  p o s s ib le  d e v ia t io n s  

occur i s  d is c u s s e d ,

1 , 2 ,  P re p a ra t io n  of p o ly e th y le n e  fuma-rate -  p o ly c o n d e n sa tion re a c t i o n .

The p o ly e s te r  was p rep a red  fro m  a m ix tu re  of m aleic  

a n h y d rid e , p u r i f ie d  by two r e c r y s t a l l i s a t i o n s  f rom c h lo ro fo rm , and 

a  5/  m olar excess of e th y le n e  g ly c o l p u r i f i e d  by d i s t i l l a t i o n  in  a



p.
%

»
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o u ïre n t of carbon  d io x id e  a t  ap p ro x im a te ly  20mm* Hg, p r e s s u re .

The ti7o compounds, t y p i c a l l y  3 .23  moles of m aleic  an h y d rid e  

and 3 ,3 9  moles of e th y le n e  g ly c o l ,  w ere mixed th o ro u g h ly  in  a b e a k e r  

t o  a v isco u s p a s te  th en  t r a n s f e r r e d  to  th e  r e a c t io n  v e s s e l  (see  f i g . l ) .  

T h is  c o n s is te d  of a two l i t r e  round-bo ttom ed  f l a s k  w ith  th re e  n e c k s ,

A m ercuiy s e a l  s t i r r e r  was p la c e d  in  th e  c e n tre  neck  i? ith  a therm om eter 

and a s t i l l - h e a d  p lu s  condenser in  th e  s id e  n e c k s . A g la s s  b u b b le r  

tu b e  connected  t o  a r e s e r v o i r  of s o l i d  carbon  d io x id e  was in tro d u c e d  

down th e  in s id e  of th e  s t i l l - h e a d  a llo w in g  th e  CO g gas t o  bubble  

th ro u g h  th e  r e a c t io n  m ix tu re , th e  co ld  bubble  tu b e  a l s o  a c tin g  a s  an 

a u x i l i a r y  condenser.

The f l a s k  was h e a te d  in  an e l e c t r i c  m an tle , th e  te n p e ra tU re
o

of th e  m ix tu re  b e in g  r a p id ly  r a i s e d  to  and m ain ta in ed  a t  195 ± 5  0 .

The e x te n t  of p o ly m e r is a tio n  was fo llovred  by  d e te rm in in g  th e  

a c id  nuinber of sm a ll t e s t  sam p les , s to c k  sam ples b e in g  w ithdraw n from  

th e  r e a c t io n  v e s s e l  as re q u ire d  and s to re d  in  brown b o t t l e s .  In  

l a t e r  co n d en sa tio n  ru n s  th e  r e a c t io n  was fo llo w e d  u sin g  th e  ro u g h  

r a t e  curve in  f i g . 2.

Under th e  s to ia g e  c o n d it io n s  employed ( in  brown b o t t l e s  in  a  

r e f r i g e r a t o r )  i t  was found th a t  ov e r a 12-month p e r io d ,  no m easu rab le  

change in  th e  D? had o ccu rred .

1 . 3 .  P h y s ic a l  p r o p e r t i e s  of p o ly e th y le n e  fu m ara te  r e s i n s .  The r e s i n  

sam ples p rep a red  w ere g la s s  c l e a r ,  a lm o st c o lo u r le s s ,  and ranged  fro m  

a sy rupy  c o n s is te n c y  (UP^e == 3) to  p i t c h - l i k e  c o n s is te n c y  (DP^^ = 9 ) .
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M a te r ia ls  o f a  s t i c k y  sy rupy  n a tu re  l ik e  t h i s  p r e s e n t  d i f f i c u l t i e s  

in  h a n d lin g  s in c e  th e y  can  n e i t h e r  be poured l ik e  a l iq u id  n o r  

hand led  a s  a s o l id .  I t  was found th a t  th e  b e s t  method f o r  h a n d lin g  

th e s e  r e s in s  was t o  f r e e z e  them  t o  th e  g la s sy  s t a t e  w ith  s o l id  GOg 

when th e y  cou ld  be ch ipped  o r  pow dered,

1 ,3 .1 ,  M o lecu lar w eigh t d e te r m in a t io n ,

a  ) End-group a n a ly s is .  The a c id  number o f each r e s in  7/as found  by 

t i t r a t i n g  an ic e - c o ld  s o lu t io n  , o f about 0,2gm. r e s i n  in  10ml, of A.R, 

d ioxan w ith  decino rm al sodium  hydrox ide  w hich had been f r e e d  from  

ca rb o n a te  by p r e c i p i t a t i o n  w ith  barium  c h lo r id e .  The i n d i c a t o r  used 

was pheno Ip h t h a le  i n , The p ro ced u re  adopted  was to  run  in  a l k a l i ,

t i l l  n e a r  th e  end p o in t ,  th e  a d d i t io n  of one drop gave a c o lo u ra t io n  

l a s t i n g  about one second. The end p o in t 'was ad judged  to  have been 

reached  when th e  a d d it io n  of one f u r th e r  drop of a l k a l i  gave a red  

c o lo u ra tio n  l a s t i n g  f o r  a t  l e a s t  5 seconds. Subsequent a d d i t io n  of 

a l k a l i  gave a re d  c o lo u ra tio n  l a s t i n g  f o r  abou t 20 seconds. R e flu x in g  

of th e  d ioxan  s o lu t io n  b e fo re  t i t r a t i o n  to  e x p e l any d is s o lv e d  COg 

d id  n o t a l t e r  th e  end p o in t .  The a c id  number found by t h i s  method 

was re p ro d u c ib le  to  _+ 2;.o, as  s a t i s f a c t o i y  a s  by th e  a l t e r n a t iv e  method 

of t i t r a t i n g  a ch lo ro fo rm  s o lu t io n  "with a lc h o l i c  p o ta sh .

The end-group m o lecu la r w e igh t and th e  number av erag e  degree 

of p o ly m e r is a tio n  nPne w ere c a lc u la te d  from  th e  ^ c id  number a cc o rd in g  

to  th e  r e l a t i o n :

/  5600
lk 2  DPne =( ------------------   ) -  18 (3)

V a c id  number



10.

A ll  DP^g v a lu e s  quoted a re  c a lc u la te d  from  th e  av erag e  

of th re e  t i t r a t i o n s .

b . )  G yroscopic m o lecu la r w eight d e te rm in a tio n s  w ere made u s in g  

A.R, d ioxan  a s  s o lv e n t in  a s ta n d a rd  Beckmann a p p a ra tu s . The 

f r e e z in g  p o in t  d e p re ss io n  c o n s ta n t k  f o r  d ioxan  was de te rm ined  u sin g  

two re fe re n c e  compounds  ̂ b en zo ic  a c id  (k found = 1. mole  ̂) and

p -  to lu id in e  (k found = A. ^70°C 1, mole B oth th e s e  r e fe re n c e

compounds were p u r i f i e d  by two r e c r y s t a l l i s a t i o n s  and th e  mean v a lu e  

k = A. ^ 17^G 1, mole  ̂ (± 1 .5  >) was used to  c a l c u l a t e  a l l  c ry  os co p ie  

m o lecu la r w e ig h ts  and hence DP^ v a lu e s .  A l l  th e  v a lu e s  quoted 

a re  a v e rag e s  of th re e  d e te rm in a tio n s .

1 .3 .2 .  S~pecific volume d e te rm in a tio n s  a t  3 0 0 The d e n s i t i e s  of 

th e  r e s i n s  were d e te rm ined  in  a pyknom eter of about 2 ,25  ml. c a p a c i ty .  

The pyknom eter was f i l l e d  w ith  f ro z e n  powdered r e s i n  and degassed  under 

a p p ro x im a te ly  20mm. Eg. p re s su re  a t  100*̂ G, S in ce  th e  v e ry  h ig h  

v i s c o s i ty  made com plete f i l l i n g  d i f f i c u l t ,  on ly  s u f f i c i e n t  r e s i n  t o  

f i l l  th e  pyknom eter about th r e e - q u a r t e r s  f u l l  Yi*as u se d , to g e th e r  w ith  

d i s t i l l e d  w ater a s  a c o n fin in g  l iq u id .

R e s u l ts  a re  graphed in  f i g . 3 . Owing t o  th e  d i f f i c u l t y  of 

th e  p ro c e d u re , on ly  r e s i n  P was done in  d u p l ic a te  (1 .3478  and 1.3472 

gn/m l ) .

1 .3 .3 .  R e f ra c t iv e  index m easurem ent. R e f ra c t iv e  in d ic e s  of th e  

r e s in s  were measured w ith  an  Abbe r e f r a c to m e te r  th e rm o s ta t te d  a t  3 0 0 ^ ,  

The r e f r a c t i v e  index f o r  th e  sodium D l in e  f o r  d i s t i l l e d  w a te r  was
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F ig u re  2 .  Rough r a t e  cu rv e  f o r  p o ly e th y le n e  fum arate  c o n d en sa tio n  

a t  195°C.

The r e s u l t s  shown were o b ta in e d  from fo u r  d i f f e r e n t  runs ; 

A, C-K, P-H, and J -L .

Knd group DP^ O C ryoscop ic  DP^ A
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F igu re 4 . R e fra c tiv e  index fo r  sodium D l in e  (a t  300°K .) v s .  

r ec ip ro c a l (end-group) m olecular w eight o f  p o ly e th y len e  

fum arate, f o r  condensation  runs F-H, and J-L ,
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s e t  a t  1 ,33235. S m all sam ples were sm eared on th e  p r ism  w ith  a  ho t 

s p a tu la  and f iv e  re a d in g s  were ta k e n  f o r  each s a n p le . R e s u lts  a re  

g raphed  in  f i g .  4 .

A ll  DP^^ d e n s i ty  and r e f r a c t i v e  index  v a lu e s  found

a re  ta b u la te d  in  th e  Appendix ( t a b le  2C|.

1 .4 . R ate and r e p r o d u c ib i l i ty  o f p o ly c o n d e n sa tio n , “'i th o u t  a tte m p tin g  

a c r i t i c a l  k i n e t i c  a n a ly s is  of th e  p o ly c o n d e n sa tio n  r e a c t io n  i t  i s  

n e v e r th e le s s  d e s i r a b le  t o  e s t a b l i s h  th e  r e p r o d u c ib i l i ty  and rough 

k i n e t i c  b e h a v io u r of th e  fo rm a tio n  of PEP. The r e s u l t s  of f o u r  

s e p a ra te  co n d en sa tio n  r u n s ,  namely r e s i n s  A, B-E-, P-K and J -L  a re  

p lo t te d  in  f i g , 2. showing a  s u f f i c i e n t l y  smooth graph of DP v e rsu s  

r e a c t io n  tim e  to  j u s t i f y  th e  c la im  to  re a so n a b le  r e p r o d u c ib i l i ty  of 

-the  r e a c t io n .  T h is r e p r o d u c ib i l i ty  i s  p ro b a b ly  n o t c r i t i c a l l y  

dependent on th e  p u r i ty  o f th e  s t a r t i n g  m a te r ia ls  s in c e  th e  e th y len e  

g ly c o l  and m ale ic  an h y d rid e  used in  c o n d e n sa tio n  ru n  4  (J -L ) were n o t 

p u r i f i e d  by  th e  u su a l p ro ced u re  o f d i s t i l l a t i o n  and r e c r j^ 's t a l l i s a t io n .  

Prom f i g  2. i t  i s  seen  t h a t ,  a f t e r  a  r a p id  i n i t i a l  r e a c t io n ,  th e  DP 

v a r ie s  abou t l i n e a r l y  irith tim e  in  th e  ran g e  3 < DP^ <  6^ f o r  b o th  

end-group and c ry o sco p ic  d e te rm in a tio n s . T h is  l i n e a r i t y  i n ^ l i e s  t h a t  

in  t i l l s  range th e  r e a c t io n  i s  k i n e t i c a l l y  of th e  second o rd e r  s in c e  th e  

DP v a r ie s  in v e r s e ly  a s  th e  c o n c e n tra tio n  of u n re a c te d  f u n c t i o n a l i t i e s .

(s )Ploi^^ has shown th a t  in  th e  p o ly c o n d e n sa tio n  o f  s a tu r a te d  d i -

carb o x j^ lic  a c id s  a t h i r d  o rd e r  r e a c t io n  o c c u rs , in  w hich th e  DP v a r i e s
jL

l i n e a r l y  vmth ( t i m e ) H o w e v e r , in  th e  ab sen ce  of more r e f in e d  

k i n e t i c  m easurem ents of t h i s  sy s tem  i t  i s  n o t p o s s ib le  to  d is c u s s  th e
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c o n d en sa tio n  mechanism more f u l l y ,

The r e p r o d u c ib i l i ty  of th e  co n d en sa tio n  r e a c t io n s  f in d s  

added c o n firm a tio n  from  r e f r a c t iv e  in d ex  and d e n s i ty  m easurem ents.

P i g ,3 shows th a t  f o r  c o n d en sa tio n  ru n  4 (J-'L) th e  s p e c i f i c  volumes v a ry  

sm ooth ly  w ith  The r e f r a c t iv e  in d ic e s  v a ry  l i n e a r l y  w ith  DP̂ ^g

( f i g .  4 ) and in  a d d i t io n  a re  se en  to  be  g r a t i f y in g ly  re p ro d u c ib le  from  

ru n  to  ru n , f o r  though  th e r e  i s  a r e a l  p a r a l l e l  d isp lacem en t i t  may 

be  reg a rd ed  a s  i n s i g n i f  i c a n t ly  sm a ll,

A com parison of m easured DP*s and th o se  in te r p o la te d  from  

f i g s , 2 -4  i s  made in  t a b l e  1 w ith  re s p e c t  to  co n d en sa tio n  run

T ab le  1 .

Com parison of m easured and in te r p o la te d  DP*s.

R esin  ____________________
R ate  cu rve  D e n sity  cu rve  R .I .  curve E nd-group C ryoscop ic

N 3 .5  3 .7  3 .9 8  5 .0 5  3 .2 9

P 5 .0 5  5 .0  5 .65  8 .6 1  5 .0 2

T able  1 shows t h a t  a  mean v a lu e  o f DP^g = 3 .7 3  i s  o b ta in ed  f o r  r e s in  N 

by  in te r p o la t io n  conpared w ith  th e  a c tu a l  m easured v a lu e  of 3*05. The 

h ig h  DP^g v a lu e s  measured f o r  r e s in s  N and P a re  c o n s is te n t  w ith  a 

sh o rta g e  of c a rb o x y lic  end-*groups, p e rh ap s  p a r t l y  caused  by th e  

fo rm a tio n  of r in g  compounds (see  S e c tio n  1 . 6 ) ,

On th e  w hole, th e  ev idence  c o n ta in e d  in  f i g s ,  2 -4  su g g e s ts  

t h a t  over th e  range s tu d ie d  th e  fo rm a tio n  of th e  p o ly e th y le n e  fum ara te  

r e s in s  i s  re a so n a b ly  re p ro d u c ib le  v i t h  th e  r e s in s  e x h ib i t in g  an
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i n t e l l i g i b l e  g ra d a t io n  of p h y s ic a l  p r o p e r t i e s .

1 .5 .  E q u im o la rity  of th e  r e s i n . Under th e  c o n d it io n s  enployed f o r  

th e  p re p a ra t io n  of PEP, w a te r  of co n d en sa tio n  i s  removed from  th e  

sy stem  by d i s t i l l a t i o n  in  a c u rre n t  of i n e r t  CO2 g a s . U n fo r tu n a te ly  

th e  c o n s t i tu e n t s  of th e  r e a c t io n  i r lx tu ie ,  p a r t i c u l a r l y  th e  low er 

b o i l i n g  g ly c o l ,  a re  a l s o  l i a b l e  to  be  l o s t  by d i s t i l l a t i o n *  In  an  

e f f o r t  to  com pensate f o r  t h i s  lo s s  and o b ta in  a  f i n a l  polym er w hich

T ab le  2 .

Mass b a la n ce  of r e s i n  L,

Moles*

M aleic  an h y d rid e  used 3 .2 3

G ly co l used 3 .3 9

D i s t i l l a t e  (46ml. c o l l e c te d  in  320 m in. )

'f a t e r  c a lc u la te d  2*33

. 'a te r  found (u n c o rre c te d  f o r  e v a p o ra tio n  l o s s e s , e t c . )  2 ,05

G ly co l found  0,0643

Acid ( c a lc u la te d  a s  fu m aric  a c id )  0 .0438

Mole r a t i o  r  of g ly c o l u n i t s  in  polym er, = 3 .2 3  -  0 .0438
c a lc u la te d  from  mass b a la n c e . 3 .3 9  0.0b43

= 0 ,958

i s  a s  n e a r ly  a s  p o s s ib le  e q u im o la r, ( i . e .  c o n ta in in g  e x a c t ly  one 

c a rb o x y l and one hydroxy l group p e r  num ber average  m olecu le  a s  in  l ) ,  

a  5/  ̂ m olar excess of e th y le n e  g ly c o l  was used over th e  m ale ic  anhydride  

a s  recommended by C a ro th e rs  and A r v in ^ ^ \  The e f f e c t  o f t h i s  on th e
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m o la r i ty  of th e  p ro d u c t can  he seen  from  a rough mass b a la n c e  from  

c o n d en sa tio n  ru n  4 , r e s in  L,

The a c id  d is s o lv e d  in  th e  d i s t i l l a t e  was assumed t o  be 

fu m aric  (o r  m ale ic ) and was de term ined  by  t i t r a t i n g  an a l iq u o te  p o r t io n  

of th e  d i s t i l l a t e  w ith  N/2 0  c a u s t ic  soda and pheno lph t ha l e  in  in d ic a to r .  

The g ly c o l  was e s t im a te d  from  th e  d e n s i ty  of th e  d i s t i l l a t e  ( l , 038gn/m l) 

on th e  assum ption  th a t  i t  c o n ta in e d  on ly  iv a te r , fu m aric  a c id  and g ly c o l .  

T h is  was done by p re p a r in g  two s o lu t io n s  of 0 ,0438 m oles m aleic  

an h y d rid e  in  46ml of w a te r  and in  46ml. of e th y le n e  g ly c o l .  By 

in te r p o la t in g  betw een th e  d e n s i t i e s  of th e s e  tv/o s o lu t io n s  ( l .  030gn/inl 

and 1 . 1293gn/m l r e s p e c t iv e ly )  i t  v/as c a lc u la te d  t h a t  th e  d i s t i l l a t e  

c o n ta in e d  8 , 4  ̂ g ly c o l ,

F lo ry^^^  has d e riv e d  an e q u a tio n  f o r  th e  e r r o r  E in  

c a lc u la t in g  on th e  assum ption  t h a t  th e  mole r a t i o  a c id /g ly c o l

r  = 1 , f o r  sm a ll d e v ia t io n s  of th e  t r u e  r  f rom u n i ty ,  th u s  :

E - (1 - r) X DPjjg

(4 )

A ccep tin g  th e  r e s u l t  of r  = 0 ,9 5 8 , th e  e r r o r  in  th e  DP^@ 

computed ( t a b le  3) would amount t o  a lm ost 1 5 / f o r  r e s in  L ( i . e .  th e  

h ig h e s t  DP m ade), F o r r e s i n  G, th e  h ig h e s t m o lecu la r w e igh t r e s i n  

used in  t h i s  w ork , th e  DP^g v a lu e  would be o n ly  h igh . F i n a l l y ,  f o r  

r e s in  J ,  th e  low est m o lecu la r w e igh t u sed , (42ml. d i s t i l l a t e  c o l le c te d  

in  93 ra i n . ) ,  th e  e r r o r  in  DP^g would amount t o  under 6/ ,

I t  seems q u e s tio n a b le  w h e th er such a sm a ll c o r r e c t io n  can
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be r e l i a b l y  based  on th e  a n a ly s is  d e s c r ib e d , and th ro u g h o u t t h i s  w ork , 

t r u e  e q u im o la r i ty  ( r  = 1 ) of th e  r e s in  i s  assum ed,

1 , 6 . S id e re a c t io n s  p ro d u c in g  r in g s  and c r o s s l i n k s * Jacobson  and

Stockm ayer have shown by  v i s c o s i ty  m easurem ents th a t  r in g  fo rm a tio n  
(9)

can o ccu r when decam ethylene g ly c o l  condenses v.i.th a s a tu r a te d  

d ic a rb o x y lic  a c id . A gain, th e ’ monomeric r in g  c ap ro lac ta m  can be
J 10)

e x tr a c te d  f r om P e r l  on polyam ide in  p ro p o r t io n s  up t o  1 5 / and in  

a tte m p ts  to  s y n th e s is e  p o ly e th y le n e  is o p h th a la te  th e  c y c l ic  dim er of 

e th y le n e  is o p h th a la te  has been  i s o la t e d )   ̂ M oreover, c ro s s  l in k in g  

and even g e la t io n  a re  known t o  p re se n t d i f f i c u l t i e s  in  condensing  

g ly c o ls  w ith  u n sa tu ra te d  d ic a rb o x y lic  a c id s  in  b o th  an i n d u s t r i a l  and 

la b o ra to ry  s c a le .  In  a  p re lim in a ry  c o n d e n sa tio n  ru n , when th e  

tem p era tu re  of th e  r e a c t io n  m ixture was a llo w ed  t o  r i s e  t o  210- 220^0 , 

th e  m ix tu re  became d a rk  y e llo w  in  c o lo u r  and s e t  t o  a s o l i d  mass in  

45 m in u tes .

The p o s s i b i l i t y  of r in g  fo rm a tio n  and c ro s s  l in k in g  o f th e  

PEP th e r e fo re  canno t be ig n o red . To in v e s t ig a te  th e s e  "bvo p o in ts  

c ry o sc o p ic  and end-group  d eg rees of p o ly m e r is a tio n  (DP^ and a re

compared. F o r th e  p u re ly  l i n e a r  p o ly c o n d e n sa tio n  polym er I ,  

p re p a re d  from  eq u im o la r p ro p o r tio n s  of m ale ic  an h y d rid e  and e th y le n e  

g ly c o l ,  th e s e  two d e g re es  shou ld  c o in c id e . C ro s s lin k s  due to  th e  

r e a c t io n  of double bonds c l e a r ly  r a i s e  th e  DP^ ,̂ w h ile  th e y  do n o t 

a f f e c t  th e  c o n c e n tra t io n  of te rm in a l  c a rb o x y l and hence leave  DP^^ 

u n a ffe c te d . C onversely^  ig n o rin g  mln^ite clianges due to  th e  w eigh t
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yO — 0 .= 0
H2CT

1 I I I
Hÿ) ^ C H

0 -  0 < 0

o f w a te r e lim inated .^  c y c l i s a t i o n  le a d in g  t o  s p e c ie s  such  a s  I I  u se s  

up c a rb o x y ls  and hence r a i s e s  th e  w h ile  th e  czyoscop ic  a v e rag e

nPjj i s  no t a f f e c te d .

T ab le  3 .

Comparison of num ber-averages and th e  w eight f r a c t i o n  of c y c le s .

R esin DPne

A 3 . « 2 ,66 0 ,0 8 4

B 3 ,7 5 2 .9 4 0 .073

C 4 .8 8 3 ,9 0 0 ,0 5 1

D 6 ,0 4 4 .42 0 .0 6 0

E 7 .3 8 6 .8 8 0 .010

P 3 .7 8 2 ,9 0 0 .080

G- 5 .7 3 5 .5 8 0 ,005

H 6 ,6 8 5 .65 0 .027

J 3 ,4 6 2,93 0,053

K 5 .2 5 5 ,0 9 0 .006

L 9 .32 9 .81 - 0 ,005

N 5 .0 5 3 ,29 0 .106

P 8 ,6 1 5 .02 0 ,083

V alu es from  f iv e  co n d en sa tio n  ru n s  a re  a n a ly se d  in  t a b l e  3# I t  i s  

seen  th a t  th e  d iv e rg e n c e s  betw een E^^e n e v e r  s e r io u s ly  exceed
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one u n i t  (w ith  th e  e x c e p tio n  of N and P) and a re  m ostly  q u ite  s n a i l .

I t  i s  most u n l ik e ly  th a t  th e  agreem ent a ch iev e d  a r i s e s  th ro u g h  

c a n c e l la t io n  of la rg e  opposing  d e v ia tio n s  a t t r i b u t a b l e  t o  s im u ltan eo u s 

c y c l i s a t io n  and c ro s s lin lc in g . The i s  g e n e ra l ly  s l i g h t l y  l a r g e r

th a n  DP^^ w hich p o in ts  t o  th e  p o s s ib le  occu rren ce  of some c y c l i s a t i o n .  

Assuming th a t  c ro s s  l in k in g  i s  a b s e n t ,  th a t  th e  on ly  n o n l in e a r  s p e c ie s  

p re s e n t  i s  th e  monomeric r in g  I I ,  and th a t  th e  l i n e a r  s p e c ie s  i s  of 

th e  g e n e ra l  fo rm u la  I ,  th e  w e ig h t f r a c t i o n  c-j of c y c l ic  monomer may 

be c a lc u la te d  f r o m th e  fo llo w in g  scheme.

The a p p ro p r ia te  e q u a tio n s  f o r  c o n fu tin g  th e  number and w eigh t 

f r a c t io n s  XT>j and c.̂  of monomeric r i n g s ,  th e  number and w eigh t 

a v e ra g e s  bPnch ^^wch th e  c h a in s  I  p r e s e n t ,  and f i n a l l y  th e  

DP.  ̂ of a l l  sp e c ie s  (c y c le s  p lu s  c h a in s ) ,  a re  d e riv e d  a s  fo l lo w s .

The w e ig h t and number f r a c t i o n s  a re  r e l a t e d  to  th e  c iy o s c o p ic

ÏÏP^ th u s ,

= TTT/nPu , (5)

The end-group  average  nP^^ i s  r e l a t e d  t o  IïPnch>

°Pne -<=1) (6 )

The c ry o sc o p ic  average i s  compounded from  th e  average  DP^^^ 

of th e  c h a in s  and th a t  of th e  c y c le s  (which i s  m erely  u n i ty )  th u s ,

nPj, = (1 - 7T ) DPnoh + W (7)

Prom e q u a tio n s  (3 , 6 and 7 ) i t  i s  th e n  p o s s ib le  t o  ex p re ss  

^ n o h  fu n c t io n s  o f th e  measured a v e ra g e s :

nPnoh = i  + " l ) / ^ n )  (8 )

c, = __L. -  _JL (9)
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Thus th e  w e igh t f r a c t i o n  of c y c l ic  monomer i s  reduced  t o

a  sim p le  e x p re ss io n  in v o lv in g  th e  m easured c iy o sco p io  and end-group

n P *s, t o  g ive  th e  v a lu e s  ta b u la te d  in  t a b l e  3 . I t  i s  se en  th a t  o-j

n e v e r  exceeds 10^ (e x c e p tin g  N and P) and i t  i s  a ls o  s ig n i f i c a n t  t h a t

i t  te n d s  t o  d ecrease  w ith  in c re a s in g  r e a c t io n  p ro g re s s . T h is runs

(5)d i r e c t l y  c o u n te r  t o  th e  s t a t i s t i c a l  th e o ry  of c y c l i s a t io n  which 

p r e d i c t s  an  in c re a s e  o f c^ w ith  in c re a s in g  r e a c t io n .  A v e ry  s l i g h t  

r a t e  of c r o s s l in k in g  i s  p o s s ib ly  r e s p o n s ib le  f o r  a p ro g re s s iv e  

masking of th e  e f f e c t  of r in g s  on th e  DP, The r e s i n  L o f h ig h e s t 

DP ( f i g , 2 . )  was n o t c o m p le te ly  m isc ib le  w ith  m ethyl m e th a c ry la te , 

p o s s ib ly  in  consequence of some c r o s s l in k s ,

Jacobson  and Stockraayerb s t a t i s t i c a l  th e o ry  le a d s  to  th e  

c o n c lu s io n  th a t  th e  w eigh t f r a c t i o n  of monomeric r in g  p redom inates 

s t r o n g ly  and makes up th e  b u lk  of th e  t o t a l  w e ig h t f r a c t i o n  of 

c y c l ic  m a te r ia l .  The tre a tm e n t above was s im p l i f i e d  by c o n s id e r in g  

on ly  monomer r in g  fo rm a tio n . The assum ption  of a c y c l ic  d im er, 

r e p la c in g  th e  o y c l ic  monomer I I ,  w ould lea d  t o  a  w e ig h t f r a c t io n

C2 = 2 c i .

B ecause of th e  assum ptions and e x p e rim e n ta l e r r o r s  in v o lv e d , 

th e  c a lc u la t io n  d e sc r ib e d  above i s  f a r  from  e x a c t ,  and s e rv e s  on ly  

t o  show th e  sm a ll p a r t  p lay e d  by c y c l ic  s t r u c tu r e s  in  th e  r e s i n .

On th e  w h o le , th e  degree of agreem ent a c h ie v e d  betw een th e  DP^ 

and DPjiq and th e  a n a ly s i s  embodied in  t a b le  3 j u s t i f y  th e  assum ption  

in  t h i s  w ork, th a t  th e  p o ly e th y le n e  fu raa ra te  r e s i n  employed may be 

t r e a te d  a s  a p u re ly  l i n e a r  polym er v d th  a w e i ^ t  average  d e r iv a b le
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f rem  end-group  a n a ly s is  w ith  th e  iq id  of eqn, ( 2 ) ,

1. 7# O ls - t r a n s  is o m é r is a t io n . The is o m é r is a tio n  of m aleic  t o  

fu m a ric  u n s a tu ra t io n  d u rin g  th e  p o ly c o n d e n sa tio n  of m a le ic  anhyd ride  

and e th y le n e  g ly c o l was d e te c te d  on ly  r e c e n t ly  by th e  work of B a tz e r  

and Mohr.

Mr. A, P a jaczkow sk i and Mr. B.M. G r i e v e s o n o f  th e  

R oyal T e c h n ic a l C o lle g e , Glasgow, in v e s t ig a te d  th e  is o m é r is a t io n  of 

th e s e  r e s in s  and showed by i n f r a - r e d  sp e c tro sc o p y  th a t  th e  c o n v ers io n  

of o is  (m a lea te ) to  t r a n s  (fu m ara te ) bonds i s  s u b s t a n t i a l l y  com plete 

b e fo re  th e  number av e rag e  DP has reach ed  th r e e ,  ./h ile  t h i s  

in v e s t ig a t io n  was in  p ro g re s s ,  th e  p a p er by P e u e r and cow orkers 

became a v a i la b le ,  w hich  rea ch e s  th e  same co n c lu s io n  by  p o la ro g ra p h ic  

and o th e r  means.

E x p erim en ta l work by G rieveson^ on th e  com parison of 

r e s in s  p rep a red  from  e th y le n e  g ly c o l  and m ale ic  anhydride  o r fu m aric  

a c id  f u r t h e r  su p p o r ts  th e  assu m p tio n  th a t  th e s e  r e s in s  can be t r e a t e d  

a s  lOCÿ̂  p o ly e th y le n e  fu m a ra te . The s u b je c t  i s  d isc u sse d  f u r t h e r  

i n  S e c tio n  2, 4 . 9.
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SECTION 2.

In v e s t ig a tio n , o f th e  G e la t io n  Mechanism of th e  M ethyl 

} /Ie th a c ry la te /P o ly e th y le n e  Fum arate System .

2 .1 .  In t r o d u c t io n .  The g e l  p o in t  of th e  Î/MA/PEP system  may be 

i n t e r p r e t e d  in  te rm s o f a t h e o r e t i c a l  e q u a tio n  ( e q n .l5  S e c tio n  2 .4 .1 . )  

d e r iv e d  from  th e  c l a s s i c a l  netw ork th e o iy  of g e la t io n ,  assum ing a 

s im p le  c o p o ly m é risa tio n  r e a c t io n  betw een th e  IIMA and PEP, T h is  

e q u a tio n  p r e d ic ts  t h a t  w ith  c ro ss  l in k in g  re a g e n ts  of h ig h  

f u n c t i o n a l i t y  (such  a s  PEP) th e  g e l p o in t  i s  reach ed  a t  low c o n v ers io n  

and th e  g e l  tim e in v e r s e ly  w ith  th e  f u n c t io n a l !  1y cf th e

c ro ss  l in k in g  re a g e n t. A g e n e ra l  k in e t i c  scheme i s  d e r iv e d  from  th e  

c l a s s i c a l  th e o ry  u s in g  th e  c o p o ly m e risa tio n  e q u a tio n , so  t h a t  th e  

g e l tim e i s  equated  d i r e c t l y  w ith  th e  k i n e t i c  p a ram ete rs  f o r  th e  

system . The th e o ry  s u g g e s ts  th a t  th e  g e l  tim e shou ld  be in d ep en d en t 

of th e  n a tu re  and c o n c e n tra t io n  of th e  c a t a l y s t  and shou ld  e x h ib i t  

l i n e a r i t y  w ith  r e c ip r o c a l  fu m ara te  c o n c e n tra t io n  a t  h igh  fu m ara te  

c o n c e n tr a t io n s .  A lso , th e  energy of a c t iv a t io n  of g e la t io n  i s  

p r e d ic te d  t o  be independen t o f b o th  th e  fe e d  r a t i o  and c a t a l y s t  

cone e n t r â t io n .

The g e l tim e and r a t e  of p o ly m e r is a tio n  w ere in v e s t ig a te d  

as  a fu n c t io n  of monomer fe e d  r a t i o ,  th e  m o lecu la r w e igh t of th e  PEP 

co n d en sa tio n  c h a in s ,  c a t a ly s t  c o n c e n tra t io n  and r e a c t io n  t e n p e r a tu r e .  

The p o ly m e ris a tio n  r a t e s  and v i s c o s i ty  were fo llo w ed  by  means of a 

combined v i s e omete r -d i la to m e r  o r  v i s e o d i l a t omete r .
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The e x p e rim e n ta l and t h e o r e t i c a l  r e s u l t s  a re  a l l  in  

s a t i s f a c t o r y  agreem ent. The g e l  tim e  v a r ie s  w ith  monomer fe e d  r a t i o  

a s  p r e d ic te d  ( f i g .  9) th e  cu rves becom ing a s y n p to tic  a t  low fum ara te  

c o n c e n tra t io n s  and th e  asy m p to tic  s lo p e s  l i e  in  th e  c o r r e c t  t h e o r e t i c a l  

r a t i o .  T h is f ig u r e  i s  an a b so lu te  t e s t  f o r  th e  c l a s s i c a l  netw ork 

th e o ry  of g e la t io n .  The p a ram ete rs  used f o r  th e  f i t  o f th e  

t h e o r e t i c a l  curve a re  com parable w ith  d i r e c t l y  m easured v a lu e s  and 

th o se  found in  th e  l i t e r a t u r e .  The th e o ry  i s  f u r t h e r  confirm ed  s in c e  

b o th  th e  g e l  tim e and a c t iv a t io n  energy  a re  independen t of th e  c a t a ly s t  

c o n c e n tra t io n .

The agreem ent betw een th e o ry  and experim en t i s  found  n o t t o  

d i f f e r  s e r io u s ly .  Such d e v ia t io n s  as e x is t  a re  n o t  s u r p r i s in g  

c o n s id e r in g  th e  number of assu m p tio n s in v o lv ed  in  d e r iv in g  th e  k i n e t i c  

schem e. For exam ple, te rm in a t io n  by  ra d ic a lc o m b in a tio n  i s  assumed and 

i f  r a d i c a l  d is p ro p o r t io n a t io n  was used  would d i f f e r  by  a f a c t o r  of 

1#33. A lso  th e  p rim ary  p o ly m e r is a tio n  ch a in  le n g th s  of idvli/PFF 

co-po lym er a re  assumed to  be i d e n t i c a l  w ith  th a t  o f pure  i/i A.

G e n e ra lly ,  th e  a b s o lu te  v e r i f i c a t i o n  of th e  g e l  p o in t  th e o ry  t o  

p o ly a d d it io n s  of h ig h  f u n c t io n a l i ty  canno t be e x p ec ted  t o  a f a c t o r  

much le s s  th an  th r e e ,

2 ,2 ,  E x p e rim e n ta l,

2 .2 ,1 ,  M a te r ia l s .

a . )  P o ly e th y le n e  fu m ara te . The p re p a r a t io n  and c h a r a c t e r i s a t i o n  

of th e  preform ed co n d en sa tio n  po lym er ch a in s has been  f u l l y  d e s c r ib e d  

i n  th e  p re c e d in g  s e c t io n .
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"b. ) Monomeric m ethyl m e th a c iy la te . T h is  was th e  coram eroial b ran d  

of K allodoc l iq u i d  su p p lie d  by I n p e r i a l  C hem ical I n d u s t r i e s  L td . The 

monomer was p u r i f i e d  in  th e  fo llo w in g  manner.

A pproxim ately  one l i t r e  of s o lu t io n  was s u c c e s s iv e ly  washed 

w ith  c a u s t i c  soda s o lu t io n  in  a s e p a ra t in g  fu n n e l u n t i l  t h e  r e j e c te d  

aqueous phase was c o lo u r le s s .  I t  was n ex t washed a t  l e a s t  th r e e  

tim e s  w ith  d i s t i l l e d  w a te r  th e n  d r ie d  by th e  a d d it io n  of anhydrous 

c a lc iu m  c h lo r id e .  F o llow ing  t h i s  th e  s o lu t io n  was d i s t i l l e d  tw ic e  

a t  a p p ro x im a te ly  20mm.Hg. p re s su re  w ith  GO2 gas b e in g  b u b b led  th ro u g h  

th e  s o lu t io n .  The m iddle f r a c t i o n  of d i s t i l l a t e  was r e ta in e d  and 

s to r e d  in  a  s to p p e re d  brown b o t t l e  a t  0^0. T h is p u r i f i c a t i o n  i s  

i n s u f f i c i e n t  t o  f r e e  th e  monomer from  t r a c e s  of c a t a l y s t s  and 

i n h i b i t o r s  b u t more r ig o ro u s  p ro ce d u res  a re  no t j u s t i f i e d ,  because  

th e  PEF component admixed w ith  th e  IdvA, cannot be h ig h ly  p u r i f i e d ,  

c , ) M ethyl e th y l  ke to n e  p e ro x id e  was used th roughou t th e  work a s  

" c a t a l y s t " o r i n i t i a t o r .  T h is was su p p lie d  by B a k e l i te  L t d , , a s  a  

6O/0 s o lu t io n  in  d im e th y l p h th a la te ,  a s  m arketed f o r  th e  h a rd en in g  o f 

com m ercial u n s a tu ra te d  p o ly e s te r  r e s i n s .  The p e ro x id e  c o n c e n tra t io n  

was checked  p e r io d ic a l ly  ^^^^by io d im e tr ic  t i t r a t i o n ,  due a llow ance 

b e in g  made f o r  any sm a ll d e c rea se  in  p e ro x id e  c o n te n t on s to ra g e  when 

d is p e n s in g  th e  c a t a l y s t ,

2 ,2 ,2 .  P re p a ra t io n  of th e  r e a c t io n  s o lu t io n . P o ly e th y le n e  fu m ara te  

(PEF) and m ethyl m e th a c ry la te  (li/SA) were found to  be co m p a tib le  in  a l l  

p ro p o r t io n s .  Monomer fe e d  r a t i o s  R were b ased  on th e  r a t i o  (PEF/MÆA) 

of th e  double  bonds o f each  s p e c ie s ;  e ,g .  a s o lu t io n  of fe e d  r a t i o
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R = i was one in  w hich th e  moles of fum ara te  r e p e a t  u n i t s  and m ethy l 

m e th a c ry la te  was e q u a l ,  a llo w in g  f o r  PEF en d -g ro u p s,

],.«a »tlO s  .  Tt. ( « )  X IB., .  ] «
vrt. (im .) X u ..: . (pep)

A q u a n ti ty  of PEF was w eighed i n  a w eighing  b o t t l e  and th e  c a lc u la te d  

q u a n ti ty  of MiiA added dropw ise from  a Y/eighing b u r e t t e .  I t  was 

n e c e ssa ry  t o  Y.arm th e  m ix tu re  s l i g h t l y  and s t i r  v ;ith  a g la s s  ro d  t o  

d is s o lv e  th e  PEF o o L p le te ly ,

The r e a c t io n  s o lu t io n  ivas p re p a re d  im m ed ia te ly  b e fo re  use 

in  a l l  th e  experim en ts in  t h i s  s e c t io n .

