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Abstract

T h is  s t u d y  p r e s e n t s  a h e t e r o g e n e o u s  m onom er-polym er  

p a r t i c l e  m od el f o r  t h e  e m u ls io n  p o ly m e r iz a t io n  o f  s t y r e n e .  

The p o s s i b i l i t y  o f  su ch  a m od el i s  s t r o n g ly  s u g g e s t e d  b y  

a c cu m u la ted  k i n e t i c  d a t a ,  and t h e  e x i s t e n c e  o f  t h e  m od el 

i s  v e r i f i e d  b y  a d i r e c t  e x p e r im e n t  in v o l v in g  t h e  s l i c i n g  

and v ie w in g  o f  a s i n g l e  l a t e x  p a r t i c l e .

C o n t in u o u s ly  u n ifo r m  l a t i c e s  a r e  a p p l ie d  t o  an e x ­

p e r im e n ta l  k i n e t i c  s tu d y  o f  m o le c u la r  w e ig h t  and monomer- 

p o ly m er  r a t i o  d e v e lo p m e n t in  i d e a l  s t y r e n e  e m u ls io n  p o ly ­

m e r iz a t io n .  The t im e  d e p e n d en t p o ly m e r iz a t io n  p a r a m e te r s  

o f  c o n v e r s io n  r a t e ,  p a r t i c l e  s i z e ,  m onom er-polym er r a t i o ,  

m o le c u la r  w e ig h t ,  and r a d i c a l  g e n e r a t io n  a r e  d i r e c t l y  f o l ­

lo w ed  f o r  a c l a s s i c a l  ty p e  s t y r e n e  sy s te m . New e x p e r i ­

m e n ta l t e c h n iq u e s  g e n e r a l l y  a p p l i c a b l e  t o  e m u ls io n  p o ly ­

m e r iz a t io n  a r e  p r e s e n t e d ;  t h e s e  in c lu d e  s i n g l e  c h a r g e  

g e n e r a t io n  o f  c o n t in u o u s ly  u n ifo r m  l a t i c e s ,  d yn am ic mea­

su rem en t o f  m on om er-p olym er r a t i o s ,  t h e  e x t e n s io n  o f  in ­

h i b i t o r  s t u d i e s  in  e m u ls io n  p o ly m e r iz a t io n  and t h e  u s e  

o f  e l e c t r o n  m ic r o s c o p y  t o  d i r e c t l y  exam in e  l a t e x  p a r t i c l e  

m o rp h o lo g y .

E x p e r im e n ts  c e n t e r  around a s i n g l e  f o r m u la t io n  w ith

t h e  f o l l o w i n g  c h a r a c t e r i s t i c s 5 a  c o n s t a n t  r a t e  o f  13%

c o n v e r s io n  p e r  h o u r  up t o  60%, a f i n a l  u n ifo r m  p a r t i c l e

d ia m e te r  o f  2 ,3 0 0  A, pH = 9 ( c o n s t a n t ) ,  and a p p r o x im a te ly  
14

1 0  p a r t i c l e s  p e r  m l.
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The k i n e t i c  d a t a  f o r  t h i s  s y s te m  show: (1 ) A s i s

com m only o b s e r v e d , t h e  number o f  p a r t i c l e s  r e m a in s  c o n s t a n t /  

and t h e  num ber o f  f r e e  r a d i c a l s  p e r  p a r t i c l e  e q u a ls  ^ d u r ­

in g  t h e  c o n s t a n t  r a t e  p e r io d .  (2 ) In  c o n t r a s t  t o  c o n c lu ­

s i o n s  draw n from  e q u i l ib r iu m  s w e l l i n g  m e a su r e m e n ts , b u t  in  

a g r e e m e n t w i t h  th e  o r i g i n a l  w ork o f  H a r k in s , t h e  m onom er- 

p o ly m er  r a t i o  i s  c o n t in u o u s ly  c h a n g in g  th r o u g h o u t  th e  r e a c ­

t i o n .  (3) I n  s i t u  i n h i b i t o r  p e r t u r b a t io n  s t u d i e s  c o n c lu ­

s i v e l y  show  t h a t  K S 0  d e c o m p o s i t io n  i s  f i r s t  o r d e r  w i t h
2 2 8

100% e f f i c i e n t  g e n e r a t io n  o f  f r e e  r a d i c a l s .  (4 ) I n  c o n ­

t r a s t  t o  t h e  p r e d i c t i o n  o f  c u r r e n t  s t e a d y  s t a t e  t h e o r y  t h e  

in s t a n t a n e o u s  num ber and v i s c o s i t y  a v e r a g e  m o le c u la r  

w e ig h t s  i n c r e a s e  5 -6  f o ld  t o  t h e i r  maximum v a lu e s  d u r in g  

t h e  c o n s t a n t  r a t e  p e r i o d .  T h e se  k i n e t i c  r e s u l t s  s u g g e s t  

a h e t e r o g e n e o u s  m o d el f o r  th e  m on om er-p o lym er p a r t i c l e  

w h e r e in  p o ly m e r iz a t io n  t a k e s  p l a c e  in  a monomer r i c h  z o n e  

s u r r o u n d in g  a g r o w in g  p o ly m er  c o r e .  D i r e c t  e l e c t r o n  m i­

c r o s c o p ic  o b s e r v a t i o n  o f  th e  c r o s s  s e c t i o n  o f  a m onom er- 

p o ly m er  p a r t i c l e  v e r i f i e s  th e  m o d e l s u g g e s t e d  b y  t h e  k i ­

n e t i c  a p p r o a c h .
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I  -  I n t r o d u c t i o n
1

The c u r r e n t l y  a c c e p te d  m ech an ism  o f  e m u ls io n  p o l y ­

m e r iz a t io n  i s  d e s c r ib e d  b o t h  q u a l i t a t i v e l y  ( 1 ) and q u a n t i ­

t a t i v e l y  (2 ,  3 , 4 ) in  t h e  l i t e r a t u r e .  W h ile  num erous e x ­

p e r im e n t a l  s t u d i e s  h a v e  b e e n  c o n d u c te d  i n  a t t e m p t s  t o  v e r i ­

f y  t h i s  m ech an ism  and th e  a s s o c i a t e d  t h e o r i e s  ( 5 - 1 0 ) ,  m ost  

o f  t h e s e  h a v e  n e g l e c t e d  t h e  d e v e lo p m e n t o f  t h e  m onom er- 

p o ly m er  r a t i o  and m o le c u la r  w e ig h t  d u r in g  t h e  c o u r s e  o f  a  

r u n . F u r t h e r ,  i t  h a s  g e n e r a l l y  b e e n  assum ed t h a t  th e  mo­

n o m er-p o ly m er  p a r t i c l e  i s  h o m o g en eo u s. B r i e f l y ,  th e o r y  

r e q u ir e s  t h a t  t h e  m on om er-polym er x 'a t io  s h o u ld  rem a in  c o n ­

s t a n t  ( 1 ) w i t h  monomer u n ifo r m ly  d i s t r i b u t e d  th r o u g h o u t  

t h e  p a r t i c l e  and p r e d i c t s  t h a t  a c o n s t a n t  m o le c u la r  w e ig h t  

s h o u ld  b e  g e n e r a t e d  d u r in g  th e  c o n s t a n t  r a t e  p e r io d  

(6 , 1 1 ,  1 2 ) .  T h e r e  i s  l i m i t e d  e v id e n c e ,  h o w e v e r , t h a t  t h e  

m on om er-p olym er r a t i o  a c t u a l l y  c h a n g e s  c o n t in u o u s ly  

th r o u g h o u t  t h e  e n t i r e  r e a c t i o n  { ! ) *  A ls o ,  a s e v e r a l  f o l d  

i n c r e a s e  in  m o le c u la r  w e ig h t  h a s  b e e n  o b s e r v e d  d u r in g  th e  

c o n s t a n t  r a t e  p e r io d  o f  a " t y p ic a l"  e m u ls io n  p o ly m e r iz a t io n  

(6 , 1 1 , 12) .

A dvan ced  a n a l y t i c  t r e a t m e n t s  ( 3 ,  4 ) a r e  b a s e d  on  

t h e  s o l u t i o n  o f  t h e  S m ith -E w a rt r e c u r s io n  fo r m u la  (2) f o r  

a h o m o g en eo u s m on om er-p olym er p a r t i c l e .  T h e se  p r e d i c t  an  

i n c r e a s i n g  m o le c u la r  w e ig h t  o n ly  f o r  t h e  n o n - i d e a l  c a s e  o f  

i n c r e a s i n g  r a d i c a l  c o n c e n t r a t io n ,  and t h e r e f o r e  i n c r e a s in g  

p o ly m e r iz a t io n  r a t e ,  w i t h in  a p a r t i c l e  (3 ) o r  f o r  i n i t i a t o r  

k i n e t i c s  w h ich  a r e  n o t  a p p l i c a b l e  t o  t h e  s y s te m s  b e in g
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s t u d ie d  ( 1 3 ) .  When e x t r a p o la t e d  t o  t h e  l i m i t i n g  c o n d i t i o n s  

o f  id e a l *  e m u ls io n  p o ly m e r iz a t io n  t h e s e  t r e a t m e n t s  p r e d i c t  

a t im e  c o n s t a n t  m o le c u la r  w e ig h t .

M ost e x p e r im e n t a l  k i n e t i c  s t u d i e s  h a v e  te n d e d  t o  

em p h a siz e  a l i m i t e d  number o f  r e a c t i o n  v a r i a b l e s  ( 7 ,  8 , 15) 

T h u s, t h e r e  i s  n o t  s u f f i c i e n t  d a t a  f o r  any p a r t i c u l a r  s y s ­

tem  t o  e x t r a c t  a m echanism  f o r  in c r e a s i n g  m o le c u la r  w e ig h t .  

I n  a d d i t io n ,  m on om er-p olym er r a t i o  m ea su rem en ts  h a v e  b e e n  

r e s t r i c t e d  t o  e q u i l ib r iu m  s w e l l i n g  c o n d i t i o n s  ( 1 2 ) r a t h e r  

th a n  dyn am ic s t u d i e s .

T h is  d i s s e r t a t i o n  c e n t e r s  around  a c l a r i f i c a t i o n  

o f  m o le c u la r  w e ig h t  and m on om er-p olym er r a t i o  d e v e lo p m e n t  

d u r in g  i d e a l  e m u ls io n  p o ly m e r iz a t io n  a s  w e l l  a s  an e l u c i d a ­

t i o n  o f  th e  m o rp h o lo g y  o f  t h e  m onom er-polym er p a r t i c l e .

The p r a c t i c e  o f  u t i l i z i n g  c o n t in u o u s ly  u n ifo r m  l a t i c e s  

( 1 1 , 16) i s  c o n t in u e d  and e x te n d e d , s i n c e  i t  w as shown  

t h a t  t h e s e  l a t i c e s  ca n  b e  o f  c o n s id e r a b le  v a lu e  i n  su ch  

s t u d i e s  ( 1 1 ) .  Number a v e r a g e  and v i s c o s i t y  a v e r a g e  m o le c u ­

l a r  w e ig h t s  w e re  f o l lo w e d  d u r in g  t h e  c o u r s e  o f  a run  t o  

i n d i c a t e  t h e  m a g n itu d e  o f  t h e i r  i n c r e a s e  and t o  c l a r i f y  

t h e  e a r l i e r  d a t a  o f  S m ith  (6 ) and W il l ia m s  and B o b a le k  (11)

* I d e a l  e m u ls io n  p o ly m e r iz a t io n  h a s  b e e n  d e f in e d  b y  Van d e r  

H o f f  (14) a s  e m u ls io n  p o ly m e r iz a t io n  o c c u r r in g  a t  a  c o n ­

s t a n t  c o n v e r s io n  r a t e  w it h  t h e  a v e r a g e  number o f  r a d i c a l s  

in  a p a r t i c l e ,  n„ b e in g  c o n s t a n t  and e q u a l  t o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F o r  t h i s  sam e r u n , c o n v e r s io n  r a t e ,  d e t a i l e d  i n i t i a t o r  

k i n e t i c s ,  d yn am ic  ( r a t h e r  th a n  e q u i l ib r iu m )  m onom er- 

p o ly m er  r a t i o ,  p a r t i c l e  g r o w th , and m o le c u la r  w e ig h t  d i s ­

t r i b u t i o n  w e re  a l s o  f o l l o w e d  w it h  t im e .  T h is  r e p r e s e n t s  

t h e  m o st  c o m p r e h e n s iv e  s e t  o f  d a t a  y e t  o b t a in e d  f o r  o n e  

s y s te m  i n  e m u ls io n  p o ly m e r iz a t io n .

D u r in g  t h e  c o u r s e  o f  t h e  w o rk , s e v e r a l  new e x p e r i ­

m e n ta l  t e c h n iq u e s  w e re  d e v e lo p e d  t o  o b t a in  t h e  d a t a .  T h ese  

a r e  g e n e r a l l y  a p p l i c a b l e  t o  e m u ls io n  p o ly m e r iz a t io n  and i n ­

c lu d e  a m ethod f o r  s i n g l e  c h a r g e  g e n e r a t io n  o f  c o n t in u o u s ly  

u n ifo r m  l a t i c e s ,  m ea su rem en t o f  dyn am ic m on om er-p olym er  

r a t i o s ,  c e r t a i n  f r e e  r a d i c a l  g e n e r a t io n  r a t e  m e a su r e m e n ts ,  

and t h e  u s e  o f  e l e c t r o n  m ic r o s c o p y  t o  d i r e c t l y  ex a m in e  

p a r t i c l e  m o r p h o lo g y .

The k i n e t i c  d a t a  s o  a c c u m u la te d  h e lp e d  t o  c l a r i f y  

t h e  s c o p e  o f  t h e  p r o b le m , e l im in a t e d  c e r t a i n  m ech a n ism s  

f o r  t h e  o b s e r v e d  m o le c u la r  w e ig h t  in c r e a s e  d u r in g  t h e  i d e a l  

p e r io d  and s t r o n g l y  s u g g e s t e d  o t h e r s .  I n t e r p r e t a t i o n  o f  

t h e s e  d a t a  s u g g e s t e d  a h e t e r o g e n e o u s  m on om er-p olym er p a r ­

t i c l e  w h ic h  w as l a t e r  confirm ed b y  d i r e c t  e l e c t r o n  m ic r o ­

s c o p e  o b s e r v a t io n  o f  a s i n g l e  p a r t i c l e  c r o s s  s e c t i o n .
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I I  -  H i s t o r i c a l  B ack grou n d

4

A. Q u a l i t a t i v e  T h e o ry

The b a s i c  i n g r e d i e n t s  i n  a c l a s s i c a l  t y p e  e m u ls io n  

p o ly m e r iz a t io n  f o r m u la t io n  a r e ,  on a p a r t s  b y  w e ig h t  b a ­

s i s ,  180  p a r t s  w a t e r ,  1 0 0  p a r t s  o f  a v e r y  s l i g h t l y  w a te r  

s o l u b l e  v i n y l  m onomer, 3 -5  p a r t s  s o a p , and 0 .5  p a r t s  o f  

a w a te r  s o l u b l e  i n i t i a t o r , ,  The p r e s e n t l y  a c c e p t e d  q u a l i ­

t a t i v e  d e s c r i p t i o n  f o r  t h e  e m u ls io n  p o ly m e r iz a t io n  s y s te m  

o f  i n t e r e s t  w as f i r s t  a d v a n ce d  b y  H a r k in s  ( 1 ) .

B r i e f l y ,  H a r k in s  p i c t u r e d  e m u ls io n  p o ly m e r iz a t io n  a s  

a t h r e e  s t a g e  p r o c e s s  o c c u r r in g  i n  a h om ogen eou s e n v ir o n ­

m ents In  t h e  f i r s t  s t a g e ,  m on om er-p olym er p a r t i c l e s  a r e  

g e n e r a t e d  from  so a p  i p i c e l l e s  w h ic h  h a v e  b e e n  a c t i v a t e d  b y  

f r e e  r a d i c a l s  e n t e r i n g  from  t h e  a q u eo u s  p h a s e . Monomer 

c o n t in u o u s ly  d i f f u s e s  i n t o  t h e  m on om er-p olym er p a r t i c l e s  

t o  s u s t a i n  g r o w th  w h i l e  so a p  from  t h e  u n a c t iv a t e d  m i c e l l e s  

m ig r a te s  t o  t h e  p a r t i c l e  s u r f a c e s  t o  s t a b i l i z e  th em . The 

n u c l e a t i o n  s t a g e  en d s  a t  a b o u t 1 0 % c o n v e r s io n  when a l l  o f  

t h e  m i c e l l a r  so a p  d is a p p e a r s .

A t t h i s  p o i n t  t h e  s e c o n d  s t a g e  b e g i n s .  T h ree  s e p a r a t e  

p h a s e s  e x i s t  d u r in g  t h i s  s t a g e .  The m on om er-p olym er p a r ­

t i c l e s  c o n t in u e  t o  grow  w h i le  monomer i s  c o n t in u o u s ly  su p ­

p l i e d  from  t h e  e m u l s i f i e d  monomer p h a s e  and i n i t i a t o r  en ­

t e r s  from  t h e  a q u eo u s p h a s e .  The s e c o n d  s t a g e  o f t e n  e x ­

h i b i t s  c o n s t a n t - r a t e  b e h a v io r .  T h is  i s  t h e  m ajor  g ro w th  

s t a g e  and t h e r e f o r e  t h e  r e g io n  o f  m ajor  c o n c e r n  i n  t h i s
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s tu d y . S t a g e  2 en d s  a t  a b o u t 60% c o n v e r s io n  when a l l  o f  

t h e  monomer h a s  d i f f u s e d  i n t o  t h e  p a r t i c l e s .  The t h i r d  

s t a g e  in  e m u ls io n  p o ly m e r iz a t io n  i n v o l v e s  r e a c t i o n  o f  t h e  

r e m a in in g  monomer i n  t h e  m on om er-p olym er p a r t i c l e .

T h is  d e s c r i p t i o n  o f  e m u ls io n  p o ly m e r iz a t io n  h a s  

ch a n g ed  l i t t l e  s i n c e  i t s  c o n c e p t io n .  The m ore r e c e n t  

l i t e r a t u r e  (17)  , h o w e v e r , c h a l l e n g e s  t h e  r o l e  o f  so a p  

m i c e l l e s  i n  p a r t i c l e  n u c l e a t i o n .  T h is  c h a l l e n g e  a r i s e s  

p r im a r i ly  from  t h e  f a c t  t h a t  p a r t i c l e s  ca n  b e  n u c le a t e d  

in  s y s te m s  w h o se  so a p  c o n c e n t r a t io n  i s  b e lo w  t h e  c r i t i ­

c a l  m i c e l l a r  c o n c e n t r a t io n .
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B -  Q u a n t i t a t i v e  T heory

1 -  S m ith -E w a r t T heory

The q u a n t i t a t i v e  a s p e c t s  o f  e m u ls io n  p o ly m e r iz a ­

t i o n  w e re  f i r s t  c o n s id e r e d  b y  S m ith  and E w art in  1 9 4 8  (2 ) . 

T h e ir  th e o r y  p r o v id e d  t h e  m a jo r  im p e tu s  t o  m o st s u b s e q u e n t  

e m u ls io n  p o ly m e r iz a t io n  r e s e a r c h .  F or t h a t  r e a s o n  w e w i l l  

d i s c u s s  t h e  S m ith -E w a r t t h e o r y  i n  some d e t a i l .

S m ith  and E w art w e re  p r i m a r i l y  c o n c e r n e d  w i t h  d e ­

v e l o p i n g  e q u a t io n s  fo r  th e  num ber o f  p a r t i c l e s  form ed  in  

an e m u ls io n  p o ly m e r iz a t io n  s y s te m  and f o r  th e  c o n s e q u e n t  

r a t e  ' o f  p o ly m e r iz a t io n .  I n  t h e i r  t r e a t m e n t ,  t h e y  c o n s i d ­

e r e d  t h e  m onom er-polym er p a r t i c l e s  a s  i s o l a t e d ,  h om ogen ­

e o u s  l o c i  o f  p o ly m e r iz a t io n  w i t h  f r e e  r a d i c a l s  e n t e r i n g  

from  an e x t e r n a l  m edium, t h e  a q u e o u s  p h a s e .

C o n s id e r  a sy ste m  c o n s i s t i n g  o f  l e e  o f  e x t e r n a l  

medium h a v in g  su sp en d ed  in  i t  N i s o l a t e d  r e a c t i o n  l o c i  

(m on om er-p o lym er p a r t i c l e s )  e a c h  o f  vo lu m e v  and s u r f a c e  a .  

I f  f r e e  r a d i c a l s  a r e  g e n e r a te d  e x t e r n a l l y  th e  r a t e  a t  w h ich  

f r e e  r a d i c a l s  e n t e r  a p a r t i c l e  i s  g iv e n  b y ;

£  -  P^Nd t

w h ere  p  ̂ i s  t h e  r a t e  a t  w h ic h  r a d i c a l s  e n t e r  a l l  p a r t i c l e s .

The r a t e  a t  w h ich  f r e e  r a d i c a l s  may e s c a p e  a p a r ­

t i c l e  i s  e x p r e s s e d  a s ;
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w h ere  k  i s  a s p e c i f i c  r a t e  c o n s t a n t  and ( —) i s  t h e  c o n c e n -  
o  M/y

t r a t i o n  o f  f r e e  r a d i c a l s  w i t h in  t h e  p a r t i c l e „

F u r t h e r , su p p o se  t h a t  d e s t r u c t i o n  o f  f r e e  r a d i c a l s  

o c c u r s  o n ly  b y  m u tu a l t e r m in a t io n ,,  T h en , t h e  r a t e  o f  r a d i ­

c a l  d e s t r u c t i o n  w i t h i n  t h e  p a r t i c l e  i s  g iv e n  b y :

dn r n - 1 1a t  -  - a t  nh r J
w h ere  [ n - l j v  i s  t h e  c o n c e n t r a t io n  o f  f r e e  r a d i c a l s  w ith  

w h ic h  an y  o f  th e  n f r e e  r a d i c a l s  in  a l o c u s  ca n  r e a c t ;  k  

i s  a s p e c i f i c  r a t e  c o n s t a n t ,  and t h e  c o n s ta n t ,,tw o , r e s u l t s  

from  t h e  h y p o t h e s i s  o f  m u tu a l t e r m in a t io n „

I f  t h e s e  t h r e e  e v e n t s  a r e  t h e  o n ly  o n e s  w h ic h  n eed

b e  c o n s id e r e d  in  d e t e r m in in g  th e  num bers o f  f r e e  r a d i c a l s

i n  t h e  v a r io u s  r e a c t i o n  l o c i ,  th e n  t h e  N , Nn » N „ „ . c „ N . . .
o  1  2  n

r e a c t i o n  l o c i  r e s p e c t i v e l y  c o n t a in in g  0 , 1 , 2 , „ „ . . . n . . . . .  

f r e e  r a d i c a l s  w i l l  b e  r e l a t e d  b y  t h e  s t e a d y  s t a t e  c o n d i t io n :

V l  ( * £ >  + Nn+ l ko a Pr] + Nn+ 2 k * [ (n+2)

“ Nn [ O B  + ko aC € ) + k t  " (v t ) .

T h is  i s  t h e  S m ith -E w a r t r e c u r s io n  fo r m u la  w h ich  

s t a t e s  t h a t  t h e  r a t e  o f  fo r m a t io n  o f  r e a c t i o n  l o c i  c h a r a c ­

t e r i z e d  b y  c o n t a in in g  n f r e e  r a d i c a l s  i s  e q u a l  t o  th e  r a t e  

o f  d is a p p e a r a n c e  o f  t h e s e  l o c i „

S m ith  ana E w art s o lv e d  t h i s  e q u a t io n  o n ly  f o r  th e  

t h r e e  s p e c i a l  c a s e s  o f  h « < l  (C a se  I ) ,  n = ^ ( c a s e  II) , and 

n > » l  (C a se  I I I )  w h ere  h i s  t h e  a v e r a g e  number o f  r a d i c a l s
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i n  a p a r t i c l e .  T hey c o n s id e r e d  C a se  I I  o f  s p e c i a l  i n t e r e s t  

in  t h a t  i t  b e s t  e x p l a i n s  t h e  u n iq u e  n a t u r e  o f  e m u ls io n  p o l y ­

m e r iz a t io n .

The a s s u m p t io n s  in v o lv e d  in  t h e  C a se  I I  s o l u t i o n  a r e  

t h a t  n o  r a d i c a l s  e s c a p e  from  th e  p a r t i c l e s  and t h a t  m u tu a l  

t e r m in a t io n  o f  r a d i c a l s  w i t h in  th e  p a r t i c l e  i s  a lm o s t  i n ­

s t a n t a n e o u s ,  T h is  c a n  b e  e x p r e s s e d  a s :

( i )  k ( f > «  P / N < « ^
O W  V

D is c a r d in g  te r m s  i n  k Q th e  r e c u r s i o n  fo r m u la  may b e  

r e w r i t t e n  a s :

N« l + I o B (n + 2) (n+1) = N [ 1+Bn { n -1 )  ] n - 1  n+ 2  n

k N
w h ere  B = ----- =

vp^

S m ith  and E w a rt f u r t h e r  show  t h a t  f o r  B>1 (assu m ed  

i n  e q u a t io n  ( 1 ) )  th e  r e c u r s io n  fo r m u la  c a n  b e  a p p ro x im a ted  

b y :

(2) N
= 1 + B n ( n - l )

n

T he t o t a l  num ber o f  r a d i c a l s  in  th e  s y s t e m  w i l l  b e :

(3) nT = Nx + 2N2  + 3N3  + o o o o o o o o

T he t o t a l  num ber o f  p a r t i c l e s  in  t h e  s y s t e m  w i l l  b e :

(4) N = N + N, + N_ + 
0  1 2

o o o o o o o o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9
C o m b in in g  e q u a t io n s  (2) , (3 ) and (4) th e  t o t a l  number o f  

r a d i c a l s  i n  t h e  s y s te m  i s  s e e n  t o  b e :

<5) = f  T1  + ^ + + . . . . . ]
3B

I f  B » 1  th e n  n^ = N /2  o r  h = F or t h i s  c a s e  t h e  r a t e  o f  

p o ly m e r iz a t io n  i s  g iv e n  b y :

( 6 ) dM . r_„,—  = k [M] N /2  d t  p

w h ere  t  i s  t im e  and [M] i s  th e  monomer c o n c e n t r a t i o n .  The  

a v e r a g e  l i f e t i m e  o f  a  r a d i c a l  w i t h i n  a p a r t i c l e  i s  g iv e n  b y :

( 7 ) I ; p  = N /2 p '

T h u s , a s  t h e  num ber o f  p a r t i c l e s  i s  in c r e a s e d  b o th  

t h e  r a t e  and t h e  a v e r a g e  r a d i c a l  l i f e t i m e  o r  m o le c u la r  w e ig h t  

i n c r e a s e .  T h is  s im u lt a n e o u s  i n c r e a s e  in  r a t e  and m o le c u la r  

w e ig h t  i s  a u n iq u e  f e a t u r e  o f  e m u ls io n  p o ly m e r iz a t io n  and i s  

a t t r i b u t a b l e  t o  i s o l a t e d  g ro w th  o f  r a d i c a l s  w i t h i n  th e  monomer- 

polym er p a r t ic le s .  n = h  i m p l i e s  a z e r o - o n e  m o d e l w h e r e in  t h e  

n th  r a d i c a l  e n t e r s  a p a r t i c l e  and p o ly m e r iz e s  u n d is tu r b e d  

u n t i l  t h e  n + l t h  r a d i c a l  e n t e r s  t h e  p a r t i c l e  t o  t e r m in a t e  i t  

i n s t a n t a n e o u s l y .  T he p a r t i c l e  th e n  l i e s  d orm an t u n t i l  th e  

n + 2 t h  r a d i c a l  e n t e r s  t h e  p a r t i c l e .  E q u a t io n s  p e r t a i n i n g  t o  

t h e  num ber o f  p a r t i c l e s  g e n e r a t e d  a r e  n o t  e s p e c i a l l y  c o g e n t  

t o  t h e  p r e s e n t  w ork and w i l l  t h e r e f o r e  b e  o m it t e d .
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2 -  M edvedev T h eo ry  1

M ost o t h e r  q u a n t i t a t i v e  t r e a t m e n t s  o f  e m u ls io n  

p o ly m e r iz a t io n  b u i l d  on  t h e  S m ith -E w a r t t h e o r y .  The o n ly  

r a d i c a l l y  d i f f e r e n t  a p p ro a ch  w as p r e s e n t e d  b y  M edvedev  

( 1 8 ) .  M edvedev p o s t u l a t e d  t h a t  a s  p o ly m e r iz a t io n  p r o ­

g r e s s e d  t h e  i n t e r n a l  v i s c o s i t y  o f  t h e  p a r t i c l e  becam e  

su ch  t h a t  f r e e  r a d i c a l s  c o u ld  n o t  p e n e t r a t e  t h e  p a r t i c l e .  

He th u s  s u g g e s t e d  t h a t  f r e e  r a d i c a l s  b e in g  u n a b le  t o  p e n e ­

t r a t e  t h e  p a r t i c l e  r e a c t e d  w it h  e m u l s i f i e r  m o le c u le s  and 

t h a t  t h e s e  e m u l s i f i e r  r a d i c a l s  in  tu r n  r e a c t e d  w i t h  mono­

mer a t  t h e  s u r f a c e  o f  t h e  p a r t i c l e .  T h e re  i s  som e su p ­

p o r t  (7) and som e r e f u t a t i o n  (1 6 ) o f  t h e  M ed ved ev  th e o r y  

i n  t h e  l i t e r a t u r e *  b u t  f o r  t h e  m o s t  p a r t  t h e  M edvedev ap­

p r o a c h  i s  ig n o r e d .  T h is  i s  m a in ly  b e c a u s e  M ed v ed ev 's  

p o s t u l a t e  o f  c o n s t a n t  m on om er-p olym er p a r t i c l e  s u r f a c e  

a r e a  d u r in g  t h e  c o u r s e  o f  r e a c t i o n  i s  i n c o n s i s t e n t  w ith  

r e a l i t y .

3 -  E x t e n s io n s  o f  S m ith -E w a r t T h eory

I n  1957  S to ck m a y e r  p r e s e n t e d  a g e n e r a l  s o l u t i o n

t o  t h e  S m ith -E w a r t r e c u r s i o n  fo r m u la  ( 3 ) .  S to ck m a y er

s o lv e d  f o r  t h e  a v e r a g e  number o f  r a d i c a l s  p e r  p a r t i c l e  in

te r m s  o f  tw o p a r a m e te r s s
k  a J i

'8 y
. k  t ,  .t  p

w h ere  t h e  n o m e n c la tu r e  f o l l o w s  t h a t  o f  S m ith  and E w art 

p r e s e n t e d  a b o v e . S to c k m a y e r ! s  s o l u t i o n  i s  p r e s e n t e d  in  

g r a p h ic a l  form  a s  F ig u r e  1 .
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I n  1965 0 5T o o le  (4) show ed t h a t  a lth o u g h  S to c k m a y e r ' s  

s o l u t i o n  w as m a t h e m a t ic a l ly  c o r r e c t  i t  d id  n o t  h o ld  f o r  s y s ­

tem s w h ic h  h a v e  a f i n i t e  r a t e  o f  r a d i c a l  d e s o r p t io n , ,  O 'T o o le ' s  

m o d i f i c a t i o n s  o f  th e  S to ck m a y er  s o l u t i o n  a r e  shown a s  d o t t e d  

l i n e s  i n  F ig u r e  1 Q S in c e  t h e  S to ck m a y er  and O 'T o o le  t r e a t ­

m en ts  a r e  b a s i c a l l y  f o r  n o n - i d e a l  e m u ls io n  p o ly m e r iz a t io n  

t h e y  w i l l  n o t  b e  c o n s id e r e d  in  any f u r t h e r  d e t a i l „

T he a b o v e  t r e a t m e n t s  r e p r e s e n t  th e  b e s t  a n a l y t i c  ap­

p r o a c h  t o  e m u ls io n  p o ly m e r iz a t io n  t o  d a te „  More r e c e n t  a n a ­

l y t i c  p a p e r s  h a v e  com b in ed  k i n e t i c s  and p r o b a b i l i t y  w ith  t h e  

S m ith -E w a r t th e o r y  t o  d e v e lo p  e x p r e s s i o n s  f o r  m o le c u la r  

w e ig h t  d i s t r i b u t i o n  d e v e lo p m e n t  a s  w e l l  a s  o th e r  im p o r ta n t  

p o ly m e r iz a t io n  p a r a m e te r s  ( 1 2 ,  1 3 ,  1 9 - 2 3 ) „  I t  i s  im p o r ta n t  

t o  n o t e  e s p e c i a l l y ,  h o w e v e r , t h a t  a l l  h a v e  c o n s id e r e d  th e  

m on om er-p olym er p a r t i c l e  t o  b e  h o m o g e n e o u s„
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.4 - Experimental Verification of Smith-Ewarfc Theory

The S m ith -E w a r t t h e o r y  h a s  g e n e r a t e d  v i r t u a l l y  innum er­

a b le  e x p e r im e n ta l  s t u d i e s „ M o st s t u d ie s *  h o w e v e r , h a v e  n o t  

b e e n  e x p l i c i t  i n  t h e i r  k i n e t i c  a p p ro a c h . Many r e s e a r c h e r s  

h a v e  co n c er n e d  t h e m s e lv e s  w it h  t h e  r e l a t i o n s h i p  b e tw e e n  th e  

num ber o f  p a r t i c l e s  form ed and t h e  i n i t i a l  c o n c e n t r a t io n  o f  

so a p  and i n i t i a t o r  ( 7 ,  1 4 ) .  S t i l l  o t h e r s  h a v e  d e a l t  w ith  

t h e  e f f e c t  o f  p a r t i c l e  s i z e *  p a r t i c l e  number and i n i t i a t o r  

c o n c e n t r a t io n  on  t h e  r a t e  o f  p o ly m e r iz a t io n  ( 2 ,  9 ,  1 0 , 1 2 ,  

1 9 - 2 3 ) .  M ost o f  t h e s e  s t u d i e s  p u r p o r t  t o  v e r i f y  t h e  S m ith -  

E w art th e o r y  a s  i t  s t a n d s  w i t h  t h e  S to ck m a y er  s o l u t i o n .

T h e re  a r e ,  how ever* tw o im p o r ta n t  e m u ls io n  p o ly m e r iz a t io n  

p a r a m e te r s*  m on om er-p o lym er r a t i o  and m o le c u la r  w e ig h t  d e ­

v e lo p m en t*  w h ose  r e l a t i o n s h i p  t o  S m ith -E w a r t t h e o r y  h a s  n o t  

y e t  beSen f u l l y  e l u c i d a t e d .  T h e se  p a r a m e te r s  w i l l  b e  d i s ­

c u s s e d  in  d e t a i l  b e lo w .

5 -  M onom er-Polym er R a t io

C o n s id e r  th e  m on om er-p o lym er r a t i o .  I t  h a s  b e e n  

show n above t h a t  f o r  S m ith -E w a r t C a se  I I ,  n = t h e  r a t e  

o f  p o ly m e r iz a t io n  c a n  b e  e x p r e s s e d  a s s

( 6 ) R = k  f > j  N/ 2
p  p u

Many s y s te m s  e x h i b i t  a c o n s t a n t  r a t e  o f  p o ly m e r iz a t io n  w ith  

n = \  and c o n s t a n t  d u r in g  s t a g e  I I  o f  e m u ls io n  p o ly m e r iz a ­

t i o n  b e tw e en  a b o u t  10  and 60 p e r c e n t  c o n v e r s io n .  F or  t h i s
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r e a s o n  S t a g e  I I  h a s  b e e n  c a l l e d  th e  " i d e a l  p e r io d "  ( 1 4 ) .

S in c e  k  and N /2  a r e  c o n s t a n t ,  a c o n s t a n t  r a t e  d u r in g  th e
P

i d e a l  p e r io d  i m p l i e s  a c o n s t a n t  m on om er-p olym er r a t i o  in  

a c c o r d a n c e  w i t h  t h e o r y  a s  e x p r e s s e d  i n  e q u a t io n  ( 6 ) .

H a rk in s' e a r l y  e x p e r im e n t s ,  h o w e v e r , i n d ic a t e d  t h a t  

t h e  m on om er-p o lym er r a t i o  d e c r e a s e d  a s  much a s  t h r e e - f o l d  

b e tw e e n  5 and 50 p e r c e n t  c o n v e r s io n  ( 1 ,  2 4 ) .  H a r k in s  d e ­

te r m in e d  t h e  m on om er-p olym er r a t i o  b y  c e n t r i f u g i n g  a r e a c ­

t i o n  sa m p le  f o r  t h r e e  m in u te s  a t  5 , 0 0 0  gm s. and m e a su r in g  

th e  r e s u l t a n t  s t y r e n e  l a y e r „ C o m p a riso n  o f  t h e  am ount o f  

s t y r e n e  la y e r  and c o n v e r s io n  y i e l d e d  t h e  m on om er-p olym er  

r a t i o o  T h is  w as an a p p r o x im a te  d yn am ic  m e a su rem en t. O ut­

s i d e  o f  t h e  o r i g i n a l  p a p e r  and a m e n t io n  in  B o v e y ' s  t e x t  

(25)  t h i s  p e r t i n e n t  w ork h a s  b e e n  ig n o r e d  in  t h e  l i t e r a t u r e

S u b s e q u e n t ly ,  w o r k e r s  h a v e  c o n f in e d  t h e i r  s t u d i e s  

t o  m ea su rem en t o f  e q u i l ib r iu m  m on om er-p olym er r a t i o s  ( 5 ,

1 5 , 27) . T h is  i n v o l v e s  t a k in g  a l a t e x  o f  known p a r t i c l e  

d ia m e t e r ,  d i l u t i n g  i t  t o  a b o u t 1 0 % s o l i d s  w it h  so a p  s o lu ­

t i o n  and s w e l l i n g  i t  w it h  monomer (15 ) „ The m o n o m er-p o ly ­

mer r a t i o  i s  d e te r m in e d  from  th e  q u a n t i t y  o f  monomer ab­

so r b e d  b y  t h e  p a r t i c l e s .  T h is  i s  o b v io u s l y  an i n f e r i o r  

m ethod o f  d e t e r m in a t io n  i n  t h a t  t h e  e q u i l ib r iu m  r a t i o  i s  

n o t  n e c e s s a r i l y  t h e  o n e  t h a t  m a in t a in s  d u r in g  t h e  a c t u a l  

r e a c t i o n .  T h is  c a n  r e a d i l y  b e  s e e n  from  th e  f a c t  t h a t  i t  

t a k e s  an y w h ere  b e tw e e n  20 m in u te s  and 5 h o u r s  t o  s w e l l  a 

p a r t i c l e  i n  w h ic h  no r e a c t i o n  i s  o c c u r r in g  ( 5 ,  1 5 ) .  For  

e x a m p le , f o r  t h e  sy s te m  o f  i n t e r e s t  i n  t h i s  t h e s i s  i t  

w ould  ta k e  b e tw e e n  o n e  and tw o h o u r s  t o  s w e l l  t h e  f i n a l  

l a t e x .
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U s in g  t h e  e q u i l ib r iu m  t e c h n iq u e  S m ith  fou n d  t h a t  

t h e  m on om er-p olym er r a t i o  i s  a s l i g h t l y  in c r e a s i n g  fu n c ­

t i o n  o f  p a r t i c l e  d ia m e t e r  ( 5 ) .  T h u s , h e  m a in ta in e d  t h a t  

i f  a n y th in g  t h e  m on om er-p olym er r a t i o  s h o u ld  in c r e a s e  

s l i g h t l y  in  t h e  c o u r s e  o f  r e a c t i o n .  T h is  p o s t u l a t e  w as  

su p p o r te d  b y  M eehan who fou n d  t h a t  t h e  e q u i l ib r iu m  m ono- 

m e r -p o ly e r  r a t i o  w as a  s l i g h t l y  i n c r e a s i n g  f u n c t io n  o f  

p a r t i c l e  d ia m e t e r  b u t  n o t  a  f u n c t io n  o f  m o le c u la r  w e ig h t  

o r  so a p  c o n c e n t r a t i o n  ( 2 6 ) .  M orton e t  a l .  a g r e e d  t h a t  

t h e  m on om er-p o lym er r a t i o  w as t o  som e e x t e n t  d e p e n d e n t  

upon p a r t i c l e  d ia m e t e r  and in d e p e n d e n t  o f  m o le c u la r  

w e ig h t ,  b u t  t h e y  fo u n d  a d e p e n d en ce  upon so a p  c o n c e n t r a ­

t i o n  t h a t  w as r e f l e c t e d  in  s u r f a c e  t e n s i o n  c h a n g e s  (15) . 