The c a lc u la te d  Vveight o f i/IEK c a ta ly s t  was added dropw ise 

fro m  a m ic ro -p ip e t te  o r w eigh ing  b u r e t te  im m ed ia te ly  b e fo re  th e  s t a r t  

o f th e  ex p erim en t.

2 ,2 .3 .  V is c o d ila to m e te r  m easurem ents of r a t e s  and g e l  t im e s . A 

d e ta i l e d  accoun t of th e  developm ent, m anufacture and use of the v i s c o -  

d i la to m e te r  i s  g iv e n  elsew here   ̂  ̂ b u t th e  use of th e  in s tru m e n t

w i l l  now be sum m arised. In  th e  in s tru m e n t, v i s c o s i ty  i s  m easured in  

term s o f th e  r a t e  o f f lo w  of a column of r e s i n  th ro u g h  a  s in te r e d  g la s s  

p lu g  a c t in g  as a r e s i s t a n c e .

The g la s s  v is c o d ila to m e te r  i s  seen  in  f i g , 5 . ,  t o g e th e r  Y/ith 

th e  b r a s s  s ta n d  which a llo w s th e  a n g u la r  s e t t i n g  o f th e  in s tru m e n t t o  

be v a r ie d .  The in s t ru n e n t  c o n s is t s  of a d i la to m e te r  b u lb ,  u s u a l ly  

of about 2ml, volum e, and two c a p i l l a r y  tu b e s ,  in  one of w hich r e s id e s  

a s in te r e d  g la s s  p lu g . The c a p i l l a r y  used h e re  i s  1,3mm, p r e c is io n
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b o re  tu b in g  abou t 8cm. long  f o r  each  lim b . The p lu g  i s  made n e a r  

th e  end of one lim b by s i n t e r i n g  c ru sh ed  P y rex  g la s s  t i l l  th e  re q u ire d  

p o r o s i ty  i s  a t ta in e d .  . The p lugs used in  t h i s  work had an average  

pore  s iz e  of 90 m ic ro n s, de te rm ined  a s  d e sc r ib e d  by  B r i t i s h  S ta n d a rd  

S p e c i f i c a t io n  1752:1952, The two c a p i l l a r y  lim bs a re  a t ta c h e d  to  th e  

cen tra.1  b u lb ,  c a re  b e in g  ta k e n  th a t  th e  two p ie c e s  of tu b in g  a re  

c o l l i n e a r .  The v i s c o d i l a t  om eter i s  c a l ib r a t e d  f o r  volume by 

m easuring  th e  lengtlos of columns of known w eigh ts o f d i s t i l l e d  w ater 

a t  20^0 and s im i la r ly  f o r  hydrodynam ic r e s i s t a n c e  by  m easuring  th e  

r a t e  of f lo w  of w a te r . I t  i s  f i l l e d  t o  th e  d e s ire d  deg ree  by suck ing  

up th e  l iq u id  s lo w ly  w ith  a ru b b er s y r in g e  a tta c h e d  t o  one arm , 

e n su rin g  th a t  a l l  a i r  b u b b le s  a re  ex c lu d ed  from  th e  p lu g . The ends 

of th e  two tu b e s  a re  jo in e d  by means of g la s s  tu b in g  and ru b b e r 

c o n n e c tio n s  as sho^wn. The v is e  o d i la t  om eter i s  clamped to  th e  b ra s s  

d is c  of th e  s ta n d  on to p  o f a c a l ib r a t e d  g la s s  s c a le  eng raved  in  l/3mm. 

The l iq u i d  volume a t  any tim e t  i s  deduced from  th e  p o s i t io n s  on th e  

s c a le ,  re a d  w ith  a m agnify ing  g la s s ,  of th e  m en isc i in  each  c a p i l l a r y .  

I f  th e  b r a s s  d is c  i s  s e t  so  th a t  th e  c a p i l l a r i e s  make an  a n g le  c /

(e .g . 3 -  20°) w ith  th e  h o r iz o n ta l ,  g r a v i ty  f lo w  cau ses  movement of 

b o th  m en isc i and th e  s in t e r e d  g la s s  p lu g  a c t s  as a  hydrodynam ic 

r e s i s t a n c e .  A c o n s id e ra b le  range of v i s c o s i t i e s  can o b v io u s ly  be 

covered  in  one v is e  o d i l a t  om eter by a d ju s t in g  th e  a n g u la r  s e t t i n g ,

2 .2 .4 .  Use of th e  v i s c o d i l a t  om eter. The use of th e  v i s e  o d i la t  om eter 

in  fo llo w in g  th e  cou rse  of th e  p o ly m e r is a tio n  of IViM /̂PEP i s  seen  in  

f i g . 6 f o r  th e  case  of r e s i n  G, R = 0 .3 ,  2,09/o c a t a l y s t  a t  62°0 ,
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Fi;;.7 , Serly and la ta  part o f ruo at lew R, (re s io  G, R a 0,2 ,  Taap a 62 ,0"̂  c).
Evon at t>ds Iiigh c r i t ic a l  corr/craicn, = C.103, t^ = 53 ^ o )  tha gai polot i s
o iaar ly  deflocd.
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Readings in  a r b i t r a r y  u n i ts  of th e  p o s i t io n s  of th e  two m en isc i on th e  

s c a le  a re  p lo t te d  a g a in s t  tim e . The to p  curve re p re s e n ts  th e  flow  

r a t e  of th e  m eniscus in  th e  p lu g  c a p i l l a r y  which i s  alm ost independent 

of sh rin k ag e  and whose r e c ip r o c a l  s lope  i s  p ro p o r t io n a l  t o  th e  v is c o s i ty  

of the  r e s in .  The m iddle curve re p re s e n ts  th e  f lo r ;  curve of th e  

m eniscus in  th e  p lu g le ss  end , whose movement in c lu d e s  alm ost a l l  th e  

volume sh rin k a g e . The sh rin k ag e  p lo t  i s  ob ta in ed  as th e  d if fe re n c e  

between th e  two curves a s  shoi'm by th e  bo ttom  p lo t  in  F i g ,6. The 

d if fe re n c e  p lo ts  in  a l l  th e  experim ents c a r r ie d  out a re  alw ays l in e a r  

up to  the  tim e  t^  of g e la t io n  and a re  a l i n e a r  measure of th e  degree 

of p o ly m e risa tio n .

R e fe rr in g  to  f i g , 6 i t  i s  seen  th a t  th e  f i r s t  few p o in ts  on 

th e  d if fe re n c e  p lo t  f a l l  in  the  in d u c tio n  p e r io d . T h is  in d u c tio n  

p e r io d , unavo idab le  because of th e  r e l a t i v e l y  in ju r e  PEF and p resence  

of a i r ,  i s  an advantage in  th a t  i t  a llo w s th e  e s ta b lish m e n t of th e rm al 

e q u il ib r iu m  b e fo re  p o ly m e risa tio n  b e g in s . In  th e  in d u c tio n  p e rio d  

th e  r a t e  i s  zero  and th e  v i s c o s i ty  i s  c o n s ta n t , as a t t e s t e d  by th e  

constancy  of th e  s lo p e s  of bo th  f  lo/7 cu rv es . The g e l  tim e t ^  i s  

de term ined  from  th e  end of th e  in d u c tio n  p e r io d , i . e , ,  th e  k ink  in  

th e  d if fe re n c e  p l o t ,  t o  th e  a tta in m e n t of a h o r iz o n ta l  p o s i t io n  of th e  

to p  f lo w  cu rv e , i  e. when th e  r e s in  g e ls  and th e  v i s c o s i ty  cf th e  

r e s in  reaches i n f i n i t y  T his p o in t ,  where floT/ c e a s e s ,  can be lo c a te d  

w ith  s u f f i c i e n t  accu racy  and i s  th u s  a convenient method of f in d in g  

th e  g e l  p o in t ,

The sh a rp  k ink  in  th e  to p  and m iddle cu rves o f f i g , 6
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r e p r e s e n ts  th e  p o in t  where th e  f lo w  i s  re v e rs e d  by  tu r n in g  th e  d is c  

fro m  fo c to  -oc, b ecau se  th e  p lu g  m eniscus app roaches th e  p lu g . I f  

th e  r e s in  ta k e s  a lo n g  tim e to  g e l ,  t h i s  r e v e r s a l  can  be re p e a te d , 

ru n n in g  th e  r e s in  back  and f o r t h  r e p e a te d ly .

The g e l  p o in t can be de term ined  q u ite  a c c u ra te iy  even a t  

h ig h  c o n v e rs io n , i . e , ,  when th e  m ixture i s  slow  t o  g e l  and th e  v i s c o s i ty  

in c re a s e s  r e l a t i v e l y  s lo w ly . T h is  can be seen  in  f i g , 7 where a 

s o lu t io n  of R = 0 ,2  g e l le d  in  53 m in. a t  0 ,108  c o n v e rs io n . Here th e  

i n i t i a l  v i s c o s i ty  was so loi. th a t  th e  d i r e c t io n  of f lo .\  had to  be 

re v e rs e d  s e v e ra l  t im e s .

The v i s c o d i l a t  om eter can be c le an e d  w ith  a lc o h o l ic  p o ta sh  

and fum ing n i t r i c  a c id  and used  r e p e a te d ly ,  i f  i t  i s  removed from  th e  

th e rm o s ta t im m edia te ly  a f t e r  g e la t io n  ( c f , d e g ra d a tio n  of g e l  under 

f lo w , Gordon and Grieveson^**^^ ) b e fo re  th e  j e l l y - l i k e  r e s i n  lias 

a chance to  s e t  h a rd , e . g . ,  Vi sc o d i la t  om eter IX was used f o r  runs 

D2 -  8 and -  26 , and v is e  o d i la t  om eter X f o r  runs G2 -  22*.' and

F2 "  I L

The v is c o d ila to m e te r  was used to  in v e s t ig a te  th e  e f f e c t  

c f m o le cu la r  w e ig h t, f e e d  r a t i o ,  te m p e ra tu re  and c a t a l y s t  c o n c e n tra tio n  

on th e  g e l  tim e and r a t e  of IvSvf\/PEF a s  i l l u s t r a t e d  in  f i g , 9 -  13#

2 .2 .5 .  M o lecu lar w e ip h t of P o lym ethy l M e th a c ry la te , The number 

av e rag e  m o lecu la r w e igh t o f pu re  po lym ethy l m e th a c ry la te  was 

d e te rm ined  v is o o m e tr ic a l ly ,  A sm a ll sam ple (2m l, ) of m e th a c ry la te  

monomer, p u r i f i e d  in  th e  u su a l way ivas po lym erised  in  s e a le d  P yrex  

tu b e s  w ith  2,1 M,E,K. a t  62^0, i d e n t i c a l  c o n d it io n s  to  th o se  used in
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F ig u re  8 .  E x tra p o la tio n  to  ze ro  c o n c e n tra tio n  o f^ /» /C ,
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th e  g e la t io n  e x p e rim en ts . The sam ples were po lym erised  up to  about 

20;o c o n v ers io n  th e n  d is s o lv e d  in  a c e to n e , when th e  po lym ethyl 

m e th a c ry la te  yras p r e c ip i t a t e d  m t h  m ethanol. The polym er o b ta in ed  

was th o ro u g h ly  washed b e fo re  b e in g  d r ie d  in  a vacuum oven a t  40*^0 f o r  

12 h o u rs .

The p u r i f i e d  w h ite  po/Tdez^^ polymer was d is s o lv e d  in  

ch lo ro fo rm  t o  g iv e  an  a p p ro x im ate ly  1/6 s o lu t io n . T h is was f i l t e r e d  

th ro u g h  a Buchner f i l t e r  and th e  s t r e n g th  of th e  s o lu t io n  de te rm ined  

a c c u ra te ly  g r a v im e t r ic a l ly .

The s p e c i f i c  v i s c o s i ty  of th e  s o lu t io n  was de te rm ined  in  an 

Os'twald v isc o m e te r  ( h o . l )  in  th e  u su a l way, d i lu t i n g  th e  o r i g in a l  

ch lo ro fo rm  s o lu t io n  by  h a l f  f o r  su c c e ss iv e  d e te rm in a tio n s , A ty p ic a l  

e x tr a p o la t io n  t o  i n f i n i t e  d i l u t i o n  i s  e x e m p lif ie d  in  f i g , 8, The 

in te r c e p t  g iv e s  th e  i n t r i n s i c  v i s c o s i ty  e q u a l to  1 ,15 and , s u b s t i t u t in g
'  A

in  b a y s a l  and Tobolsky*s e q u a tio n  f o r  i n t r i n s i c  v is c o s i ty ^  ^

= 2.52 X 10“  ̂  ̂ (11)

g iv e s  th e  number average  c h a in  le n g th  DP^p in  t h i s  case  t o  be 2 ,1 1 0 ,

2. 3,., R esul t s ,

The d e t a i l s  of a l l  v i s c o d i l a t  om eter runs a re  g iv e n  in  ta b le s  

( 22 & 23 ) in  th e  Appendix. These r e s u l t s  f a l l  i n to  tw o

c a te g o r ie s ;  ru n s in  w hich b o th  th e  g e l  tim e and p o ly m e r is a tio n  r a t e  

were exam ined, and ru n s  f o r  which the  r a t e  of c o n tra c t io n  o n ly  was 

examined s p e c i f i c a l l y  f o r  A rrh en iu s  p lo t s .  The runs a re  ta b u la te d  

in  c h ro n o lo g ic a l  o rd e r .
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The e f f e c t  of DPj  ̂ and monomer fe e d  r a t i o  i s  i l l u s t r a t e d  in  

f ig u r e  9. A rrh en iu s  ty p e  p lo t s  of g e l tim es ( f i g , 11 ) g ive a c t iv a t io n  

e n e rg ie s  f o r  r e s in s  P and N of 13 ,8  K c a l s ,  and 14 .7  c a l s ,  

r e s p e c t iv e ly .  The a c t iv a t io n  energy  of th e  d i la to m e tr ic  r a t e  f o r  

pure m e th a c ry la te  ( f ig ,  12) i s  15 ,6  K. c a l s . ,  compared w ith  t h a t  

( f i g ,  13) o f 16 ,3  K. c a l s ,  f o r  r e s in  P and 1 6 ,7  c a l s ,  f o r  r e s i n  N, 

The in f lu e n c e  of fe e d  r a t i o  on th e  p o ly m e r is a tio n  r a t e  i s  

shovm in  ta b le  4.

T able  4.

In f lu e n c e  of f e e d  r a t i o 'o n  p o ly m e ris a tio n  r a t e  
X 10^ (mole 1 . ” sec  ) a t  62^0 , and 2/a IIEK,

Run Feed r a t i o  R Mean r a te  
( r e s in  P)

Mean r a te  
( r e s in  O)

M .4,10 0 ,0 3 .63 3 .63

G,20 0 .15 - 3.11

S'. 8 ,G. 16 0 ,2 3 .8 5 3 .0 5

P . 26 0 .25 3 .9 4

P .6 ,2 0 ,4 6 ;G .li |- 0 .33 3 ,86 3 .2 2

F .1 2 0 ,4 3 .82 -

P .4 ,1 4 ,1 6 ;G .1 0 ,1 2 0 ,5 3 .9 0 2 .8 4

G .8 ,2 4 0 ,67 - 2 .76

P .1 0 ,G .6 0 .8 3 .86 2 .48

P .2 ,1 3 ;G .4 ,2 2 1 .0 3 .8 8  ' 3 .06

G.2 1.25 - 4 .0

P. 22 2 ,0 6 ,2 1 •-#
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2 .3 ,1 .  M o la rity  o f th e  r e a c t io n  s o lu t io n  and c o n v e rs io n  a t  lOOv̂  
P o ly m e r is a t io n .

In  o rd e r  to  p re s e n t  th e  r e s u l t s  in  a b so lu te  u n i t s  i t  i s

n ecessa rj/ to  knav th e  c o n tr a c t io n  which ta k e s  p lace  in  th e  com plete

co n v ers io n  of monomer t o  polym er and a l s o  th e  m o la r ity  of th e  r e a c t io n

s o lu t io n  a t  any g iven  tim e .

a . )  F o r by i t s e l f  th e  f r a c t i o n a l  volume sh rin k ag e  f o r  100 ô 

polym er i s  a t  io n  has been in v e s t ig a te d  by s e v e r a l  w orkers. T h ro u ^ o u t  

t h i s  work i t  i s  assumed t h a t  th e  v a lu e  f o r  p u re  Miik i s  l i t t l e  a f f e c te d  

by th e  p resen ce  of PEF. The v a lu e s  of th e  f r a c t i o n a l  volume sh rin k ag e  

a re  th o se  p u b lish e d  by M e lv il le   ̂ and cow orkers .

Temp. %  yj shrinlcage a t  f u l l  c c n v e rs im ,

6o 24.68

25 23 .06

0 21.88

w hich a re  in  c lo s e  agreem ent wLth v a lu e s  from  o th e r  so u rces quoted  

by R o b e r t s o n ' ' D r a y / i n g  a s t r a i g h t  l in e  th ro u g h  M e lv i l l e ’ s 

v a lu e s  e n a b le s , w ith  l i t t l e  e r r o r ,  th e  f r a c t i o n a l  volume sh r in k a g e  a t  

any tem p era tu re  in  th e  range (20 -  8o)'^0 to  be o b ta in e d  from  th e  

r e l a t i o n :

/a S iirinkage = 21 ,83  + 0.047^ ( l2 )

where T i s  th e  te m p e ra tu re  °C.
( 19)

b , ) The e x p re s s io n  f o r  th e  d e n s i ty  of llvA a t  T ^0 has been  d e riv e d  ,

d e n s ity  = 0 .9 6 5 4  -  0, OOIO9T (13)
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Hence th e  c o e f f i c i e n t  of expansion  of MivA i s  0 ,00124  (ex p e rim e n ta l

v a lu e  0 . 00123, M,22, 24) ,  so th n t  th e  m o la r ity  of Milk i s  9.36 mole 1. ^

a t  27°0 and 6 ,98  mole l7^ a t  62°0 .

S im i la r ly  th e  c o e f f i c i e n t  of expansion  of r e s in  K can  be

e s tim a te d  a s  0 .00053 by l in e a r  in te r p o la t io n  s in c e  t h a t  f o r  a s o lu t io n

of R = 1.75 i s  0 .0008  (it. 72) . Thus i t  fo llo v /s  t h a t  th e  m o la r ity  of

r e s i n  I: changes from  9 .18  mole l7^ a t  27^0 to  9 .0  mole 1”  ̂ a t  62^0,

S ince  th e  m o la rit.y  of a l l  th e  r e s i n s  l i e s  in  range  (9 .15  -  9 .3 3 )

“1mole l i t r e  and th e  c o e f f i c i e n t s  of expansion  a re  e s tim a te d  t o  be 

s im i la r  (O.OOO5 -  O.OOOS) th e  m o la r i ty  of th e  r e a c t io n  s o lu t io n  w i l l  

n e v e r  s e r io u s ly  d iv e rg e  from  9 mole 1.  ̂ r e g a rd le s s  o f th e  r e s i n  u sed , 

th e  f e e d  r a t i o ,  te m p e ra tu re  o r , f o r  th e  Iœs c o n v e rs io n s  s tu d ie d ,  th e  

e x te n t  of p o ly m e r is a tio n ,

2 .3 .2 .  Sample c a lc u la t io n  f o r  a v is e  o d i l a t  om eter ru n .

The r e s u l t s  f o r  a t y p i c a l  ru n  (G-.12, f i g , 6) f o r  R = 0 .5 ,

Î/IEK c a t a ly s t  and 62*0 a re  o b ta in ed  as  fo llo w s :

T o ta l  g e l  tim e  = 33 m in.

In d u c tio n  tim e = 4 min.

A c tu a l g e l  tim e  = 29 min.

I n i t i a l  volurae in  v i s c o d i l a t  om eter (4  m in s .)  ~ 1 . 835imL.

F in a l  '' " " (33m ins. ) = 1 , 810ml.

S h rin k a  ge = 0 , 248ml,

■j sh rin k ag e  = 1.36/6
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S in c e  (egn, 1 1 ), 2 4 .7%o c o n tr a c t io n  i s  e q u iv a le n t  to  lOC^

co n v ers io n  a t  62 , 0^0

C onversion  a t  g e l  p o in t (33 mins ) = .1  J .? = 0 ,055
24 .75

. . R ate = 0 ,055 x /̂[zS x  6o) " 0,000283 mole l , “ ^ s e c .“'*̂

2 ,3 ,3 .  R e p ro d u c ib il i ty  of g e l  t i mes and r a t e s . The r e p r o d u c ib i l i ty  

of th e  e x p erim en ta l r e s u l t s  o b ta in ed  w ith  th e  v i s c o d i l a t  om eter i s  

i l l u s t r a t e d  in  ta b le  5 .

T able 5 .

R e p ro d u c ib il i ty  of g e l  t im e s  and. r a t e s .
(R esins P and 0; 6 2 .0 ^ 0 , 2/6 MEK, )

R esin  P R e s in  G-

Run Feed In d u c tio n  t c  r a t e ,  In d . t o  r a te .
r a t i o  R p e r io d  (m ins) x 10 p e rio d  (m ins) x 10"  ̂
(= F /k ) (m in s .)  mol^ (m ins) mol^

-1 -1sec  sec  '

F .6 0 .33 5 67 3 .5 6 - -
F .2 0 0.33 5 67 3 .9 2 — — —

9 .4 0 .5 5 43 3 .3 9 — —

F . 1 4 ,0 .1 0 0 .5 5 53 4 .0 2 3 1 .5 2 .7 1
F , 1 6 ,0 .1 2 0 .5 5 60 4 .3 0 2 2 9 .0 2.83

0 .8 0 .67 2 28 .25 2.62
0 .2 4 0 .67 - - 4 3 0 .5 2 .8?

F .2 ,0 .4 1 .0 2 18.5 3 .7 4 4 16 ,5 3 .2 1
F . 1 8 ,0 .2 2 1 .0 2 17.5 4 .0 1 2 1 5 .0 2.93

By f in d in g th e mean r a te and g e l tim e f o r e ac h  r e s in  and

e x p re s s in g  th e  d i f f e r e n c e  from  th e  mean f o r  each ru n  a s  a p e rcen tag e^  

th e  s ta n d a rd  d e v ia tio n s  a re  e v a lu a te d  a s  fo llo w s ;
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R esin  F , 8,2J^ and 4 .1 ^  f o r  g e l  tim e and r a t e  r e s p e c t iv e ly ,

R esin  G, 4 .1 ^  and 4.2/^ f o r  g e l  tim e and r a t e  r e s p e c t iv e ly .

The th re e  ru n s a t  R = 0 ,5  f o r  r e s in  F r e p re s e n t  th e  p o o re s t agreem ent 

ev er o b ta in e d . T his i s  t o  some e x te n t e x p la in e d  by  th e  f a c t  t h a t  

th e s e  th re e  ru n s  were :rade w ith  d i f f e r e n t  m e th a c ry la te  s o lu t io n s  

namely; iilA. s o lu t io n  d i s t i l l e d  d i r e c t l y  (24  h r s ,  ) b e fo re  th e  ru n ,  th e  

same IvlvA used two weeks l a t e r ,  and MvLA. p u r i f i e d  a s  d e sc r ib e d  in  

S e c tio n  2 ,2 .1 ,  ( th e  norm al H A  s o lu t io n  u se d ) , G e n e ra lly , i t  may 

be c la iræ d  t h a t  th e  r a t e s  and g e l  tim es d e te rm in ed  by t h i s  te c h n iq u e  

a re  re p ro d u c ib le  to  + 3%.

o / 2
2 .3 .4^ Ca lc u l a t i o n  of k f /k  y f rom m o lecu la r w e ig h t. The r a t i o  k -f/kp  

f o r  pure m e th a c ry la te  may be c a lc u la te d  from  th e  f a m i l i a r  e q u a tio n .

R ate X DP^ = k ^  ivi^/k-t • ( l4 )

T hree d e te rm in a tio n s  of DP^ (d e s c r ib e d  in  e x p e rim e n ta l 

s e c t io n )  a re  l i s t e d  i n  t a b l e  6 to g e th e r  w ith  th re e  r a t e  d e te rm in a tio n s  

from  d i f f e r e n t  m e th ac ry la te  ru n s .

T able 6.

R ate and v a lu e s  f o r  kiMA,

DP^ R ate . . Runn _ - -1 “ 1moles 1. sec

3085 0 ,000330 M .4

2110 0.000360 M.IO

2440 0 .000289 M.I3
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These th r e e  r e s u l t s  g ive a mean DPj  ̂ of 2543 and a  mean r a t e  of 

0,000326 mole l . " ^ s e o " ^ ,  and M = 9 mole 1 ," ^ .

Hence, from  eqn, ( I 4 ) th e  v a lu e  of k t/k ^ p  i s  found  to  he 

98 mole s e c . l ,   ̂ in  s a t i s f a c to r y  agreem ent w ith  th e  v a lu e  of 67 

mole s e c , l   ̂c a lc u la b le  a t  62^0 from  d a ta  by  I A t he son and coworkers^*^ , 

and o th e r  s im i la r  v a lu e s  in  th e  l i t e r a t u r e .

2 ,4 .  D isc u ss io n .

2 ,4 ,1 .  A p p lic a tio n  of c l a s s i c a l  g e la t io n  th e o ry . Assuming a sim ple  

c o p o ly m e risa tio n  r e a c t io n  betw een m ethyl iT iethacrylate  and p o ly e th y le n e  

fu m a ra te , m easurem ents of th e  g e l  p o in t of th e  system  may be i n t e r ­

p re te d  in  te rm s of th e  t h e o r e t i c a l  e q u a tio n :

0 = i y i  ( n p ^  -  -  1 ) ( 15)

w hereo^c i s  th e  c r i t i c a l  f r a c t i o n a l  co n v ers io n  of PEF u n s a tu ra t io n  a t  

th e  g e l  p o in t ,  DP̂ ^p i s  th e  w eig h t average  le n g th  of th e  r a d i c a l  

p o ly m e ris a tio n  c h a in s ,  t h a t  of th e  o r ig in a l  PEF p o ly co n d e n sa tio n

c h a in s ,  andyOis th e  f r a c t i o n  of th e  po ly m erised  u n s a tu ra t io n  w hich i s  

fuma^rate a s  d i s t i n c t  from  m e th a c ry la te . T h is e q u a tio n  fo llo w s from

( 1) ' (2 )th e  g e la t io n  th e o ry  of F lo ry  and S to ck n ay er and i t  d e g en e ra te s  

to  known s p e c ia l  c a s e s .  In  p a r t i c u l a r ,  i f  PPyrc = 2 , th e  e q u a tio n  

a p p ro p r ia te ly  re d u c e s  to  th a t ( ^ ^ v a l id  f o r  co p o ly m eris in g  Milk w ith  a 

doub ly  u n sa tu ra te d  monomer such a s  e th y le n e  d im e th a c ry la te  ; i f ^  = 1 

and DPt̂ tp = 2 , th e  e q u a tio n  d e g e n e ra te s  to  t h a t  f o r  th e  v u lc a n is a t io n  

of PEF c h a in s .

Of th e  fo u r  v a r ia b le s  in  e q u a tio n  ( l 5 ) ,o n ly  th e  w eig h t
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av erag e  c h a in  le n g th  of th e  PEF c o n d en sa tio n  c h a in s  i s  r e a d i ly

a c c e s s ib le ,  v ia  th e  number average  PPnc from  end group t i t r a t i o n  

( s e c t io n  l )  9 and DP̂ p̂  a re  d i f f i c u l t  t o  m easure, b u t a d d i t io n a l

r e l a t i o n s  can be o b ta in ed  betw een th e  f o u r  v a r ia b le s  from  th e  k in e t i c s  

of c o p o ly m e risa tio n . At th e  p r ic e  of making a d d i t io n a l  a ssu m p tio n s , 

i t  i s  p o s s ib le  to  in te g r a te  th e  g e l  p o in t th e o ry  in to  a g e n e ra l  k i n e t i c  

fram ework.

The key to  e q u a tio n  ( I 3 ) w hich  in v o lv e s  d i ] u t io n  of a 

p o ly fn n c t io n a l  re a g e n t (PEP) by means of a d i f u n c t io n a l  one (Iv1/LA), 

l i e s  in  th e  sim ple  r o le  p layed  by th e  d i lu t io n  p a ra m e te r  [/^ , t o  w hich 

th e  c r i t i c a l  c o n v e rs io n  oc^is seen  to  be p r o p o r t io n a l .  ,.'ith

c ro s s  l in k in g  re a g e n ts  of h ig h  f u n c t i o n a l i t y ,  th e  g e l  p o in t i s  rea ch e d  

a t  lo jo c ^ ,  even when th e  v a lu e  o f / / p i s  q u ite  la r g e .  Under such 

c o n d it io n s  of g e l l in g  a t  low c o n v e rs io n  th e  p r o p o r t io n a l i ty  of to f/p 

can be ex tended  t o  many r e l a te d  v a r i a b le s .  Thus a t  lov; c o n v ers io n  

a l l  i n t e r e s t i n g  m easures of r e a c t io n  p ro g re s s ,  in  w h a tev e r u n i ts  rray be 

c h o sen , m i l  rem ain  p ro p o r t io n a l  tocx 'c . The c r i t i c a l  f r a c t io n  3c 

of a l l  double bonds (fum arate  and m e th a c ry la te )  p o ly m e rised , o r  even 

th e  c r i t i c a l  g e l l in g  tim e t c ,  become u s e fu l  i n d i r e c t  m easures cf 

A ga in , th e  f r a c t i o n  yO of po ly m erised  bonds w hich a re  fu m ara te s  rem ains 

p ro p o r t io n a l  to  th e  c o n c e n tra tio n  Eq fum ara te  doub le  bonds in  th e  

i n i t i a l  monomer m ix tu re , when bothy» and Pq s m a ll .  There i s ,  

t h e r e f o r e ,  a g e n e ra l e x p e c ta tio n  f o r  any system  of th e  ty p e  

c o n tem p la ted , t o  e x h ib i t  l i n e a r i t y  betw een c r i t i c a l  co n v ers io n  

p a ram ete rs  and V F q h ig h  v a lu e s .
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2 .4 .2 .  C o p o ly m érisa tio n  e q u a tio n  and k i n e t i c  scheme. The c o n c e n tra t io n  

of fu raa ra te  u n s a tu r a t io n  rem ain ing  u n re a c te d  i s  den o ted  by  P (m o le /l .  ) ,  

t h a t  of m e th a c ry la te  u n s a tu ra t io n  by M (m ole/l. ) ,  and t h e i r  r a t i o  by

R = F/M ( l6 )

As seen  in  s e c t io n  2 ,3 ,1 .  th e  t o t a l  c o n c e n tra t io n  of u n s a tu ra t io n  in  

th e  i n i t i a l  monomer m ix tu re  i s  g iv en  t o  an e x c e l le n t  ap p ro x im atio n  by

F .  + Mg = 9 (17)

wliich w i l l  be used  to  s im p lify  th e  e q u a tio n s . M oreover, where 

a p p r o p r ia te . F,}£,R. d P /d t ,  d i . /d t ,  andyO a re  t r e a t e d  a s  c o n s ta n ts  e q u a l

t o  t h e i r  i n i t i a l  v a lu e s  F ^ , e tc .  , and th e  s te a d y  s t a t e  f r e e  r a d i c a l  

c o n c e n tra t io n s  F<: and a re  a l s o  assumed t o  be c o n s ta n t .  T h is i s  

th e  u su a l p r a c t i c e ,  p e rm is s ib le  because  th e  g e l l i n g  ex p erim en ts  a re  

co n fin ed  to  changes in  M 20/o w h ile  th o se  in  F a re  much s m a lle r  The

f r a c t i o n a l  c o n v e rs io n  B of th e  o v e r a l l  u n s a tu r a t io n  i s  g iv en  by:

^  = 1 -  ((P  + M )/(Pg + l^o)) (18)

The co n stan cy  of was checked d i la to f f le t r ic a l ly  in  ev ery  ru n  by

th e  co n stan cy  o f th e  r a t e  of s h r in k a g e . Thus th e  t y p i c a l  r a t e  p lo t

in  f i g . 6 i s  seen  t o  be l in e a r  up t o  th e  g e l p o in t ,  and

g o  = (àB/àt) t o .  (19)

From th e  d e f i n i t i o n s  a lr e a d y  g iv e n , i t  fo llo w s  t h a t

yO = (Po -  P ) /(P o  -  F + Mo -  M) (20)
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The c o p o ly m é risa tio n  e q u a tio n

a i/a îl = p  / ( 1  -f>)  = R(fttï. + l)/(ïTÆ + H) (21)

in tro d u c e s  th e  u s u a l  monomer r e a c t i v i t y  r a t i o s  f o r  fum ara te  and r^^ 

f o r  m e th a c ry la te  r a d i c a l s .  They a re  d e fin e d  in  te rm s of p ro ro g a t io n  

r a t e  c o n s ta n ts ,  th u s ;

ÏJ1 = , and = M 'n /  (22)

i n  an obvious n o ta t io n .  Thus d en o te s  th e  r a t e  c o n s ta n t f o r  a t t a c k

of an F* on an M, e t c .  In  p a r t i c u l a r ,  use i s  made of th e  f a c t  t h a t  

i d e n t i c a l  w ith  th e  p ro p a g a tio n  c o n s ta n t f o r  pu re  Mik, deno ted

sim ply  by kp. S o lv in g  e q n .(2 l )  y i e ld s :

p = R(Rrp + l)/(r[,/7 + R(Rrp + 2 ) )  (23)

The f r a c t i o n  S of th e  t o t a l ,  and th e  f r a c t io n c k  of fu m a ra te , 

u n s a tu ra t io n  r e a c te d  a re  r e l a te d  th u s :

(3 = B/fC> (R + 1 ) (24)

The c r i t i c a l  v a lu e  o f th e  fo rm er i s  found from  e q u a tio n s  ( I 5 ) , ( l 6 ) , (17)

and (23) ,  by s u b s t i t u t io n  in  ( 2 4 ):

2

B

T his e x h ib i t s  th e  l i n e a r i t y  of 4;^ ";rith l / p  p r e d ic te d  above f o r  lo/sr 

v a lu e s  of F , w here in  f a c t  IL—'9 (eqn . 17) and R ' 0 ( e q n .l6 ) .  F u r th e r

tra n s fo rm a tio n s  of (25) concern  th e  w e i ^ t  a v e rag e  c h a in  le n g th
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csf th e  p o ly m e r is a tio n  c h a in s . As th e  number average  o lia i n  le n g th  

DP^p i s  more r e a d i ly  e x p re s s ib le  in  term s of th e  k i n e t i c  schem e, i t  

i s  c o n v en ien t t o  use th e  s u b s t i t u t i o n ,

-  1) = l - 5 I ^ n p  ( 26)

w hich i s  c o r r e c t  f o r  te rm in a t io n  by r a d i c a l  co m b in a tio n , and w i l l  

r a r e ly  be f a r  from  th e  t r u t h  in  r e a c t io n s  of th e  ty p e  under d is c u s s io n , 

% i l e  i t  i s  n o t p o s s ib le  to  o b ta in  d i r e c t l y  an e x p re ss io n  f o r  DP^p 

w hich i s  f r e e  from  th e  unknown r a d ic a l  c o n c e n trâ t  ions o r  o r 

from  the- i n i t i a t i o n  r a t e ,  th e  p roduct of DP^p and th e  r e a c t io n  r a t e  

can be o b ta in e d . T h is  su g g e s ts  a  t r a n s fo rm a tio n  from  S ^ t o  t ^  w ith  

th e  a id  of e q n ,( l9 )

Thus i t  i s  assujned t h a t  th e  f o u r  p ro p a g a tio n  s te p s  w ith  r a t e  

c o n s ta n ts  make up th e  t o t a l  p ro p a g a tio n

r a t e ,  w h ile  th r e e  te rm in a t io n  s te p s  to g e th e r  exhaust th e  p o s s i b i l i t i e s  

of c h a in  te rm in a t io n . These in v o lv e  th e  b in a ry  r a d i c a l  c o l l i s i o n s  of 

th e  ty p e  + P * , and w ith  r e s p e c t iv e  r a t e  c o n s ta n ts

k ^ , and kÿ . The p ro d u c t of r a t e  and DP^p can th e n  be w r i t t e n

( a e /a t ) D P ^ p  = ( 27)
9(ktW “2 + + kÇP*2)

The factor 1/9  is proviaea hy eqn. (l?). From ( 27) the unfcnoum

r a d i c a l  c o n c e n tr a t io n s  and can be e l im in a te d  to g e th e r ,  because  

th e y  o ccu r hom ogeneously, by  means of th e  custom ary  s t a t i o n a r y  s t a t e  

assum ption

W  = (28)



S u b s t i tu t in g  f o r  ( d S / ^ t )  from  ( I 9) and f o r  (J q from  (25) ,  

th e  f i n a l  g e n e ra l fo rm  of th e  g e l p o in t  c o n d itio n  i s  o b ta in e d  a s

1 M o

-̂"¥l (2 5 )
t c  = — - ----------------   X------

1.5 (Rrp + 1)2(DPw3- 1 ) P

T h is  fo rm  in v o lv e s  d i r e c t l y  th e  g e l  tim e  t^  w ith o u t any 

co n v ers io n  f a c t o r s  r e l a t i n g  to  d e n s i ty ,  volume sh r in k a g e , e tc .  

M easurem ents of a re  a l s o  im p o rtan t i n d u s t r i a l l y  as a v a r ia b le  in  

p ro d u c tio n  c o n tr o l  f o r  w hich purpose a s p e c ia l  measuzoing d ev ice  i s  

a v a i la b le /^ ^ ^

E q u a tio n  ( 29 ) d e g e n e ra te s , a s  d id  (25) ,  t o  a  l i n e a r  form  a t  

s u f f i c i e n t l y  h ig h  l / l \  Tlie t l i re e  im p o rtan t a s p e c ts  of (29) to  be 

c o n s id e re d  a re  th e  s lo p e  of th e  a sy m p to tic  l in e  of th e  p lo t  r e l a t i n g  

tg  t o  i / p  ( f ig .  9 and l o ) ,  i t s  i n te r c e p t  on th e  t^  a x i s ,  and th e  

d e ta i l e d  shape of th e  curve i t s e l T .

2 .4 .3 ,  D e ta i le d  s hape of th e  g e l  t im e /c o m p o s itio n  c u rv e . The 

e x p e rim e n ta l p o in ts  p lo t t e d  in  f i g  9 conform  c lo s e ly  t o  a l i n e a r  law 

when K < 0 , 3 .  T h is  im p lie s  t h a t  th e  curve sh o u ld  approach  c lo s e ly  

t o  i t s  asym ptote beyond th a t  l im i t .  In  o th e r  w ords, th e  l a s t  two 

term s in  th e  n u m era to r of (29) and th e  te rm  (Rrp + 1 ) in  th e  

denom inato r a re  n e g l ig ib le  beyond R <  0 .3 ,  and th e  fo llo w in g  

i n e q u a l i t i e s  shou ld  h o ld :
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rp  « i  ( i . e .  «  2) (30)

4K 1/R ( i . e .  «  2) (3I )

l A ^ ( i . e .  «  Ij.) (3 2 )

Of th e s e ,  in e q u a l i ty  (3 0 ) Tzill be bo rn e  out in  S e c tio n  3 of t h i s  v/ort 

by d i r e c t  measurement. The o th e r  t'.vo in e q u a l i t ie s  c o n s t i tu te  th e  

r e l a t i o n ;

(5 1) &
"t

(3 2 ) k h t  

.(21)

= i> (3 3 )

and a cc o rd in g  t o  F lo ry^  " , ^   ̂ s.s a g e n e ra l r u l e .  I'To d i r e c t

ev idence f o r  th e  v a l i d i t y  of th e se  two in e q u a l i t i e s  can be o ffe re d .

F u rth e rm o re , th e  c o n tr ib u t io n  of th e  l a s t  tvro term s in  th e

num erator of (29 ) would im press th e  o p p o site  k in d  of c u rv a tu re  t o  th a t  

observed. The observed  c u rv a tu re  can be accoun ted  f o r  only  by th e  

te rm  (Erp + 1 in  th e  denom inator, Assujiiing th a t  th e  two l a s t  te rm s 

in  th e  num erato r of (29) rem ain n e g lig ib le  th ro u g h o u t th e  range of 

com position  R s tu d ied ^  eqn (29) can th en  be w r i t te n  in  th e  form ,

t c  = kg-%v%(Rrp + l)^(DPy^c- (34)

The c l a s s i c a l  g e la t io n  th e o ry  embodied in  eqn. (34) can be pu t 

to  a sim ple  a b s o lu te  t e s t .  E x p erim en ta l p o in ts  f o r  th e  g e l tim e w ith  

v a ry in g  R v a lu e s  f o r  r e s in s  of two d i f f e r e n t  D P's a re  compared w ith  

th e  t h e o r e t i c a l  cu rves p re d ic te d  by e q n ,(3 4 ), These were c a lc u la te d  

uaing  v a lu es of rp  = 0 ,23  and r^. = 29, which l i e  w ith in  o r n e a r ly  

w ith in  th e  range of d i r e c t  measurements o f th e se  two param eters in
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in Section 3 , nam ely 0 :g rp  ^  0.7 and 10 <  ^  25 . The DP-;o v a lu e s

used  ( r e s in  P = 5 .5 6 , r e s in  G- = 9 ,4 6 ) were deduced from  end-group  

t i t r a t i o n .  The r a t i o  = 98 mole s e c . l ,  was m easured as

s t a t e d  e a r l i e r  and i s  in  s a t i s f a c t o r y  agreem ent w ith  th e  p rev io u s  

l i t e r a t u r e .

The e x p e rim e n ta l p o in ts  a re  in  good agreem ent w ith  th e  

t h e o r e t i c a l  cu rves in  f i g , 9 and c o n s t i t u t e s  a s a t i s f a c t o r y ,  com plete , 

a b so lu te  t e s t  f o r  th e  c l a s s i c a l  g e la t io n  th e o ry .

2 .4 -4 , S l ope c f th e  a sy m pto te . As a more r e s t r i c t e d  t e s t  o f th e  

c l a s s i c a l  g e la t io n  th e o ry , th e  c o n s ta n t  r p ,  w hich i s  th e  most d i f f i c u l !  

to  o b ta in ,  can be e lim in a te d  by u s in g  d i r e c t l y  th e  s lo p e s  of th e  

asym pto tes o f th e  p lo ts  in  f i g .  10 a t  low R v a lu e s ,  o b ta in a b le  from  

(5 4 ) in  th e  form :

s lo p e  = 1 .5  kf.pTT “ 0  (35)

T ab le  7,

R e la t iv e  v e r i f i c a t i o n  o f th e  c l a s s i c a l  g e la t io n  
th e o ry  from  f ig u r e  10,

R a tio s  of
R esin  (DR^g-1 ) Asympt, Asympt. S lo p es  I n te r c e p t s  (RP^^^-i )

s lo p e  . i n t e r c e p t
(mole s e c . I f l )  (se c )

P 5 ,5 6  8410 204
1 .70  1 .70  1 .70

a 9 .46 4970 120

The f a c t  th a t  th e  a sy m p to tic  s lo p e s  in  f i g ,  10 a re  in  th e  r a t i o  o f th e  

v a lu e s  of (D P ^ - 1 ) i s  a v e r i f i c a t i o n  of th e  c l a s s i c a l  g e la t io n  th e o ry  in
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a r e l a t i v e  se n se , w hich can  be shown t o  be independent (eqn , 15) of th e  

nBchanism assum ed f o r  th e  c o p o ly n e r is a t io n  r e a c t io n .

A ccording  t o  th e  d i f f u s io n  c o n t r o l  th e o ry  of g e la t io n /^ )  the  

s lo p e s  and a b s o lu te  g e l  tim e s  would be p r a c t i c a l l y  independen t of th e  

c o n d en sa tio n  c lia in  le n g th  , because, of th e  s a tu r a t io n  of th e  c ro s s -  

l in k in g  c a p a c i ty  assumed to  occu r under th e  p re s e n t  c o n d it io n s ,  M oreover, 

such  s a tu r a t io n  would cause  th e  cu rves in  f i g .  9 t o  ap p ro ach  th e  

h o r iz o n ta l  a t  Ion  l / P ,  in  d i r e c t  c o n t r a d ic t io n  to  f a c t .  A c r i t i c a l

re -e x a m in a tio n  of the  d i f f u s io n  c o n tro l  th e o ry  has le d  Gordon and Hoe^^^^

t o  r e j e c t  th e  th e o ry  on g e n e ra l  grounds,

2 ,4 .5 .  I n t erc e p t  of th e  a sy m p to te . The in te r c e p t  of th e  asym pto te  on 

th e  t (2 a x is  can be o b ta in e d  from  eqn. (2 9 ) , w ith  th e  a id  o f ( l 6 ) , ( l 7 )  and 

(3 3 ) in  th e  form :

I n te r c e p t  = x x (36 )
9 k t  k%i>:;g

T h is  i s  l e s s  u s e fu l  h e re  th a n  th e  s lo p e  (35) b ecau se  th e

c o n s ta n ts  and a re  n o t known. The e x p e rim e n ta l i n t e r c e p t s  a re

seen  t o  be s ï ïb I I  a b s o lu te ly ,  and  sm all r e l a t i v e l y  to  th e  s lo p e s ,  in  

f i g .  10, T h e re fo re  l i t t l e  su p p o rt f o r  th e  th e o ry  can be c la im ed  from  

th e  achievem ent of tr,Yo in te r c e p t s  w hich s ta n d ,  pe rhaps someidiat 

f  o r tu i t o u s ly ,  in  th e  c o r r e c t  t h e o r e t i c a l  r a t i o  g iven  by (36) ,  (se e  t a b le  7)* 

However th e  sm a lln e ss  of th e  in te r c e p t s  compared w ith  th e  s lo p e s  ( ta b le  7) 

does su p p o rt th e  v a l i d i t y  of in e q u a l i ty  (3 I ) ,
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2 ,4 .6 .  T em perature dependence of th e  g e l  p o in t . The theoi^j^ embodied 

in  eqn. (34) shou ld  a ls o  accoun t f o r  th e  in f lu e n c e  of te m p e ra tu re  on t ^ .

I t  does so  v e ry  p la u s ib ly .  By ig n o r in g  th e  sm a ll c o n tr ib u t io n  from  

rp  ( i . e .  p u t t in g  rÿ  = O ), and s u b s t i t u t in g  f o r  from  (2 2 ) ,  th e  

fo llo w in g  e x p re ss io n  i s  o b ta in e d  a f t e r  lo g a r i th m ic  t r a n s fo rm a tio n  of (34).

log^Q = c o n s t .  + -  E ^ ) /2 ,3  3T (37 )

The a c t iv a t io n  e n e rg ie s  and a re  i d e n t i f i e d  by t h e i r  s u b s c r ip t s ,

A l i n e a r  ; ir rh e n iu s  ty p e  of p lo t  i s  p r e d ic te d  by (37) f o r  logpQ t^  

a g a in s t  r e c ip r o c a l  te m p e ra tu re . T h is  i s  v e r i f i e d  in  f i g ,  11 on two 

s e p a ra te  r e s in  c o n d en sa tes  E and p o ly m erised  ':.^ith 2^ and 0 ,5 ^  IGK. 

r e s p e c t iv e ly ,  th e  g e l p o in ts  of r e s in  E b e in g  d e te rm ined  w ith  a 

v is c o d ila to m e te r  and th o se  of r e s in  H in  a s im p le  d i la to m e te r  w ith  a 

m agnetic  s t i r r e r  (see  S e c tio n  4 .2 .1 . )  Eqn, (37) i s  a ls o  independen t o f 

b o th  R and th e  c a t a l y s t  c o n c e n tra t io n . T h is  i s  v e r i f i e d  h e re  f o r  two 

w id e ly  d i f f e r e n t  R v a lu e s  (0 .33  and 1 ,7 5 )  and c a t a ly s t  c o n c e n tra t io n s  

(2/b and 0 ,5 ^  lïEK), s in c e  th e  o v e ra l l  a c t iv a t io n  e n e rg ie s  o b ta in ed  fro m  

th e  r e g r e s s io n  l in e s  drawn in  f i g .  10 a re  13 ,8  and 1 4 ,7 ^ a l ,  r e s p e c t iv e ly .  

F u r th e r  a n a ly s i s  o f th e  mean o v e ra l l  energ}'' of a c t iv a t io n  of g e la t io n  

in  acco rdance  v.ith (37) g iv es :

E = 2Ê ,j-.̂ p- E^ = 14.3 1 0 ,5  K .c a l ./m o le  (3 8 )

S ince  th e  a c t iv a t io n  energy  E^ o f te rm in a tio n  betw een  two m e th a c ry la te  

r a d i c a l s  i s  about 2 K ,c a l/m o le , t h i s  le a v e s  abou t 8,1 K ,c a i/m o le

f o r  E^.„^ of th e  c ro s s  propa ra tio n  s t e p .  T h is  v a lu e  i s  re a s o n a b le ,
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b ecau se  i t  l i e s  abou t 2 -  3 c a l .  above th e  a c t iv a t io n  energy

( 23 ^f o r  pu re  Mlïk p o ly m e risa tio n ^  a s  m ight v /e ll be e x p e c te d . T h is a n a ly s i s

p in p o in ts  th e  te rm  a s  p red o m in an tly  r e s p o n s ib le  f o r  th e  e f f e c t s  of

te m p e ra tu re  on g e la t io n ,

2 . If.7. E f fe c t  of c a t a l y s t  c o n c e n tra t io n  on th e  g e l  t im e . Eqn, (34)

p r e d ic t s  th a t  th e  g e l  tim e  t ^  sho u ld  be independen t of b o th  th e  n a tu re

and c o n c e n tra t io n  of th e  c a t a ly s t  (b ) .  T h is  seems d i r e c t l y  c o u n te r

t o  th e  f a c t  th a t  in  com m ercial p r a c t ic e  th e  g e l l in g  tim e s  of “c o n ta c t

r e s in s "  a re  u s u a l ly  re g u la te d  by chang ing  th e  c o n c e n tra t io n  o r n a tu re

of th e  c a ta ly s t  system X ^^), I t  must be remenibered. how ever, th a t

g e l l i n g  occurs under c o n d it io n s  ap p ro ach in g  a d ia b a c i ty  in  com m ercial

p r a c t i c e .  The in c re a s e  of r a t e  i s  due to  th e  w e ll  known h e a t b u i ld  up ,

o r  la c k  of te m p e ra tu re  constancy  due t o  th e  poor d i s s ip a t io n  of th e

p o ly m e r is a tio n  h e a t t h r o u ^  th e  v isc o u s  r e s i n ,  w h ile  e q n ,(34) a p p l ie s

on ly  under iso th e rm a l c o n d it io n s .

As a lre a d y  m en tioned , ( ^ ) th e  c o n s tan c y  of th e  g e l tim e  w ith

MEK c o n c e n tra t io n  f o r  t h i s  sy s tem  was d isc o v e re d  by  th e  w r i t e r  in  a

s h o r t  e x p lo ra to ry  in v e s t ig a t io n  of t h i s  t o p ic .  T h is  work '.:as somewhat

c ru d e , th e  g e l  tim e  b e in g  m easured by i n je c t i n g  b u b b les  of a i r  i n to

th e  s o lu t io n  and n o tin g  when th e y  stopped  r i s i n g ,  À d e ta i l e d

in v e s t ig a t io n  of th e  e f f e c t  of th e  c o n c e n tra t io n  and n a tu re  o f th e
? ( i 3 ) ( i 5 ) .

c a t a ly s t  on th e  system: has been  c a r r ie d  out by  G rieve  son in  t h i s

la b o ra to ry  u s in g  th e  v is c o d ila to m e te r  te c h n iq u e , and h is  r e s u l t s  w i l l  

be b r i e f l y  review ed h e re . Over a c o n s id e ra b le  range  o f two ty p e s  

(m ethyl e th y l  ke tone  peroxide,Iv^EK^ and 1 -hydroxy  c y c lo h e x y l hyd ro -
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p e ro x id e - 1 ,  HGK), of c a t a l y s t ,  t ^  wa.s found  t o  rem ain  c o n s ta n t .  At th e  

same t im e , th e  r a t e  v a r ie d  in  th e s e  e x p e rim en ts  as th e  square  ro o t of 

th e  c a t a l y s t  c o n c e n tr a t io n ,  a w e ll  laiov/n consequence of th e  p a in j i s e  

d i s t r u c t i o n  of r a d i c a l  ends in  c h a in  p o ly m e r is a t io n s . Thus a c o n firm a tio n  

of th e  k in e t i c  scheme adop ted  i s  p ro v id ed  w hich i s  independen t of 

g e la t io n  th e o ry .

The c o n s tan c y  of t^  w ith  v a ry in g  c a t a l y s t  c o n c e n tra tio n  a c t s  

a s  b o th  a key p ro o f of c l a s s i c a l  g e la t io n  b e h a v io u r , and as  c o n firm a tio n  

of th e  ch a in  r e a c t io n  n a tu re  of p o ly m e r is a tio n  of u n sa tu ra te d  compounds. 

Thus a p a r t  from  any d e ta i l e d  m echanism, th e  observed  constancy  of th e  

g e l l i n g  tim e in  th e  fa c e  of o bserved  v a r i a t io n s  of th e  r e a c t io n  r a t e  

w ith  (B2) r e q u i r e s  some com pensating  f a c t o r  w hich v a r ie s  w ith  

I f  th e  r e a c t io n  w ere no t a ch a in  r e a c t io n  i t  seems im p o ss ib le  t o  see  

w hat t h i s  f a c t o r  co u ld  be . I f  i t  i s  a ch a in  r e a c t i o n ,  th e n  th e  g e l  

p o in t  th e o ry  su g g e s ts  th a t  th e  com pensating  f a c t o r  must be th e  c h a i.. 

le n g th  and th e  k in e t i c  scheme le a d s  p r e c i s e ly  t o  th e  v a r i a t i o n  of

t h i s  f a c to r  w ith  (B” 2)^

2 ,4 .8 ,  Dependence of r a t e  on fe e d  r a t i o  R and on te m p e ra tu re . As seen  

in  t a b le  4  th e  r a t e  o f p o ly m e r is a tio n  i s  ind ep en d en t of H in  th e  ran g e  

0 R b u t in c re a s e s  somewhat a s  R r i s e s  above u n i ty .  The

a p p l ic a t io n  to  th e  p ro p a g a tio n  r a t e  o f th e  k i n e t i c  scheme adop ted  above^ 

w ith  th e  a id  of e q n , ( l 6 ) ,  (22) and (2 8 ) , le a d s  to  th e  e q u a tio n :

S a te  = (  1 + (r (2 + ■ (39)

S in ce  th e  te rm  in  square  b r a c k e ts  i s  p r a c t i c a l l y  c o n s ta n t up to  E = 1 

and th e n  in c r e a s e s  slow ly  w ith  R, i t  must be concluded t h a t  v a r i a t i o n s
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in  M and must l a r g e ly  ‘b a lan ce  so as to  keep  c o n s ta n t .  T h is

"behaviour i s  co m p a tib le  w ith  th e  k i n e t i c  scheme ad o p ted  (o f . P a l i t ^ ^ ^ ^ ) ,  

b u t to o  many unkna/m param ete rs  '^vould have t o  be a d ju s te d  to  f i t  th e  

d a ta  q u a n t i t a t iv e ly .  The r i s e  in  th e  r a d i c a l  c o n c e n tra t io n  w ith  

f a l l i n g  M must be in te r p r e te d  in  te rm s of an in c re a s e  i n  th e  r a t e  of 

r a d i c a l  i n i t i a t i o n  by th e  c a t a ly s t  as th e  m ix tu re  i s  made r i c h e r  in  PEP 

and p o o re r  in  îVÜ'IA. I f ,  a s ,  su g g e s te d , th e  te rm in a t io n  of r a d i c a l s  

occurs l a r g e ly  betw een co u p les  of H-- r a d ic a l s  i r r e s p e c t iv e  of P. over 

th e  range s tu d ie d ,  ( i . e .  eqn. (54) i s  independen t of k^ and k ” ) ,  th e n  

th e  v a r i e s  a s  ^  a s  Iff (s in c e  if^'x M i s  c o n s ta n t ) .  Thus th e

prim ary  p o ly m e r is a tio n  ch a in  le n g th  v a r ie s  abou t 9 - fo ld  over th e  5- f o ld  

range  cf M covered  by f i g .  9 and 10, The ad van tage  of p l o t t i n g  t ^  

d i r e c t l y  i s  a g a in  em phasized, s in c e  t h i s  p ro ced u re  a u to m a tic a lly  a llow s 

f o r  v a r i a t i o n s  in  r a t e  and c h a in  le n g th . F ig u re s  12 and 15 p re s e n t  

A rrh en iu s  p lo t s  of th e  o v e ra l l  r a t e  in  th e  absence  and p resen ce  of PEE,

The r e g re s s io n  l in e s  drawn have s lo p e s  c o rre sp o n d in g  to  o v e ra l l  

a c t iv a t io n  e n e rg ie s  cf 15 .6  K ,c a l s . /m o le  f o r  pu re  IvB/A compared w ith  

th o se  of 16 ,5  E ,c a l s . / mole and 1 6 ,7  K ,c a l s . /m o le  f o r  R = 0 ,53  s-nd 1 ,75 

r e s p e c t iv e ly .  The fo rm er v a lu e  i s  a c c e p ta b le  f o r  pure  MMA and i s  in  

accordance  w ith  th e  k in e t i c  scheme here  u sed , as made up of c o n tr ib u t io n s  

from  th e  a c t i v a t io n  energy  of i n i t i a t i o n ,  p ro p ag a tio n ^  and te r r i i in a tio n , 

th u s :

O v e ra l l  a c t iv a t io n  energy  = ^E^ + E^^^^ -  -^E  ̂ ( w )

In  th e  p resen ce  of PEE, th e  th r e e  energy  term s a re  l i a b l e  t o  change in  

v i r tu e  of th e  c o n tr ib u t io n  made by t h i s  r e s i n  t o  th e  o v e ra l l  p o ly m e risa tio n .



4 0 .

In  p a r t i c u l a r ,  th e  th r e e  p ro p a g a tio n  s te p s  in v o lv in g  PEP m ight c o n tr ib u te  

to  th e  te rm  co rre sp o n d in g  to  sind th e  ipffo te rm in a t io n  s te p s  in v o lv in g

PEP^ to  th e  te rm  c o rre sp o n d in g  to  However, i t  w ould be expec ted

th a t  th e  p ro p ag a tio n  s te p s  in v o lv in g  PEP make only  a s m a ll  c o n t r ib u t io n ,  

as  i s  e v id e n t f o r  th e  in d ic a te d  v a lu e s  of and l ÿ ,  and E^ i s  known to  

make a v e ry  sm a ll c o n tr ib u t io n  to  (4 0 ) in  any c a se . The co n stan cy  of 

th e  a c t i v a t io n  energy  d e s p i te  th e  a d d i t io n  of 55/S of PEP in  go ing  from  

f i g .  12 t o  13 su g g e s ts  t h a t  th e  a c t i v a t io n  energy  of i n i t i a t i o n  E^ f o r  

PEP . i s  n o t g r e a t ly  d i f f e r e n t  from  th a t  f o r  pure M\ÆA , The p r a c t i c a l  

co n stan cy  of r a t e s  and a c t iv a t io n  e n e rg ie s  in  p resen ce  and absence of 

PEP o b v io u sly  su p p o rt th e  i d e n t i ty  of th e  mechanism ( i . e .  r a d i c a l  c h a in  

p o ly m e r is a tio n )  of th e  h ard en in g  r e a c t io n  of th e  model " c o n ta c t r e s in "  

and th e  p o ly m e ris a tio n  of pure methj^l m e th a c ry la te ,

2 .4*9 . A n a ly sis  of some assu m p tio n s . The n e g le c t , in h e re n t  in  (3 4 ) , of 

two s id e  r e a c t io n s  may b r i e f l y  be d is c u s s e d ,

a.) F i r s t l y ^  ch a in  t r a n s f e r  r e a c t io n s  have been  t o t a l l y  d isc o u n te d  in  th e  

k i n e t i c  scheme. Chain t r a n s f e r  t o  IMk monomer i s  known to  be 

in a p p re c ia b le .  C hain t r a n s f e r  to  th e  PEP r e s in  may o ccu r to  a sm a ll 

e x te n t ,  b u t th e  c o n s tan cy  of th e  g e l  tim e  under v a ry in g  c a t a ly s t  

c o n c e n tra tio n  form s a s e n s i t iv e  t e s t  f o r  th e  absence of such t r a n s f e r .

b , ) S econd ly , d e la y  of g e la t io n  th ro u g h  i n te r n a l  c y c l i s a t i o n

(2 7 ) ( 2 8 ) ( 29)r e a c t io n s  has been  e n t i r e l y  d isc o u n te d . The on ly  d e te c ta b le

e f f e c t  of such  c y c l i s a t io n  in  t h i s  work would be a r i s e  i n  th e  a p p a ren t 

v a lu e  of r ^  c a lc u la te d  from  f i g .  9 w ith  th e  a id  of (3 4 ). The f i t  of 

th e  d a ta  in  f i g ,  9 does r e q u ir e  a v a lu e  of r ^  = 29 compared t o  th e
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range  1 0 .^  ^  25 o b ta in e d  by d i r e c t  m easurem ent in  S e c tio n  3 and t h i s

d isc re p a n c y  may co n cea l some in te r n a l  c y c l i s a t i o n ,

o. ) A f u r t h e r  assum ption  made in  th e  d e r iv a t io n  of (34) i s  t h a t  of 

r a d i c a l  te rm in a t io n  by com bination . The e x te n t  of r a d i c a l  te rm in a t io n  

in  th e  p o ly m e r is a tio n  of MMA i s  c o n t r o v e r s i a l  and w i l l  be f u r t h e r  

d isc u sse d  in  S e c tio n  4. The assum ption  of r a d i c a l  t e rm in a t io n  by 

d is p ro p o r t io n a t io n  would r e q u ir e  t o  be in c re a s e d  by a f a c t o r  o f/v /i.3 3  

t o  f i t  th e  d a ta  in  f i g . 9.

d . ) I t  i s  in h e re n t  in  th e  use of monomer r e a c t i v i t y  c o n s ta n t s ,  

p a r t i c u l a r l y  in  th e  g e la t io n  th e o ry  (34 ) t h a t  a l l  th e  u n s a tu ra t io n  

in  PEP i s  e q u a lly  r e a c t iv e .  The p o s s ib le  e f f e c t s  of v a r i a t i o n s  in  

r e a c t i v i t y  due e i t h e r  t o  chem ical c a u s e s , o r  t o  th e  r e l a t i v e  p o s i t io n  of 

a fu m ara te  double bond w i th in  i t s  c o n d e n sa tio n  c h a in s  has now to  be 

d isc u sse d .

Chem ical cau ses  a r i s e  from  th e  i n t e r c o n v e r t i b i l i t y  o f n a le ic  

and fu m aric  double bonds. I t  has b een  assumed t h a t  th e  p o ly c o n d e n sa tio n  

c h a in s  c o n ta in  on ly  fu m ara te  u n s a tu r a t io n ,  i . e .  t h a t  com plete  g eo m etric  

in v e r s io n  ta k e s  p la c e  d u r in g  th e  c o n d e n sa tio n  of m ale ic  anhyd ride  w ith  

e th y le n e  g ly c o l .  I n f r a - r e d  a n a ly s i s  su g g e s ts  (see  S e c tio n  1.7.) t h a t  

such c o n v e rs io n  i s  s u b s ta n t i a l  and t h a t  i t s  e q u il ib r iu m  le v e l  i s

( 12)a t t a in e d  r a p id ly  b e fo re  r e s in  sam ples a re  c o l le c te d  , I t  has r e c e n t ly  

been  t h o u g h t t h a t  a n o t ic e a b le  f r a c t i o n  of m alea te  u n s a tu r a t io n  may 

be p re s e n t  in  th e  e q u il ib r iu m  s t a t e .  Even i f  t h i s  i s  s o ,  th e  p re s e n t  

t re a tm e n t  i s  n o t s e r io u s ly  a f f e c te d .  Thus i f  m alea te  and fu m ara te  

u n s a tu ra t io n  have e q u a l r e a c t i v i t y  r a t i o s  in  r e s p e c t  of m ethyl
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m e th a c ry la te , th e n  th e  tre a tm e n t i s  c le a r ly  c o m p le te ly  u n a f fe c te d . On 

th e  o th e r  hand, th e  r e a c t i v i t y  of m aleate  t o  m e th a c ry la te  r a d i c a l s  

m ight be n e g l ig ib le  when compared w ith  fu m a ra te , so  t h a t  only  fu m ara te  

u n i t s  would po lym erise*  The a p p a re n t c h a in  le n g th  ±a eqn , ( 2 9 )

ought t o  be reduced  co rre sp o n d in g  t o  th e  f r a c t i o n  f  of th e  t o t a l  

u n s a tu ra t io n  in  th e  c o n d en sa tio n  c h a in s  w hich i s  fu m aric  (and th e r e f o r e  

p o ly m e ris a b le ) . The f r a c t i o n  f  would be c o n s ta n t  from  one D P ^  v a lu e  

t o  a n o th e r . The r e l a t i v e  s lo p e s  i n  f i g .  9 v a ry  a s  l / ( f  DP^^- )̂ on

t h i s  assum ption  and th e  agreem ent would be l i t t l e  a f f e c te d  even i f  f 

w ere a s  Icpu a s  0 .5 ,  The a b s o lu te  com parison of from  th e  s lo p e  w ith  

d i r e c t  m easurem ents w'ould be u n a ffe c te d  by f ,  as  b o th  e s t im a te s  a r e  t o  

be made on th e  same v a lu e  of f.

a . )  The assum ption  t a c i t l y  made, t h a t  a l l  fu m ara te  bonds have e q u a l 

r e a c t i v i t y  c o n s ta n ts  i r r e s p e c t iv e  of t h e i r  p o s i t io n  in  a PEP c o n d e n sa tio n  

c h a in , seems p la u s ib le  on t h e o r e t i c a l  grounds. The p o s s i b i l i t y  t h a t  

te rm in a l  bonds on ly  d i f f e r  in  r e a c t i v i t y  from  a l l  o th e r s  tow ards th e  

c e n tr e  of a PEP c h a in  may be c o n s id e re d . I f  th e  te rm in a l  bonds w ere 

c o m p le te ly  u n re a c t iv e  t o  a d d i t io n  p o ly m e r is a t io n , a l l  th e  a p p a re n t 

values used would have t o  be red u ced  by tw o, i . e .  th e  number of 

terminals per weight average  chain* This would n o t s i g n i f i c a n t l y  

a f f e c t  th e  t r e a tm e n t .  If c o n v e rse ly  only  th e  te rm in a l  double  bonds 

of a co n d en sa tio n  c h a in  were r e a c t i v e ,  th e  g e l  p o in t  would be ex p ec ted  

to  be d e lay ed  a s  th e  a c tu a l  le n g th  D P ^  was in c re a s e d . T h is  i s

co m p le te ly  ru le d  out by th e  r e s u l t s  in  f i g .  9.
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2 .5 . Summaiy. B o th  a b s o lu te  and r e l a t i v e  v e r i f i c a t i o n s  of th e  

c l a s s i c a l  netw ork th e o ry  cf g e la t io n  a re  p re se n te d  f o r  th e  model system . 

T h e o re t ic a l  cu rv es  f o r  th e  dependence of th e  a b s o lu te  g e l  tim e on th e  

fe e d  r a t i o  of HEP t o  MMA., and on th e  c h a in  le n g th  o f PEP, a re  f i t t e d  t o  

e x p e rim e n ta l r e s u l t s .  V a r ia t io n s  in  th e  c o n c e n tra t io n  of a  p e ro x id e  

and hyd roperox ide  c a t a l y s t  do no t a f f e c t  th e  g e l  t im e , because th e  

e f f e c t s  on r e a c t io n  r a t e  and p rim ary  p o ly a d d it io n  c h a in  le n g th  c a n c e l 

each  o th e r . The c l a s s i c a l  g e la t io n  th e o ry  a l s o  a c c o u n ts  f o r  th e  

( c o n s ta n t)  a c t iv a t io n  energy  of g e la t io n .  No in te r f e r e n c e  by d i f f u s io n  

c o n t r o l  e f f e c t s  w ith  th e  c l a s s i c a l  g e l l in g  b e h a v io u r  i s  e n co u n te re d ,

G-el p o in t  m easurem ents a re  th u s  v in d ic a te d  a s  a t h e o r e t i c a l  t o o l ,  a s  

w e l l  a s  b e in g  of much te c h n o lo g ic a l  im portance .

The r e a c t io n  mechanism of th e  h a rd e n in g  of MMA/PEP, a model 

" c o n ta c t r e s in "  system , i s  found  to  be a  sim p le  c o p o ly m e r is a tio n , in  

w hich b o th  th e  r e a c t io n  r a t e  and i t s  a c t iv a t io n  energy  a re  p r a c t i c a l l y  

independent of th e  fe e d  r a t i o  over a wide ran g e  ex ten d in g  dovn t o  pure 

MMA.. The p o ly m e ris a tio n  nay be sim p ly  e x p la in e d  in  term s of th e  

c l a s s i c a l  g e la t io n  th e o ry  by r e fe re n c e  t o  f i g .  14 and 15 and eqn. ( 15).

Thus th e  c r i t i c a l  c o n v ers io n  oC^depends on two f a c t o r s p (PP^^ -  l )  

d e a l in g 'w i th  th e  h o r iz o n ta l  (p o ly m e ris a tio n )  c h a in s ,  and (D P ^  -  l )  

d e a lin g  w ith  th e  v e r t i c a l  (c o n d e n sa tio n ) c h a in s . The f i r s t  te rm  i s  

e q u iv a le n t t o  th e  w eigh t av erag e  number of double bonds on a co n d en sa tio n  

c h a in  a v a i la b le  f o r  c ro ss  l in k in g ,  and th e  second g iv e s  th e  number of 

fum ara te  u n i t s  on a p o ly m e r is a tio n  ch a in  w hich a re  a v a i la b le  f o r  

c ro s s l in k in g .  The f r a c t io n y o  depends on th e  r e l a t i v e  ease  (o r  r a t e s )
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Figure 14 •

Schematic structure of the cross-copolymer. 

An enlarged detail of the section within the 

dotted rectangle is  shown in f i g . .
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a t  which fu m ara te  bonds g e t in c o rp o ra te d  in to  th e  growing p o ly m e risa tio n  

cha in s r e l a t i v e  to  th e  m e th a c ry la te s . The sim ple  p ic tu re  i s  th e n  one 

of a m e th ac ry la te  r a d ic a l  ( e ,g ,  re p re se n te d  by  Z in  f i g ,  14 and 15) p ick in g  

up an o th e r m e th ac ry la te  monomer r e p e a te d ly ,  u n t i l  o c c a s io n a lly  i t  a t ta c k s  

a fum arate  double  bond. The r e l a t i v e  a p p e t i t e s  f o r  r e a c t io n  of th e  

two ty p e s  of u n s a tu ra t io n  a re  governed by th e  o rd in a ry  c o p o ly m erisa tio n  

e q u a tio n , th a t  i s ,  in  term s of th e  r e a c t i v i t y  r a t i o s  of th e  two k in d s of 

monomer, and th e  fe e d  r a t i o  R,



SECTION 3 .

E v a lu a tio n  of Monomer R e a c t iv i ty  R a tio s  (M ethyl M e th ac ry la te) 

and (P o ly e th y len e  Fum arate ) .

3 .1 .  I n t ro d u c t io n . The c o p o ly m é risa tio n  k in e t i c  scheme developed from  

th e  c l a s s i c a l  netw ork  th e o ry  of g e la t io n ,  in  th e  p rev io u s  s e c t io n ,  u ses 

th e  v a lu es  of th e  r e a c t i v i t y  r a t i o s  as r-̂ r = 29 and r^  = 0 .2 5 , f o r  

m e th ac ry la te  and fum ara te  r a d ic a l s  r e s p e c t iv e ly .  The e v a lu a t io n  of 

th e s e  two p a ram ete rs  i s  of paramount im portance in  o rd e r  to  c o n firm  th e  

g e la t io n  th e o ry  w hich uses th e  a fo rem en tioned  v a lu e s  of r̂ ^̂  and rp  t o  

f i t  th e  e x p e rim e n ta l d a ta .

The c l a s s i c a l  -nethod of m easuring th e  r e a c t i v i t y  r a t i o s  of 

th e  c ro ss-co p o ly m er i s  to  i s o l a t e  i t  and de te rm ine  i t s  com position .

T his i s  done by a r e p e t i t i v e  so lv e n t e x t r a c t io n  procedure  and th e  

i s o la te d  c ro ss-copo lym er i s  an a ly sed  by d e n s i ty  m easurem ents, carbon-and  

hydrogen m ic ro a n a ly s is  and by hyd ro g en a tio n  o f th e  double bonds p re s e n t . 

The v a lu e s  p re se n te d  f o r  th e  r e a c t i v i t y  r a t i o s  v/ere d e riv e d  from  th e  

d e n s ity  m easurem ents, w hich were though t to  be th e  most r e l i a b l e  as w e ll 

a s  b e in g  most e a s i ly  accom plished . The v a lu e s  from  m ic ro a n a ly s is  and 

m icrohydrogenation  m easurem ents a re  in  s a t i s f a c to r y  ag reem en t, (see  f i g . 19% 

The v a lu e s  of th e  param eters  found in  t h i s  way a re  b ra c k e te d  

in  th e  ran g e s  1G <  <  25 and 0 < r^, < 0 . 7  whiqh a g re e  rea so n a b ly

enough to  th e  t h e o r e t i c a l  v a lu e s  to  co n firm  th e  v a l i d i t y  o f th e  c l a s s i c a l  

netw ork th e o iy  of g e la t io n  and th e  c o p o ly m e risa tio n  k i n e t i c  scheme. The 

n a tu re  of th e  model system  makes a  d i r e c t  v e r i f i c a t i o n  of th e  r a t i o s
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ex trem e ly  d i f f i c u l t  (a s  r e f l e c te d  in  th e  r e l a t i v e l y  la rg e  ran g es 

a s s ig n e d  to  th em ), f o r  in  c o n tr a s t  t o  a no rim l d i f u n c t io n a l  

c o p o ly m e risa tio n  r e a c t io n  th e  p o ly e th y len e  fu m a ra te , w hich fo rm a lly  

ta k e s  th e  p la c e  cf one of th e  two u su a l comonomers i s  i t s e l f  a low 

m o lecu lar w e ig h t polym er. I t  i s  n o t a pure  compound b u t h e te ro - d is p e r s e  

and may c o n ta in  some r in g  compounds as w e ll  a s  l in e a r  m o le cu le s . I t  

c o n ta in s  c o n d en sa tio n  c h a in  m olecu les w ith  m u lt ip le  u n s a tu r a t io n  

f u n c t i o n a l i t i e s ,  th e  r e a c t io n  of any one of v/hich s u f f i c e s  to  a t ta c h  

i t  t o  th e  c ro ss-co p o ly m er ( f i g .  14 and 15 ) .  Thus th e  f r e e in g  of th e  

c ro s s -p o ly m e rise d  copolym er from  u n a ttac h ed  monomers r e q u i r e s  len g th y  

and r e p e t i t i v e  s e p a ra t io n  p ro c e d u re s , i t  b e in g  p a r t i c u l a r l y  d i f f i c u l t  t o  

ex b ra c t co m p le te ly  th e  f r e e  PEF c o n d en sa tio n  c h a in s  none o f whose 

double bonds has become in c o rp o ra te d  in  an a d d i t io n  p o ly m e r is a tio n  c h a in ,

5 .2 .  Note on n o m en c la tu re . I t  seems to  be custom ary ( e s p e c ia l ly  dn 

B r i ta in )  t o  speak  of c ro ss  l in k in g  th e  p o ly e s te r  r e s i n  w i th  a monomer 

such a s  m ethyl m e th a c ry la te , w h ile  o c c a s io n a l ly  ( e s p e c ia l ly  in  U .S .A .) 

tlie  p o ly e s te r  i s  r e f e r r e d  t o  as th e  c r o s s l in k e r  f o r  th e  m e th a c ry la te .

In  a s  much as th e  p o ly e s te r  i s  th e  p o ly fu n c t io n a l  com ponent, i t  seems 

p re fe ra b le  t o  a s s o c ia te  i t  n o m in a lly  w ith  th e  c ro s s l in k in g  p ro c e s s ,  so 

th e  l a t t e r  usage i s  adop ted  h e re . I t  sh o u ld  be obvious from  th e  

symmetry of th e  g e o m e tric a l s t r u c tu r e  u n d e rly in g  f i g .  14 of th e  copolym er, 

in  w hich a r o t a t i o n  th ro u g h  90° w i l l  in te rc h a n g e  th e  h o r iz o n ta l  w ith  

th e  v e r t i c a l  l i n e s  of a tom s, t h a t  i t  i s  a r b i t r a r y  v/hich of th e  two i s  

c o n s id e re d  to  c o n ta in  th e  c r o s s l in k s  ( c f .  th e  d e c is io n  a s  t o  w hich of 

two numbers i s  th e  m u l t ip l i e r  and which th e  m u lt ip l ic a n d  in  a p ro d u c t) .



In  th e  netw ork  th eo ry  of s iz e  d i s t r i b u t i o n s ,  g e l l in g ,  e t c , ,  

th e  a r b i t r a i y  ch o ice  o f " c ro s s l in k s "  from  th e  bonds o c c u rr in g  in  th e  

meshes i s  r e f l e c t e d  in  a l t e r n a t iv e  r o u te s  of d e r iv in g  p r e c i s e ly  th e  same 

e q u a tio n s . The words c ro ss-p o ly m er (o r  cro ss-copo lym er )  w i l l  be used  

f o r  th e  s t r u c tu r e  t y p i f i e d  by f i g , I 4 ,

3 .3 . E xperim en ta l .