A l l  o f  t h e s e  w o r k e r s ,  h o w e v e r , c o n c u r r e d  t h a t  t h e  d e ­

p e n d e n c e  o f  t h e  e q u i l ib r iu m  m on om er-p o lym er r a t i o  on  

d ia m e te r  w as s m a l l  en o u g h  so  t h a t  t h e  r a t i o  c o u ld  b e  

c o n s id e r e d  c o n s t a n t  f o r  th e  ch a n g e  i n  d ia m e t e r  n o r m a lly  

o b s e r v e d  d u r in g  t h e  i d e a l  p e r io d .

S m ith  (5 ) s u g g e s t e d  th at: t h i s  c o n s t a n c y  o f  mono­

m er-p o ly m er  r a t i o  r e s u l t s  from  a b a la n c e  b e tw e e n  th e  e f ­

f e c t  o f  monomer a c t i v i t y  in  t h e  m on om er-p o lym er s o l u t i o n  

and th e  e f f e c t  o f  i n t e r f a c i a l  t e n s i o n  o f  th e  v e r y  s m a ll  

p a r t i c l e s .  T h is  e q u i l ib r iu m  w as e x p r e s s e d  q u a n t i t a t i v e l y  

b y  M orton e t  a l .  ( 1 5 ) .  T hey com b in ed  an e x p r e s s io n  f o r  

t h e  i n t e r f a c i a l  f r e e  e n e r g y  o f  th e  p a r t i c l e  w i t h  th e  F lo r y  

H o g g in s  e q u a t io n  f o r  t h e  a c t i v i t y  o f  monomer in  th e  mono­

m er -p o ly m er  p a r t i c l e  t o  o b t a in ;
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■where:

v ^  = v o lu m e  f r a c t i o n  o f  p o ly m er  in  th e  p a r t i c l e

U = polym er-m onom er i n t e r a c t i o n  p a r a m e te r  

= m o la r  volum e o f  t h e  monomer

y  = i n t e r f a c i a l  t e n s i o n  b e tw e e n  t h e  p a r t i c l e  and 
w a te r

f  = r a d iu s  o f  th e  p a r t i c l e

I n  t h e  m o st r e c e n t  l i t e r a t u r e  r e v ie w s  (1 4 , 1 2 ,

1 9 - 2 3 } ,  th e  c o n s t a n t  r a t e  o r  i d e a l  p e r io d  i n  e m u ls io n  

p o ly m e r iz a t io n  h a s  b e e n  e x p la in e d  b y  e q u a t io n  ( 6 ) a s ­

su m in g t h a t  t h e  m on om er-p olym er r a t i o  i s  e s s e n t i a l l y  

c o n s t a n t .  A lth o u g h  t h i s  may b e  t r u e  f o r  som e s y s t e m s ,  

i t  i s  s t i l l  op en  t o  q u e s t i o n  a s  a g e n e r a l  s t a t e m e n t .

I n  t h e  f i r s t  p l a c e ,  t h e r e  i s  t h e  c o n s i d e r a t i o n  o f  w h e th e r  

o r  n o t  an e q u i l ib r iu m  m ea su rem en t ca n  b e  e x t r a p o la t e d  to  

k i n e t i c  c o n d i t i o n s .  A g a in , t h e r e  i s  t h e  q u e s t io n  o f  c o n ­

f l i c t i n g  t r e n d s  r e p o r t e d  i n  t h e  l i t e r a t u r e  a s  d i s c u s s e d  

a b o v e . F i n a l l y ,  e v en  s m a ll  i n c r e a s e s  i n  m om om er-polym er  

r a t i o s  d u r in g  t h e  i d e a l  p e r io d  sh o u ld  b e  r e f l e c t e d  i n  i n ­

c r e a s e d  c o n v e r s io n  r a t e s .  F o r  many s y s t e m s ,  t h i s  in c r e a s e d  

r a t e  i s  n o t  o b s e r v e d . The d yn am ic  m on om er-polym er r a t i o  in  

th e  c o u r s e  o f  r e a c t i o n  w i l l  b e  an im p o r ta n t  c o n s i d e r a t i o n  

in  t h i s  t h e s i s .

As d i s c u s s e d  a b o v e , t h e  m on om er-p olym er r a t i o  i s  

d e p e n d e n t  upon th e  th erm od yn am ic  c o n d i t i o n s  o f  th e  m onom er- 

p o ly m e r  p a r t i c l e s  and t h e i r  e n v ir o n m e n t . I t  s h o u ld  b e  m en-

( 8 ) ~ £ l n  ( l - v 2) + v 2  + Id v,
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t io n e d  a t  t h i s  t im e ,  h o w e v e r , t h a t  o n e  m u st b e  c a r e f u l  in  

a p p ly in g  c l a s s i c a l  th erm o d y n a m ics  t o  t h e  m onom er-polym er  

p a r t i c l e .  C o n s id e r  a m on om er-polym er p a r t i c l e  2000 A in  

d ia m e te r  c o n t a in in g  p o ly m er  o f  a v e r a g e  m o le c u la r  w e ig h t  

5 0 0 ,0 0 0 „  I n  t h i s  c a s e  t h e  f u l l y  e x te n d e d  c h a in  le n g t h  o f  

ea ch  p o ly m er  m o le c u le  i s  a b o u t  s i x  t im e s  g r e a t e r  th a n  t h e  

d ia m e te r  o f  t h e  p a r t i c l e ,  and t h e  r a d iu s  o f  g y r a t io n  o f  

th e  m o le c u le  ( in  a good  s o l v e n t )  i s  a b o u t 1 / 6 th  th e  p a r ­

t i c l e  d ia m e t e r  (3 1 )„  T h u s , t h e  e le m e n ts  o f  t h e  monomer- 

p o ly m er  p a r t i c l e  ( t h e  p o ly m er  m o le c u le s )  a r e  on  th e  same 

o r d e r  o f  s i z e  a s  th e  p a r t i c l e  i t s e l f .  F u r t h e r ,  ea ch  c h a in  

grow s in d e p e n d e n t ly  i n  an i s o l a t e d  r e a c t o r ,  and a t  1 0 0 % 

c o n v e r s io n  e a c h  p a r t i c l e  w i l l  c o n t a in  l e s s  th a n  1 0 , 0 0 0  

p o ly m er  c h a i n s .  T h is  i s  n o t  a s t a t i s t i c a l  number o f  

m o le c u le s .  The a p p l i c a b i l i t y  o f  c l a s s i c a l  th erm od yn am ics  

un der t h e s e  c o n d i t i o n s  i s  q u e s t io n a b le .
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6 - Molecular Weight Development

A se c o n d  im p o r ta n t  e m u ls io n  p o ly m e r iz a t io n  p a r a m e te r  

w h ich  i s  y e t  t o  b e  d e s c r ib e d  t h e o r e t i c a l l y  i s  m o le c u la r  

w e ig h t  d e v e lo p m e n t  d u r in g  t h e  i d e a l  p e r i o d 0 To b e g i n ,  co n ­

s i d e r  th e  in s t a n t a n e o u s  number a v e r a g e  d e g r e e  o f  p o ly m e r i ­

z a t i o n  p r e d i c t e d  b y  s t e a d y  s t a t e  t h e o r y ,  t e r m in a t io n  b y  

c o m b in a t io n :

2R 2R(9) x = _JEE = __££
n ip  R. R .tp  ip

w h ere: x  . = t h e  p a r t i c l e  in s t a n t a n e o u s  number a v e r a g e
n1^ d e g r e e  o f  p o ly m e r iz a t io n .

R = t h e  r a t e  o f  p o ly m e r iz a t io n  p e r  p a r t i c l e ,pp
m o l e s / 1 , s e c ,

R = t h e  r a t e  o f  t e r m in a t io n  o f  p o ly m er  c h a in s  
w i t h i n  th e  p a r t i c l e  m o l e s / 1 . s e c .

R . = t h e  r a t e  o f  i n i t i a t i o n  o f  p o ly m er  c h a in s
w i t h i n  t h e  p a r t i c l e ,  m o le s

l . s e c .

S te a d y  s t a t e  t h e o r y  d i c t a t e s  t h a t  R^ = R. ,J t p  ip

I t  h a s  b e e n  e s t a b l i s h e d  t h a t  p o t a s s iu m  p e r s u l f a t e ,  

t h e  u s u a l  i n i t i a t o r  i n  e m u ls io n  p o ly m e r iz a t io n  d e c o m p o se s  

i n  a q u eo u s  s o l u t i o n  b y  f i r s t  o r d e r  k i n e t i c s  a s ;  (2 8 )

(10) d £ l l  r ,
d t  2Jv  J

w h ere: [ I ]  = i n i t i a t o r  c o n c e n t r a t i o n ,  m°^-e s
J -  o

= s p e c i f i c  d e c o m p o s it io n  r a t e  c o n s t a n t  s e c .  ^D
t  = t im e
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I f  e q u a t io n  (10) i s  i n t e g r a t e d  and 100% r a d i c a l  e f ­

f i c i e n c y  i s  assum ed th e n :

(1 1 ) R. = 2k [ I  ] e " kDi p  D o

w h e r e : [ I  ] = th e  i n i t i a l  i n i t i a t o r  c o n c e n t r a t io n ;  - ■°~|'e so J t.
t  = r e a c t io n  t im e ,  s e c .

C o m b in in g  e q u a t io n s  (9 ) and (1 1 ) .

_ R k  t
(12 ) x n iti = -EE - e  D

P k  [ I  ]D O

E q u a t io n  (12) r e p r e s e n t s  t h e  p r e d ic t e d  s t e a d y  s t a t e  

in s t a n t a n e o u s  number a v e r a g e  d e g r e e  o f  p o ly m e r iz a t io n .  The

d e c o m p o s i t io n  c o n s t a n t ,  k  , a s  m ea su red  b y  K o l t h o f f  e t  a l .
D - 4  - 1

(2 8 ) w as fo u n d  t o  b e  on t h e  o r d e r  o f  10 m in . . F o r  t h i s

low  v a lu e  o f  kQ th e  e x p o n e n t ia l  term  in  e q u a t io n  ( 1 2 ) ca n  

b e  assum ed t o  b e  a lm o s t  u n i t y  th r o u g h o u t  t h e  c o u r s e  o f  r e ­

a c t i o n .  T h u s , s in c e  kQ and [ l Q] a r e  c o n s t a n t s ,  e q u a t io n  

( 1 2 ) p r e d i c t s  a  c o n s t a n t  i n s t a n t a n e o u s  number a v e r a g e  mo­

l e c u l a r  w e ig h t  d u r in g  t h e  i d e a l  p e r io d  when R i s  c o n s t a n t .
PP

P r e v io u s  i n v e s t i g a t o r s  (1 4 ,  21) h a v e  assum ed t h e  p u r e  a q u e­

o u s  d e c o m p o s i t io n  k i n e t i c s  o f  K o l t h o f f  ( 8 , 1 1 , 1 2 , 28) in  

p r e d i c t i n g  m o le c u la r  w e i g h t s .  T h is  i s  n o t  s t r i c t l y  v a l i d  

in  v ie w  o f  t h e  f a c t  t h a t  s e v e r a l  s t u d i e s  h a v e  show n t h a t  

p e r s u l f a t e  d eco m p o ses  a s  much a s  e i g h t  t im e s  f a s t e r  i n  t h e  

p r e s e n c e  o f  s o a p s  (2 9 , 30) . Up t o  now i n i t i a t o r  k i n e t i c s  

h a v e  n o t  b e e n  f o l lo w e d  th r o u g h o u t  t h e  c o u r s e  o f  r e a c t i o n  

in  t h e  a c t u a l  p o ly m e r iz a t io n  m edium . T h is  d i s s e r t a t i o n  

w i l l  i n c l u d e  su c h  d a t a .
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M o st k i n e t i c  s t u d i e s  o f  e m u ls io n  p o ly m e r iz a t io n  h a v e  

n e g l e c t e d  m o le c u la r  w e ig h t  d e v e lo p m e n t  s o  t h a t  d a t a  o f  t h i s  

s o r t  a r e  s c a n t y  in  t h e  l i t e r a t u r e .  M o st o f  t h o s e  who h a v -3  

m ea su red  m o le c u la r  w e ig h t s  h a v e  c h o s e n  t o  m ea su re  o n ly  f i n a l  

m o le c u la r  w e ig h t s  (14* 9* 1 0 )„  Thus* t h e y  c h a r a c t e r i z e  t h e  

e n t i r e  r e a c t i o n  b y  t h e  m o le c u la r  w e ig h t  o f  t h e  f i n a l  p r o d u c t .  

F o r  e x a m p le , v a n  d e r  H o f f  u s e s  f i n a l  m o le c u la r  w e ig h t s  in  

c o n j u n c t io n  w it h  K o l t h o f f ' s  d e c o m p o s i t io n  d a t a  t o  c a l c u l a t e  

r a d i c a l  e f f i c i e n c i e s  o f  0 .2  t o  0 .6  ( 2 9 ) .  G e rr e n s  ( 9 ,  1 0 ) ,  

and G ardon ( 1 9 ,  12) make s i m i l a r  u s e  o f  f i n a l  m o le c u la r  

w e i g h t s .  K o l t h o f f  on  t h e  o t h e r  h an d  u s e s  f i n a l  m o le c u la r  

w e ig h t s  t o  c o u n t  t h e  a v e r a g e  number o f  p e r s u l f a t e  g r o u p s  

p e r  c h a in  (3 0 ) .

T h ere  h a v e ,  h o w e v e r , b e e n  t h r e e  s t u d i e s  o f  m o le c u la r  

w e ig h t  d e v e lo p m e n t  i n  p e r s u l f a t e  i n i t i a t e d  s t y r e n e  e m u ls io n  

p o l y m e r i z a t i o n .  E ach  o f  t h e s e  s t u d i e s  ( 5 ,  1 1 , 12) i n d i ­

c a t e s  a s u b s t a n t i a l  in c r e a s e  in  m o le c u la r  w e ig h t  d u r in g  t h e  

se c o n d  s t a g e  o f  e m u ls io n  p o ly m e r iz a t io n .  T h is  i s  i n  d i r e c t  

c o n f l i c t  w i t h  s t e a d y  s t a t e  t h e o r y  a s  p r e s e n t e d  in  e q u a t io n

(12) . The m o le c u la r  w e ig h t  d a t a  o f  W il l ia m s  f o r  ex a m p le  

show s up t o  500% i n c r e a s e  d u r in g  t h e  i d e a l  p e r io d .

W il l ia m s  and B o b a le k  (1 1 ) p r e s e n t e d  t h e i r  d a t a  a s  

an i n d i c a t i o n  o f  d i s c r e p a n c y  b e tw e e n  o b s e r v a t io n  and s t e a d y  

s t a t e  t h e o r y .  G ardon ( 1 2 ) ,  on  t h e - o t h e r  h a n d , a t te m p te d  t o  

r e c o n c i l e  h i s  d a t a  t o  t h e  S m ith -E w a r t t h e o r y .  G a rd o n 1s  

r e a s o n in g  w as a s  f o l l o w s :  C o n s id e r  S to c k m a y e r 's  s o l u t i o n

t o  t h e  S m ith -E w a r t r e c u r s i o n  fo r m u la  a s  p r e s e n t e d  i n  

F ig u r e  1 .  As th e  v o lu m e o f  th e  p a r t i c l e , - ^  > i n c r e a s e s
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( i f  k̂ _ i s  f i n i t e )  "b" i n c r e a s e s  and t h e r e f o r e  n i n c r e a s e s .  

P h y s i c a l l y  w h a t t h i s  m eans i s  t h a t  i f  k  i s  f i n i t e , a s  th e  

p a r t i c l e  v o lu m e i n c r e a s e s  i t  w i l l  ta k e  a  s u c c e e d in g l y  lo n g ­

e r  t im e  f o r  tw o r a d i c a l s  t o  f in d  e a ch  o t h e r  and t e r m in a t e .  

T h u s , t h e  a v e r a g e  l i f e t i m e  o f  a r a d i c a l  i n c r e a s e s .  S u b se ­

q u e n t l y ,  th e  m o le c u la r  w e ig h t  i n c r e a s e s  w it h  p a r t i c l e  v o l ­

um e.

We w i l l  now d i g r e s s  t o  p r e s e n t  G e r r e n s 1 v e r y  s im p le  

b u t  i n t e r e s t i n g  m a th e m a t ic a l  e x p r e s s io n  f o r  t h i s  sam e p h e ­

nomenon (9) . C o n s id e r  t h e  n t h  r a d i c a l  e n t e r in g  a p a r t i c l e .

I t  w i l l  grow  u n d is tu r b e d  f o r  some t im e  t  w h ic h  i s  t h e  

t im e  b e tw e e n  s u c c e s s i v e  e n t r y  o f  tw o r a d i c a l s .  A t  t im e  t  

t h e  n + l t h  r a d i c a l  w i l l  e n t e r  t h e  p a r t i c l e .  I t  w i l l  t a k e  

som e f i n i t e  t im e  A t f o r  t h e  tw o r a d i c a l s  t o  m e e t  and t e r ­

m in a t e .  T hen t h e r e  w i l l  b e  a t im e  i n t e r v a l  t - A t  u n t i l  

t h e  n + 2 t h  r a d i c a l  e n t e r s  t h e  p a r t i c l e  t o  r e i n i t i a t e  p o l y ­

m e r i z a t i o n .  The a v e r a g e  num ber o f  r a d i c a l s  i n  a p a r t i c l e  

o v e r  t im e  i n t e r v a l  2 t  w i l l  b e s

(13 ) n = t  + 2At = Jg + A t/ t  
2 t

I f  k  i s  f i n i t e ,  a s  t h e  v o lu m e  o f  th e  p a r t i c l e  i n c r e a s e s  

A t and t h e r e f o r e  h i n c r e a s e s .

T h is  argu m en t p r e s e n t s  a v a l i d  e x p la n a t io n  f o r  mo­

l e c u l a r  w e ig h t  in c r e a s e  in  e m u ls io n  p o ly m e r iz a t io n ,  b u t  i t  

i s  q u e s t i o n a b l e  a s  a g e n e r a l  s t a t e m e n t  on tw o a c c o u n t s .  

F i r s t ,  an i n c r e a s e  i n  n a l s o  p r e d i c t s  an i n c r e a s e  in  t h e  

r a t e  o f  p o ly m e r iz a t io n .  A lth o u g h  some o f  G a rd o n ' s  d a t a
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show c o n v e r s io n  c u r v e s  w h ic h  a r e  s l i g h t l y  c o n v e x  t o  th e  

t im e  a x i s  w e w o u ld  e x p e c t  a much g r e a t e r  i n c r e a s e  in  c o n ­

v e r s io n  r a t e  f o r  a c h a n g e  in  n c o n c o m ita n t  w it h  th e  o b ­

s e r v e d  i n c r e a s e  in  m o le c u la r  w e ig h t .  S e c o n d ly ,  Gardon i l ­

l u s t r a t e s  a f i n i t e  t e r m in a t io n  tim e  b y  m eans o f  p o s t  add 

i n i t i a t o r  t e c h n iq u e s .  He r e p o r t s  [ a f t e r  G e r r e n s  ( 9 ) ]  an 

in c r e a s e  i n  c o n v e r s io n  r a t e  f o l l o w in g  a d d i t i o n  o f  i n i t i a ­

t o r  t o  a  ru n  i n  p r o g r e s s .  T h is  i s  s u p p o r t  f o r  h i s  m o d e l, 

W ill ia m s ,  h o w e v e r , r e p o r t s  la r g e  i n c r e a s e s  i n  m o le c u la r  

w e ig h t  f o r  s y s te m s  w h ic h  d o  n o t  e x h i b i t  in c r e a s e d  r a t e s  

w ith  p o s t  added i n i t i a t o r  (1 1 , 1 6 ) .  I n  W il l ia m s '  w ork , 

h e  d o u b le d  and t r i p l e d  i n i t i a t o r  c o n c e n t r a t io n  w ith o u t  

c h a n g in g  t h e  r a t e  o f  c o n v e r s io n .  S im i la r  d a t a  w i l l  b e  

p r e s e n t e d  l a t e r  in  t h e  p r e s e n t  s tu d y .

To su m m a rize . G a r d e n ’ s e x p la n a t io n  f o r  m o le c u la r  

w e ig h t  i n c r e a s e  in  e m u ls io n  p o ly m e r iz a t io n  may b e  v a l i d  

f o r  t h e  n o n - i d e a l  c a s e  o f  in c r e a s in g  n ; h o w e v e r , h i s  own 

r a t e  d a t a  d o  n o t  i n c r e a s e  a s  much a s  t h e y  s h o u ld  b a se d  on  

su ch  an e x p la n a t io n .  F u r t h e r ,  W il l ia m s  and B o b a le k  h a v e  

shown m o le c u la r  w e ig h t  i n c r e a s e  in  th e  i d e a l  c a s e  o f  n = % 

and c o n s t a n t .

The a b o v e  a u t h o r s  h a v e  p r e s e n t e d  t h e i r  d a t a  a s  

c u m u la t iv e  v i s c o s i t y  a v e r a g e  m o le c u la r  w e i g h t s .  B r i e f  

r e f l e c t i o n  w i l l  r e v e a l  t h a t  th e  in s t a n t a n e o u s  m o le c u la r  

w e ig h t  i n c r e a s e s  e v e n  m ore d r a m a t ic a l l y .  T h is  p o i n t  w i l l  

b e  c o n s id e r e d  l a t e r  in  g r e a t e r  d e t a i l .  A g a in , i n  o r d e r  

t o  com pare e x p e r im e n t a l  m o le c u la r  w e ig h t s  t o  t h e  t h e o r e t i ­

c a l  e q u a t io n  ( 1 2 ) we s h o u ld  a l s o  h a v e  a m e a su r e  o f  th e
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number a v e r a g e  m o le c u la r  w e ig h t ,,  Number a v e r a g e  m o le c u la r  

w e ig h t s ,  u n l i k e  v i s c o s i t y  a v era g es^  a r e  f r e e  from  t h e  i n ­

f lu e n c e  o f  b r a n c h in g  o r  t r a n s f e r  t o  m onom ers. T h u s , d i r e c t  

m easu rem en t o f  number a v e r a g e  m o le c u la r  w e ig h t s  s h o u ld  p r o ­

v i d e  a c l e a r e r  u n d e r s ta n d in g  o f  any d is c r e p a n c y  b e tw e e n  

w h a t i s  o b s e r v e d  and p r e d i c t e d .  T h is  d i s s e r t a t i o n  r e p o r t s  

t h e  f i r s t  m ea su rem en t o f  number a v e r a g e  m o le c u la r  w e ig h t  

d u r in g  t h e  c o u r s e  o f  r e a c t i o n .
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.1 -  C o n t in u o u s ly  U n ifo rm  L a t i c e s

E x c e p t  f o r  t h e  w ork o f  W il l ia m s  and B o b a le k  (1 1 ,  1 6 ) ,  

th e  e x p e r im e n ts  d i s c u s s e d  a b o v e  w e r e  c a r r i e d  o u t  i n  p o l y d i s -  

p e r s e  s y s t e m s .  The d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  i n j e c t s  

o n e  m ore o b f u s c a t i n g  v a r i a b l e  i n t o  t h e  s y s te m  and c o n c e n ­

t r a t e s  a t t e n t i o n  on t h e  b u lk .  T he u s e  o f  c o n t in u o u s ly  u n i ­

form  l a t i c e s ,  h o w e v e r , f o c u s e s  a t t e n t i o n  on  t h e  m onom er- 

p o ly m er  p a r t i c l e  w h ich  i s  t h e  a c t u a l  l o c u s  o f  r e a c t i o n  and 

e l i m i n a t e s  p a r t i c l e  n u c l e a t i o n  r a t e  a s  a v a r i a b l e  in  t h e  

f i r s t  s t a g e .

The b a s i c  th e o r y  b e h in d  t h e  g e n e r a t io n  o f  c o n t i n ­

u o u s ly  u n ifo r m  l a t i c e s  i s  c l e a r l y  o u t l i n e d  b y  B o b a le k  e t  a l .  

(3 2 , 3 3 ) .  B r i e f l y ,  t h e  g e n e r a t io n  o f  su ch  l a t i c e s  i n v o l v e s  

i n i t i a l  so a p  s t a r v a t i o n  so  t h a t  p a r t i c l e  n u c l e a t i o n  o c c u r s  

a l l  a t  o n c e .  A d d i t io n a l  so a p  i s  u s u a l l y  ad d ed  s lo w ly  a s  

t h e  r e a c t i o n  p r o c e e d s  t o  s t a b i l i z e  t h e  g r o w in g  m onom er- 

p o ly m er  p a r t i c l e s  w i t h o u t  n u c l e a t i n g  new p a r t i c l e s .

W il l ia m s  (1 1 , 16) s u g g e s t e d  t h a t  c o n t in u o u s ly  u n i ­

form  l a t i c e s  c o u ld  b e  u se d  t o  make t h e  m on om er-p olym er  

p a r t i c l e  m ore a n a l y t i c a l l y  a c c e s s i b l e 0 He p o in t e d  o u t  t h a t  

a d yn am ic  e q u iv a l e n c e  w i l l  e x i s t  b e tw e e n  t h e  i d e n t i c a l l y  

s i z e d  p a r t i c l e s  s o  t h a t  t h e  p a r t i c l e s  c o u ld  b e  c o n s id e r e d  

u n ifo r m  in  e v e r y  r e s p e c t .  The m o le c u la r  w e ig h t  d e v e lo p ­

m e n t  o f  t h e  p o ly m e r  g e n e r a t e d  i n  any p a r t i c l e  ca n  b e  c o n ­

s id e r e d  t h e  sam e a s  t h e  m o le c u la r  w e ig h t  m ea su red  f o r  t h e  

b u lk .  A g a in , any p a r t i c l e  r a t e  p r o c e s s  i s  s im p ly  th e  o v e r ­

a l l  b u lk  r a t e  d iv i d e d  b y  t h e  num ber o f  p a r t i c l e s .  T h u s ,
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a t t e n t i o n  i s  fo c u s e d  on t h e  m on om er-p olym er p a r t i c l e  a s  th e  

a c t u a l  l o c u s  o f  p o ly m e r iz a t io n .

W il l ia m s  (1 1 ) a l s o  show ed  t h a t  c o n t in u o u s ly  u n ifo r m  

l a t i c e s  a r e  s u i t a b l e  f o r  k i n e t i c  s t u d i e s  o f  e m u ls io n  p o l y ­

m e r iz a t io n  i n  t h a t  t h e y  a r e  k i n e t i c a l l y  s i m i l a r  t o  t h e i r  

p o l y d i s p e r s e  c o u n t e r p a r t s .  T h a t i s ,  t h e  r a t e  and m o le c u la r  

w e ig h t  c u r v e s ,  p a r t i c l e  s i z e s  and num bers o f  p a r t i c l e s  

form ed  a r e  i d e n t i c a l  f o r  b o t h  p o l y d i s p e r s e  and c o n t in u o u s ly  

u n ifo r m  s y s t e m s .
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III - Current Research

A - Introduction

As previously indicated, current steady state theory 
does not explain the increase in molecular weight observed 
during the ideal period of emulsion polymerization. Accord­
ing to the current literature, the problem is not clearly 
defined. In fact, many researchers ignore the fact that a 
discrepancy in theory exists. Thus, the first purpose of 
this dissertation is to define the scope of the problem. A 
second important consideration in this work is the develop­
ment of the dynamic monomer-polymer ratio. This heretofore 
neglected variable provides new insight into the kinetic 
mechanism of emulsion polymerization and the morphology of 
the monomer-polymer particle.

The work herein described is based on experimental 
research. Attention is focused primarily on one system 
which is similar to other systems (11, 16) exhibiting ideal 
emulsion polymerization. It is important to note that the 
formulation used generates continuously uniform latices.
This allows us to focus on the monomer-polymer particle as 
the actual locus of polymerization. The data presented 
here represent the most extensive and complete set of data 
yet published for a single emulsion polymerization system. 
Several reaction parameters, namely; conversion rate, par­
ticle size, dynamic monomer-polymer ratio, free radical gen­
eration and molecular weight development, are simultaneously 
followed with time. The purpose of this approach has been
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t o  c o l l e c t  s u f f i c i e n t  d a t a  f o r  o n e  sy s te m  so  a s  t o  i s o l a t e  

a p l a u s i b l e  m ech an ism  f o r  i n c r e a s i n g  m o le c u la r  w e ig h t .d u r in g  

t h e  i d e a l  p e r io d  o f  e m u ls io n  p o ly m e r iz a t io n .  The d a t a ,  c o n ­

c l u s i o n s  and m o d el d e v e lo p e d  a r e  p r e s e n t e d  a s  a b a s i s  fo r  

f u r t h e r  s t u d y .

The d a t a  a r e  p r e s e n t e d  and d i s c u s s e d  i n  t h i s  s e c t i o n .  

I n  o r d e r  t o  le n d  c o n t i n u i t y  and c l a r i t y  t o  i t s  d e v e lo p m e n t ,  

d e t a i l e d  d i s c u s s i o n  o f  t h e  e x p e r im e n ta l  w ork and new e x p e r i ­

m e n ta l t e c h n iq u e s  h a s  b e e n  l o c a t e d  in  th e  A p p e n d ix . Such  

d i s c u s s i o n  i s  h e ld  t o  a minimum h e r e  b u t  in  t h e  A p p en d ix  

t h e  r e a d e r  s h o u ld  n o t e  t h e  d i s c u s s i o n  on m onom er-polym er  

r a t i o ,  i n h i b i t o r ,  and t h e  e l e c t r o n  m ic r o sc o p e  m o r p h o lo g ic a l  

s t u d i e s  w h ic h  r e p r e s e n t  new e x p e r im e n t a l  t e c h n iq u e s .
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B -  P o ly m e r iz a t io n

The p o ly m e r iz a t io n s  w e r e  c o n d u c te d  in  b o t h  a b o t t l e  

p o ly m e r iz e r  and a  p a d d le  m ix e d , o n e  l i t e r  r e a c t o r .  B o th  r e ­

a c t o r s  w ere  m a in ta in e d  a t  6 0 ± 1 °C . The k e t t l e  r e a c t o r  w as  

f i t t e d  w ith  a  th e r m o m e te r , c o n d e n s e r ,  and a g l a s s  tu b e  d e ­

v i c e  f o r  p u r g in g  and s a m p lin g . I n  b o th  r e a c t o r s  t h e  e n t i r e  

f o r m u la t io n ,  e x c e p t  f o r  th e  i n i t i a t o r ,  w as c h a r g e d  i n i t i a l l y .  

A f t e r  a p e r io d  o f  n i t r o g e n  p u r g in g ,  th e  p e r s u l f a t e  w as added  

i n  s o l u t i o n  fo r m . S ta n d a r d  t e c h n iq u e s  w e re  u se d  f o r  t h e  

p u r i f i c a t i o n  o f  m onom er.

A b o t t l e  run  c o n s i s t e d  o f  s e v e r a l  s im u lt a n e o u s ly  

c h a r g e d  i d e n t i c a l  b o t t l e s .  T h is  m ethod  w as e m p lo y e d , e s ­

p e c i a l l y  a t  low  c o n v e r s io n s ,  when i t  w as d e s i r e d  t o  o b t a in  

s u f f i c i e n t l y  l a r g e  p o ly m er  s a m p le s .  Runs l a b e l l e d  K I, K II  

w e r e  p er fo rm ed  i n  a k e t t l e ;  r u n s  l a b e l l e d  B I ,  BIX , B i l l  

w e r e  p er fo rm ed  i n  b o t t l e s .
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C - Formulation and Particle Size

I t  w as d e s i r e d  t o  d e v e lo p  a s u i t a b l e  fo r m u la t io n  

t o  s tu d y  m o le c u la r  w e ig h t  d e v e lo p m e n t  i n  i d e a l  e m u ls io n  

p o l y m e r i z a t i o n „ T he s y s te m , in  a d d i t i o n  t o  b e in g  k i n e t i -  

c a l l y  e q u i v a l e n t  t o  i t s  c l a s s i c a l  p o l y d i s p e r s e  c o u n t e r ­

p a r t s ,  had t o  m e e t t h e  f o l l o w i n g  c r i t e r i a :  ( 1 ) e x h i b i t

c o n s t a n t  r a t e  b e h a v io r  w i t h  n = ^ o v e r  a  w id e  r a n g e  o f  

c o n v e r s io n ,  ( 2 ) g e n e r a t e  c o n t in u o u s ly  u n ifo r m  l a t i c e s ,

(3 ) b e  s t a b l e  th r o u g h o u t  a  ru n  u n d er  v a r y in g  a g i t a t i o n  

r a t e s ,  (4) g e n e r a t e  a  maximum num ber a v e r a g e  m o le c u la r  

w e ig h t  o f  10^ ( t h e  maximum m e a su r a b le )  , (5) t r a n s p i r e

i n  a  r e a s o n a b le  t im e ,  and (6 ) a l l  o f  t h e  i n i t i a t o r  had  

t o  d eco m p o se  t o  f r e e  r a d i c a l s  (pH>7) (2 8 ) t o  e l i m i n a t e

t h e  p o s s i b i l i t y  o f  s i d e  r e a c t i o n s „ The fo r m u la t io n  f i ­

n a l l y  d e v e lo p e d  c o n s i s t e d  o f ;  180 g„ w a t e r ,  1 0 0  g„ s t y ­

r e n e ,  0 .1 5  g 0 sod iu m  l a u r y l  s u l f a t e ,  3 oQ0 g .  T r i t o n  X -1 0 0 ,  

0 .0 7 5  g .  KOH and 0 .5 0 0  g„ K S 0 . The fo r m u la t io n  w as
2 2 o

c h a r a c t e r i z e d  b y :  13% c o n v e r s io n  p e r  h o u r ,  a f i n a l  p a r ­

t i c l e  d ia m e te r  o f  2 ,3 0 o £ ,  pH = 9 , and a p p r o x im a te ly  1 0 ^  

p a r t i c l e s  p e r  m l. U n le s s  o t h e r w is e  s t a t e d  t h e  d a t a  p r e ­

s e n t e d  in  t h i s  s e c t i o n  a r e  f o r  t h i s  s ta n d a r d  f o r m u la t io n .

In  a d d i t i o n  t o  f u l f i l l i n g  t h e  a b o v e  r e q u ir e m e n t s ,  

t h i s  fo r m u la t io n  p r o v e d  t o  b e  a d v a n ta g e o u s  in  t h a t  i t  

c o u ld  b e  m a n ip u la te d  a s  a  s i n g l e  c h a r g e .  P r e v io u s  u n i ­

form  l a t e x  f o r m u la t io n s  s u i t a b l e  f o r  t h e s e  k i n e t i c  s t u d i e s  

in v o l v e d  s lo w  so a p  a d d i t i o n  t e c h n iq u e s  w h ic h  w ere  t e d i o u s .  

I t  i s  f e l t  t h a t  t h i s  s p e c i f i c  fo r m u la t io n  i s  s u c c e s s f u l
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b e c a u s e  T r i t o n  X -1 0 0  i s  a p o o r  p a r t i c l e  n u c le a t o r  ( 3 4 ) .  

T hus t h e  s m a l l  am ount o f  so d iu m  l a u r y l  s u l f a t e  p r o v id e s  

t h e  " s o a p -s ta r v e d "  e n v ir o n m e n t  n e c e s s a r y  t o  g e n e r a t e  co n ­

t i n u o u s l y  u n ifo r m  l a t i c e s  w h i l e  th e  T r i t o n  X -1 0 0  p r o v id e s  

t h e  s u r f a c t a n t  n e c e s s a r y  f o r  p a r t i c l e  s t a b i l i z a t i o n „

E le c t r o n  m ic r o g r a p h s  o f  l a t i c e s  a t  p r o g r e s s i v e  

s t a g e s  o f  g r o w th  a r e  show n i n  F ig u r e s  2 - 5 .  Two s i z e s  

o f  p a r t i c l e s  a r e  s e e n :  t h e  l a r g e r  a r e  c a l i b r a t i o n  s t a n ­

d a r d s  w h i l e  t h e  s m a l le r  a r e  t h e  a c t u a l  s a m p le s .  A s can  

b e  s e e n  from  t h e s e  m ic r o g r a p h s  and t h e  u n i f o r m it y  c o u n t  

d a t a  in  T a b le  1 ,  t h e s e  l a t i c e s  a r e  r e m a r k a b ly  u n ifo r m  

th r o u g h o u t  t h e  c o u r s e  o f  r e a c t i o n .  U n if o r m it y  r a t i o s  

a r e  r e p o r t e d  a s  t h e  r a t i o  o f  w e ig h t  a v e r a g e  t o  number 

a v e r a g e  p a r t i c l e  d ia m e t e r s .  S ta n d a r d  e l e c t r o n  m ic r o ­

s c o p y  t e c h n iq u e s  w e r e  em p loyed  (35) w i t h  a N o r e lc o  EM 300 

e l e c t r o n  m ic r o s c o p e .