3 .3 .1 , Ohoice of s o lv e n ts  f o r  c ro ss-co p o ly m er e x t r a c t i o n . ."hen th e  

MMA/PEF system  g e ls  th e  g e lle d  s o lu t io n  i s  a m ix tu re  of m e th ac ry la te  

monomer, fum ara te  monomer and th e  c ro ss-c o p o ly m e r. In  o rd e r  to  i s o l a t e  

th e  l a t t e r  i t  i s  n e c e ssa ry  t o  e x t r a c t  th e  rem ain in g  u n s a tu ra te d  monomers 

by s o lv e n t  e x t r a c t io n ,  and a s a t i s f a c t o r y  scheme was evo lved  only a f t e r  

an e x te n s iv e  in v e s t ig a t io n  of th e  e f f e c t  of a la rg e  v a r i e ty  of s o lv e n ts  

on th e  components. E s s e n t i a l l y ,  s o lv e n ts  had to  be found  f o r  th e  two 

monomers w hich had no e f f e c t  on th e  c ro ss -p o ly m e r. In  th e  s o l u b i l i t y  

ex p erim en ts  p o ly m e th y lm eth acry la te  i t s e l f  was used to  s im u la te  th e  

c ro ss-p o ly m er s in c e  th e  two d i f f e r  on ly  by th e  in c lu s io n  of FEE b ra n c h in g  

u n i t s .  The p lan  fo llo w ed  was t o  f i n d  a good s o lv e n t f o r  each monomer 

and th e n  examine i t s  e f f e c t  on P e rsp e x  under v a ry in g  c o n d it io n s  o f tim e  

and te m p e ra tu re .

The e x t r a c t io n  of m e th a c ry la te  monomer from  polym er p re s e n te d  

no g re a t  d i f f i c u l t y  s in c e  i t  i s  s ta n d a rd  p r a c t ic e  t o  e x tr a c t  m e th a c ry la te  

monomer from  P e rsp e x  w ith  m ethano l.

Of a l l  th e  s o lv e n ts  t r i e d  f o r  fu m a ra te , i t  was found th a t  

e th y le n e  g ly c o l  m onoethyl e th e r  (C e llo so lv e )  was th e  most s a t i s f a c t o r y ,  

th e  r e s i n  b e in g  s o lu b le  in  warm C e llo s o lv e , o r in  th e  c o ld  a f t e r  s ta n d in g .
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C e llo so lv e  has no s o l u b i l i s i n g  e f f e c t  on P e rsp ex  u n le ss  under 

d r a s t i c  c o n d it io n s , A sam ple of P e rsp ex  was l e f t  s ta n d in g  in  

C e llo so lv e  f o r  n ine  days a t  room te m p e ra tu re . Even th e n  th e  sample

rem ained q u ite  h a rd  and th e r e  was no d e te c ta b le  s w e l l in g , and th e  

a d d i t io n  of m ethanol t o  th e  C e llo so lv e  d id  n o t produce any p r e c i p i t a t e  

o r m ilk in e s s . A nother sam ple of P ersp ex  was re f lu x e d  w ith  C e llo so lv e  

under reduced  p re s su re  (abou t 140% ) f o r  two hours th e n  l e f t  s ta n d in g  

a t  room tem p e ra tu re  f o r  n in e  days. The a d d i t io n  of m ethanol gave 

only a s l i g h t  ir l lk in e s s  to  th e  s o lu t io n .

Thus th e  e x t r a c t io n  scheme fo llo w ed  c o n s i s t s  of e x t r a c t in g  

th e  m e tlia c ry la te  monomer w ith  m ethanol and th e  f r e e  fu m ara te  c o n d en sa tio n  

c h a in s  w ith  C e llo s o lv e , le a v in g  on ly  th e  c ro ss-co p o ly m er,

5 .5 ,2 .  C ro s s -p o ly m e r is a tio n  and p u r i f i c a t i o n  p ro c e d u re , he ighed  

q u a n t i t i e s  of }IMk and PEP t o t a l l i n g  about 3 " lOgm w ere mixed to  a 

c l e a r  s o lu t io n  o f th e  d e s ir e d  mole r a t i o  R in  th e  u su a l  manner, ^  MEK 

c a t a l y s t  was added to  th e  s o lu t io n  w hich  was p o ly m erised  in  s e a le d  

py rex  g la s s  tu b e s  a t  62%  u n t i l  g e l le d .  At th e  g e l  p o in t  (about 

5 -  20^ c o n v e rs io n ) , de te rm ined  by th e  probe method d e sc r ib e d  in  

S e c t io n  4 .2 .1 ,  ^^^^the p o ly in e r is a t io n  was s to p p e d  by im m ersing th e  tube  

in  a f r e e z in g  m ix ture  of m ethanol and s o l id  carbon  d io x id e . The 

g e lle d  mass was pushed out o f th e  tu b e  and w eighed, A t e n f o ld  excess 

of c h i l l e d  m ethanol and a t r a c e  of h y d ro q u in o n e . t o  p re v e n t f u r t h e r  

po ly  im r i  s a t  i  on, we re  added and th e  mass was worked by m anually  r o l l i n g  

and p re s s in g  i / i t h  a g la s s  rod  te rm in a tin g  t h i s  s ta g e  by s t i r r i n g  w ith  

a h igh  speed  p r o p e l le r  s t i r r e r  f o r  about 10 m inu tes. The m ethanol
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was d ecan ted  and th e  p rocedu re  re p e a te d  w ith  f r e s h  m ethano l f o u r  t im e s ,  

t o  com plete  e x t r a c t io n  of u n rea c te d  m ethy l m e th ac ry la te*  In  t h i s  

p ro c e s s ,  th e  o r ig in a l ly  doughy mass ‘became broken up i n t o  s m a ll ,  p l a s t i c  

p a r t i c l e s ,  presumed to  c o n ta in  th e  c ro ss-p o ly m er and f r e e  co n d en sa tio n  

c h a in s ,

To e x t r a c t  th e s e  f r e e  c h a in s , th e  second s ta g e  c o n s is te d  in  

th e  a d d it io n  of 1 0 0 -fo ld  ex cess  o f C e llo so lv e  and h e a t in g  f o r  a few  

m inutes to  60^C w ith  s t i r r i n g .  The p a r t i c l e s  sw e lle d  t o  c le a r  s o f t  

j e l l y - l i k e  g lo b u le s  o f much in c re a s e d  volume. The so lv e n t  was d ecan ted  

and th e  p ro ce ss  re p e a te d  tw ice  w ith  f r e s h  C e llo s o lv e . The sw o lle n  

p a r t i c l e s  were th e n  l e f t  in  c o n ta c t  w ith  C e llo so lv e  a t  room te m p e ra tu re  

f o r  10 -  20 h o u rs  th e n  f i n a l l y  washed w ith  f r e s h  s o lv e n t .

In  th e  f i n a l  s ta g e ,  th e  c ro ss-p o ly m er p a r t i c l e s  were f r e e d  

from  C e llo so lv e  by r e f lu x in g  v;ith  m ethanol in  a  S o x h le t e x t r a c to r ,  

renew ing  th e  m ethanol a f t e r  th re e  ho u rs  and c o n tin u in g  th e  e x t r a c t io n  

f o r  a f u r t h e r  th r e e  h o u rs . The p ro d u c t was washed from  th e  th iiiib le  

w ith  f r e s h  m ethanol w hich was th e n  d ecan ted  and th e  f i n a l  polym er d r ie d  

i n  a vacuum d e s ic c a to r  over c a lc iu m  c h lo r id e  f o r  ab o u t 15 hours* The 

polym er was o b ta in e d  as a w h ite  pc%''der s u i t a b le  b o th  f o r  m ic ro a n a ly s is  

and d e n s i ty  d e te rm in a tio n . The whole e x t r a c t io n  p ro ced u re  (C e llo so lv e  

and m ethanol) was re p e a te d  once o r tw ic e , i . e .  in  p r in c ip le  t o  c o n s ta n t 

com position  and d e n s i ty  of th e  c ro ss-p o ly m er powder* A t y p i c a l  rough 

y ie ld  su rv ey  ( t a b le  8) may be p re se n te d  f o r  th e  runs c o rre sp o n d in g  

t o  R = 0 .5  and R = 0 , 1 ,
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Table 8.

Y ie ld  su rv ey  f o r  c ro ss -p o ly m e rs .

R = C, 5 R = 0,1

Y eigh t of g e l le d  r e s in s  3 .0 8  g , 6*62 g,

'f a ig h t  of c ro ss -p o ly m er e s tim a te d  from
shrinlcage d u rin g  p o ly m e ris a tio n , 300 mg, JOC mg.

Net y ie ld s  of c ro ss -p o ly m er powder a f t e r

f i r s t  e x t r a c t io n  180 rag, 594 i^g,

second e x t r a c t io n  94 mg. 304 mg.

t h i r d  e x t r a c t io n  33 mg. 150 mg.

No a llow ance has been  made f o r  c o n s id e ra b le  un av o id ab le  

lo s s e s  in  h a n d lin g  th e  polym er d u rin g  th e  e x t r a c t io n  p ro c e d u re s , o r of 

th e  m inute q u a n t i t ie s  used f o r  d e n s i ty  m easurem ents. N e v e r th e le s s , 

th e  r e l a t i v e l y  lov; n e t  y i e ld s  r e f l e c t s  r e a l  lo s s e s  by s o l u b i l i t y  of th e  

c ro ss -p o ly m e r in  C e llo so lv e . To reduce t h i s  s o l u b i l i t y  in  th e  two ru n s  

of low est R v a lu e  in  w hich th e  e f f e c t  was most s e r io u s ,  lO/o of m ethanol 

was added to  a l l  th e  C e llo so lv e  used . T h is  m ix ture  i s  s t i l l  a so lv e n t 

f o r  th e  f r e e  p o ly e th y le n e  fu m ara te  c o n d e n sa tio n  c h a in s ,

3 .3 .3 .  D e n s ity  d e te rm in a tio n  of th e  c ro s s -copol.yrner. The d e n s i t i e s

of th e  c ro ss -p o ly m e r sam ples wflure dete rm ined  in  a d e n s i ty  g ra d ie n t  tube  

th e  use of w hich has been  d e sc r ib e d  e lsew here^^^^^^^^  The method makes 

use of P yrex  g la s s  f l o a t s  as r e f e re n c e  s ta n d a rd s  w hich a re  used t o  

c a l ib r a t e  d e n s i ty  as a fu n c t io n  of h e ig h t in  th e  tube  by i n te r p o la t io n .  

The g ra d ie n t  i s  e s ta b l is h e d  in  th e  tube  by th e  v e r t i c a l  i n t e r d i f f u s io n  

of two m is c ib le  l iq u id s  w hich have no chem ical o r  p h y s ic a l  e f f e c t  on th e
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polym er. A p a r t i c l e  of polymer f i lm  in tro d u c e d  in to  th e  tube  s in k s  t o  

a l e v e l  a t  w hich i t s  d e n s i ty  eq u a ls  t h a t  of th e  su rro u n d in g  l iq u id ,

a . )  M anufacture  and c a l ib r a t i o n  of g la s s  f l o a t s  has been  d e s c r ib e d  in

( 33)d e t a i l s  by Gordon and McNab, The f l o a t s  w ere made p r a c t i c a l l y  

s p h e r ic a l  in  shape and about 2 - 3  mm, d iam e te r  from  th in -w a l le d  c a p i l l a r y  

(1 mm, diam, ) d raim  o r ig in a l ly  from  1 ,3  cm d ia m e te r  I ^ e x  tu b e , F lo a ts

in  th e  d e s ire d  d e n s i ty  range were o b ta in ed  by c o n t r o l l in g  th e

g l a s s - t o - a i r  r a t i o .  The sp h e re s  were s to re d  f o r  two days b e fo re  

b e in g  c a l ib r a t e d  s in c e  incom plete  a n n e a lin g  caused  an i n i t i a l  sm a ll 

in c re a s e  in  d e n s i ty .

The f l o a t s  were c a l ib r a t e d  f o r  d e n s i ty  by th e  method d e sc r ib e d

by Gordon and McNab in v o lv in g  f l o t a t i o n  of th e  g la s s  sp h e re  in  a d e n s i ty

b o t t l e  c o n ta in in g  a s o lu t io n  of th e  r e q u ire d  d e n s i ty ,  The f l o a t  

d e n s i t i e s  were found  t o  0,0001 gm ./m l. The d e n s i ty  of th e  c r o s s -  

polym er sam ples l i e s  betv/een 1,191 and 1,2876 and f iv e  f l o a t s  w ere 

c a l ib r a t e d  to  c o v er t h i s  ran g e .

b, ) P re p a ra t io n  and use of d e n s i ty  g ra d ie n t tu b e s .  The d e n s i ty

(31 )g ra d ie n t  vvas form ed in  a dum b-bell shaped tube  of abou t 23 cm. stem  

le n g th  and 2 cm, d ia m e te r . The heavy s o lu t io n  was p lac ed  in  th e  tu b e  

w ith  th e  m eniscus in  th e  c e n tre  of th e  stem  and c a r e f u l ly  topped  w ith  

th e  l i g h t e r  s o lu t io n  so  as to  p re s e rv e  th e  in te r p h a s e .  The f l o a t s  

w ere th e n  in tro d u c e d  and r e s te d  on th e  in te rp h a s e ,  A f in e  w ire  c o i l  

s t i r r e r  was th e n  moved up and doivn th ro u g h  th e  in te rp h a s e  'with s t r o k e s  

of in c r e a s in g  am p litu d e  so t h a t  i n t e r d i f f u s io n  of th e  s o lu t io n s  

caused  th e  fo rm a tio n  of th e  d e n s i ty  g ra d ie n t  w hich was observed  in
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te rm s of th e  v e r t i c a l  sp re a d in g  o f th e  f l o a t s .  The h e ig h t a g a in s t  

d e n s i ty  p lo t  i s  a lw ays sigm oid , ap p ro ach in g  th e  v e r t i c a l  a t  each  end,

i . e .  a t  th e  h e ig h t of th e  dum b-bell r e s e r v o i r s  w here th e  d e n s i ty  i s  

c o n s ta n t  "/Tith h e i ^ t .

In d iv id u a l  sm a ll p a r t i c l e s  (a few m illig ra m s)  from  a 

polym er powder were p re s se d  to  c le a r  f i lm s  abou t 1 - 3  in  a re a  a t  

ap p ro x im ate ly  130^0 f o r  30 seconds under ca.lO O  atm , betw een g la s s  p l a t e s .  

These p l a t e s ,  cu t from  m icroscope s l id e s  t o  3 x 3 cm, in  s i z e ,  were 

p re s se d  a lo n g  t h e i r  edges by two s p r in g - lo a d e d  ("b u ll-d o g "  ty p e )  c l i p s ,  

and a j e t  of su p e rh ea ted  steam  d ir e c te d  a g a in s t  each  p l a t e .  The f i lm s  

were cu t i n to  d i s t i n c t iv e  sh ap es w ith  a c le a n  r a z o r  b la d e  and  p laced  

in  th e  g ra d ie n t  tu b e  w hich was immersed in  a 26, 7^0 w a te r  th e rm o s ta t 

f o r  15 m ins. The h e ig h t of th e  f l o a t s  and th e  polym er p a r t i c l e s  were 

m easured u sin g  a c a th e to m e te r  and p lo t t e d  a s  t y p i f i e d  in  f i g , l 6 .  The 

polym er d e n s i t i e s  de te rm ined  g r a p h ic a l ly  in  t h i s  way w ere a c c u ra te  t o  

0 ,0010 gm ./m l. o r b e t t e r .

The s o lu t io n  used in  th e  g ra d ie n t  tu b e  T/as ca lc iu m  c h lo r id e  

w hich was p re v io u s ly  degassed  in  o rd e r  to  p rev en t th e  fo rm a tio n  of a i r  

b u b b le s  on th e  f l o a t s  and. polym er p a r t i c l e s ,

3 .3o 4. M icroanal y s i s  and m ichrohydrop;enation of th e  c ross-copo lym er ,

a . )  The c ro ss-co p o ly m er sam ples w ere an a ly sed  f o r  carbon  and hydrogen 

c o n te n t by D rs. I f e i l e r  and S tra u s s  of O xford,

b . ) The r e s id u a l  u n s a tu ra t io n  of th e  c ro ss-co p o ly m er sam ples 

de term ined  by Dr. A.C. .Syme of th e  R oyal T e c h n ic a l C o llege  by a 

m icro h y d ro g en a tio n  tec h n iq u e . The polym er sam ples were l e f t  s ta n d in g
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in  th e  co ld  in  g la c ia l  a c e t i c  a c id  when th e y  became h ig h ly  sw o llen  and 

in  a s u i t a b le  s t a t e  f o r  m icrohydrogenation*  A b lan k  ru n  was c a r r ie d  

out on po lym ethy l m e th a c ry la te  p o ly m erised , i s o l a t e d  and p u r i f i e d  in  

e x a c tly  th e  same manner as used f  oh th e  cross-po lym er*

3 ,A. E v a lu a tio n  cf monomer r e a c t i v i t y  r a t i o s  r^^ and rp . The p rocedure  

f o r  c a lc u la t in g  monomer r e a c t i v i t y  r a t i o s  f o r  a b in a ry  l i n e a r  

p o ly m e ris a tio n  c o n s is t s  in  a n a ly s in g  th e  number f r a c t i o n  jO of monomeric 

re p e a t  u n i ts  (fu m ara te ) in  th e  p o ly m e r is a tio n  c h a in s  a s  a f u n c t io n  of th e  

fe e d  r a t i o  R. At low c o n v e rs io n s , th e  fo llo w in g  l i n e a r  e q u a tio n  i s  

o b ta in ed  by re a r ra n g in g  eqn. ( 2 l )  and a llo w s th e  r e a c t i v i t y  r a t i o s  r^  

and r ^  t o  be deduced from  s lo p e  and in te r c e p t  by p l o t t i n g  R (l/^^ -  2)

v e rsu s  R^ {'[/p ~ 1 );

Fp. {Vf> -  1 ) + E {\/p -  2 ) = (41 ) .

As long  as  n o t more th a n  one double  bond of each  po3y-fum arate  

c o n d e n sa tio n  c lia in  has become in c o rp o ra te d  in to  a p o ly m e r is a tio n  c lia in , 

eqn ,(A 1) rem ains a p p lic a b le  s in c e  we a re  d e a lin g  w ith  a l i n e a r  

c o p o ly m e risa tio n  ( f r e e  from  c r o s s l i n k s ) .  F o r  t h i s  ver^^ re a s o n , th e  same 

e q u a tio n  a p p lie s  a t  th e  g e l p o in t of th e  c o p o ly m é risa tio n  a s

an  a lm ost ex ac t a p p ro x im atio n . Of th e  o rd e r  of s c o re s  of c o n d en sa tio n  

c lia in s  e n te r  in to  each  p o ly m e ris a tio n  c h a in . At th e  g e l  p o in t ,  

how ever, only  one of th e s e  ch a in s  on a v e rag e  w i l l  have a second double 

bond w hich lias p o ly m erised  and th u s  s e rv e s  a s  a c r o s s l in k  w ith  a second 

p o ly m e r is a tio n  c h a in  ( f i g , 13 ). T h is  average  of one c r o j s l i n k  p e r  

p o ly m e r is a tio n  c h a in  fo llo v /s  from  th e  netw ork th e o ry  of th e  g e l  p o in t



oO.

(2 )
on th e  assum ption  t h a t  c y c l ic  s t r u c tu r e s  can  be n e g le c te d  in  th e  ne tw ork ; 

The g e n e ra l  a p p l i c a b i l i t y  o f t h i s  netw ork th e o ry  of g e l l i n g  to  t h i s  

system  T/as dem onstra ted  in  th e  p rev io u s  s e c t io n .  A cco rd in g ly  th e  

e x p e rim e n ta l p o ly m e r is a tio n s  v/ere c a r r i e d  t o  th e  v i c i n i t y  of th e  g e l  

p o in t ,  w hich occu rred  a t  <C 20̂ o c o n v e rs io n  of th e  u n s a tu ra t io n  p r e s e n t ,  

and th e  polym er co m p o sitio n  an a ly sed  in  term s of eqn, (4 1 ) ,

The c l a s s i c a l  method f o r  d e te rm in in g  th e  number f r a c t i o n  yO 

i s  by  e lem en tary  im icro an a ly sis  of th e  p u r i f ie d  polym er. Because in  

t h i s  system , one of th e  components to  be removed ( v iz ,  th e  f r e e  p o ly e s te r  

c o n d en sa tio n  c h a in s )  i s  i t s e l f  po lym eric  and th e  g e lle d  polym er i s  no 

lo n g e r  com plete ly  s o lu b le ,  th e  sw e ll in g  and e x t r a c t io n  te c h n iq u e  d e sc r ib e d  

had to  be ad o p ted . The p u r i f ie d  polym er o b ta in ed  by t h i s  method cou ld  

h a rd ly  be expec ted  t o  be in  th e  s t a t e  o f p u r i ty  n o rm a lly  o b ta in ed  in  

sim p le  system s by r e p e t i t i v e  p r e c i p i t a t i o n  and r e d i s s o lu t io n .

The norm al method of a n a ly s is  of th e  p u r i f i e d  polym er depends 

on th e  f a c t  th a t  th e  c a rb o n  (o r  hydrogen e t c , )  p e rc e n ta g e  and Cjy- 

(o r  Kp and e tc ,  ) of th e  two homopolymers o b ta in a b le  from  th e  two 

monomers F and M s e p a r a te ly  w i l l  g e n e ra l ly  d i f f e r .  The w eigh t 

f r a c t i o n a l  co m positions of copolym ers a re  d e d u c ib le  by l i n e a r  in te r p o la t io n  

• of th e  carbon  p e rc en ta g e  betw een and e t c .  Thus th e

w eight f r a c t i o n  of component F in  th e  copolym er i s  g iv en  by:

copolym er ^■^copolymer (42)
% -

These e q u a tio n s  a re  a p p lie d  t o  t h i s  sy s tem  f o r  carbon  and hydrogen
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a n a ly s is .  Because Cg, -  and Bp -  a re  sm a ll (1 0 ,2 3 ^  and 3*63)^ 

r e s p e c t iv e ly )  t h i s  p ro ced u re  i s  no t v e ry  a c c u ra te .  E x p e r im e n ta lly , i t  

i s  s in p le r  and more conven ien t to  a n a ly se  th e  copolym er by s p e c i f i c  

volume m easurem ents, deducing th e  w eight f r a c t i o n  of p o ly e th y le n e  

fu m ara te  u n i ts  by l i n e a r  in t e r p o la t io n  betT/een th e  s p e c i f i c  volum es of 

pure  m ethyl m ethacrj^ la te  polym er and th a t  of a h y p o th e t ic a l  polym er 

(se e  f i g , 17) .  Thus

= -  ^ r e s i n _________________

^ h y p o th e t ic a l  polym er

w here V i s  th e  s p e c i f i c  volume den o ted  by i t s  p r e f i x .  T h is m ethod, 

though in  p r in c ip le  more a c c u ra te  th a n  e lem en ta ry  a n a ly s i s ,  gave in  

p r a c t i c e ,  r e s u l t s  in  s a t i s f a c t o r y  agreem ent b u t cf on ly  th e  same o rd e r  

of p r e c i s io n .

3 .4 .1 .  Range of fe e d  r a t i o s  a v a i l a b l e . E q n .(h i)  n a tu r a l l y  g iv es  r e s u l t s  

of th e  monomer r e a c t i v i t y  r a t i o s  w hich a re  th e  more a c c u ra te  th e  w id e r 

th e  range of R v a lu e s  employed The system  h e re  p re s e n ts  y e t  a n o th e r  

d i f f i c u l t y  in  t h a t  th e  e x p e r im e n ta lly  nanageab le  range i s  r e s t r i c t e d .

At h ig h  p ro p o r t io n s  of p o ly e th y le n e  fum ara te  (R >  1 ,3 ) ,  th e  m ix tu re s  

become to o  v isc o u s  f o r  h a n d lin g  and th e  co n v e rs io n  a t  th e  g e l  p o in t  so 

low , th a t  e f f o r t s  in  t h i s  d i r e c t i o n  had to  be abandoned. A cco rd in g ly  

on ly  th e  range  0.1 R 1 .3  has been  covered  h e re  in  fo u r  s te p s  

(R = 0 .1 ,  0 .3 ,  1 .0 ,  1, 3 ) c o rre sp o n d in g  to  e x t r a c t io n s  (E, 0 , 3 and D 

r e s p e c t iv e ly ) .
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3 .4 * 2 , C onversion  of w e ig h t f r a c t i o n  Wp t o  number f r a c t i o n  p  .

The co m p o sitio n  v a r ia b le  Wj,, i . e , ,  th e  w eigh t f r a c t i o n  of 

(po lym erised  + unpolym erised  ) f  um arate u n i ts  in  th e  c ro ss -c o p o ly m e r, i s  

e x p e r im e n ta lly  a c c e s s ib le  from  d e n s i ty  m easurem ents and m ic ro a n a ly s is . 

A ccording t o  eqn. (A 1), how ever, th e  number f r a c t i o n  yO ( f r a c t i o n  of 

po lym erised  u n i ts  which a re  fu m ara te ) i s  r e q u ire d  f o r  e v a lu a t in g  r^j. and 

l ÿ .  To compute yO from  w^, two s t a t i s t i c a l  a ssum p tions a re  r e q u ire d . 

F i r s t l y ,  a s  a lr e a d y  e x p la in e d , th e  number of fu m ara te  u n i ts  po lym erised  

p e r  c o n d en sa tio n  ch a in  in  th e  c ro ss-p o ly m er i s  ta k e n  n o t s i g n i f i c a n t l y  to  

exceed u n ity  a t  th e  g e l  p o in t .  I t  i s  a ls o  n e c e s sa ry  to  know th e  average  

number N of fu m ara te  u n i ts  in  th o se  p o ly co n d e n sa tio n  c h a in s  w hich  a re  

bound in  th e  c ro ss-co p o ly m er, S in p le  s t a t i s t i c a l  a n a ly s is  le a d s  to  th e  

follcr.ri.ng r e s u l t s  co n ce rn in g  th e  a p p ro p r ia te  av erag e :

a . )  Low c o n v e rs io n : The i n i t i a l  copolym er form ed in c o rp o ra te s

co n d en sa tio n  c h a in s  whose number average  DP i s  th e  w eigh t a v e rag e  of th e  

o r ig in a l  f r e e  p o ly co n d en sa tio n  ch a in  d i s t r i b u t i o n ,

b . ) F u l l  c o n v e rs io n : The p o ly co n d e n sa tio n  c h a in s  in c o rp o ra te d  in  a , 

h y p o th e t ic a l  copolym er c o n ta in in g  a l l  th e  i n i t i a l  c o n d en sa tio n  c h a in s  

n e c e s s a r i ly  have th e  same number average  DP a s  th e  o r ig in a l  d i s t r i b u t i o n .

F o r an o r ig in a l  d i s t r i b u t i o n  obey ing  e q u a tio n s  ( i )  and (2 ) ,  

t h i s  im p lie s  t h a t  th e  r e q u ir e d  average  N f a l l s  in  a c a lc u la b le  manner 

TiTith th e  c o p o ly m e risa tio n  p ro g re ss  re a c h in g  about h a l f  i t s  i n i t i a l  v a lu e  

a t  f u l l  c o n v e rs io n . B ecause of th e  low co n v e rs io n  of fu m a ra te  bonds 

when th e  r e a c t io n  i s  s to p p e d  a t  th e  g e l  p o in t ,  case  ( a . )  i s  assumed to  

be a p p l ic a b le  and th e  number average  of fu m ara te  u n i ts  p e r  c o n d en sa tio n
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c h a in  i s  e q u a ted  t o  th e  w e ig h t average  c a lc u la te d  fro m  end group

a n a ly s i s .  Then p  must be c a lc u la te d  fro m  as  fo llo w s ;

10%

f =
^ ___________  (Wf)

1 0 0 t^  +  12f2BP^Q ( l  -  Wp)

3 .4 * 3 . E s tim a te d  d e n s i ty  o f  po ly m erised  c o n d en sa tio n  po lym er. In  o rd e r  

to  c a lc u la t e  from  s p e c i f i c  volume m easurem ents (eqn , 43) i t  i s  

n e c e ssa ry  t o  e s tim a te  th e  s p e c i f i c  volume o f th e  h y p o th e t ic a l  co n d en sa tio n  

polym er when one double bond p e r w eigh t av e rag e  c h a in  h as p o ly m erised .

T h is was done in  th e  fo llo w in g  manner from  th e  v a lu e s  of p e r  cen t 

sh rin k a g e  P p e r double bond and r e c ip r o c a l  m olar volume l/M y f o r  te n

(34)d i - ^ l e n t  monomers, quo ted  in  th e  l i t e r a t u r e  by N ick o ls  and F low ers 

(see A ppendix ta b le  31 )• The r e g r e s s io n  l in e  from  th e s e  v a lu e s  was 

found t o  b e ;

P  = J l —  (45)
My

Then, f o r  r e s i n  F sa y , s u b s t i t u t i n g  f o r  l/% ^ = 1 .3475 /950  from  

th e  d e n s ity  and D P ^  v a lu e s  of r e s i n  F , P i s  found  to  be 3 .1 ^ . T hat i s ,  

th e  p o ly m e ris a tio n  of one double bond p e r  w eigh t av erag e  p o ly m e r is a tio n  

c h a in  ( th e  c o n d it io n  a t  th e  g e l  p o in t )  low ers th e  s p e c i f i c  volume of th e  

p o ly e s te r  from  0 ,743  t o  0 ,720  a s  shown in  f i g ,  17.

3 ,4 .4 .  R e a c t iv i ty  r a t i o s  from  d e n s i ty  m easurem ents. D e sp ite  th e  

e x c e l le n t  r e p r o d u c ib i l i ty  no rm ally  a t t a in e d  w ith  t h i s  te c h n iq u e , f i lm s  

p re p a re d  from  any one c ro ss -p o ly m e r sam ple h e re  gave a c o n s id e ra b le
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F ig u re  17* S p e c if ic  volume o f the  c ro ss-copo lym cr a t  3 0 0 ^ .  va.

f r a c t io n  Wp o f e th y len e  fum ara te  u n i ts :  (#) E xperim ental 

p o in ts  from mean o f  carbon and hydrogen c o n te n t. On the  

o rd in a te  the  upper p o in t  shov/n i s  f o r  unpolym erized

p o ly e th y le n e  f  um arate r e s in  F. The p o in t  0.025 u n i t  below 
t h i s  i s  th e  e s tim a te d  s p e c i f i c  volume when one double bond 

p e r  w e ig h t-av erag e  ch a in  has po lym erized .
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s c a t t e r  of* d e n s i ty  v a lu e s  a s  e x e m p lif ie d  in  colum ns 3 and 3 cf t a b l e  9. 

T h is  s c a t t e r  n a tu r a l l y  i n f e c t s  th e  c a lc u la te d  co m p o sitio n  p a ra m e te r  p 

( t h r o u ^  eqns, 43 and 44) a s  a ls o  seen  in  columns 4  and 6 of t a b l e  9»

T ab le  9>

R e p ro d u c ib i l i ty  of d e n s i ty  m easurem ents of p u r i f i e d  (tw ice  e x tr a c te d )
polym ers a t  300% .

F ilm Pure MMA C ross -polym er R = 0 .1 C ross-po lym er R = 1 .3
fragm ent d e n s i ty D ensity 2 )< ' % D en sity R ( l ^  -  2 )4  ria

I 1,1911 1.2019 U .3 1.2748 15.1

2 1.1911 1.1980 21 ,2 1.2736 15 .6

3 1.1909 1.1973 25.6 1 .2718 16 .2

4 - 1 .1938 5 5 .6 1.1671 18.1

5 - — — 1.2606 2 0 ,95

The r e l a t i v e  r e p r o d u c ib i l i ty  of th e  d e n s i ty  was found  to  be  u n a ffe c te d  

by  m oderate v a r i a t i o n s  in  th e  tim e  of h o t - p r e s s in g  of th e  f i lm s  th u s ,  two 

frag m e n ts  from  e x t r a c t io n  B p re s se d  f o r  10 and 45 seconds had d e n s i t i e s  

of 1,2335 and 1 .2322 gm ./m l. r e s p e c t iv e ly ,  b u t ap p ea red  t o  be caused  by 

r e a l  inhom ogeneity  of th e  powder b e fo re  h o t - p r e s s in g .  T h is i s  a t t r i b u t e d  

t o  th e  l im ite d  e f f i c ie n c y  of th e  p u r i f i c a t i o n  p ro c e s s ,  i . e . ,  th e  

e x t r a c t io n  of f r e e  c o n d en sa tio n  polym er from  g e l  p a r t i c l e s  in s te a d  of 

th e  norm al d i s s o lu t io n  and r e p r e c i p i t a t i o n  of l i n e a r  polym ers. A cco rd in g ly , 

t a b l e  9 shows t h a t  th e  h ig h e r  th e  R v a lu e  th e  w orse i s  th e  s c a t t e r ,  and 

e x c e l le n t  r e p r o d u c ib i l i ty  i s  seen  to  a t te n d  th e  d e te rm in a tio n  of th e  

d e n s i ty  of po lym ethy l læ th a c ry la te  uncontarainated  by c o n d en sa tio n  c h a in s  

(R = o ) ,  p o ly m erised  and p u r i f ie d  from  monomer by e x a c tly  th e  same
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tec h n iq u e  a s  d e sc r ib e d  f o r  th e  c ro ss-p o ly m er. Superim posed on th e  

d i f f i c u l t y  of co m p le te ly  e x t r a c t in g  th e  f r e e  c o n d en sa tio n  c h a in s ,  th e re  

i s  a marked ten d en cy  of th e  a t ta c h e d  c o n d en sa tio n  c h a in s  in  th e  c ro s s ­

polym er to  p o ly m erise  f u r th e r  '..hen h e a ted  in  a i r .  T h is m a n ife s ts  i t s e l f  

in  an in c re a s e  in  d e n s i ty ,  lo s s  of th e r m o p la s t ic i ty  and lo s s  of sw e llin g  

power of th e  c ro ss-co p o ly m er in  C e llo so lv e  a f t e r  r e p e a te d  e x t r a c t io n s .  

B oth incom plete  e x t r a c t io n  and a f te r -p o ly m e r is a t io n  le a d  t o  h ig h  

d e n s i t i e s ,  highyO and low c a lc u la te d  v a lu e s  of th e  r e a c t i v i t y  r a t i o  r ^ .  

F o r t h i s  re a so n , i t  would ap p ea r t h a t  th e  most r e l i a b l e  yO v a lu e  i s  

o b ta in ed  a f t e r  th e  second e x t r a c t io n ,  and f i g . 18 i s ,  a c c o rd in g ly , based  on 

th e s e  v a lu e s  of th e  co m p o sitio n  p a ra m e te rs . In  th e  ab sen ce  of th e  

d i s tu r b in g  a f te r -p o ly m e r is a t io n  ju s t  d e s c r ib e d , th e  d e n s i ty  and p  v a lu e s  

shou ld  d e c rea se  somewhat w ith  p ro g re s s iv e  p u r i f i c a t i o n  and th en  rem ain 

c o n s ta n t  when no f r e e  c o n d en sa tio n  c h a in s  a re  l e f t  to  be e x tr a c te d .  The 

re a so n a b le  degree of a tta in m e n t of t h i s  id e a l  i s  i l l u s t r a t e d  in  t a b le  10 

f o r  th e  ru n s  a t  R = 0 ,1  and R = 1 ; th e  co rre sp o n d in g  p o in ts  a re  p lo t t e d  

in  f i g .  19.

T ab le  10.

C onstancy of mean d e n s i ty  a t  3 0 0 and com position  of c ro ss-p o ly m er
a f t e r  re p e a te d  p u r i f i c a t i o n ,

R = 1 , 0  R s s O . i

P u r i f i c a t i o n  Mean p  Mean p
c y c le  d e n s i ty  ’ d e n s ity

1 1.2646 0,0676 1.2005 0,00639

2 1 .2510 0 ,0508  1.1978 0 .00454

3 1.2530 0 .0532 1 .1980 0,00469
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Figure iS . Evaluation o f monomer r e a c t iv ity  r a t io s  fo r  methyl

m eth acrylate/polyeth ylene fumarate. The mean r e s S f? ^ a f te r  

the second ex tra c tio n  for  the R values 0 .1 ,  0 . 5 ,  1 . 0 ,  and 1,5  
are p lo tte d . The h orizon ta l l in e  F i s  intended roughly to  

represent the data (r^ = in te rc ep t = 1 7 ,  rp = -  slop e = O), 

The l in e  S for  the system methyl m eth acry la te /styren e  

^̂ m® r g = 0 . 5 )  i s  shown fo r  comparison.
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F ig u re  19* Comparison o f m ic ro a n a ly s is  and d e n s ity  m easurem ents;

The p lo t  r e f l e c t s  th e  changes i?  ̂ . ; ta re n t v a lu e s  f o r

th e  R v a lu es 0 .1 ,  0 .5 ,  1 .0 ,  and 1 .5 .  The m eanyovalues 

c a lc u la te d  from C and H m ic ro a n a ly s is  a r ^ r o m  d e n s ity  

a re  compared.

Mean o f  C & H d e n s i ty ,
m ic ro a n a ly se s .

F i r s t  e x tr a c t io n ,  ^  A
Second e x tr a c t io n ,  V  V
T h ird  e x tr a c t io n .  ^  O
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The d e n s i t i e s  of f i lm  frag m e n ts  f o r  su c c e s s iv e  p u r i f i c a t i o n  c y c le s  of 

in d iv id u a l  e x t r a c t io n s  a re  ta b u la te d  in  th e  Appendix ( t a b l e  3 2 ) .  Mean 

d e n s i t i e s  of su c c e ss iv e  p u r i f i c a t i o n  c y c le s  f o r  in d iv id u a l  e x tr a c t io n s  

and th e  p a ra n e te r s  c a lc u la te d  th e re f ro m , a re  ta b u la te d  and compared in  

t a b le  12*

3 ,4 .5 ,  Hea c t i v i ty  r a t i o s  from  m ic ro a n a ly s is ;  d isc re p a n c y  betw een carbon  
and hydrogen a n a ly s i s .

The v a lu e s  f o r  th e  carbon  and hydrogen c o n te n ts  of th e  

copolym er when s u b s t i tu t e d  in  e q n .(42) gave two d i f f e r e n t  v a lu e s  o f Wp 

(th e  w eigh t f r a c t i o n  of fu m ara te  com ponent), th e  carbon  a n a ly s i s  

in v a r ia b ly  g iv in g  a v a lu e  a few  p e r c e n t h ig h e r  th a n  th e  hydrogen  v a lu e . 

S in ce  m ethanol was th e  l a s t  su b s ta n c e  in  c o n ta c t  w ith  th e  copolym er 

( in  th e  f i n a l  so lv e n t e x t r a c t io n )  b e fo re  d ry in g  and a n a ly s i s ,  i t  seemed 

p ro b ab le  th a t  a sm a ll amount of t h i s  rem ain in g  in  th e  copolym er m ight bm 

re s p o n s ib le  f o r  th e  d isc re p a n c y . From e q u a tio n s  b ased  on th e  carb o n  

and hydrogen c o n te n ts  of m ethanol and th e  copolym er (see  Appendix P . I I 4 ) ,  

i t  was c a lc u la te d  t h a t  in  each sam ple a n a ly se d  th e r e  was in  th e  r e g io n  

of 3/0 of m ethanol im p u rity  p r e s e n t .

T ab le  11.

A n a ly sis  F ig u re s
Specim en — -------  —     - - — - •   — C a lc u la te d  M ethanol

Im p u rity
Carbon % Hydrogen fo

B.1 55.1 6 .62 2 .5

B.2 5 5 ,4 6 .6 7 2 .7

B .3 56 .75 7 .2 8 5 .2

0 .3 5 5 .4 6 .95 4 .5
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A s im ila r  c a lc u la t io n  made on th e  assum ption  th a t  C e llo so lv e  was th e  

im p u r ity , showed th a t  about IQ/o ( 8, 4̂ 0 in  e x t r a c t io n  B .2 ) w ould need to  

be p re s e n t in  th e  copolym er sam ples in  o rd e r  t o  account f o r  th e  

d i f f e r e n c e  in  a n a ly s i s .  T h is  was th o u g h t to  be an u n l ik e ly  e x p la n a tio n  

s in c e  such a r e l a t i v e l y  la rg e  amount of C e llo so lv e  w ould a lm ost c e r t a in ly  

have loiTered th e  te m p e ra tu re  r e q u ire d  f o r  fu s io n  of th e  copolym er 

sam ples t o  w e ll  below th e  150°C found  to  be n e c e ssa ry  in  th e  d e n s i ty  

measurement te c h n iq u e . As m ethanol i s  th e  most l i k e l y  im p u r i ty , and 

s in c e  only  a sm a ll and rough ly  c o n s ta n t  amount p re s e n t  in  th e  copolym er 

would account f o r  th e  d isc re p a n c y  in  th e  a n a ly s i s ,  i t  seems p ro b ab le  

tiTat i t  i s  in  f a c t  th e  cause of th e  d i f f e r e n c e .

In  o rd e r  t o  c a l c u l a t e p  from  eqn. ( 44 ) th e  av erag e  of th e  

v a lu e s  from  carb o n  and hydrogen a n a ly se s  was u sed . The c a lc u la te d  

p a ram eters  d e te rm in in g  r^  and r^^ a re  ta b u la te d  in  t a b l e  12 and i l l u s t r a t e d  

in  f i g , 18 and 19 and a re  seen  t o  g ive  re a s o n a b le  agreeiment w i th  th o se  

c a lc u la te d  from  d e n s i ty  m easurem ents,

3 .4 ,5 .  R e a c t iv i ty  r a t i o s  from  m ic ro h y d ro g en a tio n  -  sam ple c a l c u l a t i o n .

M icrohydrogenation  ex p erim en ts  gave th e  amount of hydrogen 

abso rbed  by a g iven  q u a n ti ty  of c ro ss-c o p o ly m e r, e .g .  F o r  e x t r a c t io n  

B,3 (R esin  F, = 6 .5 6 , H = 1 .0 ) :

3 .357  m.g. of c ro ss-p o ly m er abso rbed  0 ,1 5 8  ml.Hg a t  N .T ,P ,

(a  b la n k  run  on pu re  po lym ethy l m e th a c iy la te  showed no H2 a b s o r p t io n .  ) 

i . e .  3 ,357  mg. ab so rb  0 ,158 /22400  moles = 7 ,0 6  x 10 ^ m oles 

Now^for each c o n d en sa tio n  c h a in  a t ta c h e d  to  a p o ly m e r is a tio n  segm ent of 

"a" u n i ts  th e r e  a re  (D P ^  -  1 ) p o in ts  f o r  a b s o rp t io n ,  i . e ,  5 ,5 5  moles
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(doub le  bonds) s a tu r a t e  a  m o lecu la r w e igh t of 950 + 100a,

7 .0 6  X 10"^ _ 5 .5 6

3 .357  950 + l œ a

a = 16.9 = _ L L 5 L _  = J  1
R(E30ji + 1) P

The r e s u l t s  of th e  m ic ro h y d ro g en a tio n  ex p erim en ts  c a rr ie d , out 

a re  ta b u la te d , in  t a b l e  12, They te n d  to  g ive  r a t h e r  low er v a lu e s  of 

b u t never adm it v a lu e s  below  5 .9 5 ,

3 ,4 .7 .  T a b u la t ion and com parison  of r e s u l t s  from  d e n s i ty ,  m ic ro a n a ly s is  
and m icr ohy dr  ogenat io n . R e s u lts  from  d e n s i ty ,  m ic ro a n a ly s is  and

m icrohyd rogenation  ex p erim en ts  a re  t a b u la te d  f o r  com parison o v e r le a f ,

3 .5 .  D is c u s s io n . The p lo t  a cc o rd in g  t o  eqn. (4I )  of th e  mean r e s u l t s  

(from  d e n s i ty  m easurem ent) a f t e r  th e  second e x t r a c t io n  f o r  th e  fo u r  R 

v a lu e s  s tu d ie d  i s  shown in  f i g .  18. A s t r a i g h t  l in e  w ith  in te r c e p t  r^^ 

and s lo p e  -3:^ i s  ex p ec te d , b u t th e  f i r s t  im p ress io n  of f i g .  18 re v e a ls  

• th e  r a t h e r  poor l i n e a r i t y  a c h iev e d  in  p r a c t i c e .  T h is  r e f l e c t s  n o t only  

th e  many e x p e rim e n ta l d i f f i c u l t i e s  a lr e a d y  d is c u s s e d , b u t a l s o  th e  

ap p aren t v a lu e s  cf r ^  and However, u s e fu l  in fo rm a tio n  can  be

e x tra c te d  even from  th e  r e l a t i v e l y  in a c c u ra te  r e s u l t s  o f f i g .  18, To pu t 

m a tte rs  in  a p ro p e r  p e rs p e c t iv e  th e  l in e  S h as been  drawn f o r  com parison , 

which from  th e  kna.m v a lu e s  of th e  a p p ro p r ia te  r e a c t i v i t y  r a t i o s ,  i s  

a p p lic a b le  when th e  p o ly e th y le n e  fu m ara te  in  t h i s  system  i s  re p la c e d  by 

s ty re n e . I t  i s  th en  im m edia te ly  c le a r  in  what sen se  l i e  th e  c o n s id e ra b le  

d e v ia tio n s  of th e  fum ara te  sy stem  from  th e  s ty r e n e  one, and what i s  th e
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Specimen

T ab le  12. 

D en sity  m easurem ents
d e n s i ty Vp ( 1/ 5 - 1 ) R ( l ^ - 2 )

D .1(R=1.5) 1.2876 0 .5 2 6 0 9.55 19.2 11.3

D,2 " 1.2696 0.4350 13.3 27.6 17.0

B .1(R =1.0) 1.2646 0.4080 14.8 13 .8 - 12.8

B,2 « 1.2510 0,3360 19.7 18.7 17.7

B,3 " 1.2530 0.3470 1 8 .8 17 .8 1 5 ,8

C .1(R =0.5) 1.2562 0.3640 17.52 4 .15 7 .75

0 .2  " 1.2388 0 .2710 26.5 6 . 4 12.3

0 .3  " 1.2587 0.3770 16,7 3 .93 7 .4

E . l ( R = 0 , i ) 1.2005 0.0521 156.5 1 .56 13.5

B.2 ” 1.1978 0.0372 220 2 .19 21 .8

B.3 " 1.1980 0.0387 213 .5 2.13 21.2

Specimen M ic ro a n a ly s is jVücrohydr ogenat io n
■jr \/p 5 ^ ( l / o - i )  5 (1/ 5 - 2 ) 1/3 R ^ ( 1 ^ - 1 ) R ( l / ) - :

B.1 (5=1) 0 .435  12 .0  11..0 10.0 - - -

B.2 " 0 .402 11..3 10,5 9 .5 - - —

B.3 " 0 .2 6 4  2 6 .4  2 5 .4 2 4 .4 17.9 16.9 15 .9

B.1 (5=0.1) - - 51 .5 0 ,606 5 .96

B .2 " wm. mm — « 54.1 0.631 6.21
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o rd e r  of m agnitude of th e s e  d e v ia t io n s .

Next i t  must he b o rn e  in  mind t h a t  a  l in e  drawn th ro u g h  th e s e  

d a ta  w ith  a p o s i t iv e  s lo p e  would be m ea n in g le ss , a s  -r^, must be ^  0 a s  

d e fin e d  by eqn, ( 4I ) .  T h is  r e s t r i c t s  th e  ran g e  of l in e s  t h a t  cou ld  be 

f i t t e d .  F o r th e  same re a s o n , th e  o rd in a te  R ( 1 /^  -  2 ) of each p o in t

g iv es  a minimum e s tim a te  c f  th e  i n t e r c e p t , r ^ .  The fo u r  mean v a lu e s  c f 

th e  o rd in a te s  in  f i g . 17 , a s  w e ll a s  th e  n in e te e n  in d iv id u a l  v a lu e s  from  

w hich th o s e  means were o b ta in ed  (e x e m p lif ie d  in  t a b le  9 and t a b le  3 2 ) ,  

a l l  l i e  above 7 . As th e  p r in c ip a l  e x p e rim e n ta l e r r o r s  have been  seen  

t o  le a d  t o  lo.i* r e s u l t s  of r ^ ,  i t  would seem re a s o n a b le  t o  conclude  t h a t  

r ^  >  7 . I t  i s  w e l l  known t h a t  f o r  v a lu e s  of r ^  a s  la rg e  as t h i s ,  th e  

companion r e a c t i v i t y  r a t i o  r^^^  i s  v e ry  n e a r ly  z e r # ,  which co rre sp o n d s  

t o  a n e a r ly  h o r i z o n ta l  l in e  In  a  p lo t  such a s  f i g ,  18. In  view  of th e s e  

rem arks th e  l in e  F has been  drawn g iv in g  r^^ = 17 , = 0 as a re a so n a b le

f i t  to  th e  d a ta ,  and  i t  seems q u ite  j u s t i f i e d  t o  a s s ig n  th e  l im i t s  

10 <  r j .  < 25 , 0 <  r^  <  0 ,7 ,  A p a i r  of v a lu e s  ( r ^  = 17, rp  =r O) p u ts  a 

s t r a i n  on a c c u ra c y  even v ;ith  sim ply sy s te m s , and th e  p a i r  l i e s  o u ts id e  

th e  u s e fu l  ran g e  of th e  e le g a n t nomograph p u b lish e d  by ''shelan f o r  

e v a lu a tin g  c o p o ly m é risa tio n s !^ ^ ^

M easurem ents o f monomer r e a c t i v i t y  r a t i o s  a re  c u s to m a rily  

c o r r e l a t e d  w ith  th e  s t r u c tu r e s  of th e  r a d i c a l  p a i r  co n cern ed . As th e s e  

m easurem ents a re  r a t i o s  of r a t e  c o n s ta n t s ,  th e y  do no t g r e a t ly  d i f f e r  f o r  

system s in  w hich th e  s u b s t i t u t io n  p a t t e r n  around th e  double bonds of th e  

monomer p a i r  a re  s im i la r .  The a p p l i c a t io n  of t h i s  t e s t  to  th e s e  

m easurem ents on MMA/PEP and th e  th re e  r e l a t e d  system s r e p o r te d  in  th e
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l i t e r a t u r e  i s  s u c c e s s fu l .  As i s  e v id e n t from  t a b l e  13, th e  f o u r  system s 

a re  c h a r a c te r i s e d  by r ^  v a lu e s  w e ll  in  ex cess  of u n i ty ,  and th e  companion 

v a lu e s  r , , a re  c lo se  t o  z e ro ,
(f )

T ab le  13.

Comparison of monomer r e a c t i v i t y  r a t i o s  f o r  r e l a t e d  sy s te m s.

M ethyl m e th a c ry la te :  r ^  = 3 ,5  ^ 0 ,5  F u m a ro n itr ile ^ ^ ^ ^  r  = 0,01

M ethyl m e th a c ry la te :  r ^  = 5 .7  ^ 0 ,2  IVIaleic anhydride '' r  = 0 ,0 2

M etliyl m e th a c ry la te : r ^  = 10 -  25 P o ly e th y le n e  fu m a ra te :r_  = 0 -0 ,7
(T his w ork)

( 38 )M ethyl m e th a c ry la te :  r^^ = 20 D ie th y l m alea te . r  = 0

The g e n e ra l  meaning of th e s e  f i g u r e s  i s  t h a t  th e  m ethyl 

m e th a c ry la te  r a d i c a l  and th e  m aleic  o r fu m a ric  companion r a d i c a l  b o th  

have a marked tendency  to  r e a c t  w ith  MMA monomer and l i t t l e  tendency  t o  

r e a c t  w ith  m ale ic  or fu m aric  companion monomer. The monomer r e a c t i v i t y  

r a t i o s ,  to g e th e r  w ith  a  g iv en  fe e d  r a t i o  R , f i x  th e  co m p o s itio n  of th e  

o r  OSS-copolymer. As an i l l u s t r a t i o n  i t  i s  co n v en ien t t o  choose a f e e d

r a t i o  of u n i ty ,  i . e . ,  an equ im o lar m ix tu re  of MMA and PEP u n s a tu r a t io n .  

A ccep ting  th e  v a lu e s  r ^  = 17, = 0 , w hich have been  a p p ro x im ate ly

su g g ested  by th e  m easurements d e s c r ib e d  above, i t  fo llo w s  th a t  th e  

i n i t i a l  c ro ss-co p o ly m er in c o rp o ra te s  (eq n .A l) in  i t s  p o ly m e r is a tio n  c h a in s  

one re a c te d  fu m ara te  bond f o r  each  ( r ^  + R )/R  = I 8 r e a c te d  m e th a c ry la te  

bonds. More p r e c i s e ly ,  th e  numbers x ,  y, . e t c , ,  in  f i g ,  15 of 

m e th ac ry la te  u n i t s  in te rv e n in g  betw een fu m ara te  u n i t s  fo llo w  th e  u su a l 

(ap p ro x im ate ly  e x p o n e n tia l)  d i s t r i b u t i o n ,  w ith  a mean of 18. T h is  

c a lc u la t io n  i l l u s t r a t e s  th e  key p o s i t io n  of th e  monomer r e a c t i v i t y  r a t i o s



72.

i n  th e  q u a n t i t a t iv e  d e s c r ip t io n  of a c ro ss-co p o ly m er such a s  a  c r o s s -  

p o lym erised  u n s a tu ra te d  p o ly e s te r .

However, i t  must be remembered th a t  in  th e  l a t e r  s ta g e s  of th e  

"cu rin g "  of such a r e s i n ,  th e  im m o b ilisa tio n  of f u n c t io n a l  groups i s  

expec ted  t o  le a d  to  v a r i a t i o n s  from  th e  sim p le  c o p o ly m e risa tio n  scheme 

u n d e rly in g  e q n .(4 1 ) ,  as d isc u sse d  f o r  r e l a t e d  system s by Loshaek and Fol^^^  

and in  S e c tio n  4  of t h i s  work.

Though th e  m easurements of r „  and r  , h e re  d isc u sse d  have been
P M

b ased  on d e n s ity  d e te rm in a tio n s ,  th e  v a l i d i t y  cf th e  r e s u l t s  i s  bo rn e  out 

by coiTparison v /ith  th e  v a lu e s  from  m ic ro a n a ly s is  and m ic ro h y d ro g en a t:*on 

ex p erim en ts  in  t a b le  12, Indeed  th e  degree of agreem ent o b ta in e d  by 

th r e e  t o t a l l y  d i f f e r e n t  methods of m easurem ents i s  most en co u rag in g .

Two assum ptions have been  imde in  th e  th e o ry  g iv en  h e re  f o r  th e  

c o p o ly m e risa tio n  r e a c t io n .  One, th e  s u b s ta n t i a l  e q u a l i ty  of a l l  th e  

fum ara te  bonds in  a c o n d en sa tio n  c h a in , i r r e s p e c t i v e  cf t h e i r  p o s i t io n  

( e . g . ,  a t  th e  end o r n e a r  th e  c e n tre  of such  a c h a in ) ,  has a l r e a d y  been 

j u s t i f i e d  in  th e  p rev io u s  s e c t io n .  The o th e r  assum ption  i s  t h a t  no 

s ig n i f ic a n t  f r a c t i o n a t i o n  o ccu rs  in  th e  p u r i f i c a t i o n  of th e  in s o lu b le  

c ro s s -p o ly m e r, i . e . ,  t h a t  th e  f r a c t i o n  rem a in in g  in s o lu b le  a f t e r  th e  f i n a l  

e x t r a c t io n ,  ab o u t V 5  of th e  t o t a l  copolym er, has ayo v a lu e  w hich  

p r a c t i c a l l y  c o in c id e s  w ith  th e  rem ain in g  h/3 ( t a b le  8 ) . The number N 

of fum arate  c h a in s  a t ta c h e d  t o  p rim ary  p o ly a d d i t io n  ch a in s  of f ix e d  

le n g th  v a r ie s  about th e  mean number. The d i s t r i b u t i o n  of N i s  an 

e x p o n e n tia l  d i s t r i b u t i o n  w hich i s  v e ry  sh a rp  p ro v id ed  th e  mean i s  la rg e  

( i . e . ,  c f th e  o rd e r  of s c o r e s ) .  The DP of a p o ly a d d it io n  c h a in  i s  found



73.

t o  be s e v e r a l  th o u sa n d , a s  shown by m o lecu la r w e igh t measurement on pure 

po lym ethyl m e th a c ry la te , so  t h a t  of th e  o rd e r  of sc o re s  of fu m ara te  

u n i ts  a re  in c o rp o ra te d  in to  each  p o ly a d d it io n  c h a in . T h e re fo re , 

a lth o u g h  th e  e x a c t f ra c tio n y O  in c o rp o ra te d  may v a ry  s l i g h t l y  from  one 

p o ly a d d it io n  c h a in  t o  a n o th e r ,  s t a t i s t i c a l  th e o ry  shows t h a t  th e s e  

v a r ia t io n s  a re  n e g l ig ib le .

3 .5 .  Summary and c o n c lu s io n s . The r e a c t i v i t y  r a t i o s  of th e  monomers 

in  th e  system  MIA/PEP a re  found t o  l i e  in  th e  ra n g e s  10 r ^  ^  25 and 

0 <C r^  ^  0 .7 ,  th e s e  v a lu e s  b e in g  based  on th e  d e n s i ty  m easurem ents of th e  

e x tr a c te d  c ro ss-co p o ly m er and su p p o rted  by m ic ro a n a ly s is  and m icro ­

hydr ogenat io n  m easurem ents. These v a lu e s  a re  in  re a so n a b le  agreem ent 

w ith  th e  v a lu e s  cf r^^ = 29 and  r^  = 0 ,25  used t o  f i t  th e  e x p e rim e n ta l 

d a ta  t o  t h e o r e t i c a l  cu rves in  S e c tio n  I I ,  The m easurem ents o f r^^ and 

r^  p re se n te d  h e re  th u s  su p p o rt th e  c l a s s i c a l  netw ork  th e o ry  of g e la t io n  

and th e  c o p o ly m e risa tio n  k i n e t i c  scheme p o s tu la te d  in  S e c t io n  I I ,

Though i t  w ould be d e s i r a b le  t o  be a b le  t o  m easure th e s e  

p a ra m ete rs  d i r e c t l y  w ith  g r e a te r  a ccu racy  i t  i s  no t im m ed ia te ly  c le a r  

how t h i s  co u ld  be e f f e c te d .  The p rob lem  r e a l l y  c e n t r e s  on th e  e x t r a c t io n  

of th e  c ro ss-co p o ly m er i n  a pure fo rm  and n o t on th e  method cf a n a ly s is  

o f th e  c ro ss-co p o ly m er i t s e l f .  The d i f f i c u l t i e s  in v o lv e d  in  th e

a tta in m e n t cf t h i s  i d e a l  cannot be s t r e s s e d  to o  s t r o n g ly .  T h is work 

does n o t c la im  to  g iv e  a c c u ra te  m easurem ents of th e s e  r e a c t i v i t y  r a t i o s  

b u t s e rv e s  r a th e r  a s  a c o r ro b o ra tio n  of th e  g e n e ra l  n a tu re  of th e  

c o p o ly m é risa tio n  in v o lv e d  and i t  i s  th o u g h t t h a t  t h i s  has been  

accom plished  s a t i s f a c t o r i l y .
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SECTION 4:

K in e tic  I n v e s t ig a t io n  of th e  P o s t-C e la t io n  R ate  P lo t .

4 .1 . I n t ro d u c t io n .  > The f i r s t  s ta g e  of th e  h u lk  p o ly m e r is a tio n  of th e  

l/iMA/PEP system  o c c u rr in g  a t  low co n v e rs io n  and v i s c o s i ty ,  so  t h a t  th e  

r a t e  p lo ts  co u ld  he t r e a te d  by mass law t h e o r i e s ,  has been  shown to  behave 

a s  a c l a s s i c a l  c o p o ly m e risa tio n , f o r  which th e  im p o rtan t k i n e t i c  

p a ram ete rs  have been  ap p ro x im ate ly  deduced. The end of t h i s  f i r s t  

s ta g e  i s  narked  by th e  g e l  p o in t  s in c e  im m ediate ly  a f t e n ’/a rd s  th e  r a t e  

p lo t  in  t h i s  and o th e r  s im i la r  sy s tem s(^ ^^ (^^ ^ h as  been  observed  to  

in c re a s e  sudden ly  (Trommsdorf o r g e l  e f f e c t

As th e  r e s u l t  of ex p erim en ts  on th e  system  m ethyl m e th a c ry la te  

and e th y le n e  d im e th a c ry la te  (&3.î^EDMA) Gordon and Roe have p roposed  a

(22)m odel' f o r  t h i s  second s ta g e  in  a v in y l  b u lk  p o ly m e r is a t io n , th a t  of 

d i f f u s io n  c o n tr o l  of th e  te rm in a t io n  s t e p ,  of n o n - l in e a r  p o ly m e r is a t io n s . 

T h is model p r e d ic t s  th e  shape of th e  r a t e  cu rve  a f t e r  .the  g e l  p o in t ,  and 

th e  model i s  a p p lie d  h e re  t o  th e  system .

The p re s e n t  in v e s t ig a t io n  e n t a i l s  a c r i t i c a l  ex am in a tio n  of 

th e  p o s t - g e la t io n  r a t e  p l o t ,  t o  th e  l im i t  of a p p l i c a b i l i t y  o f  th e  

d i la to m e tr ic  t e  clinique under a  w ide range  of e x p e rim e n ta l c o n d i t io n s ,  

nam ely , fe e d  r a t i o ,  c a t a ly s t  c o n c e n tra t io n  and te m p e ra tu re . The range 

of e x p e rim e n ta l c o n d it io n s  i s  l im i te d ,  how ever, s in c e  p o ly m e r is a tio n s  

of t h i s  ty p e  can  only  be fo llo w ed  d i la to m e t r i c a l ly  t o  about 2Q/o 

c o n v e rs io n  when th e  s l ir in k in g  g e l  d ev e lo p es  an i n t e r n a l  t e n s io n  a s  i t  

becomes l e s s  de fo rm ab le , and e v e n tu a lly  b re a k s .  I t  i s  t h e r e f o r e
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n e c e ssa iy  t o  o b ta in  a  s e t  of c o n d it io n s  so  t h a t  th e  g e l ,p o in t  o ccu rs  a t  

a s  low c o n v e rs io n s  as p o s s ib le .  T h is  n e c e s s a r i ly  p re c lu d e s  low  fe e d  

r a t i o s ,  h ig h  tem p era tu re  and c a t a l y s t  c o n c e n tra tio n .

The reduced  r a t e  cu rves a re  found  to  superpose  o v e r th e  wide 

range of ex p e rim e n ta l c o n d it io n s  ( f ig ,  23 and 24) a s  demanded by th e  

t h e o r e t i c a l  t r e a tm e n t ,  b u t  th e o ry  e x a g g e ra te s  th e  e x te n t  o f th e  Trommsdorf 

r a t e  a c c e le r a t io n  s in c e  i t  does no t a llo w  f o r  te rm in a t io n  betw een p a i r s  

of c ro s s l in k e d  r a d i c a l s .

Two a d d i t i o n a l  p o ly iæ r is a t io n  sy s tem s, used  i n d u s t r i a l l y  a s  

la m in a tin g  r e s i n s ,  a re  examined a s  re g a rd s  t h e i r  a b s o lu te  g e l  p o in t s ,  

and th e  shape of t h e i r  r a t e  p lo t s  i s  conpared  and c o n tr a s te d  t o  t h a t  of 

th e  MMA/PEF system . The absence of a  k in k  in  t h e i r  r a t e  p lo ts  i s  

a t t r i b u t e d  to  t h e i r  r e l a t i v e l y  s h o r t  prim ary  c h a in  le n g th s ,

4 .2 . E x p erim en ta l.

4 .2 .1 .  Emergent s tem  d i l a t  om eter. A f u l l y  immersed d i l a t  omet e r

(o r  v is c o d ila to m e te r )  cannot be used  a t  h ig h  c o n v e rs io n s  a f t e r  th e  g e l  

p o in t ,  and th e  e x p e rim e n ta l te c h n iq u e  in v o lv in g  a  d i l a t o ræ te r  w ith  an 

em ergent stem ^^^^^^^was employed. The in s tru m e n t i s  sk e tch ed  in  f i g , 20,

I t  c o n s i s t s  of abou t 10cm ,, le n g th  of 1.5mm, p r e c i s ia n  b o re  c a p i l l a iy  

tu b in g  jo in e d  to  a  d i l a t  om eter b u lb  of from  1 ,5  -  7ml. volume depending 

on th e  e x p e rim e n ta l c o n d i t io n s ,  so  t h a t  down t o  0,0025!^ c o n tr a c t io n  

p e r  m inute cou ld  be d e te c te d  w ith  a cc u ra c y , A clam ping ro d  a t ta c h e d  

t o  th e  b o tto m  h o ld s  th e  d i l a t  om eter in  p o s i t io n .  The in s tru m e n t was 

clamped so t h a t  th e  l e v e l  o f th e  th e rm o s ta t  te d  w a te r  b a th  (-0 ,0 5 ^C ) was 

about 1cm, above th e  jo in  of th e  b u lb  and stem . The r e s i n  in  th e  stem
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th e n  rem ained l i q u i d  even when th e  b u lk  cf th e  r e s i n  in  th e  b u lb  had 

g e l le d .  As th e  r e s i n  c o n tra c te d  th e  l iq u id  column was drawn s lo w ly  

i n to  th e  b u lb ,  th e  movement of th e  c a p i l l a r y  m eniscus b e in g  fo llo w e d  w ith  

a  o a th e tomete r  and i t s  p o s i t io n  p lo t t e d  a g a in s t  t im e . The in t r u s io n  

of th e  c o ld e r  l i q u i d  in  th e  stem  in to  th e  b u lb  was n o t s e r io u s  s in c e  th e  

amount ?^as sm a ll compared w ith  th e  t o t a l .  The d i la to m e te r  was f i l l e d  

th ro u g h  th e  stem  by a f i n e ly  drawn out c a p i l l a r y  fu n n e l ,  A ground g la s s  

s to p p e r  was f i t t e d  in to  th e  stem  to  p rev en t monomer e v a p o ra tio n .

The g e l  p o in t  was lo c a te d  by th e  s t i r r e r  p ro b e , c o n s i s t in g  of 

a g la s s  covered  s t e e l  w ire ,  which cou ld  be r a i s e d  m a g n e tic a lly  a s  

i l l u s t r a t e d  and allow ed  t o  drop under g r a v i ty .  O b s e rv a tio n s , ty p ify in g  

th e  sh a rp n ess  of g e la t io n  a re  g iven  in  t a b l e  12f.

T able  lA,

T y p ic a l o b se rv a tio n  on th e  sh a rp n ess  of g e la t io n ,  f o r  
r e s i n  W,R = 1 .2 5 , 0.30  ̂ MEK and k2.0°G,

A c tu a l r e a c t io n  C onversion  Movement of Rem arks,
me (ndn. ) probe

0 0 .0 F a l l s  f r e e l y . End of in d u c t io n  p e r io d .

15 .5 0 .5 0 F a l l s  f r e e l y .

17 .5 0 .5 6 F a l l s  s lo w ly  t o  bo ttom .

18 .5 0 .5 9 F a l l s  ve ry  s lo w ly . Probe view ed th ro u g h  
c a th e to m e te r .

19 .5 0 .6 2 Does n o t f a l l  t o  
bottom .

G el p o in t .

20 .5 0 .6 9 Moves in  " c e l l "  
bounded by g e l .

22 .5 0 .7 8 C o n p le te ly  immovable

11*4.5 9 .9 G el b re a k s  im p lo s iv e ly .
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G el f  o rn â t io n  n e a r  th e  bo ttom  of th e  d i la to m e te r  b u lb  alw ays p reced ed

t h a t  in  th e  r e s t  of th e  b u lb  by a s h o r t  tim e . The f i r s t  app ea ran ce  of

g e l  was alw ays ta k e n  as th e  g e l  p o in t ,  i . e .  , th e  tim e  when th e  probe

sto p p ed  f a l l i n g  under g ra v i ty  a s  view ed th rough  th e  c a th e to m e te r . As

re p o r te d  by Gordon and Roe, th e  probe  cou ld  be moved by th e  m a g n e t,fo r

some m inutes a f t e r  th e  g e l p o in t ,  in  a l iq u id  " c e l l "  caged i n  by  g e l  w hich

th e y  a t t r i b u t e d  to  th e  m echan ica l d e g ra d a tio n  induced  by th e  movement of

th e  p robe . T h is  m echan ica l d e g ra d a tio n  of weak g e l  was r e p o r te d  and
( 15)

d isc u sse d  by Gordon and G riev eso n  in  an e a r l i e r  p u b l ic a t io n .

The p o ly m e r is a tio n  was fo llo w ed  as d e sc r ib e d  f o r  a s  long  a f t e r  

th e  g e l  p o in t a s  p o s s ib le ,  u su a lly  t i l l  th e  i n t e r n a l  t e n s io n  developed  

by sh rin k a g e  caused  th e  g e l  to  b re a k . The b reak  u s u a l ly  to o k  th e  fo rm  

of a  sudden m ild im p lo s io n . Sometimes th e  l iq u id  in  th e  stem  g e l le d  

b e fo re  th e  i n t e r n a l  t e n s io n  reached  t h i s  c r i t i c a l  p o in t  and g e n e ra l ly  i t  

was n o t p o s s ib le  to  fo l lo w  th e  p o ly m e r is a tio n  beyond 2G/& c o n v e rs io n .

The volum es of d i la to m e te r s  used in  th e s e  ex p erim en ts  w ere 

c a l ib r a te d  vrith  d i s t i l l e d  w a te r . I t  was in p o s s ib le  to  c le a n  oub th e  

b u lb  and a new d i la to m e te r  had to  be m anufactured  and c a l ib r a t e d  f o r  

each  ru n . T y p ic a l p lo ts  of c o n v e rs io n  v e rsu s  tim e  a re  shown in  f i g . 21 

and an e n la rg e d  d e t a i l  of th e  r a t e  in c re a s e  a t  th e  g e l  p o in t  i s  shown f o r  

one t y p ic a l  ru n  in  f i g ,  22,

A l i s t  of th e  ru n s  c a r r ie d  out in  t h i s  manner i s  shown in  

ta b le  15 , th e  r e p r o d u c ib i l i ty  o f th e  g e l  p o in t  and r a t e  m easurem ents by 

t h i s  method b e in g  c l e a r l y  d em o n stra ted .
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Table 13.

Run Feed Temp, fo I K Time i n  m ins. of R a tio  of 10^ r a t e  fo Convert
r a t i o OQ 'in d u c ­ g e l kW c s lo p e s  a t m o le .1" ' a t  g e l

R t io n p o in t k in k se c . p o in t

N72 1*75 62 0 .52 4 .0 3 .0 4 .0 1 .1 4 3 5 .9 0 .9 6
N42 1.25 70 0.51 2 .0 3 .0 4 .0 1.30 1 4 9 .4 1 .10
M10 1.25 62 1 .00 3 .5 9 .5 10.0 1.31 3 5 .8 2 .2 7
N12 1.25 62 0 .5 4 5 .0 7 .0 7 .0 1 .29 2 9 .4 1 .3 7
n 6o 1 .2 5 62 0.51 5 .0 7 .0 7 .5 1.21 28 .40 1 .32

1 .25 62 0.62 5 .0 7 .0 8 .0 1.21 29 .25 1.56
na6 1 .25 52 3 .85 11.0 5 2 .0 - - 21 ,55 7 .4 6
N50 1.25 52 2 .5 0 9 .0 3 4 .0 3 9 .0 1 ,18 19,53 4 .4 3
N5A 1.25 52.7 1.96 7 .0 20.5 20 .5 1 .17 20,50 2,81
ir i4 1 .25 52 0.51 4 .0 11.5 11.5 1 .40 12,20 0 .93
N22 1.25 51,7 0 .5 5 11.5 10 .5 10 .5 1 .42 11.07 0 ,7 0
N24 1.25 52 0 .5 4 11,5 8 .5 9.5 1,23 12.23 0 .6 9
N58 1.25 52 0 .52 11.5 9 .5 11 ,5 1.25 11.02 0 .7 0
N26 1 .25 52 0 .50 11.5 7 .5 8 .5 1 ,20 12 ,14 0,61
N48 1.25 52 0.11 23 .0 9 ,5 14 .0 1 .25 7 ,5 5 0 ,4 8
N56 1.25 52 0 .13 2 3 .0 10.0 12.0 1 .20 7 .2 0 0 ,4 8
Ni 6 1 .25 47 0.51 18 .5 16 .0 17.5 1 .39 7 .5 6 0.81
N28 1.25 47 0 .5 0 19.5 12.5 12 ,5 1.21 7 .9 5 0 ,6 6
Ni 8 1.25 42 0.51 3 4 .0 20 .0 21 ,0 1 ,2 8 4 ,46 0 ,53
N20 1.25 42 0 .50 3 5 .5 19 .5 19.5 1 .2 4 4 .7 5 0 .6 2
N30 1.25 42 0.53 3 2 .0 19 .0 19 .0 1 .18 5 ,1 5 0 ,6 8
N32 1.25 37 0 .5 2 58 .0 27.5 29 .0 1 .2 0 3 .5 0 0 .6 4
N34 1.25 27 0.51 199 .0 66 ,0 72 ,0 1 .16 1.61 0,71
N36 1 .25 27 0 .50 210 .0 65 .0 70 .0 1 .19 1 .40 0 ,6 0
K8 1 .0 62 1 .97 3 .0 17.0 15.5 1 .20 56 .4 0 4 .39
W62f 1 .0 62 0 .5 4 6 .5 14 .5 14.5 1 .20 27 .40 2 .6 4
NMf 0 .8 70 0.51 2 .0 13 .5 13.5 1.23 99 .00 3 .8 0
N6 0 .5 62 1 .97 3 .0 61.0 6 4 .0 1 .2 4 39 .40 16,00
3M4̂ 0 .5 62 0.53 6 .5 48 .5 4 7 .0 1 .19 23.10 7 .4 5
N?0 0 .5 62 0 .5 4 7 .0 56 ,0 5 6 .0 1.21 20.45 7 .6 4

0 ,2 62 0.51 4 .0 96.0 - - 24 .0 15.33
N68 0 .2 62 0,51 5 .0 90 .0 95.0 1.13 22 .7 0 14 .39

28c 0 .25 52 0 .4 0 2 7 ,0 12 .0 T\T. VIL- 3 1 .4 2.51
28o 0 .2 5 42 0.53 6 6 ,0 90.0 icinK 4.16 2 ,5 0

TAC 62 0.51 25 1420.0 0 ,4 7 8 ,85
TAC - 62 0.51 20 1360.0 No k in k 0 .46 8 .45
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4 .3 .1 .  Measuxement of th e  r a t e  k in k . T y p ic a l  r a t e  c u rv e s  f o r  th e

system  a re  i l l u s t r a t e d  in  f i g , 21, The r a t e  in c re a s e s  l i n e a r l y  w ith  tim e  

in  a l l  ru n s  up t o  th e  c lo s e  v i c i n i t y  of th e  m easured g e l  p o in t  th e n  

a c c e le r a te s  l in e a r l y  f o r  a s h o r t  tim e as  shown in  g r e a te r  d e t a i l  by f i g . 22 , 

In  each of th e  t h i r t y  ru n s  where th e  p o ly m e r is a tio n  p roceeded  f a r  enough, 

t h i s  in c re a s e  of th e  r a t e  a t  th e  g e l p o in t ,  marked by a sh a rp  k in k  in  th e  

r a t e  p l o t ,  was observed . The v a lu es  f o r  th e  r a t i o s  of th e  s lo p e s  in  

column 8 of t a b l e  16 w ere m easured as t y p i f i e d  in  f i g . 22 , draw ing th e  

p o r t io n  of th e  r a t e  p lo t  on each  s id e  of th e  g e l  p o in t in  a la rg e  s c a le  

and c a lc u la t in g  th e  g ra d ie n t  of each l i n e  g ra p h ic a l ly .  The com parison 

of th e  g ra p h ic a l  w ith  th e  r a t i o s  of th e  s lo p e s  of th e  r e g r e s s io n  l in e s  

( a f t e r  and b e fo re  th e  k in k )  a re  g iven  in  t a b l e  16.

T ab le  16.

G ra p h ic a l ta n g e n t r a t i o s  compared w ith  c a lc u la te d  r e g r e s s io n  l in e  r a t i o s .

Run R a tio  of ta n g e n ts .
G ra p h ic a l method C a lc u la te d  r e g r e s s io n  l in e

N,26 1 ,20 1 .200

N.32 1 .20  1 .206

R ,34  1 ,16  1 ,148

N ,3 6 ‘ 1 .19  1 .183

The e x c e l le n t  agreem ent betw een th e  ta n g e n t r a t i o s  found by 

th e  g r a p h ic a l  method and th o se  from  th e  c a lc u la te d  r e g r e s s io n  l in e s  f o r  

th e  f o u r  ru n s s e le c te d  a t  random p ro v id e s  a s a t i s f a c to r y  t e s t  f o r  th e  

accu racy  of th e  ta n g e n t r a t i o s  found g r a p h ic a l ly  and t a b u la te d  in  t a b l e  15.
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Figure 21, Fate curves for  V . A . / P ,  F, ^Kesia N. ) shov^ing

Trommsdorf ra te  a c c e le r a t io n . Arrows mark the observed  

g e l p o in ts , The same curves are reduced to  co in c id en ce  

in  f ig u r e  22 where the g e l p o in ts  correspond to t* = 1 ,V = 1.

R Î.Î, F.K, c a t a l y s t Temp.e 1.25 0 .5 A2
0 0 .5 0.53 62
V 0 . 8 0.51 70
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Though th e  k in k s  observed  a re  s n a i l ,  th e  r e a l i t y  of th e s e  k in k s  i s  n o t 

i n  doub t. Over th e  range of e x p e r im e n ta l c o n d it io n s  s tu d ie d ,  th e r e  i s  

no s ig n i f ic a n t  t r e n d  in  th e  s iz e  o f th e  k in k s  though  a c e r t a i n  amount of 

s c a t t e r  does e x i s t .  N e g le c tin g  ru n s  NZf2 and 72 w hich were to o  r a p id  t o  

g iv e  a c c u ra te  measurement of th e  g e l  p o in t o r k in k ,  th e  mean ta n g e n t r a t i o  

o f th e  rem ain ing  28 ru n s  i s  1 .23  w ith  a s ta n d a rd  d e v ia t io n  of 0 . 07 .