The f a c t  t h a t  t h i s  f o r m u la t io n  le a d s  t o  a s y s ­

tem  t h a t  i s  k i n e t i c a l l y  e q u i v a l e n t  t o  i t s  p o l y d i s p e r s e  

c o u n t e r p a r t s  i s  e a s i l y  v e r i f i e d .  C o n s id e r a t io n  o f  th e  

d a t a  t o  b e  p r e s e n t e d  w i l l  show t h a t  c o n v e r s io n  and m o lecu ­

l a r  w e ig h t  c u r v e s ,  p a r t i c l e  num bers and p a r t i c l e  d ia m e t e r s  

f o r  . t h i s  sy s te m  a r e  on  t h e  sam e o r d e r  a s  t h o s e  o b s e r v e d  in  

p o l y d i s p e r s e  l a t i c e s  ( 1 1 ) .
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TABLE I  

PARTICLE UNIFORMITY

SAMPLE

% CONVER­
SION (GRAVI­
METRIC)

NUMBER OF 
PARTICLES 
COUNTED

PARTICLE
DIAMETER

A

UNIFORM­
ITY RATIO

% CON­
VERSION
(FROM D ] 

P

K I-1 s% 14 1 ,0 2 5 < 1 . 0 1 8 . 8 %

K X I-2 2 2 % 30 1 ,3 9 0 < 1 . 0 1 2 2 . 0 %

B I - 6 42% 2 0 1 ,7 4 0 < 1 . 0 1 43.2%

K I-4 76% 40 2 , 1 0 0 lo O l 76.2%

B I -1 0 1 0 0 % 40 2 , 300 < 1 . 0 0 1 1 0 0 %
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FIGURE 2: SAMPLE K I I -1  (PLATINUM SHADOWED) 8 % CONVERSION
PARTICLE DIAMETER 1 ,0 2 5 8 ;  STANDARD DIAMETER 
1 ,3 0 5 8 ,  ELECTRONIC MAGNIFICATION 2 8 ,0 0 0 x
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FIGURE 3 s SAMPLE K I I - 2  (‘UNSHADOWED)
22% CONVERSION; PARTICLE DIAMETER 1 ,3 9 0 A  
STANDARD DIAMETER 2 s64oS  
ELECTRONIC MAGNIFICATION 3 5 ,0 0 0 x
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FIGURE 4 ;  SAMPLE B I - 6  (PLATINUM SHADOWED)
42% CONVERSION; PARTICLE DIAMETER l , 7 4 o £  
STANDARD DIAMETER 2»64C>£
ELECTRONIC MAGNIFICATION 1 8 ,0 0 0 x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

FIGURE 5 :  SAMPLE B I -1 0  (PLATINUM. SHADOWED)
1 0 0 % CONVERSION; PARTICLE DIAMETER 2 ,3 0 o £  
STANDARD DIAMETER 3 y6 5 o £
ELECTRONIC MAGNIFICATION 1 8 ,0 0 0 x
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D -  C o n v e r s io n  R a te
-i-  ' ' ■»“«» ' ■ u ft

S in c e  th e  l a t i c e s  w e re  c o n t in u o u s ly  u n ifo r m  th e  e x ­

t e n t  o f  r e a c t i o n  c o u ld  b e  d e te r m in e d  i n  tw o w a y s: ( 1 ) b y

t a k in g  th e  r a t i o  o f  th e  c u b e s  o f  t h e  in t e r m e d ia t e  t o  f i n a l  

p a r t i c l e  d ia m e t e r s  and (2) b y  g r a v im e t r i c  m e a n s . As shown  

in  T a b le  1 , b o t h  m eth o d s g i v e  t h e  sam e r e s u l t s  w i t h in  th e  

l i m i t s  o f  e x p e r im e n t a l  e r r o r .

T h r ee  c o n v e r s io n  v s .  t im e  c u r v e s  a r e  p r e s e n t e d  in  

F ig u r e s  6 , 7 ,  and 8 . F ig u r e  6  r e p r e s e n t s  t h e  c o n v e r s io n  

t im e  b e h a v io r  f o r  a s i n g l e  k e t t l e  ru n  and i n d i c a t e s  th e  

a b s e n c e  o f  s c a t t e r  i n  c o n v e r s io n  d a t a  ta k e n  from  a  s i n g l e  

r e a c t i o n  v e s s e l  f o r  a  run  in  p r o g r e s s .  F ig u r e  7 i s  a com­

p o s i t e  r a t e  c u r v e  c o m b in in g  r a t e  d a t a  from  tw o k e t t l e  r u n s  

w it h  d a t a  from  s e v e r a l  b o t t l e  r e a c t o r s .  I n  th e  c a s e  o f  

t h e  b o t t l e  r e a c t o r  o n ly  on e  d a t a  p o i n t  i s  ta k e n  from  e a ch  

b o t t l e .  Thus# th e  s c a t t e r  i n  F ig u r e  7 r e p r e s e n t s  th e  d i f ­

f i c u l t y  i n  e x a c t l y  d u p l i c a t i n g  c o n d i t i o n s  b e tw e e n  r e a c t o r s  

r a t h e r  th a n  any d i f f i c u l t y  i n  a c c u r a t e l y  o b t a i n i n g  c o n v e r ­

s i o n  d a t a  on  a sa m p le  ta k e n  from  a r e a c t o r  o r  a s i n g l e  

b o t t l e .  The p r o b le m  o f  r e p r o d u c in g  c o n d i t i o n s  b e tw e e n  r e ­

a c t o r s  i s  d i s c u s s e d  in  g r e a t e r  d e t a i l  i n  A p p en d ix  A . F i g ­

u r e  7 i s  p r e s e n t e d  t o  show an a v e r a g e  c o n v e r s io n - t im e  b e ­

h a v io r  f o r  t h e  s ta n d a r d  fo r m u la t io n  o f  t h i s  s t u d y .  I t  

s h o u ld  b e  p a r t i c u l a r l y  n o t i c e d  t h a t  c o n s t a n t  r a t e  b e h a v io r  

i s  e x h i b i t e d  b e tw e e n  0 and 60  p e r c e n t  c o n v e r s io n .  From 60  

t o  90 p e r c e n t  c o n v e r s io n  th e  c o n v e r s io n  r a t e  i n c r e a s e s  and 

th e n  t a p e r s  o f f  u n t i l  p o ly m e r iz a t io n  i s  c o m p le te d . The
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a v e r a g e  c o n v e r s io n  r a t e  d u r in g  th e  c o n s t a n t  r a t e  p e r io d  i s  

13%/hr. -  2% /hr„

F ig u r e  8  r e p r e s e n t s  a  k e t t l e  run  t h a t  w as p e r tu r b e d

a f t e r  80  m in u te s  b y  t h e  a d d i t i o n  o f  0„5 gms„ o f  a d d i t i o n a l

K S 0 . As shown,, t h e  a d d i t io n  o f  i n i t i a t o r  d u r in g  t h e  
2 2 8

c o n s t a n t  r a t e  p e r io d  d o e s  n o t  a l t e r  th e  sh a p e  o f  t h e  c u r v e  

up t o  a b o u t  60 p e r c e n t  c o n v e r s io n  e v e n  th o u g h  t h e  r i s e  in  

r a t e  a f t e r  60  p e r c e n t  c o n v e r s io n  ( a s s o c i a t e d  w i t h  t h e  

T rom m sd orff e f f e c t )  i s  m ore p r o n o u n c e d „ I n  a c c o r d a n c e  

w it h  p r e v io u s  d i s c u s s i o n  t h i s  i n d i c a t e s  t h a t  b e h a v io r  

d u r in g  t h e  c o n s t a n t  r a t e  p e r io d  i s  in d e e d  i d e a l  w it h  n = 

The s y s te m , t h e r e f o r e ,  h a s  a l l  o f  t h e  c h a r a c t e r i s t i c s  o f  

t h e  S m ith -E w a r t k i n e t i c s  f o r  p o l y d i s p e r s e  fo r m u la t io n s , ,
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FIGURE 6

CONVERSION vs. TIME FOR A SINGLE KETTLE RUN KI ■
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FIGURE 8 
CONVERSION vs. TIME
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E -  M o le c u la r  W e ig h t D e v e lo p m e n t

1 -  I n t r o d u c t i o n

The d i s c u s s i o n  o f  m o le c u la r  w e ig h t  d e v e lo p m e n t  

h a s  b e e n  d iv i d e d  i n t o  tw o m ajor  s e c t i o n s .  I n  t h e  f i r s t  

s e c t i o n , f i n a l  r e s u l t s  and c o n c l u s i o n s  a r e  d i s c u s s e d ,  mo­

l e c u l a r  w e ig h t  t r e n d s  a r e  a n a ly z e d ,  and t h e  p r o b le m  o f  

m o le c u la r  w e ig h t  i n c r e a s e  d u r in g  i d e a l  e m u ls io n  p o ly m e r i­

z a t i o n  i s  d e f in e d  b y  c o m p a r iso n  o f  m ea su red  and p r e d ic t e d  

m o le c u la r  w e i g h t s .  E x p e r im e n ta l  d a t a  p o i n t s ,  t e c h n iq u e s ,  

and t h e  d i s c u s s i o n  o f  e r r o r  h a v e  b e e n  o m it t e d  from  t h i s  

s e c t i o n .

The sec o n d  s e c t i o n  d e a l s  w i t h  th e  raw d a t a  u sed  

t o  o b t a in  t h e  sm ooth ed  c u r v e s  d i s c u s s e d  in  th e  f i r s t  s e c ­

t i o n ,  D e t a i l e d  e x p e r im e n ta l  d a t a  a r e  p r e s e n t e d  and i t  i s  

show n t h a t  e x p e r im e n t a l  e r r o r  i s  a t  l e a s t  an o r d e r  o f  mag­

n i t u d e  s m a l le r  th a n  t h e  t r e n d s  b e in g  d i s c u s s e d .  The d i s ­

c u s s i o n  h a s  b e e n  a r r a n g e d  in  t h i s  o r d e r  f o r  c l a r i t y  and 

c o n t i n u i t y  in  t h e  d i s c u s s i o n  o f  r e s u l t s ,  A t h i r d  s e c t i o n  

i s  c o n c e r n e d  w it h  m o le c u la r  w e ig h t  d i s t r i b u t i o n .
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2 - Discussion of Results

R e s u l t s  o f  t h e  e x p e r im e n t a l  i n v e s t i g a t i o n  o f  mo­

l e c u l a r  w e ig h t  d e v e lo p m e n t  a r e  sum m arized  in  F ig u r e  9 . 

P r e v io u s ly  p u b l is h e d  m o le c u la r  w e ig h t  d e v e lo p m e n t d a t a  f o r  

s t y r e n e  e m u ls io n  p o ly m e r iz a t io n  d e a l  w it h  v i s c o s i t y  a v e r ­

a g e  m o le c u la r  w e ig h t .  T h u s, v i s c o s i t y  a v e r a g e  m o le c u la r  

w e ig h t  i s  fo l lo w e d  t o  p r o v id e  a b a s i s  o f  c o m p a r iso n  b e ­

tw een  th e  p r e s e n t  s tu d y  and th e  l i t e r a t u r e .  In  o r d e r  t o  

make a v a l i d  c o m p a r iso n  w i t h  t h e o r y ,  h o w e v e r , number a v e r ­

a g e  m o le c u la r  w e ig h t  m u st a l s o  b e  c o n s id e r e d .  The v i s ­

c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  i s  s e n s i t i v e  t o  b r a n c h in g  

and t r a n s f e r  w h i le  t h e  number a v e r a g e  i s  n o t .  T h is  d i s ­

s e r t a t i o n  p r e s e n t s  t h e  f i r s t  p u b l is h e d  r e p o r t  o f  number 

a v e r a g e  m o le c u la r  w e ig h t  d e v e lo p m e n t d u r in g  i d e a l  s t y r e n e  

e m u ls io n  p o ly m e r iz a t io n .

Actual molecular weight measurements, naturally, 
yield a cumulative average. It is more useful, however, 
to follow the instantaneous molecular weight*, or kinetic 
chain length, development as an index of changing condi­
tions. Instantaneous molecular weights were simply deter­
mined from material balances on the cumulative molecular 
weight curves. (Appendix D).

*Instantaneous molecular weight is defined as the molecular 
weight of the polymer being generated at any instant of time.
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The p r e d ic t e d  in s t a n t a n e o u s  number a v e r a g e  mo­

l e c u l a r  w e ig h t  c u r v e  i s  c a l c u l a t e d  from  s te a d y  s t a t e  t h e o r y  

b y  m eans o f s

R
( 12)

k_[X 1

■with an e x p e r im e n t a l ly  d e te r m in e d  d e c o m p o s it io n  c o n s t a n t ,  

k ^ . The e x p e r im e n t a l  d e t e r m in a t io n  o f  k ^ , and t h e  d e t a i l s  

o f  th e  c a l c u l a t i o n  a r e  d i s c u s s e d  a t  l e n g t h  in  t h e  n e x t  s e c ­

t i o n  o The p r e d ic t e d  c u r v e  r e p r e s e n t s  m o le c u la r  w e ig h t  d e ­

v e lo p m e n t t h a t  i s  c o n s i s t e n t  w it h  t h e  i n i t i a t o r  k i n e t i c s  

o f  th e  s y s te m  b e in g  s t u d ie d  i f  c u r r e n t  s te a d y  s t a t e  t h e o r y  

a s  e x p r e s s e d  in  e q u a t io n  ( 1 2 ) i s  a c c u r a t e .
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FIGURE 9: MOLECULAR WEIGHT vs. CONVERSION. -
CUMULATIVE, INSTANTANEOUS AND 
PREDICTED AVERAGE VALUES,
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C o n s id e r  t h e  c o n c l u s i o n s  t o  b e  draw n from  F ig u r e  9:

1 -  The m o le c u l a r  w e ig h t  c u r v e s  a r e  t y p i c a l  and " o r d in a r y ."  

The c u m u la t iv e  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  d e v e lo p ­

m en t c u r v e  i s  s i m i l a r  t o  t h o s e  r e p o r t e d  b y  W il l ia m s  and 

B o b a le k  (11) and S m ith  (5 ) f o r  s i m i l a r  t y p e  s y s t e m s .  F u r­

t h e r ,  t h e  c u m u la t iv e  num ber a v e r a g e  c u r v e  i s  s i m i l a r  i n  

sh a p e  t o  th e  c u m u la t iv e  v i s c o s i t y  a v e r a g e  c u r v e .  The r a tio s  

o f  c u m u la t iv e  v i s c o s i t y  t o  number a v e r a g e  and in s t a n t a n e o u s  

v i s c o s i t y  t o  number a v e r a g e  m o le c u la r  w e ig h t  a r e  c o m p ile d  

in  T a b le  2 . I t  ca n  b e  s e e n  t h a t  i n  b o t h  c a s e s  th e  v i s ­

c o s i t y  t o  number a v e r a g e  m o le c u la r  w e ig h t  r a t i o  d o e s  n o t  

c h a n g e  d r a s t i c a l l y  d u r in g  p o ly m e r iz a t io n .  (The s l i g h t  i n ­

c r e a s e  in  t h e  c u m u la t iv e  r a t i o  i s  e x p e c t e d  b e c a u s e  o f  t h e  

c o n t in u o u s  i n c r e a s e  in  m o le c u la r  w e ig h t  d u r in g  th e  r e a c -  

tL on.) T h is  i s  i n d i c a t i v e  o f  a "norm al" mode o f  p o ly m e r i­

z a t i o n .

2 -  M o le c u la r  w e ig h t  i n c r e a s e  d u r in g  t h e  i d e a l  p e r io d ,  b e ­

tw een  0 and 60% c o n v e r s io n ,  i s  d e f i n i t e  and s i g n i f i c a n t l y  

l a r g e . The c u m u la t iv e  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  

i n c r e a s e s  a b o u t  500% from  3 0 0 ,0 0 0  t o  1 ,5 0 0 ,0 0 0  w h i le  t h e  

in s t a n t a n e o u s  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  in c r e a s e s  

600% from  3 0 0 ,0 0 0  t o  1 ,9 0 0 ,0 0 0  d u r in g  t h e  i d e a l  p e r io d .  

D u r in g  t h i s  sam e p e r io d  th e  c u m u la t iv e  num ber a v e r a g e  mo­

l e c u l a r  w e ig h t  i n c r e a s e s  450% from  1 1 0 ,0 0 0  t o  4 8 0 ,0 0 0  v h ile  

t h e  in s t a n t a n e o u s  num ber a v e r a g e  m o le c u la r  w e ig h t  i n c r e a s e s  

600% from  1 1 0 ,0 0 0  t o  6 3 0 ,0 0 0 .
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TABLE 2

TABULATION OF DATA FROM AVERAGE MOLECULAR WEIGHT CURVES

FIGURE 9

°/cC
M x lO   ̂

v  cum
M . xlO  ^

V I
M xlO   ̂

n  c um M .x lO   ̂
n i [ Mn,Jcum I'M . .

' h 7 i

10 0 .6 0 0 .2 0 0 3 .0 0

15 1 .0 6 0 .3 5 0 3 .0 4

20 0 .8 5 0 .2 7 5 3 .0 9

25 1 .4 4 0 .4 5 2 3 .1 8

30 1 .0 8 0 .3 4 5 3 .1 4

35 1 .7 1 0 .5 4 3 3 .1 4

40 1 .2 7 0 .3 9 5 3 .2 1

45

CO 0 
1—

1 0 .5 9 5 3 .1 0

50 1 .4 0 0 .4 3 0 3 .2 6

55 1 .8 8 0 .6 2 0 3 .0 4

60 1 .4 9 0 .4 5 5 3 .2 8

65 1 .8 1 0 .5 9 2 3 .0 6

70 1 .5 4 0 .4 7 5 3 .2 6

75 1 .6 2 0 .4 5 5 5 .2 3

80 1 .5 5

M̂v^cum = C u m u la t iv e  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t

(5Tp ^ = I n s t a n t a n e o u s  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t

(M ) = C u m u la t iv e  number a v e r a g e  m o le c u la r  w e ig h t_ n  cum  ̂ ^
(M^)^ = I n s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t
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3 -  The m o le c u la r  w e ig h t  d e v e lo p m e n t  c u r v e s  show t h r e e  d i s -  

J^irK 'J^J^gio^ C o n s id e r  th e  in s t a n t a n e o u s  num­

b e r  a v e r a g e  m o le c u la r  w e ig h t  c u r v e  a s  a s p e c i f i c  e x a m p le .  

From 0 t o  26 p e r c e n t  c o n v e r s io n  t h e  m o le c u la r  w e ig h t  i n ­

c r e a s e s  s t e e p l y  from  1 1 0 ,0 0 0  t o  4 6 0 ,0 0 0  o r  a b o u t 4 .5  t im e s .  

From 26% t o  60% c o n v e r s io n  t h e  m o le c u la r  w e ig h t  i n c r e a s e s  

l e s s  r a p id l y  from  4 6 0 ,0 0 0  t o  6 3 0 ,0 0 0  o r  o n ly  0 .5  t i m e s .