However s in c e  th e  d i s t r i b u t i o n  i s  r a t h e r  skew, few  r a t i o s  f a l l  f a r  s h o r t  

of th e  mean.

^ .3 .2 .  Comparison of measured g e l  p o in t  and k in k . I t  i s  seen  in  t a b l e  15 

th a t  th e  m easured g e l  p o in ts  l i e  c lo s e  to  th e  k in k s  in  th e  r a t e  p l o t s .

I n  more th a n  a t h i r d  of th e  ru n s  th e  two p o in ts  a re  c o in c id e n t and th e  

mean p e rc en ta g e  d e v ia t io n  of th e  k in k s  from  th e  m easured g e l  p o in ts  i s  

7.5^0. T h is i s  r a t h e r  d i f f e r e n t  to  th e  c o n d it io n  found  by Gordon and Roe

i n  th e  IMA/'EJMA. sy s tem  where th e  Trommsdorf r a t e  a c c e le r a t io n  s e t  in  some 

tim e  a f t e r  th e  g e l  p o in t .  In  o n ly  one c ase  does th e  k in k  p reced e  th e  

g e l  p o in t and nowhere i s  th e  d e v ia t io n  marked w ith  th e  e x c e p tio n  of ru n  

N. 48. In  v iew  of th e  c lo se  agreem ent of th e  two p o in ts  i t  would 

seem rea so n a b le  t o  p ropose t h a t  th e  k in k  in  th e  r a t e  p lo t  and th e  g e l  

p o in t  occur a t  th e  same tim e .

4 .4 .1 .  The Reduced R ate  Curve. T y p ic a l r a t e  c u rv e s  f o r  th e  sy stem

a re  shovm in  f i g .  21 showing th e  r a t e  a c c e le r a t io n  w hich occu rs a t  th e  

g e l  p o in t ,  marked by th e  a rro w s. T h is i s  th e  w e l l  knovin Trommsdorf

e f f e c t ^ ^ ^ ^ ^ ^  th e  a cc ep ted  i n t e r p r e t a t i o n  o f w hich i s  an  in c re a s e  in  

th e  r a t e  of monomer consum ption  a t t r i b u t e d  to  th e  d i f f u s io n  c o n tr o l le d
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r e d u c t io n  in  th e  r a t e  of r a d i c a l  t e rm in a t io n ,

Gordon and Roe have e x te n s iv e ly  in v e s t ig a te d  th e  Trommsdorf
( 2 2 )

e f f e c t  in  th e  sy s tem  and Iiave p u t fo rw ard  a t h e o r e t i c a l  model

f o r  i n t e r p r e t i n g  th e  shape  of th e  r a t e  cu rve a f t e r  th e  o n se t of d i f f u s io n  

c o n t r o l  o f th e  te rm in a t io n  s t e p .  T h e ir  t r e a tm e n t ,  ..hioh w i l l  he "b r ie f ly  

sum m arised in  t h i s  w ork, le a d s  them  to  su g g e s t t h a t  th e  c ro ss  l in k in g  

in d ex  V, d e fin e d  a s  th e  number of c ro s s l in k s  p e r  w e ig h t a v e ra g e -p rim a ry  

p o ly m e r is ? tio n  c h a in ,  i s  th e  key v a r i a b le  in  th e  d i f f u s io n  c o n t r o l le d  

te rm in a t io n  in  "bulk p o ly m e r is a t io n . Gordon and Roe d e riv e d  a sim p le  

t e s t  f o r  t h i s  c o n c lu s io n . The t e s t  depends c r i t i c a l l y  on th e  assu m p tio n  

t h a t  f o r  each ex perim en t th e  c ro s s  l in k in g  in d ex  V i s  u n i ty  a t  th e  g e l  

p o in t  in  acco rd an ce  w ith  th e  c l a s s i c a l  netv.'ork th e o ry  of g e la t io n  

(S to ck m ay er^ ^ /), T h is  assu m p tio n  a llo w s V to  "be de te rm ined  a t  a l l  

s ta g e s  of a  c o p o ly m e r is a tio n  ru n  p ro v id ed  th e  f r a c t i o n a l  c o n v e rs io n  B 

o f th e  t o t a l  u n s a tu r a t io n  i s  known, s in c e  ^  i s  p r o p o r t io n a l  t o  V and 

th e  g e l  p o in t  f i x e s  th e  p r o p o r t io n a l i ty  c o n s ta n t .  To a p p ly  th e  t e s t ,  

a l l  th e  3  s c a le s  ( f i g ,  2 l )  a re  m erely  tra n s fo rm e d  to  V  s c a le s  "by a l i n e a r  

s c a le  t r a n s fo rm a tio n .  S in c e  on ly  r a t e s  r e l a t i v e  t o  th e  i n i t i a l  r a t e  

a re  r e q u i r e d  in  s tu d y in g  th e  Trommsdorf a c c e l e r a t i o n ,  th e  i n i t i a l  r a t e  

l in e s  a re  b rough t t o  c o in c id e n c e  by a l i n e a r  t r a n s fo rm a tio n  of th e  tim e  

s c a le  from  t  t o  t * .  T h is  means t h a t :

V = P / B e  (4^ )

and t ’ = t / t ^  ( 47)

The two t r a n s fo rm a tio n s  to g e th e r  amount to  a p ro c e ss  of b r in g in g  th e
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g e l p o in ts  of a l l  th e  ru n s  to  c o in c id e n ce  by a s in g le  l in e a r  c o -o rd in a te  

t r a n s f  o r mat io n . The cu rves so  o b ta in e d  a re  c a l le d  reduced  r a t e  cu rv es  

in  w hich th e  r e l a t i v e  a c c e le r a t io n  of th e  p o ly m e ris a tio n  r a t e  of a l l  th e  

ru n s  i s  compared a t  e q u a l \ /  v a lu e s . T h is  t e s t  i s  c a r r i e d  out in  f i g s ,  23 

and 24 and i s  h i ^ l y  s u c c e s s fu l  in  th e  MfiA/FSE system , s in c e  ve ry  d iv e rs e  

cu rves in c lu d in g  th e  th re e  shown in  f i g . 21 a re  b ro u g h t to  co in c id en ce  

w ith in  ex p e rim e n ta l e r r o r .

(22 )
4 .4 .2 ,  Gordon and Roe q u a n t i ta t iv e  th e o ry  of th e  Trommsdorf e f f e c t .

Gordon and Roe assume t h a t ,  in  th e  s te a d y  s t a t e  of a n o n l in e a r  

po lym eris a t  io n  where th e  r a d i c a l s  a re  w ide ly  d i s t r ib u t e d  in  s i z e ,  of th e  

two c o l l id in g  r a d i c a l s ,  th e  d i f f u s io n  c o e f f i c i e n t  of th e  s m a lle r  one i s  

th e  r a t e - c o n t r o l l i n g  f a c t o r  in  d i f f u s io n - c o n t r o l l e d  te rm in a t io n . The 

Gordon/Roe model o v e r s im p l i f ie s ,  how ever, by assum ing a s iz e  b a r r i e r  

below  which a r a d i c a l  d i f f u s e s  f r e e l y ,  b u t above w hich i t  becomes 

co ii[p letely  im m o b ilised , w hereas th e  b a r r i e r  i s  more g rad u a l in  p r a c t i c e .  

T h e ir  model assum es th a t  each te rm in a t in g  c o l l i s i o n  in v o lv e s  a t  l e a s t  one 

of th e  sm all ( f r e e ly  d i f f u s in g )  r a d i c a l s ,  whose c o n c e n tra tio n  i s  denoted  

by c .  The t o t a l  c o n c e n tra tio n  of r a d ic a l s  (sm a ll and la rg e )  i s  denoted 

by C, The te rm in a t io n  r a t e  i s  th en :

te rm in a t io n  rate=k^cC  (4 8 )

Here k^ i s  d e fin e d  as a t r u e  c o n s ta n t eq u a l t o  th e  i n i t i a l  te rm in a tio n  

c o n s ta n t .  The a p p a re n t v a r ia t io n s  in  du rin g  th e  Trommsdorf 

a c c e le r a t io n  a re  abso rbed  in  v a r ia t io n s  in  th e  c o n c e n tra tio n  c . G e r re n s ^ ^ ^  

and B artholom e ) have in d ep e n d en tly  p lea d ed  th a t  k^ sh o u ld  be d e fin e d
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as a p ro p e r c o n s ta n t ,  a s c r ib in g  changes in  th e  o v e ra l l  r a t e  to  changes 

in  th e  r a d ic a l  c o n cen tra tio n *

In  th e  e a r ly  p a r t s  of th e  r e a c t io n ,  a l l  r a d ic a ls  a re  f r e e l y  

d if fu s in g  (c = O ), bu t l a t e r  an  e f f e c t iv e  b a r r i e r  d iv id e s  th e  snB-ll 

moving r a d ic a l s  from  th e  la rg e  "frozen" ones. The i n i t i a l  s te a d y  s t a te  

c o n c e n tra tio n  of r a d ic a ls  b e fo re  th e  Trommsdorf e f f e c t  i s  denoted  by 

so t h a t ,

Co = Oo ik-9)

b e fo re  th e  b a r r i e r  descends. T his b a r r i e r  descends when th e  m icroscop ic  

v i s c o s i ty  becomes la rg e  enough. S in ce  o c c a s io n a lly  te rm in a tio n  betw een 

two c ro s s lir fc e d  r a d ic a l s  w i l l  be s u c c e s s fu l  (when th e y  c o l l id e  in  v i r tu e  

of segm ental d i f f u s io n ) ,  th e  model th e o ry  e x ag g e ra te s  th e  Trommsdorf 

e f f e c t ,  and in  p a r t i c u l a r  th e  e x te n t  of th e  k ink  in  th e  r a t e  curve (see  

below ).

G-ordon and Roe*s tre a tm e n t lead s t o  th e  co n c lu sio n  th a t  the  

s iz e  b a r r i e r  to  d if fu s io n  p ro c e sse s  i s  n o t f ix e d  and th ey  c o n s id e r  the  

b a r r i e r  t h e o r e t i c a l l y ,  by s tu d y in g  f i r s t  tvfo l im i t in g  c a s e s ,  A and B, 

fo llow ed  by a s a t i s f a c to r y  in te rm e d ia te  case  C,

Case A* Here c = 0 , a l l  th e  r a d ic a ls  a re  m obile so th a t  th e r e  is  no 

d i f fu s io n  c o n tro l  of te rm in a tio n  and th e  r a t e  cu rve  co rresponds t o  th e  

l in e a r  p lo t  (c )  in  f i g s .  23 and 2ifj i . e . ,  com plete absence cf th e  

Trommsdorf e f f e c t .

Case B. In  th e .o p p o s i te  extrem e c a se , c = 0, a l l  th e  r a d ic a ls  p re se n t 

a t  th e  g e l p o in t o r g en era ted  th e r e a f t e r  a re  im m obilised . They a re  

th e re fo re  p rev e n ted  from  engag ing  in  any k in d  of te rm in a tio n  r e a c t io n .
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and th e  s iz e  b a r r i e r  i s  z e ro  ( i . e . ,  dcn/m t o  th e  monomer). The i n i t i a t i o n  

and p ro p a g a tio n  r a t e s  a re  u n a ffe c te d  s in c e  b o th  in v o lv e  f r e e l y  m obile 

monomer m o lecu les . In  t h i s  case  th e  p o ly m e r is a tio n  would be a lm ost 

e x p lo s iv e  and th e  r a t e  cu rve  would become p r a c t i c a l l y  v e r t i c a l  a lm ost 

im m ed ia te ly .

S ince  n e i t h e r  th e  extrem e c a se s  where none o r a l l  th e  r a d i c a l s  a re  

im m obilised  conform ed t o  th e  e x p e rim e n ta l d a ta  Gordon and Roe p o s tu la te d  

t h a t  th e  t r u e  s iz e  b a r r i e r  la y  betw een  th e se  two extrem e c a se s .

Case C. h e re  a l l  uncross l in k e d  r a d ic a l s  d i f f u s e  f r e e l y ,  A sm a ll 

f r e e l y  d i f f u s in g ,  grow ing, r a d i c a l  i s  p ic tu r e d .  I t s  most f r e q u e n t  

p ro p a g a tio n  s te p  i s  th e  a d d it io n  o f a m ethyl m e th a c ry la te  monomer o r ,  l e s s  

f r e q u e n t ly ,  a f r e e  PEP monomer. However, o c c a s io n a l ly  i t  may become 

c ro ss  l in k e d  by r e a c t in g  w ith  a fu m ara te  bond a lre a d y  a t ta c h e d  to  a f u l l y  

grown polymer c h a in  w hich imy o r  may n o t be c ro s s  l in k e d  to  f u r t h e r  c h a in s . 

Random s t a t i s t i c s  le a d s  to  th e  q u a l i t a t iv e  r e s u l t  t h a t  ju s t  a f t e r  g e la t io n ,  

where Gordon and Roe p o s tu la te  th a t  th e  s iz e  b a r r i e r  i s  becom ing e f f e c t iv e  

b ecau se  of th e  r a p id  d ivergence  o f th e  v i s c o s i ty  t o  i n f i n i t y ,  a r a d i c a l  

7 d .ll  grow on av erag e  t o  th e  o rd e r  of m agnitude of a dead p rim ary  polym er 

c h a in  b e fo re  a c q u ir in g  a  c ro s s l in k .  The r a d i c a l  th e n  becomes a t ta c h e d  

t o  a dead polym er c h a in , w hich t h e r e a f t e r  i t  must a tte m p t to  d rag  w ith  

i t  when d i f f u s in g .  The average  s iz e  cf th e  dead polym er c h a in  a c q u ire d  

by c ro s s  l in k in g  i s  th e  w eight average  s iz e  of a p rim ary  p o ljm e r is a t  io n  

c h a in . T his m eans, q u a l i t a t i v e l y ,  t h a t  a lm ost ev ery  tim e a r a d i c a l  

a c q u ire s  a f i r s t  c r o s s l in k ,  i t s  s iz e  w i l l  in c re a s e  more th a n  tw o fo ld  by 

v i r tu e  cf such a tta c h m e n t. T h is  le d  Gordon and Roe to  a s s o c ia te  th e
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c ro ss  l in k in g  p ro c e ss  w ith  th e  s iz e  b a r r i e r ,  by id e n t i f y in g  c w ith  th e  

c o n c e n tra t io n  of c r o s s l i n k - f r e e  r a d i c a l s . T h e ir  t r e a tm e n t , i n  which 

th e  c o n c e n tra t io n  c i s  e v a lu a te d  as a f u n c t io n  o f V , le a d s  to  th e  two 

e q u a tio n s  f o r  th e  r a t e  c u rv e , f o r  r a d i c a l  te rm in a t io n  by d is p r o p o r t io n a t io n  

and com bina tion  r e s p e c t iv e ly :

f  = 1 A  4  In (V +  (V  ̂ + KŸ) + (V^ + 4 )^  -  1.934J
(d is p r o p o r t io n a t io n )  (5 0 )

t '  = 1/6 (9 In (\̂  + (V  ̂ + 9) h  + ( f  + 9)^ -  8.997]
(co m b in a tio n ) (5 1 )

The t h e o r e t i c a l  cu rves (A and B) p re d ic te d  by e q n s ,(5 0 )  arid ( 5I )  

r e s p e c t iv e ly  a re  p lo t te d  i n  f i g s , 23 and 24 a lo n g  w ith  th e  e x p e rim e n ta l 

r e s u l t s  f o r  th e  IVEvA/PEP system  and two com m ercial r e s in  sy stem s.

4 .5 , D isc u ss io n  of r e s u l t s . The s u p e rp o s i t io n  cf th e  MvA/PEP ru n s  i s  

sh a m  in  f i g s ,  23 and 24. The s t r a ig h t  p o r t io n  of th e  r a t e  p lo t  

im m edia te ly  a f t e r  th e  g e l  p o in t i s  shown in  f i g , 23 , th e  r e g r e s s io n  l in e  

cf Tii/hich has s g ra d ie n t  of 1.243 compared to  th e  mean of a l l  th e  ru n s  

l i s t e d  in  t a b le  16 of 1 ,2 3 ^ 0 .0 7 . The r a t i o  o f th e  ta n g e n ts  on each  s id e  

of th e  k ink  i s  g iven  by th e  model a s  1 .62  f o r  r a d i c a l  d is p r o p o r t io n a t io n  

(eq n .3 0 , cu rve A. f i g , 23 and 2 4 ) and a s  1 .39  f o r  r a d i c a l  com b ination  

(e q n .51 , cu rve  E , f i g ,  23 and 2 4 ) , i . e . ,  th e  model e x a g g e ra te s  th e  e x te n t  

of th e  k in k  as n o ted  e a r l i e r ,  . The r a te  c u rv e s  summarised in  t a b l e  I 5 

and f i g s .  23 and 24 cover a m olar fe e d  r a t i o  R of fu m ara te  t o  m e tlia c ry la te  

u n s a tu ra t io n  betw een 0 .2  and 1 .7 5 , and a ran g e  from  0.11 t o  2 .15  w eigh t 

p e r c e n t  of m ethyl e th y l  k e to n e  p e ro x id e  c a t a l y s t .  A 4 5 r ange of
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te m p e ra tu re  has been  in c lu d e d  as a v a r ia b le  n o t p re v io u s ly  c o n s id e re d  

by Gordon and Roe, The a b so lu te  i n i t i a l  r a t e s  v a r ie d  over a 1 0 0 -fo ld  

ra n g e . In  c o n fo rm ity  ■with th e  model th e o ry , none of th e s e  v a r i a t i o n s  

a f f e c t  th e  s u p e r p o s a b i l i ty  of th e  reduced  r a t e  cu rv es  i n  f i g s ,  23 o r 24,

I t  can be seen  fro m  f i g  23 t h a t  a t  h ig h  c a t a ly s t  c o n c e n tra t io n  th e  r a t e  

cu rve  does not in c r e a s e  so s te e p ly . I t  i s  p o s s ib le  th a t  a t  h ig h  c a t a l y s t  

c o n c e n tra tio n  th e r e  i s  some c h a in  t r a n s f e r  in v o lv in g  c a t a ly s t  i t s e l f  

and c l e a r ly  f u r t h e r  work in  t h i s  d i r e c t i o n  i s  d e s i r a b le .  P ig , 24 in c lu d e s
(22 )

some re  p re s e n t a t  i've p o in ts  from  Gordon and Roe* s p a p e r on MviA/EDliA, 

a  sy s tem  w hich i t s e l f  g iv e s  r a t e  c u rv e s  which superim pose w e l l  a f t e r  

r e d u c t io n .  I t  i s  s e e n  th a t  th e  reduced  r a t e  c u rv e s  cf th e  t'wo system s 

a g re e  ■within e x p e rim e n ta l e r r o r ,  though  th e  common component (yMk) 

som etim es makes up le s s  th a n  h a l f  th e  w e igh t of th e  m ix tu re s . The 

c a t a l y s t s  employed w ere a ls o  d i f f e r e n t  f o r  th e  two sy s te m s, v iz ,  1/ÎEK 

and b e n zc y l p e ro x id e  r e s p e c t iv e ly .  The constancy  o f  th e  reduced  r a t e  

cu rv e  in  th e  fa c e  of chem ical changes form s th e  s e v e re s t  p o s s ib le  t e s t  

of th e  model th e o ry .

I t  may be m entioned t h a t  a c e n t r a l  p o in t  in  th e  t h e o r e t i c a l

(42 )tre a tm e n t has found  in c id e n ta l  v e r i f i c a t i o n  in  th e  work of Scliu]* 

on th e  hom opo lym érisation  of klîA,(R = O), He showed th a t  th e  c h a in  

le n g th  d u rin g  th e  second  s ta g e  rem ains p ro p o r t io n a l  ( c f .  r e fe re n c e  22 , 

egns. 3 and 4 ) t o  th e  r a t e  over an 8 0 -fo ld  ran g e . (Over t h i s  3arge 

range  he had to  make* c o r r e c t io n s  f o r  t r a n s f e r  t o  monomer, and f o r  changes 

in  monomer c o n c e n tr a t io n ,  bo th  o f  ■which a re  n e g l ig ib le  i n  th e  p re s e n t  

a p p l i c a t io n s ) .
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The agreem ent beir^een th e  q u a n t i t iv e  th e o ry  and th e  combined, 

e x p e rim e n ta l ru n s  in  f i g , 23 and 24 depends on th e  n a tu re  o f th e  

te rm in a t io n  mechanism assum ed. E q u a tio n  (51 ) w hich assum es r a d i c a l  

com bination  i s  seen  t o  g ive  a much c lo s e r  app roach  t o  th e  e x p e rim e n ta l 

c u rv e s . The deg ree  to  which d is p r o p o r t io n a t io n  and com bination  

p a r t i c i p a t e  in  il/Hi p o ly m e risa t io n  i s  c o n t r o v e r s i a l .  Bay s a l  and T o b o lsk ;^ ^ )

have argued t h a t  com bination  a lo n e  i s  o p e ra t iv e ,  w h ile  Bamford and 

J e n k i n s f r o m  c o u p lin g  work w ith  b lo ck  copolym ers have re p o r te d  s tro n g  

ev idence  f o r  te rm in a t io n  by r a d i c a l  d i s p r o p o r t io n a t io n .  F ig u re s  23 a.nd 

24 c le a r ly  i n c l in e  to  th e  fo rm er v iew  b u t th e  agreem ent i s  seen  n o t to  

be q u a n t i t a t iv e .  The d e v ia t io n ,  however^ i s  n o t s e r io u s ,  and  i s  in  

th e  sense  of an observed  te rm in a t io n  r a t e  f a s t e r  th a n  p re d ic te d  from  

e q n ,( 5I )  on th e  assum ption  th a t  o d en o tes  c r o s s l i n k - f r e e  r a d ic a l s  o n ly , 

Gordon and Roe showed th a t  th e  agreem ent cannot be s u b s t a n t i a l l y  improved 

by r a i s in g  th e  assumed s i s e  b a r r i e r ,  i . e . ,  by in c lu d in g  r a d i c a l s  b e a r in g  

e x a c tly  one c r o s s l in k ,  (as  w e ll  as th o se  b e a r in g  n o n e ) , i n  th e  

c o n c e n tra t io n  c ,

4 .3 .1 ,  S ty re n e -b a se d  p o ly e s te r  and t r i a l l y l  c y a n u ra te  , D ila to m e tr ic

p o ly m e ris a tio n  r a t e  cu rv es cf a com rrercial s ty re n e -b a s e d  p o ly e s te r  

(S c o tt-B a d e r r e s i n  280) showed no t r a c e  of a k in k  a t  th e  g e l  p o in t 

( f i g , 23 ) n o r d id  th o se  of t r i a l l y l  c y a n u ra te . I t  i s  shov.n belo..' th a t  

th e  observed  g e l p o in ts  a re  in  s u b s ta n t i a l  agreem ent i t h  th e  netw ork 

th e o ry  of g e la t io n  so t h a t  th e  model th e o ry  would be e x p e c te d  to  apply  

on t h i s  s c o re .  The absence  of a k in k  a t  th e  g e l  p o in t  means th a t  t h i s  

i s  no t th e  p o in t  a t  w hich ten ifd n a tio n  becom es a f f e c te d  by d i f f u s io n  c o n t r o l .
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i . e . ,  in  te rm s of th e  model th e o r y ,  c ro ss  l in k e d  r a d ic a l s  do n o t he cone 

f ro z e n  a t  t h i s  p o in t .  The e x p la n a tio n  o f fe re d  a t t r i b u t e s  th e  f a i l u r e  

of th e  model th e o ry  to  th e  much s h o r t e r  p rim ary  c h a in  le n g th s  a t t a in e d  

by s ty re n e  and t r i a l l y l  c y an u ra te  r a d i c a l  ch a in s when compared t o  MvIA. 

r a d i c a l  c h a in s . More s p e c i f i c a l l y ,  a  s ty re n e  r a d i c a l  embodying s e v e r a l  

c ro s s l in k s  and a t r i a l l y l  cy an u ra te  r a d i c a l  embodying hundreds of 

c ro ss lin lc s  a re  l ik e ly  to  be sm a lle r  in  s i z e ,  and hence d i f f u s e  more 

r e a d i ly ,  th a n  an  u n c ro ss lin k e d  MIA r a d i c a l .

The s h o r te r  c h a in  le n g th  o f s ty re n e  r a d i c a l s  i s  s im i la r ly  

ev idenced  by th e  much l a t e r  o n se t of th e  Trommsdorf e f f e c t  in  th e  homo- 

p o ly m e r is a tio n  of s ty re n e^ ^ ^ ^  compared to  liMA, I t  i s  c a lc u la b le  from  

v a lu e s  of k ^ k ^  hy Barrf ord. and D e w a r t h a t  a t  th e  same tem p e ra tu re   ̂

(0 % ) s ty re n e  r a d ic a l s  a t t a i n  to  about V 25 of th e  le n g th  cf m e th a c ry la te  

r a d ic a l s  a t  eq u a l r a t e s  of hom opolym érisation  of th e  two monomers. In  

th e  c ase  of a l l y l  p o ly m e r is a t io n s , th e  p rim ary  c h a in s  a re  n o rim lly  cu t 

t o  a le n g th  of a mere 20 r e p e a t  u n i ts  by d e g ra d a tiv e  c h a in  t r a n s f e r .

4 .3 ,2 .  Network th e o ry  of th e  g e l  p o in t  ap p lied , to  .^^y ren o -b ased  

p o ly e s te r  and t r i a l l y l  c y a n u ra te . The fo llo w in g  e q u a tio n  f o r  th e  

c r i t i c a l  f r a c t i o n a l  c o n v e rs io n  of a l l  th e  o r ig in a l  u n s a tu r a t io n  

(fum arate  and m e th a c ry la te )  a t  th e  g e l  p o in t  i s  e a s i ly  d e r iv e d  from  

e q u a tio n s  (13) and (24 ) in. S e c tio n  2;

6 ^ = + 0 / 5 ^  (DP,^ -  1 )(DP^^ -  1 ) (52)

where th e  f r a c t io n y O  of th e  p o ly m erised  double bonds w hich a re  fu m ara te  

r a t h e r  th a n  m e th a c ry la te  i s  g iv en  b y ,
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£> = a  (ETj, + l ) / ( r ^  + R(Rrj, + 2 ) )  (53)

n P ^ i s  th e  w e ig h t average p o ly a d d i t io n  c h a in  le n g th ,  and DP i s  

th e  number of fu m ara te  double  bonds in  th e  i n i t i a l  w eigh t av e rag e  

p o ly co n d e n sa tio n  c h a in . The r e a c t i v i t y  r a t i o s  fo r  m e th a c ry la te  and 

fu m ara te  r a d i c a l s  a re  deno ted  by and l ÿ .

The d i la to m e te r  m easurelæ n ts  in  t a b le  17 ( tra n s fo rm in g  ru n  

H44 w ith  th e  a id  of f i g .  10 and 12) compare th e  g e l  p o in ts  under 

com parable c o n d it io n s  of th e  model sy s te m  M'jA/PEP and a  com m ercial 

s ty re n e  based  (S/PPPP) p o ly e s te r  d e s ig n a te d  a s  28c, T h is o o m ie rc ia l  

p o ly e s te r  c o n ta in s  a c o n d e n sa tio n  r e s i n  ( l  mole m aleic  an h y d rid e  

co n v erted  t o  fu m ara te  e s t e r ,  1 mole cf p h th a l ic  a n h y d rid e , and  2 ,3  ii^ les  

p ropy lene  g ly c o l)  of a c id  nuitber 30, T h is r e s i n  i s  m arketed w ith  

s ty re n e  monomer in  th e  w eigh t p ro p o r t io n s  of 33 t o  63, I t  m i l  be 

seen  th a t  a t  e q u a l p o ly m e r is a tio n  r a t e s  and te m p e ra tu re s , th e  c r i t i c a l  

c o n v e rs io n s  of th e  two system s a re  ro u g h ly  e q u a l.

The on ly  m a te r ia l  f a c to r s  in  e v a lu a t in g  £j^f o r th e  two 

system s from  eqn. ( 3 2 ) areyO  ^ and (DP_,^ -  1 ) ,  and to  produce e q u a l 

g e l  p o in ts  in  th e  two system s th e r e  must be com pensation  betw een th e s e  

f a c t o r s .  The rough  m easurem ents of r^y = 17 , r̂ -, = 0 .23  le a d  (eqn. (3 3 ))  

t o = 0,0026 f o r  m ia /p ep . F o r S/PPPP,yQ^ w i l l  l i e  c lo s e  to  0 .2 3 , 

s in c e  th e  r e a c t i v i t y  r a t i o s  a re  e s t im a te d  to  be b o th  n e a r ly  z e ro . The 

p o ly a d d it io n  c h a in s  in  th e  s ty re n e  sy s tem  must th e n  be ab o u t one 

h u n d red th  th e  le n g th  of th o se  in  th e  IvEvii system  i f  th e  observed  g e l  

p o in t  i s  t o  acco rd  w ith  th e  c l a s s i c a l  th e o ry  of g e la t io n .  S ince  t h i s  

r a t i o  of c h a in  le n g th s  i s  q u ite  p l a u s ib l e  in  th e  l i g h t  of th e
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p o ly m e ris a tio n  c h a in  le n g th s  of th e  pure monomers s ty re n e  and M'iA, 

(m entioned previously), th e r e  i s  no re a so n  to  doubt tha ,t th e  s ty re n e  

system , l i k e  th e  IvlLA model system , g e ls  e s s e n t i a l l y  a c c o rd in g  to  th e  

c l a s s i c a l  th e o ry  embodied in  e q n ,(3 2 ).

T ab le  17.

Comparison of iAA/PEF ( r e s in  Tl) w ith  com m ercial 
s ty re n e -b a s e d  p o ly e s te r  (2 8 c ) ,

R esin  Feed R a tio  Tenp, -/o ilEK G el Time C r i t .c o n -  10^ x (DP -  l )
R nrLn. v e rs io n  r a t e

m o le ,1"^ 
s e c ." 1

IviM4/lW 0 .8  42 0.51 65 0 .0184  4 .2 3  5 .5
( r e s in  II;

( 2 8 ^ )  0 .25  42 0 .53  90 0 .025  4 .16  2 .5

F o r  th e  b u lk  p o ly m e r is a tio n  of a l l y l  e s t e r s ,  e q n , (33) may 

be r e - w r i t t e n :

0  = l/(D P  -  l) (A  -  1) (54)r-'C wp

sin c e  R /(R  + l)yO^ i s  th e n  u n i ty ,  and th e  p la c e  of DP̂ ^̂  i s  ta k e n  by A, 

th e  nuiiiber of a l l y l -  groups p e r  monomer m orecu le . ( i n t e r n a l  c y c l is a t io n ^ ^ ^ ^  

i s  ig n o red  in  eqn. (34-)). Thus th e  c r i t i c a l  c o n v e r s io n ^  sh o u ld  va ry  a s  

1/(A  -  1 ) ,  i . e . ,  f o r  t r i a l l y l  cy an u ra te  (A = 3 ) , ^ ^  shou ld  be one h a l f  

th e  v a lu e  of = 0 . l6  * 0 ,028  c a lc u la te d  from  Simpson end H o lt* s  d a ta^^^^  

f o r  th e  d i a l l y l  e s t e r s  (A = 2) of p h th a l i c ,  i s o p h th a l i c ,  t e r e p h t h a l i c ,  

and o x a lic  a c id s .  In  e x c e l le n t  agreem ent^ i t  i s  found t h a t ^ ^ =  0,083 

by d i la to m e tr ic  measurements on t r i a l l y l  c y a n u ra te . A lthough  

d i f f e r e n c e s  in  th e  te n d e n c ie s  of th e s e  v a r io u s  monomers to  c y c l i s e
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i n t e r n a l l y  o r  " in c e s tu a l ly " ^ ^   ̂ on p o ly m e r is a tio n  has been  ig n o re d , 

th e  com parison shows t h a t  t r i a l l y l  c y a n u ra te  g e la t io n  i s  in  

s u b s t a n t i a l  agreem ent w ith  th e  netw ork  th e o ry .

4 .6 .  Summary, The d a ta  in  f i g ,  23 and 24 f u r n i s h  a d d i t io n a l  ev id en ce

t h a t  th e  t h e o r e t i c a l  p ic tu r e  of d i f f u s io n  c o n tr o l  in  b u lk  p o ly m e r is a tio n  

i s  sound. The su c c e ss  of th e  t e s t  c o n ta in e d  in  th e s e  two f i g u r e s  

con firm s th a t  th e  Trommsdorf r a t e  a c c e le r a t io n  i s  c o r r e c t ly  a t t r i b u t e d  

to  d i f f u s io n  c o n t r o l ,  and th a t  g e la t io n  i s  c o r r e c t ly  founded on th e  

e f f e c t s  of random c ro s s  l in k in g .  Though t h i s  -./ork d em o n s tra te s  th e  

s u b s ta n t i a l  c o r r e c tn e s s  of th e  th e o ry  u n d e rly in g  th e  Gordon/Roe m odel, 

th e  g e n e r a l i ty  of th e  tre a tm e n t i s  h a /e v e r  r e s t r i c t e d  to  p o ly m e r is a tio n s  

in  w hich th e  p rim ary  r a d i c a l  c h a in s  a re  s u f f i c i e n t l y  lo n g .

Thus th e  second s ta g e  in  th e  l&iA/PEF p o ly m e r is a tio n  can now 

be u n d e rs to o d , on th e  assum ption  th a t  e v ery  c o l l i s i o n  betw een  two 

r a d ic a l s  le a d in g  to  te rm in a t io n  a f t e r  th e  g e l  p o in t in v o lv e s  a t  l e a s t  

one r a d i c a l  c a r r i e d  on a  p rim ary  c h a in  f r e e  from  c r o s s l in k s .  The r a t e  

c o n s ta n ts  of a l l  e lem en tary  s te p s  a re  ta k e n  to  re ira in  c o n s ta n t  in  th e  

second s ta g e ,  th e  change in  th e  o v e ra l l  p o ly m e r is a tio n  r a t e  b e in g  caused 

by changes in  th e  e f f e c t iv e  r a d i c a l  c o n c e n tr a t io n  o n ly . T h is  th e n  

le a d s  t o  a l i n e a r  p r e - g e la t io n  r a t e  c u rv e , w h ile  th e  p o s t - g e la t i o n  r a t e  

curve becomes of e x p o n e n tia l  ty p e .
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SECTION 5.

The F in a l  S ta te  i n  th e  P o ly r re r is a t io n  o f MMA^PEF,

5 ,1 . I n t r o d u c t io n , In  th e  t h i r d  s ta g e  of th e  #<A/PEF c o p o ly m é risa tio n  

th e  i n i t i a t i o n  and p ro p a g a tio n  s te p s  become d i f f u s io n  c o n tr o l le d  and 

th e  r e a c t io n  s to p s  b e fo re  com plete  co n v ers io n  i s  a t t a in e d .  I t  i s  

n e c e ssa iy  to  f in d  when th e  r e a c t io n  s to p s  and what i s  th e  s t a t e  of cu re  

i n  term s of th e  com position  when i t  does s to p .

The f i n a l  c o n v e rs io n s  o b ta in a b le  by p o ly m e r is a tio n  a t  62^0 

of th e  model p o ly e s te r  a re  measured a s  a fu n c t io n  of th e  f e e d  r a t i o  R 

of fu m ara te  to  m e th a c ry la te  u n s a tu ra t io n .  As a f i r s t  a p p ro x im a tio n , 

i t  i s  con firm ed  th a t  th e  r e a c t io n  becomes a r r e s t e d  when th e  second o rd e r  

t r a n s i t i o n  rea ch e s  th e  p o ly m e r is a tio n  te m p e ra tu re . T h is  g e n e ra l ly  

happens when about 9C/o of th e  læ th a c ry la te  and lOfo of th e  fu m ara te  

u n s a tu r a t io n  have been  d e s tro y e d  by p o ly m e r is a tio n . T h is  confirm s th e  

e a r l i e r  c o n c lu s io n , a c c o rd in g  t o  w hich th e  p o ly m e ris a tio n  i s  la rg e ly  

c a r r i e d  by th e  î-nethacry late  u n s a tu r a t io n ,  and shows i n c id e n ta l l y  t h a t  a 

p o ly f um arate  i s  not an  e f f i c i e n t  c ro s s  l in k e r  f o r  m e th a c ry la te . As a 

second a p p ro x im atio n , th e  f i n a l  s t a t e  of c u re ,  as deduced fro m  th e  

second o rd e r  t r a n s i t i o n s ,  i s  some'/.'■hat v a r ia b le  w ith  R, To accoun t 

f o r  th e s e  v a r i a t i o n s ,  th e  th e o iy  of th e  s t a t e  of cu re  i s  developed  in  

t e r n s  of th r e e  p a ra m e te rs : th e  c o n c e n tra t io n  of c r o s s l i n k s ,  th e

c o n c e n tr a t io n  of r e s id u a l  m ethyl m e th a c ry la te ,  and th e  c o n c e n tra t io n  

of r e s i d u a l  f r e e  p o ly e th y le n e  fu m ara te  c h a in s ,  A s t a t i s t i c a l  th e o ry  

le a d s  t o  sym im etrical fo rm u lae  f o r  th e  f i r s t  and t h i r d  of th e s e  pa ram eters ,
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The r e s u l t s  su g g est t h a t  in  th e  p re s e n t m odel system  th e  f i n a l  s t a t e  

of cu re  i s  dom inated by th e  c o n c e n tra tio n  of r e s id u a l  m ethy l m e tlia c ry la te  

a c t in g  as p l a s t i c i s e r .

5 .2 .1 .  t/Iethod of fo llo w in g  th e  f i n a l  p o ly m e r is s t io n . I t  i s  an  

e x p e rim e n ta l f a c t ,  i l l u s t r a t e d  in  th e  p re v io u s  s e c t io n ,  t h a t  p o ly ­

m e r is a tio n  r e a c t io n s  cannot be fo llo /y ed  to  co m p le tio n  in  a n o r m l  

d i la to m e te r  b u lb  due t o  th e  te n s io n  b u i l t  up in  th e  polym er a s  i t  c o n t r a c t s .  

Thus polym ers u s u a lly  b re a k  around  20/o c o n v e rs io n  when c o n fin e d  in  an 

o rd in a ry  d i la to m e te r  b u lb  re n d e r in g  f u r t h e r  re a d in g s  u s e le s s ,  Schulz 

and H a ro c r th ^ ^ ^  and B u rn e tt  have shown how t h i s  can be overcome 

by th e  f a c t  th a t  d is c s  of r e s i n  of abo'ut 30 im. diam, by 3 mm. th ic k n e s s  

can be p o ly m erised  to  over 90/o c o n v ers io n  w ith o u t any i n t e r n a l  d i s t o r t i o n  

o c c u rr in g . S in ce  a d i la to m e te r  cf th e s e  d im ensions v/ould p re s e n t  

g re a t  p r a c t i c a l  d i f f i c u l t i e s  in  h a n d lin g , f i l l i n g  and a c c u ra c y  of 

r e a d in g , th e  id e a l  i s  to  c o n fin e  th e  r e s i n  in  th e  d e s i r e d  shape in  a 

d i la to m e te r  b u lb  w ith  a h e a v ie r ,  i n e r t ,  s o lv e n t .  M ercury was th e  

only  c o n f in in g  f l u i d  r e a d i ly  a v a i la b le  b u t  experim en ts w ith  v a r io u s  

d esig n s  of d ila to m e te rs  f a i l e d  because  th e  MEK c a ta ly s t  ap p ea re d  to  

o x id is e  th e  imrcur^r which th e n  no lo n g e r  c o n fin e d  th e  r e s i n  s a t i s f a c t o r i l y .  