Thus t h e r e  a p p ea r  t o  b e  tw o r e g i o n s  o f  m o le c u la r  w e ig h t  

d e v e lo p m e n t  d u r in g  t h e  i d e a l  p e r i o d .  Beyond 60% c o n v e r ­

s i o n  t h e  in s t a n t a n e o u s  num ber a v e r a g e  m o le c u la r  w e ig h t  b e ­

g i n s  t o  d e c r e a s e .  The s i g n i f i c a n c e  o f  t h i s  t h r e e  r e g io n  

b e h a v io r  w i l l  b e  u n d e r s c o r e d  in  l a t e r  s e c t i o n s .

4 -  T h e re  i s  a d e f i n i t e  c o n f l i c t  b e tw e e n  c u r r e n t  s t e a d y  

s t a t e  th e o r y  and o b s e r v a t i o n . I f  t h e  m easured  i n s t a n t a ­

n e o u s  number a v e r a g e  m o le c u la r  w e ig h t  i s  e x t r a p o la t e d  t o  

z e r o  t im e  t h e  m o le c u la r  w e ig h t  d e te r m in e d  i s  i n  c o m p le te  

a g r e e m e n t w i t h  t h a t  p r e d ic t e d  from  s t e a d y  s t a t e  t h e o r y  

and t h e  d e c o m p o s it io n  d a t a .  A s t h e  r e a c t i o n  p r o c e e d s ,  

h o w e v e r , th e  m easu red  in s t a n t a n e o u s  m o le c u la r  w e ig h t  

r a p i d l y  d e v i a t e s  from  t h a t  p r e d i c t e d .  As F ig u r e  9 sh o w s, 

th e  s h a p e s  o f  t h e  e x p e r im e n t a l  and p r e d ic t e d  c u r v e s  a r e  

a t  v a r i a n c e .  The m easu red  c u r v e  r i s e s  s t e e p l y ,  t a p e r s  

o f f ,  and e v e n t u a l l y  b e g in s  t o  d e c r e a s e ,  w h erea s  th e  p r e ­

d i c t e d  c u r v e  i s  a s l u g g i s h l y  i n c r e a s i n g  e x p o n e n t i a l .

T a b le  3 f u r t h e r  i n d i c a t e s  t h a t  t h e  r a t i o  o f  p r e d i c t e d

t o  m ea su red  m o le c u la r  w e ig h t  s t a r t s  o f f  a t  a b o u t 1 .0 #
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d r o p s  t o  a b o u t 0 .2 5 0  b y  30% c o n v e r s io n  and c h a n g e s  s l i g h t l y  

b e tw e e n  30 and 60% c o n v e r s io n .  A f t e r  60% c o n v e r s io n  th e  

r a t i o  b e g in s  t o  r i s e .  T h is ,  a g a in ,  i s  i n d i c a t i v e  o f  th e  

t h r e e  r e g io n  b e h a v io r  n o t ic e d  e a r l i e r .

The c l o s e  a g r ee m e n t b e tw e e n  m easu red  and p r e d ic t e d  

m o le c u la r  w e ig h t s  a t  z e r o  t im e  i s  i n d i c a t i v e  o f  t h e  i n t e r ­

n a l  c o n s i s t e n c y  o f  th e  m o le c u la r  w e ig h t  and d e c o m p o s it io n  

d a t a .  The d is c r e p a n c y  b e tw e e n  m easu red  and p r e d i c t e d  mo­

l e c u l a r  w e ig h t s  a t  l a t e r  t im e s  i n d i c a t e s  a phenom ena w h ich  

i s  d e c r e a s in g  t h e  f r e e  r a d i c a l  e f f i c i e n c y .  The n u m e r ic s  

o f  T a b le  3 and t h e  v a r i a n t  sh a p e s  erf th e  p r e d ic t e d  and mea­

su r ed  m o le c u la r  w e ig h t  c u r v e s  d e s c r i b e  th e  c o n f l i c t  b e ­

tw een  th e o r y  and o b s e r v a t io n .

The s c o p e  o f  th e  p ro b lem  c a n  th u s  b e  s t a t e d  a s  f o l ­

lo w s :  .M o lecu la r  w e ig h t  i n c r e a s e s  s e v e r a l  f o l d  d u r in g  th e

i d e a l  p e r io d ,  and t h e  in c r e a s e  c a n n o t  b e  e x p la in e d  b y  c u r ­

r e n t  s t e a d y  s t a t e  th e o r y  o r  a q u eo u s  phenom ena a s s o c i a t e d  

w it h  t h e  i n i t i a t o r .
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TABLE 3

MEASURED AND PREDICTED INSTANTANEOUS 
NUMBER AVERAGE MOLECULAR WEIGHT

P e r c e n t  C o n v e r s io n

I n s t a n t a n e o u s  
Number A v e ra g e  
M o le c u la r  W eig h t  
M ea su red , (Mn ^)

I n s t a n t a n e o u s
Number A v e r a g e
M o le c u la r  W eight
P r e d ic t e d  (M .)• n i p

0 1 1 0 ,0 0 0 1 0 5 ,0 0 0 0 .  960

10 2 8 0 ,0 0 0 1 1 0 ,0 0 0 0 .  394

20 4 0 0 ,0 0 0 1 2 0 ,0 0 0 0 .3 0 0

30 5 0 0 ,0 0 0 1 2 5 ,0 0 0 0 .2 5 0

40 5 7 0 ,0 0 0 1 3 3 ,0 0 0 0 .  233

50 6 1 0 ,0 0 0 1 4 0 ,0 0 0 0 .2 3 8

60 6 1 0 ,0 0 0 1 5 0 ,0 0 0 0 .2 4 6

70 5 5 0 ,0 0 0 1 6 5 ,0 0 0 0 .3 0 0
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3 - Discussion of the Data

a) V i s c o s i t y  A v e ra g e  M o le c u la r  W e ig h t

I n t r i n s i c  v i s c o s i t i e s  w ere  d e te r m in e d  b y  th e  

o n e  p o i n t  m ethod o f  Maron (36 ) from  r e l a t i v e  v i s c o s i t i e s  

o f  d i l u t e  t o lu e n e  s o l u t i o n s  m easu red  a t  30°C in  C annon-  

U b h e lo d e  d i l u t i o n  v i s c o m e t e r s .  I n  t h e  e x p o n e n t ia l  r e l a ­

t i o n s h i p  ()^) = KM a t h e  c o n s t a n t s  o f  G o ld b e r g  e t  a l .  (37 )

w e re  u s e d .  K = 3 .7  x  10 ^ and a  = 0 .6 2 =  M i s  t h e  v i s -
v

c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  and (Vf) i s  th e  i n t r i n s i c  

v i s c o s i t y  o f  th e  d i l u t e  p o l y s t y r e n e - t o l u e n e  s o l u t i o n .

The m o le c u la r  w e ig h t  d a t a  a r e  c o m p ile d  i n  

T a b le  4 .  I n t r i n s i c  v i s c o s i t y - c o n v e r s i o n  b e h a v io r  i s  p r e ­

s e n te d  in  F ig u r e  10 and c u m u la t iv e  and in s t a n t a n e o u s  v i s ­

c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  i s  p r e s e n t e d  i n  F ig u r e  1 1 .  

F i r s t ,  c o n s id e r  t h e  v i s c o s i t y  a v e r a g e  d a t a  a s t e r i s k e d  in  

T a b le  4 .  H ere  tw o s e p a r a t e  in d e p e n d e n t  d e t e r m in a t io n s  

w e re  made on th e  same sa m p le  t o  c h e c k  r e p r o d u c i b i l i t y .

I n  a l l  c a s e s  r e p r o d u c i b i l i t y  b e tw e e n  d e t e r m in a t io n s  i s  

w e l l  w i t h i n  + 5%0 The a s t e r i s k e d  d a t a  a l s o  i n d i c a t e  th at 

t h e  e r r o r  in  v i s c o s i t y  m ea su rem en t i s  som ew hat m a g n if ie d  

in  th e  c a l c u l a t i o n  o f  m o le c u la r  w e ig h t .  C o m p a riso n  o f  

F ig u r e s  .10 and 11 w i l l  f u r t h e r  b e a r  t h i s  o u t .  The s t a n ­

d ard  d e v i a t i o n  w i t h in  a  d e t e r m in a t io n  i s  l e s s  th a n  + 3%.

V i s c o s i t y  a v e r a g e  sa m p le s  w e r e  o b t a in e d  

from  s e v e r a l  d i f f e r e n t  r e a c t o r s  a s  show n i n  F ig u r e  1 1 .

W ith  t h e  e x c e p t io n  o f  t h e  5 0  p e r c e n t  c o n v e r s io n  sa m p le
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TABLE 4 

MOLECULAR WEIGHT DATA

RUN AND 
SAMPLE # %C

INTRINSIC
VISCOSITY-

M x  10 ^
V

- 5  I
M x  10 1 n i

I

i

i—i i& 17 = 5 1 .9 7 0 .8 2 2
♦

2 .3 3  j1
2 3 4 .1 2 . 5 1 ,2 .5 2 * 1 .1 2 ,1 .1 6 * 3 . 1 8 , 3 . 0 3 * |

3 5 0 .0 1 . 9 6 ,1 .9 7 * 0 .7 7 6 ,0 .7 7 8 * 3 .7 9  1

4 7 6 .0 2 .6 8 1 .1 0 4 .4 6  j

5 9 7 .0 2 .7 5 ,2 .8 0 * 1 .2 5 ,1 .3 6 * 3 .7 9  |

K I I -  1 8 .0 -  -  - -  -  - 2 .0 8  1j
2 2 2 .0 2 . 0 3 ,1 .9 5 * 0 .8 5 2 ,0 .7 8 4 * 3 .2 0  1

3

o
0

<r>CO 2 .5 4 1 .2 0 4 .0 4 ,4 .0 4 * 1

4 5 4 .0 2 .8 3 1 .3 0 4 .8 8  j
j

5 9 2 .0 3 .2 7 1 .6 0 4 .0 4

<r>iH

4 2 .0 2 .8 9 1 .4 4 i
10 1 0 0 .0 3 .4 9 1 .8 4

1
1

B I I -  3 2 3 .0 2 .3 5 1 .0 7

B I I I - 1 5 .0 1 .7 0 0 .6 3 2

2 1 4 .0

m
 

o
 0 

1—I 0 .7 3 5

3 2 2 .0 2 .1 5 0 .9 2 0

4 3 0 .0 2 .0 0 0 .8 8 0
1

6 5 8 .0 2 .9 6 1 .4 4 8 !

*Two s e p a r a t e  d e t e r m in a t io n s  t o  c h e c k  r e p r o d u c i b i l i t y  

K I„ K II a r e  k e t t l e  r u n s .

B I , B I I ,  B i l l  a r e  b o t t l e  p o ly m e r iz e r  r u n s .
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from  run  K I I ,  a l l  o f  t h e  c u m u la t iv e  m o le c u la r  w e ig h t  

d a t a  p o i n t s  b e tw e e n  0 and 60% c o n v e r s io n  l i e  w i t h i n  

+ 15% o f  t h e  a v e r a g e  c u r v e ;  i n  f a c t ,  h a l f  o f  t h e  d a t a  

p o i n t s  in  t h i s  r a n g e  a r e  on t h e  a v e r a g e  c u r v e .  I f  on e  

w e re  t o  c o n s id e r  any o n e  r e a c t o r  t h e  s c a t t e r  i n  t h e  

d a t a  w ou ld  b e  e v e n  l e s s .  Much o f  t h e  s c a t t e r  ca n  b e  

a s c r ib e d  t o  t h e  d i f f i c u l t y  in  e x a c t l y  r e p r o d u c in g  c o n ­

d i t i o n s  w i t h i n  a r e a c t o r  b e tw e e n  r u n s .  The i n s t a n ­

ta n e o u s  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  c u r v e  w as  

draw n from  t h e  a v e r a g e  c u m u la t iv e  c u r v e .

I n  t h e  p r e v io u s  s e c t i o n  m o le c u la r  

w e ig h t  i n c r e a s e s  on t h e  o r d e r  o f  h u n d r e d s  o f  p e r c e n t  

w e re  c o n s id e r e d .  H e r e , i t  h a s  b e e n  shown t h a t  th e  

maximum s c a t t e r  in  t h e  d a t a  i s  + 15%. T he s c a t t e r ,  

t h e n ,  i s  an o r d e r  o f  m a g n itu d e  s m a l le r  th a n  t h e  t r e n d s  

b e in g  c o n s id e r e d .

b) Number A v e r a g e  M o le c u la r  W e ig h t

Number a v e r a g e  m o le c u la r  w e ig h t s  w ere  

d e te r m in e d  from  o s m o t ic  p r e s s u r e  v i a  t h e  l i m i t i n g  law  

o f  v a n ' t  H o f f .  O sm o tic  p r e s s u r e s  w e re  m ea su red  w it h  

a H techirolab 5 0 1  h ig h  sp e e d  osm om eter u t i l i z i n g  an A rro  

300-D  g e l  c e l l o p h a n e  m em brane. T o lu e n e  s o l u t i o n s  w ere  

u se d  a t  3 7 °C .

The m o le c u la r  w e ig h t  d a t a  a r e  c o m p ile d  

in  T a b le  4 w h ere  th e  a s t e r i s k e d  d a t a  a g a in  i n d i c a t e  

t h a t  number a v e r a g e  m o le c u la r  w e ig h t  m e a su r em e n ts  f o r
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a g iv e n  sa m p le  w e r e  r e p r o d u c ib le  t o  w i t h i n  + 5%„ Mea­

su r e m e n ts  w i t h i n  a g iv e n  d e t e r m in a t io n  w e re  l i k e w i s e  

r e p r o d u c ib le  t o  w i t h i n  + 5% (A p p en d ix  D ) „

Number a v e r a g e  m o le c u la r  w e ig h t  sam­

p l e s  w e r e  ta k e n  from  k e t t l e  r u n s  KI and K I I C The cumu­

l a t i v e  a v e r a g e  d a t a  p o i n t s  f o r  t h e  tw o r u n s  l i e  on  

sm ooth  c u r v e s  w h ic h  a r e  e s s e n t i a l l y  p a r a l l e l  a s  show n  

i n  F ig u r e  12  „ I n  F ig u r e  1 2 , an a v e r a g e  m o le c u la r  

w e ig h t  c u r v e  i s  draw n b e tw e e n  t h e  c u r v e s  f o r  r u n s  KI 

and K 1I0 Run K II  w as c h a r a c t e r i z e d  b y  a c o n v e r s io n  

r a t e  o f  15 p e r c e n t  p e r  h o u r  and ru n  KI b y  a  r a t e  o f  

12 p e r c e n t  p e r  h o u r,, S in c e  t h e  a v e r a g e  c o n v e r s io n  

r a t e  f o r  th e  s y s te m  s t u d ie d  w as 1 3 + 2 %  p e r  h o u r , th e  

a v e r a g e  c u r v e  s h o u ld ,  in d e e d ,  b e  d e s c r i p t i v e  o f  t h e  

s y s t e m „ E i t h e r  m o le c u la r  w e ig h t  d e v e lo p m e n t  c u r v e  

(KI o r  K II) l i e s  w i t h i n  + 10% o f  t h e  a v e r a g e  c u r v e 0 

I n s t a n t a n e o u s  num ber a v e r a g e  m o le c u la r  w e ig h t s  w e re  

c a l c u l a t e d  from  r u n s  KI and K II s e p a r a t e l y  and l i s t e d  

i n  T a b le  5„ The r e s u l t s  a r e  p r e s e n t e d  g r a p h i c a l l y  in  

F ig u r e  13 w h ere  i t  i s  a g a in  s e e n  t h a t  e a c h  c u r v e  l i e s  

w i t h i n  j+ 10% o f  an  a v e r a g e  c u r v e ,. The p r e d ic t e d  i n ­

s t a n t a n e o u s  num ber a v e r a g e  m o le c u la r  w e ig h t  i s  a l s o  

p r e s e n t e d  in  F ig u r e  1 3 , b u t  d i s c u s s i o n  o f  t h i s  c u r v e  

w i l l  b e  r e s e r v e d  u n t i l  l a t e r , ,

The sm ooth  b e h a v io r  o f  t h e  i n d i v i d u a l  

m o le c u la r  w e ig h t  c u r v e s  f o r  r u n s  K I, K II u n d e r s c o r e s  

t h e  f a c t  t h a t  s c a t t e r  in  t h e  d a t a  i s  b a s i c a l l y  a r e s u l t
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o f  d i f f i c u l t y  in  e x a c t l y  r e p r o d u c in g  c o n d i t i o n s  b e tw e e n  

r u n s  b a s e d  on th e  sam e f o r m u la t io n „ I t  sh o u ld  b e  n o te d  

h e r e  t h a t  t h e  p ro b lem  o f  r e p r o d u c i b i l i t y  i s  c h a r a c t e r i s ­

t i c  o f  e m u ls io n  p o ly m e r iz a t io n  s t u d i e s  in  g e n e r a l  and  

t h e r e f o r e  n o t  u n iq u e  t o  t h i s  s t u d y „ F u r t h e r ,  t h e  s c a t ­

t e r  o r  sp r e a d  o f  + 1 0 % i n  t h e  d a t a  i s ,  a g a in ,  an o r d e r  

o f  m a g n itu d e  l e s s  th a n  t h e  m o le c u la r  w e ig h t  i n c r e a s e  

d i s c u s s e d  i n  t h e  p r e c e d in g  s e c t i o n .
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TABLE 5

INSTANTANEOUS NUMBER AVERAGE MOLECULAR 
WEIGHTS CALCULATED FOR RUNS K I, K II

RUN KI RUN K II

CUMULATIVE INSTANTANEOUS CUMULATIVE INSTANTANEOUS
NUMBER NUMBER AVERAGE NUMBER NUMBER AVERAGE
AVERAGE AVERAGE

%c CUM. (M ) . n i (Mn^CUM.
(M ) . 

n i

1 0 l „ 6 5 x l 0 5
5

2 o25x10

15 3 o 0 5 x l0 5 3 . 9 5 x l 0 5

2 0 2 o 3 5 x lQ 5 3 „ 1 0 x l0 5

25 4 „ 0 0 x l0 5 5 . 0 5 x l 0 5

30 2 .9 0 x l 0 5 3 „ 7 5 x l0 5

35 4 o9 0 x l0 5 5 . 7 5 x l 0 5

40 3 o 4 0 x l0 5 4 .2 5 x lO S

45 5 o4 0 x l 0 5 6 . 5 0 x l 0 5

50 3 „ 8 0 x l0 5 4 „ 7 0 x l0 5

55 5 o9 0 x l0 5 6 o 5 0 x l0 S

60 4 o1 5 x l0 5 5 , 0 0 x l 0 5

65 5 „ 8 0 x l0 5 6 . 0 5 x l 0 S

70 4 „ 4 0 x l0 5 5 „ 1 5 x l0 5

75 5 o2 0 x l0 5 3 .9 5 x lO S

80 4 » 5 0 x l0 5 5 „ 0 0 x l0 5
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c  -  I n i t i a t o r  K i n e t i c s

A s m e n tio n e d  e a r l i e r ,  a th o ro u g h  u n d e r s ta n d in g  o f  

m o le c u la r  w e ig h t  d e v e lo p m e n t  h in g e s  upon a k n o w le d g e  o f  

i n i t i a t o r  k i n e t i c s 0 T h is  i n v o l v e s  k n o w le d g e  o f  t h e  r a t e  

o f  i n i t i a t o r  d e c o m p o s i t io n  and t h e  r a t e  o f  f r e e  r a d i c a l  

g e n e r a t i o n „ F or a  s y s te m  in  w h ic h  s i d e  r e a c t i o n s  d o  n o t  

o c c u r  t h e s e  tw o r a t e s  s h o u ld  b e  e q u a l .  A g e n e r a l  d i s c u s ­

s i o n  o f  i n i t i a t o r  k i n e t i c s  f o l l o w s .

1 -  I n i t i a t o r  D e c o m p o s i t io n

T he r a t e  o f  p e r s u l f a t e  d e c o m p o s i t io n  i n  a l k a l i n e  

so a p  s o l u t i o n  w as d e te r m in e d  v i a  an io d i n e  t i t r a t i o n  t e c h ­

n iq u e  i n i t i a l l y  d e v e lo p e d  b y  K o l t h o f f  e t  a l .  (2 8 , 3 8 ) .  A t ­

te m p ts  a t  d i r e c t  t i t r a t i o n  o f  a l a t e x  f a i l e d  b e c a u s e  o f  end  

p o i n t  o b s c u r i t y  so  t h e  t i t r a t i o n s  w e re  c a r r i e d  o u t  i n  a  s im ­

u la t e d  e n v ir o n m e n t i n  t h e  a b s e n c e  o f  l a t e x  o r  m onom er. S o ­

l u t i o n s  c o n t a in in g  180  g .  w a t e r ,  3 .0 0  g .  T r i t o n  X -1 0 0 , 0 .15tg . 

sod iu m  l a u r y l  s u l f a t e ,  0 .0 7 5  g .  KOH, and 0 .5 0 0  g„ K2^2^8

w ere  c h a r g e d  in  b o t t l e s .  The b o t t l e s  w e re  th e n  p la c e d  in  

t h e  b o t t l e  p o ly m e r iz e r  f o r  from  o n e  t o  fo u r  h o u r s  a t  

60 + 1°C , w ith d r a w n , and c  oo  i n  i c e  w a t e r .  Two k e t t l e  

r u n s  w e r e  a l s o  made a t  3 h o u r s  and 4 - 3 / 4  h o u r s .  The r e a c ­

t o r  sa m p le s  w e re  a c i d i f i e d  w i t h  a c e t i c  a c i d .  T en gram s o f  

KI w e r e  ad d ed  and a l lo w e d  t o  r e a c t  w it h  t h e  r e s i d u a l  K .S 0
2 2 o

f o r  30 m in u te s  w ith  a g i t a t i o n .  The r e l e a s e d  io d i n e  w as t i ­

t r a t e d  q u a n t i t a t i v e l y  w i t h  so d iu m  t h i o s u l f a t e .
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The s c a t t e r  in  t h e  d a t a  w as a t t r i b u t e d  p r im a r i ly  t o  

tw o p h en om en a. F i r s t ,  t h e  s o a p  s o l u t i o n  foam ed m aking t i ­

t r a t i o n  d i f f i c u l t .  S e c o n d ly ,  t h e  p r e s e n c e  o f  s u r f a c t a n t  

m asked t h e  e f f e c t  o f  t h e  s t a r c h  i n d i c a t o r .  A lth o u g h  t h e  

d a t a  w i l l  n o t  b e  p r e s e n t e d  u n t i l  A p p en d ix  E , i t  w as d e f i n i t e ­

l y  e s t a b l i s h e d  t h a t  t h e  p r e s e n c e  o f  KOH and s u r f a c t a n t  d id  

n o t  a f f e c t  t h e  v a l i d i t y  o f  t h e  t i t r a t i o n .  F u r t h e r ,  i t  w as 

e s t a b l i s h e d  t h a t  t h e  p r e s e n c e  o f  so a p  and KOH s i g n i f i c a n t l y

a f f e c t e d  th e  d e c o m p o s it io n  k i n e t i c s .  The K S 0 w as fou n d
2 2 o

t o  d eco m p o se  fo u r  t im e s  f a s t e r  i n  t h e  a l k a l i n e  so a p  s o l u t i o n .

T a b le  6  and F ig u r e  14 i n d i c a t e  t h a t  t h e  d e c o m p o s i­

t i o n  o f  p o t a s s  rum p e r s u l f a t e  i n  a q u eo u s a l k a l i n e  (pH=9) so a p
- 3  - 1s o l u t i o n  i s  f i r s t  o r d e r  w it h  k^ = 1 .3 0  x  10 m in  . T h is

v a lu e  i s  m ore th a n  t h r e e  t im e s  g r e a t e r  th a n  t h a t  d e te r m in e d

b y  K o l t h o f f  e t  a l„  (2 8 ) in  th e  a b s e n c e  o f  s o a p s .  In  F ig u r e

1 4 , t h e  tw o d o t t e d  l i n e s  r e p r e s e n t  b ou n d s on  t h e  d a t a .  The
- 3  - 1h ig h  bound i n d i c a t e s  k  = 1 .5 5  x  10 m in w h i l e  t h e  low

- 3  - 1
bound y i e l d s  k  = 1 .0 5  x  10 m in  . T hus t h e  maximum e r r o r

D - 3  - 1
in  u s in g  k^ = 1 .3  x  10 m in i s  +_ 20%. T h e se  d a t a  and

t h e i r  i m p l i c a t i o n  in  m o le c u la r  w e ig h t  d e v e lo p m e n t  w i l l  b e

d i s c u s s e d  a f t e r  a  c o n s i d e r a t i o n  o f  f r e e  r a d i c a l  g e n e r a t io n

r a t e s .
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TABLE 6

% DECOMPOSITION OF K S O IN ALKALINE SOAP SOLUTION
2 2 o

R e a c t io n  Time? 1  h r . 2  h r . 3 h r . 4  h r .
4 h r .
45 m in .

8 . 2% 16.4% 22.7%* 2 6 .6 2 7 .7 *

5.6% 9.3% 2 0 . 6 % 2 4 .0 ----------

1 0 . 1% 1 0 . 0 % 22.9% 2 5 .8

_ _ _

..

25.3% 2 3 .3 ----------

* K e t t l e  Runs
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2 - Free Radical Generation

I n  s i t u  i n h i b i t o r  s t u d i e s  w e re  c o n d u c te d  t o  m ea su re  

f r e e  r a d i c a l  g e n e r a t io n  r a t e s  i n  t h e  a c t u a l  a q u eo u s  r e a c t i o n  

m edium . T h is  w as d o n e  t o  v e r i f y  and a m p l i f y  t h e  d e c o m p o s it io n  

d a t a .  H ere  an a q u eo u s  s o l u t i o n  o f  p a r a q u in o n e  w as added t o  a 

r e a c t i o n ,  o n e ,  tw o , o r  t h r e e  h o u r s  in  p r o g r e s s  and t h e  r a d i c a l  

g e n e r a t io n  r a t e  w as m ea su red  b y  th e  l e n g t h  o f  t h e  in d u c t io n  

p e r io d  b e f o r e  r e a c t i o n  r esu m ed . S e e  F ig u r e  15 a s  a sa m p le  

c u r v e .

The p a r a q u in o n e - r a d ic a l  r e a c t i o n  sch em e w h ich  b e s t

f i t s  th e  d a t a  i s  o n e  b a s e d  on th e  w ork o f  Read and P r i c e  (3 9 )

( s e e  A p p en d ix  E) i n  w h ic h  tw o m o le s  o f  q u in o n e  a r e  consum ed

f o r  e a c h  m o le  o f  r a d i c a l  c a p t u r e d ,  o r ,  fo u r  m o le s  o f  q u in o n e

a r e  consum ed f o r  e a c h  m o le  o f  K S 0  d e c o m p o se d ,
2 2 8

The in  s i t u  in d u c t io n  p e r io d  s t u d i e s  w i t h  w a te r  s o l ­

u b le  i n h i b i t o r s  v e r i f i e d  t h e  n a tu r e  o f  t h e  a q u eo u s  p h a se  

f r e e  r a d i c a l  g e n e r a t io n  p r o c e s s .  C o m p a riso n  o f  co lu m n s E 

and F in  T a b le  7 show t h a t  t h e  m easu red  in d u c t io n  p e r io d s  

a r e  in  c l o s e  a g r e e m e n t w i t h  t h o s e  p r e d ic t e d  from  d e c o m p o s i­

t i o n  d a t a .  T h u s , f r e e  r a d i c a l s  a r e  form ed in  t h e  a q u eo u s  

p h a s e  b y  a  1 0 0 % e f f i c i e n t  f i r s t  o r d e r  d e c o m p o s i t io n  o f  p e r ­

s u l f a t e ,  and t h e  p r e s e n c e  o f  d i s s o l v e d  m onom er, l a t e x ,  and  

t h e  p h y s i c a l  l o c a t i o n  o f  t h e  so a p  do n o t  a l t e r  th e  decom po­

s i t i o n  k i n e t i c s  d e r iv e d  from  t h e  a q u e o u s  so a p  s o l u t i o n  

s t u d i e s .  The a g r e e m e n t  b e tw e e n  t h e  tw o t e c h n iq u e s  i s  r e ­

a s s u r i n g ,  b u t  t h e  i n h i b i t o r  m ethod i s  p r o b a b ly  t h e  m o st
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d i r e c t  and u s e f u l  g e n e r a l  a p p ro a c h  i n  su c h  s t u d i e s .

F u r th e r m o r e , c o m p a r iso n  o f  r u n s  1 , 4 ,  6 , and 7 ,  

from  T a b le  7 , i n  w h ic h  0 .0 3 2  g .  o f  p a r a q u in o n e  h a v e  b e e n  

added t o  r e a c t i o n s  1 5 ,  6 0 ,  1 2 0 , and 180 m in u te s  i n  p r o ­

g r e s s  show t h a t  t h e r e  i s  no u n u s u a l v a r i a t i o n  i n  t h e  r a d i ­

c a l  g e n e r a t io n  p r o c e s s  th r o u g h o u t  t h e  c o u r s e  o f  a r u n . To 

v e r i f y  t h e  q u a n t i t a t i v e  n a t u r e  o f  th e  s t u d y ,  n o t i c e  t h a t  

r u n s  2 ,  3 ,  and 4  show  t h a t  t h e  in d u c t io n  p e r io d  i s  d i r e c t ­

l y  p r o p o r t io n a l  t o  t h e  q u a n t i t y  o f  i n h i b i t o r  a d d ed . F u r -  

th e n  c o m p a r iso n  o f  r u n s  4 and 5 u n d e r s c o r e s  t h e  r e p r o d u c i ­

b i l i t y  o f  th e  m e a su r e m e n ts .
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TABLE 7

INHIBITOR DATA

A B C D E F

REACTION INDUCTION AD J„ EXPECTED
TIME (MUNo) %C/hr» PQ PERIOD (MIN.) IND0 PD0 IND. PD.

1 15 1 2  o 0 0 o 032 32 0 0 2 9 .6 29

2 60 14 o 5 0 » 0 0 8 -j 0 0

CO0 7 .5

3 60 1 3 ,4 0 .0 1 6 13 „ 0 1 3 .5 15

4 60 1 0  o 6 0 0 032 3 6 .0 2 9 .4 30

5 60 10 o 3 0 0 032 36 o0 2 8 .6 30

6 1 2 0 1 2 . 8 0 0 032 32 0 0 3 1 .2 33

7 180 1 5 .4 0 .0 3 2

0
0

0CO 3 5 .5 36

As R e a c t io n  t im e  a t  w h ic h  i n h i b i t o r  w as added„ (MIN0)

B: C o n v e r s io n  r a t e  b e f o r e  a d d i t io n  o f  i n h i b i t o r  (% C/hr„)

C: Q u a n t ity  o f  p a r a q u in o n e  added (giru)

D: M easu red  in d u c t io n  p e r io d  (m in .)

E: I n d u c t io n  p e r io d  a d j u s t e d  t o  an i n i t i a l  c o n v e r s io n

r a t e  o f  1 3 , 0% /h r. O b ta in e d  b y  m u l t i p l y i n g  t h e  mea­

su r e d  in d u c t io n  p e r io d  b y  t h e  r a t i o  o f  C ol=  B t o  1 3 o0 .  

( s e e  A p p en d ix  E ) „

F: E x p e c te d  in d u c t io n  p e r io d  b a se d  on  r e a c t i o n  m ech a n ism ,

d e c o m p o s i t io n  d a t a ,  and 1 0 0 % r a d i c a l  g e n e r a t io n  e f f i ­

c i e n c y  o
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ADD PARAQUINONE

60 1800 120

FIGURE 15 -  SAMPLE INHIBITOR CURVE 
(TABLE 5 , RUN 4)

0 .0 3 2  GM OF PARAQUINONE 
ADDED TO STANDARD RUN 
AFTER 60 MINUTES
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3 -  P r e d ic t e d  I n s t a n t a n e o u s  Number A v era g e  M o le c u la r  Vfeight

The in s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t

w as c a l c u l a t e d  u s in g  e q u a t io n  ( 1 2 ) .
R

PP ,k t
(1 2 > Xn = i T i  s  D

D O

a lo n g  w it h  an a v e r a g e  c o n v e r s io n  r a t e  o f  13% p e r  h o u r  and

t h e  i n i t i a t o r  k i n e t i c s  d i s c u s s e d  i n  t h i s  s e c t io n , ,  The c a l -
/

c u l a t i o n  w as p e r fo r m ed  w it h  t h e  h ig h *  low  and a v e r a g e  v a l u e s

o f  k  and th e  r e s u l t s  t a b u la t e d  i n  T a b le  8 .
D

I n  F ig u r e  13 b o th  t h e  m ea su red  and p r e d ic t e d  i n ­

s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t s  a r e  p r e s e n t e d  

w it h  t h e  d o t t e d  l i n e s  r e p r e s e n t in g  t h e  maximum b o u n d s o f  

e r r o r .  V is u a l  o b s e r v a t io n  o f  F ig u r e  13 r e v e a l s  t h a t  e x ­

p e r im e n t a l  s c a t t e r  d o e s  n o t*  in  any way* c lo u d  i n t e r p r e t a ­

t i o n  o f  tr e n d s  in  t h e  d a t a .  The c o n f l i c t  b e tw e e n  o b s e r v a ­

t i o n  and s t e a d y  s t a t e  th e o r y  is *  th u s*  c l e a r l y  o u t l i n e d  in  

F ig u r e  1 3 .
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TAB L E  8

INSTANTANEOUS NUMBER AVERAGE MOLECULAR 
WEIGHT CALCULATED FROM DECOMPOSITION DATA

TIME 
(MIN0)

% CONVERSION
d> 1 3%/hr 0 M

n;i.k
MniL

M . noM M . 
m H

0 0 45 2 ,0 0 0 1 2 8 ,0 0 0 1 0 5 ,0 0 0 8 8 ,5 0 0

60 13 4 6 0 ,  000 1 3 6 ,5 0 0 1 1 3 ,5 0 0 9 7 ,0 0 0

1 2 0 26 4 6 9 ,0 0 0 1 4 5 ,0 0 0 1 2 2 ,5 0 0 1 0 6 ,5 0 0

180 39 4 7 6 ,0 0 0 1 5 4 ,0 0 0 1 3 2 ,5 0 0 1 1 7 ,0 0 0

240 52 4 8 5 ,0 0 0 1 6 4 ,0 0 0 1 4 3 ,5 0 0 1 2 8 ,0 0 0

300 65 495  ,0 0 0 1 7 6 ,0 0 0 1 5 5 ,0 0 0 1 4 1 ,0 0 0

M in s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t  c a l c u ­
la t e d  w i t h  t h e  d e c o m p o s it io n  c o n s t a n t  d e te r m in e d  in  
p u re  a q u eo u s  m ed ia  b y  K o l t h o f f ;  k ^ = 0 »3 x l 0 - ^m in- ^

M . : in s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t  c a lc u -
n lL  l a t e d  w ith  t h e  l o w e s t  e x p e r im e n ta l  v a lu e  o f  k =

L 0 7 x l 0 ~  m in - ^

M . : in s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t  c a lc u -
niM la t e d  w i t h  t h e  a v e r a g e  e x p e r im e n ta l  v a lu e  o f  k =

1 „ 3 0 x l0 ~ 4m in - 1

M : in s t a n t a n e o u s  number a v e r a g e  m o le c u la r  w e ig h t  c a lc u -
n  *i t i

l a t e d  w it h  t h e  h i g h e s t  e x p e r im e n ta l  v a lu e  o f  k  =
I . 5 5 x 1 0 “ ^m in"!
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^ “ ^°lecular Weight Distribution

M o le c u la r  w e ig h t  d i s t r i b u t i o n  c u r v e s  f o r  i n d i v i d u a l  

sa m p le s  a t  22%, 34%, and 36% c o n v e r s io n  r e s p e c t i v e l y  a r e  

p r e s e n t e d  in  F ig u r e s  1 6 -1 8 „  The d a t a  w e re  o b t a in e d  b y  m eans 

o f  g e l  p e r m e a t io n  c h r o m a to g r a p h y , GPC*. The d a t a  c a n n o t  b e  

u se d  e x t e n s i v e l y  f o r  i n t e r p r e t a t i o n  b e c a u s e  o f  i n a c c u r a c i e s  

in  d e te r m in in g  w e ig h t  f r a c t i o n s  much b ey o n d  1 , 0 0 0 , 0 0 0 „

Some u s e f u l  in f o r m a t io n  c a n  b e  g le a n e d  from  t h e  d i s t r i b u t i o n  

d a t a  h ow ever,, F i r s t ,  t h e  d i s t r i b u t i o n s  a r e  s i m i l a r  t o  t h o s e  

r e p o r t e d  in  t h e  l i t e r a t u r e  f o r  t h e  f i n a l  e m u ls io n  p o ly m e r i ­

z a t i o n  p r o d u c t s  o f  o t h e r  s y s te m s  (4 0 )„  S e c o n d , t h e  m o le c u ­

l a r  w e ig h t  d i s t r i b u t i o n  c u r v e s  a r e  s i m i l a r  t o  e a c h  o t h e r  

th e r e b y  i n d i c a t i n g  no r a d i c a l  c h a n g e  i n  p o ly m e r iz a t io n  m ech­

a n ism  d u r in g  t h e  i d e a l  p e r i o d «, T h ir d ly ,  t h e  d a t a  r e v e a l  

t h a t  a l l  p o ly m er  o f  m o le c u la r  w e ig h t  l e s s  th a n  6 , 0 0 0  h a s  

b e e n  l o s t  i n  t h e  c l e a n i n g  p r o c e s s „ F i n a l l y ,  f o r  t h e  sa k e  

o f  c o m p a c tn e ss  t h e  e n t i r e  d i s t r i b u t i o n  c u r v e  h a s  n o t  b e e n  

d r a w n . N o n e t h e le s s ,  in  e a c h  i n s t a n c e  t h e  h i g h e s t  m o le c u ­

l a r  w e ig h t  s p e c i e s  fou n d  w as b e tw e e n  13 and 15 m i l l i o n .

*The GPC was done by Professor A.E. Hamielec of MacMaster 
University using samples prepared for analysis in this 
laboratory.
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F IG U R E  1 6

MOLECULAR WEIGHT DISTRIBUTION  
SAMPLE B i l l —3 ; 22%C

M = 
n

M

3 2 4 .0 0 0

1 . 2 9 0 . 0 0 0

1 . 0 5 0 . 0 0 0

= 3 . 98

HIGHEST MOLECULAR 
WEIGHT OBSERVED

1 .5 3 x 1 0 ?