As o th e r  te c h n iq u e s  of p o ly m e ris in g  th e  r e s i n  a lo n e  in  sm a ll  ampules 

p re s e n te d  unsurm ountable d i f f i c u l t i e s ,  a l l  e f f o r t s  to  fo l lo w  th e  MHA/FEF 

p o ly m é r is a tio n  c o n tin u o u s ly  in  th e  one r e a c t i n g  sy stem  had to  be 

abandoned.

The te c h n iq u e  f i n a l l y  adop ted  t o  o b ta in  a c o n p le te  r a t e  cu rve  

of th e  M'ÆÂ BEP p o lym eris  e t  ion  c o n s is te d  of fo llo w in g  th e  r e a c t io n  in
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two p a r t s .  The r e a c t io n  s o lu t io n  was imde up in  th e  n o n n a l noanner; 

a  d i la to m e te r  was f i l l e d  w ith  one p a r t  and th e  r e a c t io n  fo llo w ed  as  

f a r  a s  p o s s ib le  a s  d e sc r ib e d  in  th e  p re v io u s  s e c t io n .  The rem ainder 

of th e  r e s in  was poured in to  round a lunnnium  moulds of abou t 23 mm, x 

7 mm. and p laced  in  a m eta l box immersed in  th e  same th e rm o s ta t te d  b a th  

a s  th e  d i la to m e te r .  The alum inium  m oulds, which d id  n o t con tam inate  

th e  r e s i n ,  were s e a le d  on th e  to p  and bo ttom  w ith  m ic ro -c o v e rg la s se s  

and a f i lm  of e th y l  c e l lu lo s e .  Once th e  r e a c t io n  c o u ld  no lo n g e r be 

fo llov red  d i l a t  omet r  i  ca 1 l y , moulds were removed from  th e  box es  r e q u i r e d ,  

th e  po lym erised  d is c s  pushed out and t h e i r  d e n s i t i e s  d e te rm in ed . The 

c o n tr a c t io n  th a t  had o ccu rred  in  th e  d is c s  a f t e r  a s p e c i f i e d  tim e was 

c a lc u la te d  from  th e  i n i t i a l  d e n s i ty  o f th e  l iq u i d ,  th u s  making th e  

draw ing of a r a t e  curve p o s s ib le .  Sometimes a p o r t io n  cf th e  r a t e  

curve rem ained uncovered , v iz .  betw een th e  in p lo s io n  in  th e  d i la to m e te r  

and th e  a tta in m e n t cf s u f f i c i e n t  f i r n n e s s  by th e  d is c  f o r  s u c c e s s fu l  

h a n d lin g ,

5 .2 ,2 .  D e te rm in a tio n  of d is c  d e n s i t i e s . The d e n s i t i e s  of th e  

po ly m erised  d is c s  were de term ined  by th e  d e n s i ty  tu b e  te c h n iq u e  

d e s c r ib e d  in  S e c tio n  _3 .3 .3 .  The method had to  be m o d ified  in  t h i s  

case  s in c e  some cf th e  d is c s  were q u ite  hard  and i t  was d i f f i c u l t  to  

cu t o f f  s i r e l l  sam ples r e p r e s e n ta t iv e  of th e  d is c  a s  a w ho le , w ith o u t 

s p o i l in g  th e  whole d is c .  T h is tvas u n d e s ira b le  s in c e  th e  d i s c s  were 

r e q u ir e d  f o r  r e l a x a t io n  experim en ts (se e  be lew;) and i t  was found th a t  

i f  th e  whole d is c  was dropped in to  a d e n s i ty  tu b e  i t  soon u p se t th e  

g r a d ie n t .  To overcome t h i s  a la rg e  d e n s i ty  tube  abou t 3 f t .  h igh
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and 3" diam, was c o n s t ru c te d ,  th e  g ra d ie n t  b e in g  form ed by i n t e r  d i f f u s in g  

a c a lc iu m  c h lo r id e  s o lu t io n  (d e n s ity  abou t 1 ,40  gm ./m l. ) and w a te r .

Over a th r e e  month p e r io d  when numerous d is c s  were p u t in  and w ithdraw n, 

th e  g r a d ie n t  was no t s e r io u s ly  d is tu rb e d . The range  of g ra d ie n t 

covered  i s  i l l u s t r a t e d  in  f i g . 25 and 26 . The d i s c s ,  in  th e  m a jo rity  

of c a se s  la y  q u ite  f l a t  (a check on u n ifo rm ity ) ,  and a t y p i c a l  s e c t io n  

cf th e  tu b e  vrith  t l i re e  d is c s  i s  shown i n  sk e tc h  1,

5 .3 . R e s u l t s , S ix  com plete  r a t e  cu rves c o v e rin g  th e  fe e d  r a t i o s  

R = 0 , 0 ,2 ,  0 .5 ,  1 .0 ,  1 ,25  and 1 ,75 a re  shown in  f i g . 2 7 -3 0 , th e  jo in in g  

of th e  two s e t s  of p o in ts  b e in g  in d ic a te d  in  each case  by a d o tte d  l i n e .  

I t  can be se en  th a t  th e  sm oothness of th e  r a t e  cu rv es a t  th e  p o in t of 

sw itc h in g  from  d i la to m e try  t o  d e n s i ty  tu b e  measurement was s a t i s f a c to r y  

and c o m p le te ly  v in d ic a te s  th e  v a l i d i t y  of th e  te c h n iq u e .

The t o t a l  p o ly m eris -" tio n  a t t a i n a b le  from  th e s e  ru n s  ( ta k e n  

from  th e  h o r i z o n ta l  p o r t io n  of th e  r a t e  c u rv e s )  and f o r  th e  case  R = 0.1 

(no t s u f f i c i e n t  p o in ts  t o  show; a com plete r a t e  cu rv e ) a re  t a b u la te d  in  

t a b le  18.

T ab le  18.

F in a l  co m p o s itio n  from  sh rin k a g e  m easurem ents.

I n i t i a l Mole /o ivlîA, F in a l  % R e s id u a l  u n sa t. F in a l  F F in a l  M
fe e d  r a t i o lOOMo conver­ M+F, m o le . / l . m o le / l . m o le /l .

R Mq + F q s io n  3

1 .75 3 6 .4 29 .5 6 ,3 5 5 .2 5 1 .10
1.25 4 4 ,4 3 6 ,5 5 .7 2 4 .5 5 1 .17
1 .0 5 0 ,0 4 5 .0 4 .9 5 4 .00 0 .95
0.5 , 6 6 ,7 62 .2 3 .4 0 2 ,60 0 .80
0 ,2 83 .3 76 ,5 2 .12 1 .30 # .8 2
0 ,1 91.1 87 .2 1 .15 0 ,6 8 0 .47
0 .0 100 .0 87.0 1 .1 7 0 .0 0 1.17
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The ta b u la te d  f r a c t i o n a l  c o n v ers io n  |0 of a , l l  th e  n n s a to ra t io n  

(m e th ac ry la te  and fu m a ra te )  o r ig in a l ly  p re s e n t i s  found  from  th e  sh r in k a g e  

by way of e q n , ( 12) , T h is  e q u a tio n  i s  knovm to  app ly  f o r  th e  s p e c ia l  

case (R = 0 ) of absence of fum ara.te. However, i t  must be  an e x c e lle n t

app ro x im atio n  f o r  a l l  R v a lu e s  exam ined, because l i t t l e  of th e  fum ara te  

r e a c t s ,  and because th e  sh rin k ag e  p e r  mole of r e a c te d  fu m ara te  u n s a tu ra t io n  

happens to  be e s tim a te d  (eqn, 45) &t a lm ost eq u a l t o  th a t  p e r  mole of 

r e a c te d  m ethyl m e th a c ry la te . H ere , and M, P ,  a re  th e  i n i t i a l

and f i n a l  c o n c e n tra tio n s  of f r e e  m e th a c ry la te  and fu m ara te  r e s p e c t iv e ly .

The r a t e  cu rves e x e m p lif ie d  in  f i g .  27-30 and t a b l e  I 8 a re  

shown to  be b r o u ^ t  t o  c o in c id en ce  in  th e  reduced  fo rm  in  f i g .3 1 ,

5 .4 . D isc u ss io n  of r e s u l t s .  In  f i g , 31 i t  i s  seen  t h a t  th e  com plete 

reduced r a t e  cu rves f o r  th e  range 0 , 1 ^  R ^  1 ,7 5 , under o th erw ise  

c o n s ta n t c o n d it io n s ,  superpose  to  produce one l im i t in g  e x p o n e n tia l  ty p e  

of curve (th e  d o tte d  l i n e  D ), from  w hich th e  in d iv id u a l  cu rves more 

o r le s s  suddenly  d e v ia te  t o  le v e l  o ff  a t  a p o in t depending  on t h e i r  R 

v a lu e . The e x p o n e n tia l  curve (d ) c o v e rs  th e  second s ta g e  of th e  

p o ly m e r is a tio n , th e  l e v e l l i n g  o ff  co rre sp o n d s to  th e  f i n a l ,  t h i r d  s ta g e .

The e x p o n e n tia l  l im i t in g  curve i s  compared in  f i g , 31 w ith  th e  t h e o r e t i c a l  

cu rve ((b ) f o r  comibination) over a  g r e a te r  range s t i l l  th a n  in  f i g , 24.

I t  i s  a g a in  a p p aren t t h a t  th e  model th e o ry  does no t ex ag g e ra te  th e  g e l  

e f f e c t  to o  s e r io u s ly ,  a s  th e  com parison of(D ^w ith(s^and(c^show s. On 

th e  s c a le  of f i g .3 1 ,  th e  t h e o r e t i c a l  cu rve  f o r  d is p ro p o r t io n a t io n  

(no t shown) ap p ea rs  t o  d i f f e r  b u t l i t t l e  from  th a t  f o r  com bination .

The l e v e l l i n g  o f f  p ro c e ss  of th e  cu rves i s  q u ite  sh a rp  a t  low
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H v a lu e s . E v id e n tly , th e  th e o ry  of th e  second s ta g e  of v in y l  

p o ly m e r is a tio n  th e re  a p p l ie s  t i l l  n e a r  th e  end of th e  r e a l i s a b l e  

p o ly m e r is a t io n , w ith  l i t t l e  c o n tr ib u t io n  t o  th e  t o t a l  p o ly m e ris a tio n  

from  th e  slow  t h i r d  s ta g e .  G e n e ra lly , th e  l e v e l l i n g  o f f  p ro cess  i s  

seen  t o  occupy abou t XOfo of th e  p o ly m e risa b le  u n s a tu r a t io n ,  and th e  

d e ta i l e d  k in e t ic s  of t h i s  slow  t h i r d  s ta g e  have been  in v e s t ig a te d  by 

an e l a s t i c  r e l a x a t io n  tec h n iq u e  by a n o th e r  w orker

5 ,^ .1 ,  F in a l  " e q u ilib riu m "  cure  as a f u n c t io n  of fe e d  r a t i o  R. The 

f i n a l  s t a t e s  of i n t e r n a l  m o b il i ty  o r cu re  have been  s tu d ie d  by a b a l l  

r e l a x a t io n  te c h n iq u e  s im ila r  t o  t h a t  d e sc r ib e d  by J e n c k e l  and K le in ,  

w hich i s  a p p ro p r ia te  f o r  exam ining th e  approach  to  e q u il ib r iu m  o r  

p se u d o -e q u ilib r iu m . The method employed c o n s is te d  e s s e n t i a l l y  of 

d ro pp ing  a m etal b a l l  on th e  polym er sample and m easuring  th e  h e ig h t  

of bounce. Thus a t  th e  dynamic second o rd e r  t r a n s i t i o n  te m p e ra tu re  th e  

bounce i s  a minimum, and th e  energy  a b s o rp tio n  by th e  sample i s  a 

maximum, ’.-.hile d e t a i l s  of th e  e x p e rim e n ta l t e  clin ique and k i n e t i c  

th e o ry  of th e  r e l a x a t io n  p ro ce ss  a re  t r e a te d  e l s e w h e r e t h e  f i n a l  

deg ree  of cu re  a t  " e q u ilib riu m "  a s  a fu n c t io n  o f R i s  d isc u sse d  h e re .  

Thus f i g , 32 shows th e  t y p ic a l  b a l l  rebound energy  a b s o rp tio n  peak cu rv es  

f o r  th e  f i n a l  s t a t e s  cf p o ly m e r is a tio n  f o r  d i f f e r e n t  R v a lu e s  a t  62^0, 

The r i s i n g  b ran ch  of th e  peak c o n s t i t u t in g  th e  dynamic second o rd e r  

t r a n s i t i o n  ( i . e .  th e  b ranch  c o rre sp o n d in g  to  th e  g la s s y  s t a t e )  was 

de te rm ined  s u f f i c i e n t l y  q u ick ly  (ab o u t 2-3 m in u te s )  to  e lim in a te  th e  

danger of a f t e r - c u r e  d u rin g  th e  m easurem ent. A lso , th e  d is c s  used  f o r  

b a l l  rebound measurement were th e  same specim ens used f o r  d e te rm in in g
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th e  f i n a l  p o in ts  of th e  r a t e  cu rves ( f i g ,  27-30) hy th e  d e n s i ty  g ra d ie n t

te c h n iq u e  d e sc r ib e d  in  th e  e x p e rim e n ta l s e c t io n ,  so  t h a t  th e  e q u il ib r iu m

(o r  p se u d o -e q u ilib r iu m ) s t a t e  of th e  sam ples i s  a t t e s t e d  by  th e

h o r i z o n t a l i ty  of th e  r a t e  c u rv e s .

The v a lu e ,  i . e .  th e  tem p e ra tu re  a t  w hich th e  r i s i n g

b ran c h  c u ts  th e  a b so rp tio n  l i n e  ( f i g , 32) w i l l  be ta k e n  a s  a m easure

of th e  degree of c u re . The peak tem p era tu re  i t s e l f  c o rre sp o n d s to  a

segm en ta l r e l a x a t io n  tim e of 1 0 "^  s e c . ,  i . e .  th e  im pact tim e of th e

b a l l ,  and T^^ l i e s  c lo s e  to  th e  s t a t i c  second o rd e r  t r a n s i t i o n  a t  v e ry

slovv d e fo rm a tio n  r a t e .  Of c o u rse  T ^  r i s e s  w ith  th e  degree of c o n v ers io n

i n  any one ru n , and in  f i g , 32 we a re  concerned  w ith  th e  f i n a l  T^^ a t

e q u il ib r iu j ï i  (T^q ) .

Theory su g g e s ts  t h a t  th e  p o ly m e r is a tio n  should  become

a r r e s t e d  a t  th e  same m o b il i ty  o r  s t a t e  of cu re  i r r e s p e c t iv e  of th e  fe e d

r a t i o  R , v iz .  when T ^  re a c h e s  th e  p o ly m e r is a tio n  te m p e ra tu re  of 62^0 o r

th e re a b o u ts .  At f i r s t  s i g h t ,  t h i s  p r e d ic t io n  seems in  poor agreem ent

w ith  th e  r e s u l t s  in  f i g .  3 2 , where T^^ i s  s c a t t e r e d  over ab o u t 30°C,

However, th e  mean of th e  r e s u l t s  i s  c lo s e  t o  th e  p r e d ic t io n  T^^ = 62^0.

0M oreover, T^q in  any one ru n  i s  ex trem ely  s e n s i t iv e  t o  th e  degree of

c o n v e rs io n , and th e  f i n a l  d eg rees  of c o n v e rs io n  d i f f e r  w id e ly  over th e

range  of R v a lu e s  s tu d ie d ,  v iz ,  from  abou t 30 to  of th e  t o t a l

u n s a tu r a t io n  o r ig in a l ly  p r e s e n t .  The th e o ry  i s  th e r e f o r e  c o n sid e re d

borne  out to  a f i r s t  ap p ro x im atio n , A b e t t e r  second ap p ro x im atio n  i s

o b ta in ed  below  which a c c o u n ts  f o r  th e  g e n e ra l  shape of th e  curve ( f i g . 33) 
e

of T^q a g a in s t  R in  term s of th e  m easured f i n a l  c o n v e rs io n s , though no
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th e o ry  i s  o f fe re d  t o  accoun t f o r  th e  sm a ll d i f f e r e n c e s  b e tw een^ these

m easured c o n v e rs io n s  and th o se  which would be r e q u ir e d  to  a r r e s t  th e

,6
50r e a c t io n  a t  = 62*^0 e x a c tly .

5 .5 .2 .  Second a p p rox im ation  th e o iy  of cu re  in  p o ly e s te r s . L in e a r  

th e o r i e s  of th e  e f f e c t s  of s t r u c t u r a l  v a r ia b le s  on th e  second o rd e r  

t r a n s i t i o n  have been  su c c e ss fu l^  e g, f o r  th e  p l a s t i c i s a t i o n  of l i n e a r  

polym ers (Je n ck e l and I l l e r s ^ ^ ^ ) ) ,  f o r  c r o s s - l in k in g  and m o lecu la r w e ig h ts  

(L oshaek^^^^) and f o r  copolym er co m p o sitio n  (Gordon and T a y lo r^ ^ ^ ^ ).

'.Te th e r e f o re  ex p ec t to  be a b le  to  approx im ate  to  th e  e f f e c t  of r e s i n  

s t r u c tu r e  on th e  va lue  in  te rm s of tViree s t r u c t u r a l  p a ram ete rs  in  a 

l i n e a r  fa s h io n . One r e s i n i f i c a t i o n  p aram eter V sh o u ld  account f o r  th e  

r i s e  in  T^q w ith  in c re a s in g  b ra n c h in g  and c ro s s  l in k in g ,  and two
0

p l a s t i c i s a t i o n  p a ra m ete rs  and shou ld  accoun t f o r  th e  f a l l  in  

r e s p e c t iv e  I}'" w ith  r i s i n g  m olar c o n c e n tra t io n s  of r e s i d u a l  f r e e  fu m ara te  

co n d en sa tio n  c h a in s  (no t a t ta c h e d  to  th e  n e tw o rk ) , and of r e s id u a l  f r e e  

m e th a c ry la te . The l in e a r  ap p ro x im a tio n , w hich sh o u ld  be v a l id  f o r  low 

c o n c e n tra t io n s  of c ro s s l in k s  and r e s id u a l  monomers, ru n s :

= ^50 ^ ^  ^ °  &  (55)

w here T^ (h ) i s  th e  e q u il ib r iu m  v a lu e  of T f o r  th e  com position  of
50 50

fe e d  r a t i o  R a t  th e  p o ly m e ris a tio n  tem p e ra tu re  of 62^0 under c o n s id e r a t io n ,  

and a ,  b ,  and _c a re  c o n s ta n ts .  F o r la rg e  v a lu e s  of V, '1̂  and .7̂ ^̂  h ig h e r  

power term s would have t o  be added on th e  r i g h t  of eqn. (5 5 ), T here 

can be no p o in t in  a tte m p tin g  to  f i t  th e  r e s u l t s  in  d e t a i l  t o  an e q u a tio n  

w ith  a s  many as th r e e  c o n s ta n ts  w hich a re  n o t y e t  known. F or th e
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p re se n t th e  in te rd ep e n d en c e  of V , and in  te r n s  of th e  k in e t i c

scheme and th e  cho ice  of th e  param ete rs  V, and in  com parison w ith

p o s s ib le  a l t e r n a t i v e  p a ram ete rs  a re  d is c u s s e d . On th e  b a s i s  of a  model

c a l c u la t io n ,  a p la u s ib le  re a so n  i s  g iv en  why th e  term s in  V and

o c c u rr in g  in  eqn. (55) may have l i t t l e  e f f e c t ,  so  t h a t  th e  b e h a v io u r  of

T®^(R) i s  dom inated by th e  te rm  in  as i s  a c tu a l ly  found ,

1 ) The p l a s t i c i s a t i o n  p a ra m ete r W due to  m e th a c ry la te  ■will be equated    ...

t o  th e  r e s id u a l  m e th a c ry la te  c o n c e n tra tio n  in  m o le /1 . ,  w hich i s  c a lc u la te d  

from  th e  o bserved  slarinkage (se e  t a b le  18 ), S in ce  t h i s  sh r in k a g e  i s  

due t o  th e  p o ly m e ris a tio n  of b o th  fum ara te  ( f )  and m e th a c ry la te  (m) 

u n s a tu r a t io n ,  an assum ption  i s  re q u ire d  f o r  a p p o r t io n in g  th e  sh a re  of 

m e th a c ry la te  and fum arate  p o ly m e r is a tio n . I n  th e  f i r s t  s ta g e  of 

p o ly m e ris a tio n  t h i s  sh a re  i s  c a lc u la b le  in  acco rd an ce  w ith  th e  co - 

p o ly m e ris a tio n  e q u a tio n  from  th e  rough r e a c t i v i t y  r a t i o s  m easured 

(r^^ = 17, I p  = 0 , 25) .  T h is  c a lc u la t io n  i s  amply a c c u ra te  enough, 

because  th e  f i n a l  r e s u l t s  a re  n o t s e n s i t iv e  to  even c o n s id e ra b le  changes 

in  th e  r e a c t i v i t y  r a t i o s .  I n  th e  second s ta g e  of p o ly m e r is a tio n  th e  

same e q u a tio n  based  on random c o p o ly m e risa tio n  i s  s t i l l  v a l i d ,  w h ile  

in  th e  t h i r d  s ta g e  th e  c o p o ly m é risa tio n  e q u a tio n  v f i l l  o v e re s tim a te  th e  

amount of fu m ara te  r e a c te d .  T h is i s  because  f r e e ,  and a f o r t i o r i  

a t ta c h e d ,  fu m ara te  ch a in s w i l l  become much more s tro n g ly  d i f f u s io n -  

r e ta r d e d  in  th e  p ro p a g a tio n  s te p  w ith  a r a d i c a l  th a n  f r e e  m e th a c ry la te  

monomer, Eo'wever, th e  t h i r d  s ta g e  u s u a l ly  makes only  a r a t h e r  sm a ll 

c o n tr ib u t io n  t o  th e  t o t a l  p o ly m e r is a tio n  and al-yTays l e s s  th a n  5C^

( f i g , 27- 3 0 ) ,  The co m p o sitio n  of th e  f i n a l  e q u il ib r iu m  polym er i s
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t h e r e f o r e  c a lc u la te d  from  th e  in te g r a te d  form  of th e  c o p o ly m e risa tio n  

e g u a tio n ^ ^ ^ )  (see  A ppendix) v /ith  r^- = 27 , = 0 ,2 5 ; in  o th e r  words

m inor d e v ia tio n s  of th e  e q u il ib r iu m  polym er from  th e  s t a t e  of random 

s t a t i s t i c s  due to  d i f f e r e n t i a l  d i f f u s io n  c o n tro l  of th e  p ro p a g a tio n  

s te p  of m ethacr]''la te  and fu m ara te  u n s a tu ra t io n  in  th e  f i n a l  s ta g e  a re  

ig n o re d . The same -approx im ation  i s  u^ed in  com puting th e  param eters 

7  and .7^,

•The f i n a l  f r e e  m e th a c ry la te  and fu m ara te  c o n c e n tra t io n s  a re  

c a lc u la te d  from  jQ as  shown in  th e  Appendix and ta b u la te d  in  t a b l e  18,

T h is shows th a t  th e  t o t a l  p o ly m e r is a tio n  a t t a i n a b le  a t  any fe e d  r a t i o  

R f a l l s  ju s t  s h o r t  of th e  t o t a l  m e th a c ry la te  unsa tu r a t i o n  o r ig in a l ly  

p re s e n t .  T h is i s  t ru e  a ls o  of th e  hom opolym érisation  cf MtM. (R = O ), 

a s  'was known from  p re v io u s  w o r k e r s T h e  th e o ry  t h a t  th e  p o ly m e r is a tio n  

i s  p redom inan tly  c a r r i e d  by th e  m e th a c ry la te  u n s a tu r a t io n ,  based  on th e  

v a r io u s  "ways of e s t im a t in g  th e  monomer r e a c t i v i t y  r a t i o s ,  i s  th u s  a g a in  

con firm ed ,

2 ) The c ro s s lin lo in g  pa ram ete r V, The fo llo w in g  p a ra m e te rs  su g g est 

th em se lv es  as s u i t a b le  m easures of th e  deg ree  of netw ork  fo rm a tio n :

(a )  th e  m olar c o n c e n tra t io n  K of ju n c t io n  p o in ts  in  th e  netv/'ork, i . e .  of 

p o iy m erised  fu m ara te  double  bonds;

K = (5Ô)

■where P i s  th e  number of moles P o f o r ig in a l  fu m ara te  double bonds or. o ^

p e r  l i t r e  c o r re c te d  f o r  volume sh r in k a g e , th u s  

F = F
■ — 2 -  = ( o iâ g in a l  v o lu m e /f in a l  volum e) (31 )
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(b) th e  m olar c c m c e n tra tio n  N c f fu m ara te  u n i ts  w hich a re  a tta c h e d  t o  

th e  netw ork  polym er ( i . e .  which b e lo n g  t o  c o n d en sa tio n  c h a in s  of w hich  

a t  l e a s t  one fu m ara te  double bond has p o ly m erised ,

= (see  e q n ,6 l)  (58)

and ( c )  th e  m olar c e n c e n tr a t io n  V of c r o s s l in k s .

I t  w i l l  be shown th a t  th e  th r e e  p a ra m ete rs  a re  e q u a lly  s u i t a b l e  

f o r  th e o ry  cf cuzre (e q n .55) s in c e  th e y  rem ain  s u b s t a n t i a l l y  p ro p o r t io n a l  

t o  one a n o th e r  and V w i l l  be chosen  f o r  d e ta i l e d  d is c u s s io n ,

A c r o s s l in k  w i l l  be d e fin e d  a s  a segm ent of a c o n d e n sa tio n  

c h a in  ly in g  betw een two netw ork  ju n c t io n  p o in ts .  As v^as d is c u s s e d  in  

S e c tio n  one can e q u a lly  u se  a  segment c f a  p o ly m e r is a tio n  c h a in

ly in g  betw een two netw ork ju n c t io n  p o in ts^  P ro v id e d  b o th  c o n d e n sa tio n

and p o ly iæ ri s a t i o n  c h a in s  a re  i n f i n i t e l y  lo n g  (no lo o se  e n d s ) , th e  two 

k in d s  of c ro s s l in k s  have, by sym m etry, th e  sagq^ c o n c e n tra t io n  V, Here 

th e  number of lo o se  ends i n  th e  s h o r t  c o n d en sa tio n  c h a in s  i s  v e ry  h ig h , 

w h ile  th a t  of th e  long  p o ly m e r is a tio n  c h a in s  i s  n e g l ig ib le .  A c c o rd in g ly , 

th e  above d e f i n i t i o n  i s  more a c c u ra te  f o r  th e  pu rpose  of c o u n tin g  t r u e  

c ro s s l in k s  b u t n o t lo o se  ends. As an example of th e  c a lc u la t io n  of a 

c ro s s  l in k in g  p a ra m e te r , th e  f  olloT.dng e x p re s s io n  f o r  V i s  q u o ted , w hich 

i s  d e riv e d  (see  A ppendix) from  th e  assum ption  of random c o p o ly m e risa tio n  

by  sim p le  s t a t i s t i c a l  th e o ry .

V = p (1 -  q)^ P /  ( l -  pq) (59 )
oc

Here p i s  th e  f r a c t i o n  of fu m ara te  c a rb o x y ls  e s t e r i f i e d  (= 0 ,732  f o r  th e  

r e s i n  N u se d ) , and q(= p /P ^ )  i s  th e  f r a c t i o n  of fu m ara te  double  bonds
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o r ig in a l ly  p re s e n t  which have n o t p o ly m erised ,

3 ) The p l a s t i c i s a t i o n  p a ram eter Oÿ,. The m olar c o n c e n tra t io n  of f r e e  

fu m ara te  c h a in s  a c t in g  a s  p l a s t i c i s e r  i s  sho^mi in  th e  Appendix t o  be 

g iv e n  by

y  = q (1 *- p )^  (1 "  pq) (60)

on th e  same assu m p tio n  as eqn. (39) -  in  f a c t  i t  t u r n s  out th a t  V i s  

tra n s fo rm e d  in to  by th e  in te rc h a n g e  cf p and q.

The number average  c h a in  le n g th  DP^ of th e  u n a ttac h ed  c h a in s  

i s  alw ays l e s s  th a n  t h a t  of th e  o r ig in a l  c o n d e n sa tio n  r e s i n  (h e re : 3 .7 3 ) 

and i s  g iven  by

~ ( i" p q )  (61)

5 .5 .3 .  A model c a l c u l a t i o n . To i l l u s t r a t e  th e  b e h av io u r i n  p r a c t ic e  

of th e  p a ra m e te rs  d e f in e d , th e  r e s u l t s  of a  model c a lc u la t io n  a re  l i s t e d  

i n  T able  19. Random c o p o ly m e risa tio n  ( r ^  = 17 , Zp = 0 ,2 5 )  i s  assum ed, 

and q has been  f ix e d  by th e  assum ption  t h a t  a t  a l l  R v a lu e s  th e  f i n a l  

e q u il ib r iu m  c o n c e n tra tio n  M of m e th a c ry la te  u n s a tu ra t io n  (u n c o rre c te d  

f o r  sh r in k a g e )  i s  u n i ty ,  w hich i s  n e a r  th e  t r u t h  ( c f ,  t a b l e  I 8 ) ,

The s a l i e n t  f e a tu r e s  of th e  ta b le  a re  a s  fo llo w s . B oth  th e  

c ro s s  l in k in g  p a ram ete r V and th e  p l a s t i c i s a t i o n  p a ra m ete r in c re a s e  

w ith  th e  amount of fum ara te  in  th e  o r ig in a l  m ix tu re  in  a s im i la r  f a s h io n .  

The r a t e  of in c re a s e  of b o th  p a ra m e te rs  d e c re a se s  w ith  in c re a s in g  R , 

and th e  p a ram eter V re a c h e s  a f l a t  maximum n e a r  th e  h ig h e s t  R v a lu e  used . 

T h is i s  shown g ra p h ic a l ly  in  f i g .  34-.
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T able  19.

Model c a lc u la t io n  of f i n a l  s t a t e s  (M = 1 ) .

z Fo Foe P P0 TP/Po
7 K N V v V v ?

P
DP*

n

1.75 5.73 6.18 5.16 5.57 0.90 0,13 0,61 2.46 4.75 19.1 1.18 2 .94

1,25 5.00 5,50 4.47 4.92 0.89 0,13 0.59 2.35 4.43 17,8 1.02 2.89

1.00 4.50 5.02 4.00 4.96 0.89 0.13 0,57 2.13 4.37 16.4 0.92 2.87

0.70 3.71 4.22 3.27 3.72 0,88 0,12 0,51 1.60 4.09 13.0 0.75 2.82

0.50 3.00 3.48 2.65 3.07 0,88 0.10 0.41 1.52 4.13 15.4 0,62 2.81

0.40 2.57 3.02 2,27 2.66 0,88 0.09 0.36 1.14 4.08 13.0 0 .54 2.82

0.30 2.08 2.47 1.82 2.16 0 ,8 7 0,08 0,31 1.11 3.90 14.0 0.43 2.78

0,20 1.50 1.81 1.32 1.59 0,88 0,06 0.22 0.81 3.97 14.4 0.32 2.79

0,10 0.82 1.01 0.72 0.89 0,88 0.03 0.12 0 .44 4.15 15.1 0.18 1.82

H ote: T h is ta b le conta:in s  m inor roiLnding-•off e r r o r s .

The th r e e  t y p ic a l  c r o s s l in k in g  p a ra m e te rs  d e fin e d  rem ain  p r a c t i c a l l y  

p ro p o r t io n a l  to  each  o th e r ,  a s  in d ic a te d  by th e  approx im ate  co n stan cy  of th e  

two columns of r a t i o s  ( i /V  and J ^ ^ ) .  The le n g th  DP^ of th e  u n a tta c h e d  

c h a in s  i s  seen  to  be rem arkab ly  c o n s ta n t  a t  2 ,86  -  0 .0 8 . (Hence th e  DP of 

th e  a t ta c h e d  c h a in s  in  th e  netw ork  cannot v a ry  a p p re c ia b ly  e i t h e r ) .  I t  

follovTs t h a t  o th e r  p o s s ib le  p a ra m ete rs  f o r  e x p re s s in g  th e  p l a s t i c i s a t i o n  

in s te a d  of such a s  th e  w e ig h t c o n c e n tr a t io n  of u n a ttac h ed  c h a in s ,  would 

m erely  ru n  p ro p o r t io n a l  t o  7 ^ , S in c e  q ^ 0 ,9  a t  a l l  R v a lu e s ,  on3y 10^ cf 

th e  fum ara te  u n s a tu r a t io n  p re s e n t i s  e v e r u t i l i s e d .

The c o n c lu s io n s  drawn from  th e  model c a l c u l a t i o n  in  t h i s  s e c t io n  

a re  g e n e ra l ly  v a l id  f o r  a l i g h t l y  c ro ss lin lc e d  sy s te m , such a s  a  c r o s s ­
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p o ly m e r is a tio n  in  w hich l i t t l e  of th e  c ro s s  l in k e r  (h e re  fu m a ra te )  i s  

a c tu a l ly  u t i l i s e d ,

5^5 .4 . I n t e r p r e t a t i o n  o f th e  observed s t a t e s  of c u re . P i g .34  shows t h a t

th e  two p a ram ete rs  V and 7^ rem ain  v e ry  ap p ro x im ate ly  p ro p o r t io n a l  t o  one

a n o th e r . Prom th e  manner in  w hich th e y  e n te r  eqn. (55 ) i t  nay th u s

happen th a t  t h e i r  e f f e c t s  on ap p ro x im ate ly  c a n c e l each  o th e r .  T h is

w i l l  happen when th e  c o n s ta n ts  a and b have s u i t a b le  v a lu e s  w ith  a r a t i o

of g /b  '"^"1/6, T h is  would im ply th a t  th e  r i s e  in  cu re  due t o  one mole of

c ro s s l in k s  e q u a ls  th e  d e p re s s io n  caused  by 6 m oles of f r e e  fu m ara te

co n d en sa tio n  c h a in s  a c t in g  a s  p l a s t i c i s e r .  I f  t h i s  c o n d it io n  i s  only

v e ry  a p p ro x i:iia te ly  s a t i s f i e d ,  th e  t re n d s  in  T^^ w i l l  be  dom inated by th e
© / \

f r e e  m e th a c ry la te  M. The p l o t s  of e x p e rim e n ta l T^^(R) and

^(R  -  o ) *" ^^(R -  x )  R c o n firm  th e  dominance of th e  f r e e

m e th a c ry la te , s in c e  th e re  i s  a marked c o r r e l a t io n .  On t h i s  i n t e r p r e t a t i o n ,

cf th e  th re e  c o n s ta n ts  a., b ,  and _c, on ly  o. nBkes a s u b s ta n t i a l  c o n tr ib u t io n
0

to  th e  v a r ia t io n s  in  T^^ wd.th R, end i t  i s  r e a d i ly  se en  t h a t  £  must be

of th e  o rd e r 100^0 d e p re ss io n  p e r mole of f r e e  m e th a c ry la te  p e r  l i t r e

of r e s i n .  In  s a t i s f a c t o r y  ag reem en t, a d e p re s s io n  of £  = 60^C i s

( Ft. )p r e d ic te d  from  th e  known v a lu e s  of th e  d e p re s s io n s  in  th e  second

o rd e r  t r a n s i t i o n  o f polyiTiethyl m e th a c ry la te  by e s t e r s  s im i la r  t o  Wlk 

monomer, and th e  same c o n s ta n t i s  c a lc u la te d  a t  £  = 120^0 from  d i r e c t  b a l l  

rebound  m easurem ent.

I t  i s  concluded  th a t  th e  s l i g h t l y  d i f f e r e n t  i n te r n a l  s t a t e s  of 

m o b il i ty  (o r  c u re )  a t t a in e d  a t  e q u il ib r iu m  f o r  d i f f e r e n t  R v a lu e s  r e f l e c t  

p r im a r i ly  th e  s u r v iv a l  of s l i g h t l y  d i f f e r e n t  c o n c e n tra t io n s  of f r e e
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F ig u re  34 • C a lc u la te d  f i n a l  v a lu e s  o f c ro s s l in k  d e n s i ty  V ( 0 )

and m olar c o n c e n tra tio n  "g o f f r e e  c o n d en sa tio n  ch a in s  ( •  ) ,
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m ethyl m e th a c ry la te  ( ta b le  1 8 ), We a re  l i t t l e  n e a re r  t o  th e  s o lu t io n  

of th e  t e c h n ic a l ly  im portan t p rob lem  as  to  why s l i g h t l y  d i f f e r e n t  d eg rees 

of co n v ers io n  o f m e th a c ry la te , and hence s l i g h t l y  d i f f e r e n t  d e g re e s  of 

i n t e r n a l  m o b ili ty  a re  a c tu a l ly  ach iev ed .

3_»6. Summary. The M/IA/PSP p o ly m e ris a tio n  i s  se en  to  a c c e le r a te  

e x p o n e n tia l ly  w ith  tim e t i l l  n e a r  th e  end of th e  r e a l i s a b l e  p o ly m e ris a tio n  

when th e  t h i r d  s ta g e  of th e  r e a c t io n  i s  marked by th e  o n se t of d i f f u s io n  

c o n tr o l  of th e  i n i t i a t i o n  and p ro p a g a tio n  r a t e s  w ith  a subsequen t 

l e v e l l in g  o ff  of th e  r a t e  c u rv e . T his slow  t h i r d  s ta g e  c o n tr ib u te s  

l i t t l e  t o  th e  t o t a l  p o ly m e r is a tio n . The r e a c t io n  i s  f i n a l l y  a r r e s t e d  

a t  app rox im ate ly  th e  same degree  of m o b ili ty  of th e  system  i r r e s p e c t iv e  

of R,

The a d d it io n  of th e  p o ly e s te r  t o  m ethyl m e th a c ry la te , f o r  th e  

purpose of in tro d u c in g  c ro s s l in k s  i s  i n e f f i c i e n t ,  a s  in  p r a c t ic e  on ly  

abou t iO/o of th e  added fu m ara te  u n s a tu r a t io n  i s  u t i l i s e d  f o r  

p o ly m e r is a tio n . Much of th e  p o ly e s te r  s u rv iv e s  a s  c o m p le te ly  

unpolym erised  m ic ro -m o lecu les  a c t in g  a s  p l a s t i c i s e r .  As re g a rd s  th e  

s t i f f n e s s  o r cu re  a t t a i n a b l e ,  i t  has been  shown th a t  i t  i s  no t e f f i c i e n t ,  

t h e r e f o r e ,  to  add more th a n  a s n a i l  amount of p o ly e s te r .

An approx im ate  th e o iy  has been  developed  f o r  com puting th e  

f i n a l  cu re  in  te rm s of th e  c r o s s l in k  d e n s i ty  and p l a s t i c i s a t i o n  by 

r e s id u a l  monomers, The d e ta i l e d  a p p l ic a t io n  of t h i s  th e o ry  w i l l  have 

t o  aw ait more e x ac t d a ta .
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T h is  work shows t h a t  a co m p lica ted  p o ly fu n c t io n a l  i n d u s t r i a l  

system  f a l l s  w i th in  th e  scope of a sim ple  mechanism when p ro p e r ly  

c o n tr o l le d ,  by re fe re n c e  t o  a model system* Thus th e  h a rd en in g  r e a c t io n  

c f m ethyl m etliacry l a t e /p o ly  e th y le n e  fu m a ra te , a t y p ic a l  p o ly e s te r  " c o n ta c t"  

r e s i n ,  i s  a sim ple  c o p o ly m e risa tio n  r e a c t io n .  The r o l e  of th e  g e l p o in t 

a s  a t o o l  i s  e rrp liasised , i t  b e in g  shovm t h a t  th e  k i n e t i c s  o f th e  

h a rd en in g  r e a c t io n  can be e x p la in e d  in  te rm s of th e  c l a s s i c a l  g e la t io n  

th e o ry . The g e l p o in t i s  d e fin e d  in  term s of a number of fun d am en ta l 

p a ram ete rs  w hich w ho lly  d e te rm in e  th e  p o ly m e r is a tio n .

A p o ly m e r is a tio n  of t h i s  k in d  i s  shown to  p roceed  in  th r e e  

more or le s s  c l e a r ly  d e fin e d  s ta g e s .  In  th e  i n i t i a l  s ta g e  th e  sy stem  

behaves as a c l a s s i c a l  c o p o ly m é risa tio n  c o n tr o l le d  by th e  u su a l a p p ro p r ia te  

k i n e t i c  p a ram eters  u n t i l  th e  system  g e ls .  In  th e  second s ta g e  d i f f u s io n  

c o n tr o l  of th e  te rm in a t io n  s te p  cau se s  an in c re a s e  in  th e  r a t e  of 

r e a c t io n .  In  th e  t h i r d  s ta g e  th e  sy s tem  becomes so  immobile th a t  

p ro p a g a tio n  and u l t im a te ly  i n i t i a t i o n  become d i f f u s io n  c o n tro l le d  and 

th e  r e a c t io n  (o r  c u r in g )  r a t e  decays t o  z e ro  and an  e q u il ib r iu m  s t a t e  

i s  approached .

The G-ordon/Roe model f o r  th e  d i f f u s io n  c o n tro l  cf th e  

te rm in a t io n  s te p  i s  f u r t h e r  v e r i f i e d  by t h i s  work b u t i t  i s  shown only  

to  ho ld  when th e  p rim ary  p o ly m e r is a tio n  c h a in  le n g th  i s  s u f f i c i e n t l y  

la rg e .

The p re lim in a ry  th e o ry  of th e  s t a t e  of c u re  a t t a in a b le  shows 

t h a t  PEF i s  r e l a t i v e l y  i n e f f i c i e n t  a s  a c ro ss  l in k in g  agen t in  th e
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MMA/PEP system . The g e n e ra l  p r in c ip le  th e n  emerges t h a t  th e  id e a l  

system  would be one in  which th e  monomer r e a c t i v i t y  r a t i o  i s  ^  1 , and 

th e  p rim ary  ch a in  le n g th  i s  r e l a t i v e l y  s h o r t ,  so  th a t  s u f f i c i e n t  

c ro s s l in k e r  may be in c o rp o ra te d  w ith o u t th e  system  g e l l in g  e x c e s s iv e ly  

e a r ly .

The t h e o r e t i c a l  p r e d ic t io n  of th e  g e l  p o in ts  of p o ly e s te r  

r e s i n s ,  in  an a b s o lu te  o r even in  a r e l a t i v e  s e n s e , i s  t e c h n o lo g ic a l ly  

im p o rta n t. F o r in s ta n c e ,  th e  f r a c t i o n  of th e  t o t a l  c ro s s l in k in g  r e a c t io n  

w hich ta k e s  p lac e  a t  f i n i t e  v i s c o s i ty ,  i, e . b e fo re  th e  l iq u id  s e t s  s o l id  

a t  th e  g e l  p o in t ,  i s  r e f l e c t e d  in  th e  "pot l i f e "  of th e  r e s in .  I t  i s  

in v e r s e ly  r e f l e c t e d  in  the amount of u n d e s ir a b le ,  more o r l e s s  i s o t r o p i c ,  

sh rin k a g e  of th e  s o l i d  a r t i c l e .  Once th e  r e s i n  does g e l ,  i t s  f i n a l  

cu re  cannot be a l t e r e d .
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LIST OP SYMBOIS.

A Number of a l l y l  groups p e r  monomer m olecu le ,

DP^ Number average  c h a in  le n g th  (fu m ara te  double b o n d s) of f r e e
c o n d en sa tio n  c h a in s  ( i  e, none of whose double bonds have polymerised),

DPj^Q,DP^^Nunber and w e i ^ t  average  c h a in  le n g th  (fu m ara te  double bonds) 
of a l l  co n d en sa tio n  c h a in s .

DPn^ Number average  c h a in  le n g th  (fu m ara te  double b o n d s) of a l l
c o n d e n sa tio n  c h a in s  by end-group  d e te rm in a tio n  (a s  d i s t i n c t  from
c ry  os copy DP^).

NPnc= ^  t h i s  w ork.

^ ^ o h '^ w c h  and w e ig h t average  c h a in  le n g th s  of th e  c h a in s  I ,p r e s e n t ,

XT, Number and w eigh t f r a c t io n s  of monomeric r in g s  I I .  p r e s e n t ,

D P^^,D P^ Number and w e i ^ t  average  c h a in  le n g th  of th e  p o ly  a d d it io n  c h a in s ,

EDMA E th y len e  d im e th a c ry la te ,

P C o n c e n tra tio n  ( f i n a l )  (m o le s / l ,  ) of fum ara te  u n s a tu r a t io n ,

P c o r re c te d  v ia  eqn , (57) f o r  volume sh rin k a g e  d u r in g  p o ly a d d it io n . 

I n i t i a l  P c o r r e c te d  f o r  volume s lir in k a g e .

C o n c e n tra tio n  (m o le s / l ,  ) of fu m ara te  r a d i c a l s ,

K C o n c e n tra tio n  of ju n c t io n  p o in ts  in  c ro ss-p o ly m er netw ork  =
c o n c e n tra t io n  ( m o le s / l . ) of p o ly m erised  fu m ara te  double bonds,

M C o n c e n tra tio n  ( f i n a l ) ( m o l e s / l .  ) of m e th a c ry la te  u n s a tu ra t io n
( f r e e  MMA monomer),

W' C o n c e n tra tio n  ( m o l e s / l . ) of m e th a c ry la te  r a d i c a l s ,

lUMk M ethyl m e th a c ry la te ,

MEK M ethyl e th y l  k e to n e  p e ro x id e .

N C o n c e n tra tio n  (m o le s / l .  ) of fu m ara te  u n i ts  w hich a re  a tta c h e d
to  th e  c ro ss -p o ly m e r netw ork, i  e b e lo n g in g  t o  c h a in s  of w hich 
a t  l e a s t  one fu m ara te  double bond has p o ly m e rised .

p F r a c t io n  of fu m ara te  ca rb o x y ls  e s t e r i f i e d  d u rin g  p o ly co n d e n sa tio n .
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PEP P o ly e th y le n e  f u n a r a te ,

PFÎPP P o ly p ro p y len e  f  uina r a t e /p h t  ha l a t e ,

q F r a c t io n  of fu m ara te  double bonds no t po lym erised
d u rin g  p o ly a d d it io n .

R Feed r a t i o  of u n s a tu r a t io n ,  i . e .  c o n c e n tra t io n  r a t i o  of fu m a ra te  t o
m e th a c ry la te  u n s a tu ra t io n s  (f/ m) o r  fu m ara te  to  s ty re n e  ( P / s ) ,

r y ,r |^  Monomer r e a c t i v i t y  r a t i o s  f o r  fu m ara te  and m e th a c ry la te  r a d i c a l s ,

3 S ty re n e ,

t ’ Tim e, in  m u lt ip le s  of th e  g e l l in g  tim e ( t ^ )  a s  u n i ty .

TcQ Tem perature (on th e  a sce n d in g  o r  " g la s s "  b ran c h  o f  th e  a b s o rp t io n
peak) f o r  50;c energy a b s o rp t io n  on b a l l  im p a c t.

T^ E q u ilib r iu m  v a lu e  of T a f t e r  com p le tion  of th e  a t t a in a b le
^ p o ly m e ris a tio n . ^

V C o n c e n tra tio n  (m o le s /l . ) of c r o s s l in k s .  A c r o s s l in k  i s  a  p o r t io n
of a p o ly co n d e n sa tio n  c h a in  ly in g  betw een two po lym erised  
fum ara te  double  bonds (se e  K).

w W e i^ t  f r a c t i o n  c f (p o ly m erised  + unpo lym erised ) fu m ara te  double
bonds in  th e  c ro ss-p o ly m er.

C o n c e n tra tio n  (m ole^ 1 . )  of f r e e  c o n d e n sa tio n  c h a in s ,  n o t a t ta c h e d  
to  th e  c ro ss -p o ly m e r.

C o n c e n tra tio n  ( m o le s / l . )  of f r e e  MMA monomer = M.

Z F ra c t io n  of o r ig in a l  fu m ara te  double bonds w hich  g ive r i s e  t o  a
c ro s s l in k  (se e  under V) d u r in g  p o ly a d d it io n ,

TAG T r i  a l l y l  c y a n u ra te ,

28c Commercial S/PPFP r e s in .

oC F r a c t io n a l  c o n v e rs io n  by p o ly a d d i t io n  of a l l  th e  fum ara te
u n s a tu ra t io n  i n i t i a l l y  p r e s e n t .

F r a c t io n a l  c o n v e rs io n  by p o ly a d d i t io n  of a l l  th e  u n s a tu ra t io n  
i n i t i a l l y  p r e s e n t ,

^  Cross l in k in g  in d e x , number of c ro s s l in k s  (se e  under V) p e r  w e ig h t
average p o ly a d d i t io n  ch a in ,

p F ra c t io n  cf th e  po lym erised  u n s a tu r a t io n  w hich i s  fum ara te  a s
( d i s t i n c t  from  m e th ac ry la te  (or s ty r e n e ) .
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C a lc u la tio n  of so lv e n t in  e x t r a c te d  c ro ss -c o p o ly m e r.

I f  F , M and S a re  th e  moles of f u im ra te ,  m e th a c ry la te  and s o lv e n t  

r e s p e c t iv e ly ,  th e  fo llo w in g  id e n t i ty  can  he  w r i t te n ,

P + M + S = 1 ( i )

a . ) F o r th e  system , fu m ara te  + m e th a c ry la te  + m eth an o l, by  ta k in g  a 

c a rb o n , hydrogen and oxygen b a la n ce  f o r  each  c o n s t i tu e n t  th e  fo llo w in g  

th re e  eq u a tio n s a re  o b ta in ed :

49.75 î? + 59 .98  M + 3 7 .4 8  S = 0 ( i l )

4 .49  F + 8 .05  M + 12 .53  3 = E _ ( i l l )

45.85 P + 31 .97  M + 49 .93  3 = 0 ( iv )

w here 0 , H and 0 a re  th e  7/e ig h t p e rc e n t of ca rb o n , hydrogen and oxygen 

p re s e n t in  such a s y s te m ..

S o lv in g  th e se  e q u a tio n s  y ie ld s  th e  eq u a tio n :

3 = 0.0103 0 + 0.0915 H -  0 .0177 G (6 2 )

T here fo re  assum ing any r e s id u a l  s o lv e n t t o  be m ethanol o n ly , 

th e  percent im p u rity  shown in  t a b l e  11 i s  o b ta in e d  by s u b s t i t u t i n g  th e  

a p p ro p r ia te  0 , H and 0 m ic ro a n a ly s is  f ig u r e s  in  eqn. (62).

b . ) S im i la r ly ,  i f  C e llo so lv e  i s  th e  im p u rity  th e  same e q u a tio n s  may be 

w r i t t e n  w ith  th e  s u b s t i t u t io n  of 53,71 S, 10 .52  S and 25 .77  8 in  th e  

t h i r d  column, and so lved  f o r  S in  th e  same m anner.

C a lc u la tio n  of f i n a l  F and M.

In  o rd er to  c a lc u la te  F and M s e p a r a te ly  from  th e  r e s id u a l  u n s a tu r a t io n  

(M + F ) of t a b l e  18 i t  i s  n e c e s sa ry  to  make use of th e  in te g r a te d  form



U o .6

OM

0.2

%
bû
3

- 0*6  —0*4 0 . 2 0*60.0 0*2 0*8

Log R.

F igu re 35 * C a lcu la tio n  o f  fum arate u n satu ration*  I n te r s e c t io n  (O) g iv e s  f in a l  

experim ental fcanarate u n satu ration*  I n te r s e c t io n  (# ) g iv e s  f in a l  

fum arate co n cen tra tion  f o r  model system  (M = R)*
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(55)
c f th e  copo lj^ 'm erisation  e q u a tio n  w hich can  he w r i t t e n ;

lo g  — = I ——  log
F .

M F 
o

log.

S u b s t i tu t in g  th e  v a lu e s  r^- -  17 , 3?̂  = 0*23, and re a r ra n g in g :F

lo g  F = -  1^(0.354 lo g  E) + 0 .271 lo g  + 0 .7 5 )

(0 .3 3 4  lo g  S ^) + 0 .271 lo g  + 0 .7 5 )  + lo g  F,
O

From th e  d e f i n i t i o n  of R = F/M, th e  i d e n t i t y  i s  deduced: 

lo g p a  lo g  R -  lo g  (R + 1 ) + lo g  (F + M)

(63)

(64)

(63)

P l o t t i n g  th e s e  two e q u a tio n s  over an  a r b i t r a r y  range  of R v a lu e s  

i n  f i g , 35 g iv e s  th e  "two c u rv e s  shewn, f u l l  l i n e  ( e q n ,6 4 ) ,  dashed cu rve  

(eqn , 63)# The i n t e r s e c t i o n ,  deno ted  by  ( o ) ,  g iv e s  lo g  F and hence th e  

f i n a l  F (and M) v a lu e s . The model c a l c u l a t i o n  in  t a b l e  19 i s  b ased  on th e  

same te c h n iq u e , b u t r e p la c in g  th e  e x p e rim e n ta l v a lu e s  o f (P+M) by th e  

a ssu m p tio n  M = 1 , so  t h a t  F = R ,  and th e  i n t e r s e c t i o n  den o ted  by t.#) a g a in  

e n ab le  th e  f i n a l  F v a lu e  to  be found .

The e x p e rim e n ta l r e s u l t s  show ( t a b le  18 ) t h a t  M i s  of th e  

o rd e r  of 1 m o le /l ,  f o r  a l l  R v a lu e s   ̂ v h i l e  th e  r e s id u a l  F v a r ie s  w id e ly .

D e r iv a t io n  of e q u a tio n s  (59 and 60) f o r  p l a s t i c i s a t i o n  and o r  os s l in k in g  
param et e r s .

Lei- p be th e  chance of a  fu m ara te  ca rb o x y l h av in g  become 

e s t e r i f i e d  d u r in g  p o ly c o n d e n sa tio n , and  q th e  chance cf a fu m ara te  double 

bond n o t h a v in g  become p o ly m erized  d u rin g  p o ly a d d i t io n .  The F lo r y
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"m ost-p ro b ab le "  d i s t r i b u t i o n  of th e  number f r a c t i o n 7% of n -m eric

c o n d en sa tio n  c h a in s  i s ;

T!  ̂ -  ̂ ( i - p )  (v )

w ith  a number average  c h a in  le n g th

DP = 1 / (1 -p )  (v i)no

A f te r  p o ly a d d i t io n  (c ro s s -p o ly m e r is a t io n )  th e  d i s t r i b u t i o n  of u n a tta c h e d 

co n d en sa tio n  c h a in s , i  e . c h a in s  a l l  of whose do u b le  bonds have escaped  

p o ly  add i t  io n ,  i s  g iven by

= p "   ̂ ( l - p )  ( v i i )

s in c e  th e  f r a c t i o n  cf a l l  th e  o r ig in a l  ch a in s  cf le n g th  n i s  g iv en  by 

(v ) and th e  f r a c t i o n  of th e s e  ivhich rem ain  u n a tta c h e d  i s  (because  th e re  

a re  n double b o n d s , each  of w hich  has an independen t chance g of b e in g  

u n p o ly m erised ). By summation ofT7"^we o b ta in  th e  f r a c t io n  of th e  o r ig in a l  

ch a in s rem ain in g  u n a ttach ed :

q ( l~ p ) i T  (p q )^   ̂ = q ( l" p ) /( l* -p q )  ( v i i i )

The c o n c e n tra t io n  (moles p e r  l i t r e )  of o r ig in a l  co n d en sa tio n  c h a in s  i s  

g iv en  by

^ 0 0  /  “ h o  =  h o ( ' - P )

Hence th e  c o n c e n tra t io n  of f r e e  c o n d e n sa tio n  c h a in s  i s

■7 = F q ( l - p ) ^  /  ( i -p q )  (60)
f oc

To f in d  th e  c o n c e n tra t io n  of c r o s s l i n k s ,  i  e, o f c o n d en sa tio n  c h a in  

segm ents ly in g  betw een coup les of po lym erised  fu m ara te  double  bonds 

( ju n c t io n  p o in ts  in  th e  n e tw o rk ), we f i r s t  s e le c t  a  fum ara te  u n i t  F a t
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random, %  r e q u i r e  t o  f in d  th e  chance th a t  P sh o u ld  he p o ly m e ris e d , and 

t h a t  p ro ceed in g  from  P a lo n g  th e  c o n d e n sa tio n  c h a in  tn  one f ix e d  d i r e c t i o n ,  

say  downward, we s h a l l  e v e n tu a lly  en co u n te r  a n o th e r  p o ly m erised  fu m a ra te  

double  bond. The t o t a l  con tingency  of t h i s  even t i s  made up o f f o u r  

c h a n c e s , th u s : The chance of P b e in g  po lym erised  i s  ( l - q ) ,  t h a t  of

f in d in g  n fu m x ra tes  be le v  i s  p^ . T here  i s  a chance q^  ̂ t h a t  th e  f i r s t  

(n -1 ) of th e se  a re  u npo lym erised , and a chance ( l - q )  t h a t  th e  i s  

p o ly m erised . Combining th e  fo u r  chances we f in d  th e  o v e r a l l  c o n tin g en c y :

( l - q )  P^ \ i - q )  = P^q^ \ l - q ) ^  (x )

Summing over a l l  v a lu e s  of n læ f i n d  th e  f r a c t i o n  Z of a l l  th e  o r i g in a l  

fu m ara te  double bonds which have g iv e n  r i s e  to  a  p ro p e r c r o s s l in k  a s  d e fin e d  

i . e .  a segment of c o n d e n sa tio n  c h a in  le a d s  downward from  them  t o  a n o th e r  

ju n c t io n  p o in t :

Z = p ( l - q )  /  ( l - p q )  ( x i )

M u ltip ly in g  by th e  number of moles p e r l i t r e  cf o r ig in a l  fu m ara te  double 

bonds, we f i n d  th e  c o n c e n tra t io n  of c r o ^ l i n k s :

V = p ( l - q )2 /  ( l - p q )  ( 59)
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T ab le  

T able  of p h y s ic a l

20.

p ro p e rt i e s  f o r  r e s in s  f o r  f i s . 2.

Run R esin R e a c tio n  
tim e  m ins. Ofn D e n sity R . I .

1 A 90 3 .4 3 2 .66 - mm
2 B - 3 .7 5 2 .9 4 1.3507 1.5087
It 0 213 4 .8 8 3 .9 0 - -
II D 270 6 .0 4 4 .42 — -
II E 310 7 .3 8 6 ,88 1.3618 1.5129
3 F 103 3 .7 8 2 ,9 0 1.3475 1.5070
II G 235 5.73 5 .58 1 .3 5 3 4 1.5100
II H 315 6 .6 8 5 .65 1 .3508 1.5110
If J 93 3 .4 6 2 .93 1.3556 1.5068
II K 195 5 .2 5 5 .0 9 1.3616 1.5101
II L 320 9.32 9.81 1.3642 1.5130
3 N 95 5 .03 3 .2 9 1 .3568 I .5081
It P 200 8.61 5 .0 2 1,3612 1.5106

T able 21.

R. I* and s p e c i f i c  volume v s . lo V ' end-group M*H, f o r  f i g .  3 and U-.

R esin S p e c if ic  volume R .I . 1oVî4V/.

J 0 .7377 1. 3068 19.65
K 0 .7 3 4 4 1. 5101 13.11
L 0 .7330 1. 5130 7 .46
F - 1. 5070 18.03
G - 1. 3100 12.03
H - 1. 5110 10.03
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Table 22.

T a b u la tio n  of v is c o -d i la to m e te r  ru n s .

Run Peed r a t i o Temp. fo In d u c tio n O el tim e conver­ R ate  x1
R °0 c a t . tim e min. t ^  min. s io n , 

a t  O.P,
m ole. 1.' 
sec ,~ 1

D .4 1 .0 6 2 .0 1 .9 7 4 10 2 .3 4 35.1
D,6 0 .6 7 ft 2,11 4 2 4 ,5 5 ,2 8 32 ,3
D .8 0 ,50 It 1.96 2 42 ,67 9 .09 3 2 .0

0 ,2 1 .25 6 2 .0 1 .9 8 2 8.75 2 .3 4 4 0 .0
0 ,4 1 .0 II 2 .07 4 16.5 3.51 32 .05
0 .6 0 .8 0 II 1.97 2 2 0 .5 3 .3 9 24.70
G-,8 0 ,67 II 2.02 2 28 ,25 4 .96 2 6 .20
0 ,1 0 0 .50 II 2.01 2 3 1 .5 5 .69 27.1
0 ,1 2 0 .50 V 2 .09 4 29 .0 5 .4 7 28 .3
0 .1 4 0 .33 It 2 ,03 4 3 6 .25 7 .8 0 32 .2
0 , l 6 0 .20 11 1 .99 5 55.25 10 .82 3 0 .5
0 .1 8 0 .1 0 If 1 .97 5 77 .0 15.63 3 0 ,4
0 .2 0 0 .15 II 2 .0 4 5 74 .0 15.37 3 1 .2
0 .2 2 1 .0 II 1,93 2 1 5 .0 2,93 29.25
0 .2 4 0 .6 7 It 1 ,9 9 4 3 0 .5 5 .82 2 8 .7

P . 2 1 .0 6 2 .0 2 .0 9 2 18 ,5 4.61 3 7 .4
F .4 0 ,5 0 II 2 ,10 5 4 3 .0 11 .17 33 .9
F .6 0 .33 11 1 ,80 5 67 .33 15.97 3 5 .6
p . 8 0 .2 0 It 1 .9 8 5 59 .33 14 .54 3 6 .8
P . 10 0 .8 0 II 1 .9 4 5 28.5 7 .33 3 8 .6
P . 12 0 ,4 0 II 2 ,0 0 5 57 .0 14.51 3 8 .2
P . 14 0 ,50 If 1 ,98 5 5 3 .0 14 .14 40 .0
P . 16 0 ,50 II 2 ,10 5 6 0 .0 17.22 4 3 .0
P . 18 1 .0 II 2 ,0 4 2 17.5 4 .69 40.1
P . 20 0 ,33 It 2.01 5 6 7 .0 17.55 3 9 .2
P . 22 2 .0 It 2 ,02 2 10 .0 4.13 6 2 .0
P . 24 0 .2 0 11 2,00 5 92 .0 23.55 3 8 .4
P . 26 0 .25 11 1 .9 8 5 7 6 .0 1 9 .9 39 .25
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Table 25.

T a b u la tio n  of v isc o -■ dila t orne t e r ru n s  f o r  r a t e d e te rm in a tio n  o n ly .

Run Peed r a t i o Temp. ÿo MEE R e a c tio n  tim e ÿ'o C onversion R ate  X
R °0 c a t . t  m ins. a t  t  min. mole 1 

se c .

P .2 8 0 .33 7 2 ,0 2 ,09 37 19 .94 8 0 .8
F.3C II 82 .0 2,03 21 2 5 .4 181 .2
P .3 2 II 5 2 .0 2 ,08 91 11.06 18.23
P . 34 II 5 2 .0 2 .06 l6o 18,6 4 17.50
P .3 6 II 7 2 .0 2 ,0 4 30 16.70 82 .2
P .3 8 II 3 2 .0 2 ,0 4 70 2 .02 4.31
P .4 0 II 4 2 ,0 2,01 80 4.31 8 .08
P . 42 II 67 .0 2.02 39 15.62 60.1
P .4 4 II 57 .0 2 ,02 56 10,35 2 7 .7
P . 46 II 6 2 .0 2 .0 4 59 16.02 4 0 .8

M ,4 0 ,0 6 2 .0 2 ,0 30 6.61 3 5 .05
M.6 II 5 2 .0 2 ,0 30 3 .67 18 .3
M.8 II 4 2 .0 2 .0 40 2 .0 7 .5 5
M.10 II 6 2 .0 1 .9 9 30 7.21 3 6 .0
M.12 II 7 2 .0 1 ,99 20 8 .8 4 6 6 .4
M.14 II 7 2 .0 1 .99 20 8.61 7 1 .8
M,16 II 82 .0 2,01 15 13.18 132.1
M.18 n 5 7 ,3 2,01 30 4.91 - 24 .5
M.20 II 4 7 .0 2,01 50 3 .9 0 1 1 .7
M,22 II 6 2 ,0 0 .50 150 19.10 20,1
M.24 II 6 2 .0 0,51 163 19.57 2 0 .0
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Table 24.

P lug Time Open Time P lu g Time Open Time
m. s . m. s . m. s . m. s «

0 .3 0 1 20 4 .0 1 35 1 .65 14 40 5 .6 7 15 25
0 .4 0 1 50 4.1 1 5 1.55 15 50 5 ,0 16 5
0 .5 0 2 25 4 .2 2 35 1 .50 16 25 k.95 16 40
0 .6 5 3 10 4 .3 5 3 20 1 .45 17 10 4 .8 7 17 30
0 .8 0 3 55 4 .55 4 25 1.40 17 55 4 .8 2 18 15
0 .9 5  . 4 40 4 .65 5 0 1 .35 18 ko 4 .7 5 19 0
1 .0 5 5 15 4 .75 5 35 1 ,28 20 0 4 .6 6 20 20
1 .26 6 5 4 .8 7 6 20 1.23 21 10 4 .6 0 21 20
1 .30 6 40 5 .0 7 15 1 .18 22 25 4 .52 22 45
1.45 7 35 5 .1 0 7 55 1.15 23 15 4 .4 8 23 35
1 .55 8 20 5 .20 8 40 1 .12 24 40 4 .43 24 55
1 .6 8 9 10 5 .29 9 25 1 .0 9 26 5 4 .3 8 26 20
1 ,7 5 9 40 5 .35 9 55 1 .0 7 27 20 4 .33 27 55
1 .85 10 20 5.45 10 40 1,06 28 20 4.31 28 45
1.95 11 0 5 .5 0 11 10 1.05 29 25 4 .2 8 29 50

Plow re v e rs e d . 1 .0 4 31 5 4 .2 4 31 . 35
1 .90 12 0 5 .4 0 12 20 1 .035 32 10 4 .2 2 32 20
1 ,8 4 12 35 5 .3 4 12 50 1.030 32 45 4.21 33 0
1 .7 8 13 10 5 .2 7 13 30 1,030 33 25 4 .1 9 33 45
1 ,7 0 14 5 5 .1 8 14 20 1.030 35 0 4 .1 7 35 15

T able 25
D e ta i ls of readin,çrs f o r  f i s . 7 , ( re a d in g s  from  c a l ib r a t e d  s c a l e ) .

P lu g Time Open Time P lu g Time Open Time
m. s . m. s . m. S, m. s .

0 .7 1 15 4 .6 1 25 1 .4 4 38 40 4 .4 7 39 10
1 .0 1 35 4 .9 0 1 45 1 .40 40 0 4 .43 40 20
1.50 1 55 5 .2 5 2 10 1 .37 41 50 4 .35 42 30
1 .7 0 2 20 5 .60 2 30 1 .35 43 30 4 .3 2 44 10

Plow re v e rs e d . 1,33 44 50 4 .2 7 45 20
1 .8 0 3 10 5 .40 3 25 1.31 46 50 4 .2 2 47 10
1.40 3 45 5 .0 3 55 Plow re v e r s e d .
1 .10 4 10 4 .70 4 20 1 .32 48 0 4.21 48 20
0 .8 5 4 30 4 .4 0 4 45 1 .3 4 49 40 4 .2 0 49 55
0 .6 0 5 0 4 .15 5 10 1 .35 51 10 4 .1 9 51 30

Plow re v e rs e d . 1 .36 51 55 4 .1 8 52 10
0 .6 0 5 55 4 .4 0 6 10 1 .37 53 20 4 ,17 53 35
1.10 6 55 4 ,85 7 5 1 .3 8 54 50 4 .15 55 5
1 .6 0 7 50 5 ,35 8 5 1.385 56 10 4 .1 4 56 25
1 .90 8 25 5 .6 5 8 40 1 .3 9 56 40 ■ 4 .13 57 0

L ate  s ta g e s . 1.395 58 0 4 ,12 58 10
1 .57 33 50 4 .7 0 34 15 1.40 58 15 4.11 58 30
1 .50 36 5 4 .5 9 36 25 1 .40 59 5 4 ,105 59 20
1.47 37 15 4.53 37 45 1,40 60 10 4 .0 9 60 25
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Table 26.

P o in ts  f o r th e o r e t i c a l  cu rves in  f i g . 9
i f rq m  egn. (3 4 ) . k ^ k ^ r  = 9 8 ,r« = 0 . 2 5 . % = 29)

R
i  1

t ^  se c . tçj s e c .

i.m o iy i r e s i n  0. r e s i n  P .

2 0 .1 7 429 731
1.33 0 .1 9 635 1080
1 .0 0 .22 825 1405
0 .6 7 0 .2 8 1185 2020
0 .5 0 0 .33 1529 2600
0.33 0 .4 4 2185 3720
0 .25 0 .56 2860 4860
0 .2 0 0 .6 7 3505 5970
0 .1 4 0 .8 9 4810 8180

T ab le  27.

P lo t  of vs l /P  and R (e x p e rim e n ta l p o in ts )  f o r  f i g s . 9 and 10,

Run R 1/P t e  s ecs .
1. m o lr  1 r e s i n  P r e s i n  0

P . 22 2 .0 0 .1 7 600
0 .2 1 .25 0 .2 0 - 525
P .2 ,1 8 ;G ,4 ,2 2  1 .0 0 .22 1080 945
P .1 0 ;G .6 0 .8 0 .25 1710 1230
0 .8 ,2 4 0 .6 7 0 .2 8 - 1760
F .4 ,1 4 , l6 ;G . 10,12 0 .5 0 ,33 3120 1800
P .1 2 0 .4 0 ,3 9 3420 -
F .6 ,2 0 ;G .1 4 . 0 .33 0 .4 4 4020 2175
P. 26 0 .25 0 ,56 4560 -
F .2 4 ;G .1 6 0 .2 0 0 .6 7 5520 3195
G. 20 0 .15 0 ,85 - 4440
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T ab le  28.

Log g e l  tim e vs 1C r/tem p. %  f o r  r e s ln s H & F ( f ig u re  11),

Run log10 to 1Cp/tem p.°K
r e s i n  N r e s i n  F

F . 30 1.3222 2 .818
F . 28 1.5682 2 .899
F . 6&20;IT.12 ,60&62 0.8451 1.8261 2.985
N. 14 ,22  , 5 8 ,24a 26 0.9956 3.077
K.1 6  & 28 1.1461 3 .125
N. 18 ,20*30 1.2900 3 .175
N.32 1.4393 3 .225
N ,34*36 1.8162 3 .335

T able 29.

Log^p X ra te  x 10^) v s .  10 /te n rp .°K . f o r  MMâ.. ( f ig u r e  1 2 ).

Run lo g ^ Q (ra te  x  IC r) 10 / te m p .
M.1 6 2.1206 2 .816
M.12 1.8222 2 .899
M.4 & 10 1 .5378 2 .986
K . I 8 1 .3892 3 .0 2 8
M.6 1.2625 3 .0 7 7
11.20 1.0682 3 .125
M.8 0 .8779 3 .175

T ab le  5 0 .

Log.[A (ra te  x  10^) v s . 10^/tem p.9K . f o r  r é s in a  N and F ( f ig u re  1 5 ) .

Eun l o g ^ r a t e  x 10^) 10 /te m p . %
r e s i n  N r e s i n  F

F .50 -  2.2582 2.818
F,28,56 -  1.9112 2.899
F .42 -  1.7789 2.941
N12,60,62;E6,20,46 1.4624 1.5866 2.985
F. 44 -  1.4433 3.031

F^32^34'^^'^^'^^' 1-0^93 1.2519 3,077
N .16 ,28  0 .8899  -  3 .1 2 5
N. 18,20,30; F . 40 0 .6794  0 .9 0 7 4  3 .175
N.32 0 .5447  -  3 .225
F ,38 -  0 .6345  3 .2 7 8
N .3 4 ,3 6  0 .1769  -  3 .335
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T able  31.

% sh rin k a g e  P v s . r e c ip r o c a l  m olar volume VMv, N ic k e ls  &

1/lfv % sh rin k a g e
V in y l c h lo r id e . 0 .0147 3 4 .4

" b jromide, 0 .01414 2 8 .7
Met h a c iy  l o n i t  r  il*v. 0.01193 27 .0
Wik 0.00939 21,2
V in y l a c e ta te . 0.01083 2 0 .9
S ty re n e 0.00872 14.5
E th y l  m e th a c ry la te . 0 .00798 1 7 .8

.-P ro p y l '* 0 ,00704 1 5 .0
-B u ty l  '' 0 .006255 14.3

II ÎI 0.006255 1 2 .9

T ab le  32.

D e n s i t ie s  (g m /m l. ) of in d iv id u a l  c ro ss-p o ly m er f i lm  frag m en ts  a t  300*^

F ilm  frag m en t. D en sity F ilm  frag m e n t. D e n s ity
D .1.1 1.2978 B .3 .4 1.2539

2 1.2999 5 1.2941
3 1.2911 6 1.2758
4 1.2837 7 1.2627
5 1.2708 C .1,1 1.2562
6 1.2733 C .2 .1 1.2470

142.1 1 .2718 2 1 .2429
2 1.2736 3 1 .2432
3 1.2748 4 1.2373
4 1.2606 5 1.2365
5 1 . 2671 6 1.2325

B .1 .1 1. 2691 7 1 .2324
2 1.2667 E .1 .1 1.1981
3 1.2648 2 1 .1975
4 1.2605 3 1 .2033
5 1.2632 4 1.2023

. 6 1.2699 5 1.2011
7 1.2611 E .2 ,1 1.1938
8 1.2621 2 1.1973

B .2 .1 1 . 2502 3 1.1980
2 1.2500 4 1.2019
3 1.2529 E .3 .1 1 .1982

B .3 .1 1.2520 2 1 .1977
2 1. 2522 3 1.2029
3 1.2535 4 1.1940
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Table 33.

D e ta i ls of e x p e rim e n ta l p o in ts f o r  f i s .  21 .

Run Time m ins. fo C onversion Run Time m ins. /G C onversion
11.20 8 .5 0.276 N.40 53 8.16

tr 12.5 0 .398 II 58 9.11
TI 19.5 0 .617 II 63 .5 10,23
II 24 .5 0.813 II 71 .5 11.95
II 2 9 .5 1.036 II 79 .5 13.96
II 34 .5 1 .266 N .44 3 0 .8 4
II 44 .5 1.752 II 6 1 .6 9
II 64.5 2 .887 II 8 2 .23
II 84.5 4.287 II 10 2.81
II 114.5 6 .727 II 11.5 3 .2 4
II 144.5 9 .917 II 13 .5 3 .8 0

N.40 10 1 .42 II 16 4 .6 8
II 20 3.01 II 18.75 5 .5 9
II 30 4 .53 II 20 6 .1 5
II 40 5 .75 It 24 7 .8 2
II 44- 6,67 II 32 1 2 .0 4
II 47 7 .16 II 36 1 4 .7
II 50 .5 7 .8 0

T ab le  34 .

D e ta i l  of k in k  f o r  ru n  N .26 . f i g .  22.

R eading  cm. Time rains. R eading cm. Time m ins.

59 .578  15 5 9 .1 6 8  21
59.542 15 .5  59 .125  21 ,5
59 .515  16 59.090 22
59 .477  16.5  59 .050  2 2 .5
59.447 17 59.011 23
59 .378  18 58 .970  23.5
5 9 .3 4 4  18 .5  58.927 24
59 .310  19 58.886 24 .5
59 .245  20 58 ,852 25
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Table 35,

P a r t i c u la r s  of po lym erised  r e s i n  d i s c s ,  f i g s .  27-30.

Run Peed r a t i o R e ac tio n  tim e  
h r  8.

D e n sity 4 Convers]

U.24 0 7 1.1016 63.80
11 II 8.25 1.1579 81.01It II 9 1.1571 80.77II II 12 1.1773 86.79
II II 15 1.1817 88.10

M.22 II 7 1.1347 73.7II II 10 1.1647 83.05It II 18 1.1810 87.89II 24 1.1822 84.14
N.74 0.1 14 1.2130 87.2
N.72 1.75 1 1.2888 19.43II II 1.18 1 . 2970 22.04

II II 1.5 1.3044 24.54II II 1.75 1.3103 26.19
II II 2.0 1.3094 25.93II II 2.5 1.3156 27.8411 II 3.5 1.3189 28.86
II II 4.5 1.3200 29.18
11 II 5.5 1.3217 29.71II II 7.0 1.3202 29.23

N.70 0.5 2.5 1.1640 23.65
II II 3.5 1.2499 51.73II II 3.75 1.2487 51.40
II II 4.5 1.2579 54.16
II It 5 1.2616 55.30
II II 6 1.2711 58.11
II II 7 1.2720 58.35II II 8 1.2762 59.58
It II 9 1.2765 59.68
II II 24 1.2871 62.77

K.68 0.2 4 1.1388 45.57II II 5 1.1802 59.14II II 6 1.2091 68.04II II 8 1.2212 71.66
II II 9 1.2120 68.93II II 10 1.2192 71.08
II II 12 1.2412 77.48II II 15 1.2341 75.45II II 18 1.2367 76.20
II 24 1.2339 75.40
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Table 35 (contd. )

Run F eed r a t i o

1 .0

K.62 .25

R e a c tio n  tim e  
h r  s .

D en sity  
gm ,/m l.

C onversion

1 .33 1.2356 22.83
1 .67 1.2463 26.32
2 .0 1.2715 34.37
2 .25 1.2787 36 .65
2 .50 1.2893 3 9 .8 9
3 .0 1.2953 41 .76
4 1.3047 44.49
5 1.3049 44 .60
6 1.3090 45.81

24 1.3138 47 .17
1 .25 1.2913 3 0 .76
1 .3 1.2943 31 .27
2 .0 1 .3008 33 .67
3 .0 1 .3054 35 .12
4 1.3065 35 .43
6 .5 1 .3094 36 .32
8 1 .3 1 2 4 37.20

12 1.3100 3 6 ,4 7
24 1.3125 37 .25
48 1.3106 3 6 .68