0 . 20 0.40 0 .60  0 .8 0  1 . 0  1 . 2 0  

MOLECULAR WEIGHT x lO - 6

140 L60

R
ep

ro
du

ce
d 

wi
th 

pe
rm

is
si

on
 

of 
the

 
co

py
ri

gh
t 

ow
ne

r. 
Fu

rt
he

r 
re

pr
od

uc
tio

n 
pr

oh
ib

ite
d 

w
ith

ou
t 

pe
rm

is
si

on
.



W
EI

GH
T 

FR
AC

TI
O

N 
xl

O
7 2

FIGURE 17

MOLECULAR WEIGHT DISTRIBUTION

SAMPLE I d - 2 ; 3 4 . 1 °/<C10
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F -  M onom er-Polym er R a t io

The m onom er-p olym er r a t i o  w as m ea su red  on  u n a lt e r e d  

s a m p le s  ta k e n  from  a  ru n  in  p r o g r e s s  t o  y i e l d  d yn am ic r a ­

t h e r  th a n  e q u i l ib r iu m  r a t i o s .  The m ea su rem en t w as made v i a  

g a s  c h r o m a to g r a p h y . S a m p les  w e r e  ta k e n  from  t h e  k e t t l e ,  

q u en ch ed  w i t h  p a r a q u in o n e , and im m e d ia te ly  c e n t r i f u g e d  t o  

rem o v e  r e s i d u a l  m onom er. To in s u r e  t h e  d yn a m ic  n a t u r e  o f  

t h e  m ea su rem en t t h i s  p r o c e d u r e  w as c a r r i e d  o u t  in  l e s s  th a n  

f i v e  m in u te s  w it h o u t  d i l u t i o n  o f  th e  l a t e x  s a m p le .

The d e p e n d e n c e  o f  m on om er-p olym er r a t i o  on c o n v e r ­

s i o n  f o r  t h e  s ta n d a r d  f o r m u la t io n  o f  t h i s  s t u d y  i s  p r e s e n ­

t e d  i n  T a b le  9 and F ig u r e  1 9 . I t  s h o u ld  b e  n o t i c e d  t h a t  

t h e  d a t a  a r e  ta k e n  from  t h r e e  s e p a r a t e  r u n s  w i t h  an a v e r ­

a g e  c o n v e r s io n  r a t e  o f  13% p e r  h o u r , and t h e r e  i s  n e g l i ­

g i b l e  s c a t t e r  i n  t h e  d a t a .

The d e v e lo p m e n t  o f  m on om er-p olym er r a t i o  w ith  c o n ­

v e r s i o n  show s tw o d i s t i n c t  r e g i o n s .  F i r s t ,  t h e  m onom er- 

p o ly m e r  r a t i o  i n c r e a s e s  s l i g h t l y  in  t h e  r a n g e  from  0  t o  

a b o u t  26% c o n v e r s io n .  T h e r e a f t e r ,  th e  m on om er-p olym er  

r a t i o  d e c r e a s e s  s t e a d i l y .  T he f i r s t  p e r io d  o c c u r s  i n  th e  

c o n v e r s io n  r a n g e  w h ere  f r e e  monomer r e s e r v o i r s  a r e  s t i l l  

a v a i l a b l e .  T h u s, a s  monomer i s  p o ly m e r iz e d  w i t h i n  t h e  

p a r t i c l e  f r e s h  monomer i s  c o n t in u o u s ly  s u p p l i e d  t o  t h e  

p a r t i c l e .  The s l i g h t  r i s e  in  m on om er-p olym er r a t i o  b e ­

tw e e n  0  and 26% c o n v e r s io n  h a s  tw o p o s s i b l e  e x p l a n a t i o n s .  

F i r s t ,  i t  c o u ld  b e  s a i d  t h a t  t h e  m on om er-p olym er p a r t i c l e  

i s  n e v e r  a t  i t s  e q u i l ib r iu m  monomer v a lu e  and t h a t  monomer
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T A B L E  9

MONOMER-POLYMER RATIO AT 13%C PER HOUR

RUN & SAMPLE 
NUMBER

1 TIME 
(MIN0)

%C M/P

1 - 1 40 9 0 3 2 .2 5

2 82 18 o 7 2 .7 9

3 1 2 3 , 28 . 5 2 .3 6

4 173 3 9 06 1 .2 5

2 - 1 2 0 4 .2 2 .5 0

2 60 1 3 .4 2 .6 9

3 1 0 0 24 o 7 2 .7 7

4 140 3 5 .3 1 .4 5

5 180 4 7 .6 0 .8 3 5

3 -1 27 4 .7 2 .4 9

2 55 9 .7 2 .6 0

3 90 1 7 .5 2 . 6 6

4 1 1 0 2 1 .3 2 .7 9

5 135 2 7 .0 2 .2 5

■6 162 3 2 .3 1 .7 3
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CODE

3 . 0 0

2 . 50

2 .00

1 . 50

1 . 00

0 . 50

0

O RUN 1

D RUN 2 

O  RUN 3

\
0

SWOLLEN MONOMER-  
\  POLYMER RATIO

\

\
\

- J  I I I  I l  I I I I I I ! I I I I  I 1_

0 10 20 30 40

PERCENT CONVERSION

50 60

FIGURE 19 -  MONOMER-POLYMER RATIO FOR STANDARD 
FORMULATION; CONVERSION = 13%/HR.
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d i f f u s e s  t o  t h e  p a r t i c l e  f a s t e r  th a n  i t  i s  b e in g  p o ly m e r iz e d  

w i t h i n  t h e  p a r t i c l e .  Thus a s  t im e  p r o c e e d s  t h e  m o n o m er-p o ly ­

mer r a t i o  i n c r e a s e s  a s  th e  p a r t i c l e  te n d s  tow ard  an e q u i l i b r i ­

um v a l u e .  A s e c o n d  i n t e r p r e t a t i o n  o f  th e  d a t a  i s  t h a t  t h e  

m on om er-p o lym er p a r t i c l e  i s  a lw a y s  a t  e q u i l ib r iu m  s w e l l i n g ,  

and t h e  m on om er-p o lym er r a t i o  i n c r e a s e s  w i t h  i n c r e a s i n g  d i ­

a m eter  in  a c c o r d a n c e  w it h  t h e o r y  ( 1 5 ) .  I n  any e v e n t ,  t h e r e  

i s  a  d i s t i n c t  r e g io n  b e tw e e n  0  and 26% c o n v e r s io n  i n  w h ic h  

t h e  m on om er-p o lym er r a t i o  i n c r e a s e s  s l i g h t l y .

A t 26% c o n v e r s io n  t h e  f r e e  s t y r e n e  r e s e r v o i r s  d i s ­

a p p ea r  and a l l  o f  t h e  monomer i s  w i t h i n  t h e  m on om er-p olym er  

p a r t i c l e .  Prom t h i s  p o i n t  on  t h e  m on om er-p olym er r a t i o  

m u st d e c r e a s e  w i t h  c o n v e r s io n ,  and i s  f i x e d  b y  th e  c o n v e r s io n .  

F o r  e x a m p le , a t  50% c o n v e r s io n  t h e  m on om er-p olym er p a r t i c l e  

c o n s i s t s  o f  50% monomer and 50% p o ly m er  s o  t h a t  t h e  m onom er- 

p o ly m er  r a t i o  s h o u ld  b e  1 .0 0 .  T he c u r v e  c a l c u l a t e d  i n  t h i s  

m anner i s  show n a s  a  d o t t e d  l i n e  i n  F ig u r e  1 9 . The m ea su red  

m on om er-p o lym er r a t i o s  in  t h i s  s e c o n d  r e g io n  l i e  on  a  c u r v e  

t h a t  i s  a lm o s t  p a r a l l e l  t o  t h e  c a l c u l a t e d  c u r v e  b u t  a b o u t  

1 0 % lo w e r ,  p o s s i b l e  e x p la n a t io n s  f o r  t h i s  d e v i a t i o n  w i l l  b e  

d i s c u s s e d  in  A p p en d ix  F . F o r  now , h o w e v e r , i t  i s  im p o r ta n t  

o n ly  t c  n o t e  t h e  u n m is ta k a b le  g e n e r a l  sh a p e  o f  t h e  c u r v e .

T h u s , t h e  m on om er-p o lym er r a t i o  f i r s t  i n c r e a s e s  

s l i g h t l y  and t h e n  d e c r e a s e s  s h a r p l y .  T h is  i s  r e m a r k a b le  in  

t h a t  tw o r e g i o n  b e h a v io r  w it h  o v e r  300% c h a n g e  in  m onom er- 

p o ly m er  r a t i o  o c c u r s  d u r in g  t h e  i d e a l  p e r io d ,  w h ere  t h e  c o n ­

v e r s i o n  r a t e  i s  c o n s t a n t  up t o  60%. The d a t a ,  t h e r e f o r e ,
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i n d i c a t e  t h a t  t h e  r a t e  o f  c o n v e r s io n  i s  in d e p e n d e n t  o f  m ono­

m e r -p o ly m er  r a t i o .  F u r t h e r ,  i t  sh o u ld  h e  n o te d  a t  t h i s  p o i n t  

t h a t  t h e  tw o r e g io n s  o b s e r v e d  i n  m on om er-polym er r a t i o  d e v e l ­

opm ent c o i n c i d e  c l o s e l y  w i t h  t h e  f i r s t  tw o r e g io n s  o f  m o le c u ­

l a r  w e ig h t  d e v e lo p m e n t d i s c u s s e d  e a r l i e r .  Two r e g io n  m onom er- 

p o ly m er  r a t i o  b e h a v io r  show s up in  t h e s e  e x p e r im e n ts  b e c a u s e  

d yn am ic m onom er-polym er r a t i o s  a r e  m easu red  a s  o p p o sed  t o  

e q u i l ib r iu m  s w e l l  r a t i o s .

T he b u lk  o f  t h i s  s t u d y  h a s  e m p h a sized  d a ta  a ccu m u la ­

te d  f o r  o n e  s p e c i f i c  fo r m u la t io n  e x h i b i t i n g  13% c o n v e r s io n  

p e r  h o u r ,  M onom er-polym er r a t i o s  w ere  a l s o  m ea su red , how ­

e v e r ,  f o r  a c o n v e r s io n  r a t e  o f  21% /hr. To a c c o m p lis h  t h i s  

c h a n g e  i n  r a t e  t h e  s ta n d a r d  fo r m u la t io n  w as s im p ly  a l t e r e d  

b y  d o u b l in g  th e  am ount o f  sod iu m  l a u r y l  s u l f a t e .  The r a t e  

d a t a  a r e  p r e s e n t e d  in  F ig u r e  20 w here t h e  c o n s t a n t  r a t e  p e r i ­

od i s  s e e n  t o  e x te n d  s l i g h t l y  b eyon d  60%C. The c o n s t a n t  

r a t e  p e r io d  i s  s l i g h t l y  lo n g e r  th a n  f o r  t h e  13% /hr. ru n  b e ­

c a u s e  t h e  p a r t i c l e  d ia m e t e r s  f o r  t h e  2 1 % /h r , run  a r e  s m a l l ­

e r .  T he s l i g h t  d i f f e r e n c e  b e tw e e n  r u n s  4 and 5 in  T a b le  10  

i s  a g a in  d u e  t o  t h e  d i f f i c u l t y  o f  e x a c t l y  r e p r o d u c in g  c o n ­

d i t i o n s  b e tw e e n  r e a c t i o n s  u t i l i z i n g  t h e  sam e f o r m u la t io n .

The m onom er-polym er r a t i o  d e c r e a s e s  c o n t in u o u s ly  a s  

show n i n  T a b le  10 and F ig u r e  2 1 . The sh a p e  o f  th e  c u r v e  

b r e a k s ,  h o w e v e r , a t  a b o u t 35% c o n v e r s io n  w h e r e  a l l  o f  t h e  

monomer i s  w i t h in  t h e  m on om er-p olym er p a r t i c l e .  A f t e r  t h i s  

p o i n t  t h e  m easu red  m onom er-polym er r a t i o  i s  a lm o s t  c o i n c i ­

d e n t:  w it h  t h e  c u r v e  p r e d ic t e d  from  c o n v e r s io n  c a l c u l a t i o n s .  ..

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

The d a t a  f o r  ru n  5 a r e  som ew hat a b o v e  t h e  c u r v e ;  t h i s  w i l l  

b e  d i s c u s s e d  i n  t h e  A p p e n d ix . The d e c r e a s in g  m o n o m er-p o ly ­

mer r a t i o  i n  t h e  f i r s t  r e g io n  i s  e x p la in e d  b y  r e a s o n in g  

t h a t  monomer i s  b e in g  p o ly m e r iz e d  f a s t e r  th a n  i t  i s  d i f f u s ­

in g  t o  t h e  m on om er-p olym er p a r t i c l e  s o  t h a t  t h e  p a r t i c l e  

c a n n o t  m a in t a in  an e q u i l ib r iu m  r a t i o .  A g a in , t h e  im p o r ta n t  

p o i n t  t o  n o t e  i s  t h a t  t h e  m on om er-polym er r a t i o  i s  d e c r e a s ­

in g  d r a s t i c a l l y  and i s  n e v e r  a t  e q u i l ib r iu m  d u r in g  t h e  c o n ­

s t a n t  r a t e  p e r i o d .  F u r t h e r ,  t h e  m on om er-p olym er r a t i o  

a g a in  sh o w s tw o d i s t i n c t  b e h a v i o r a l  r e g i o n s .

I n  F ig u r e  23 c o n v e r s io n  and m on om er-p olym er r a t i o  

c u r v e s  f o r  th e  13% and 21% r u n s  a r e  p r e s e n t e d  s im u lt a n e ­

o u s l y ,  w i t h o u t  d a t a  p o i n t s .  H e r e , i t  c a n  b e  s e e n  m o st  

c l e a r l y  t h a t  t h e  m onom er-p olym er r a t i o  c h a n g e s  d r a m a t ic a l l y  

in  b o t h  c a s e s  w h i l e  t h e  p o ly m e r iz a t io n  r a t e  i s  c o n s t a n t .  

T h is  d a t a  a g r e e s  in  i t s  g e n e r a l  t r e n d s  w ith  t h e  e a r l y  w ork  

o f  H a r k in s  ( 2 4 ) .
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T A B L E  1 0

MONOMER-POLYMER RATIO AT 21%C PER HOUR

RUN AND SAMPLE 
NUMBER

TIME
(MINo) %C M/P

4 - 1 45 1 4 .6 2o 93

2 75 25 04 2 .3 8

3 1 0 0 34 0 8 1 087

4 127 44  . 8 1 .2 4

5 160 55 o 3 0 .8 0 0

6 180 6 3 .5 0 .5 2 7

225 8 4 .0

255 00 CO 0 o

270 90 .0

5 -1 15 6  „ 2 3 .6 3

2 45 1 7 .3 3 .2 8

3 75 0
00CN 2 .3 0

4 105 38 o 6 1 . 8 6

5 135 4 9 .7 1 .1 7

6 165 6 1 08 0 .6 5 5

225 91 o 0
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G - Rates per Particle

S in c e  t h e  l a t i c e s  s t u d ie d  w e re  c o n t in u o u s ly  u n i ­

fo rm , r a t e s  p e r  p a r t i c l e ,  Rpp* c a n  k e  c a l c u l a t e d  b y  d i v i ­

d in g  t h e  b u lk  r a t e s ,  R ^, b y  th e  number o f  p a r t i c l e s ,  N^. 

T he number o f  p a r t i c l e s  c a n  b e  d e te r m in e d  b y  d i v i d i n g  t h e  

i n i t i a l  w e ig h t  o f  m onom er, W , b y  th e  f i n a l  w e ig h t  o f  a 

s i n g l e  p a r t i c l e ,  Wp f -  W i s  d e te r m in e d  from  t h e  d e n s i t y  

o f  p o l y s t y r e n e ,  ^  , and t h e  f i n a l  p a r t i c l e  d ia m e te r  Dp f  

T h u s :

R = Rp / . T pp  ' Np

and p  _ t
<?rr T

p f

T he r e s u l t s  o f  t h i s  c a l c u l a t i o n  f o r  t h e  tw o r a t e s  un der  

c o n s i d e r a t i o n  a r e  g iv e n  in  T a b le  1 1 ,

_ 6 w

TABLE 11 

R a t e s  P e r  P a r t i c l e

R
P

g m s . / h r .

D 4=p f

A

N
P

R ,
PP

g m s . /p a r t .  s e c .

13 . 2 ,3 0 0 1 .4 9 x lO l 6
-1 92 .4 2 x 1 0

2 1 1 ,9 5 0 2 . 46x 1 0 16 -1 92 .3 8 x 1 0
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I n  T a b le  11 t h e  r a t e s  p e r  p a r t i c l e  f o r  b o t h  form u­

l a t i o n s  a r e  s e e n  t o  b e  i d e n t i c a l » T h is  i s  e s p e c i a l l y  i n ­

t e r e s t i n g  w hen ta k e n  i n  c o n j u n c t io n  w ith  F ig u r e  2.3 w h ich  

show s t h a t  t h e  m on om er-p o lym er r a t i o  b e h a v io r  f o r  th e  tw o  

r u n s  ( e s p e c i a l l y  i n  t h e  r a n g e  from  0 -  30%C) i s  s i g n i f i ­

c a n t l y  d i f f e r e n t , ,  T h is  i s  f u r t h e r  e v id e n c e  f o r  t h e  f a c t  

t h a t  th e  p o ly m e r iz a t io n  r a t e  d o e s  n o t  d ep en d  upon t h e  

m on om er-p olym er r a t i o Q

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

H - Summary of Kinetic Studies for Standard Formulation

1 -  The l a t e x  g e n e r a t e d  h y  t h e  s ta n d a r d  f o r m u la t io n  i s  c o n ­

t i n u o u s l y  u n ifo r m  so  t h a t  a t t e n t i o n  c a n  b e  fo c u s e d  on  

t h e  i n d i v i d u a l  m on om er-p o lym er p a r t i c l e s  a s  t h e  l o c i  

o f  r e a c t io n o

2 -  C o n v e r s io n  b e h a v io r  from  0-60%C i s  i d e a l ;  t h e  c o n ­

v e r s i o n  r a t e  i s  c o n s t a n t  w i t h  n = \  and c o n s t a n t , ,

3 -  M o le c u la r  w e ig h t  i n c r e a s e s  s e v e r a l  f o l d  d u r in g  t h e

i d e a l  p e r i o d ,

4  -  The i n c r e a s e  i n  m o le c u la r  w e ig h t  c a n n o t  b e  e x p la in e d

b y  c u r r e n t  s t e a d y  s t a t e  t h e o r y ,  o r  b y  a q u e o u s  phenom ­

en a  a s s o c i a t e d  w it h  t h e  i n i t i a t o r  o r  g e n e r a t e d  f r e e  

r a d i c a l s o

5 -  T he m on om er-p o lym er r a t i o  i s  c o n t in u o u s ly  v a r i a b l e

(c h a n g in g  b y  a s  much a s  300%) d u r in g  t h e  c o n s t a n t  

r a t e  p e r i o d ;  t h u s ,  th e  r a t e  o f  p o ly m e r iz a t io n  i s  

in d e p e n d e n t  o f  th e  m on om er-p olym er r a t i o ,

6  -  B o th  m o le c u la r  w e ig h t  d e v e lo p m e n t  and m o n o m er-p o ly ­

mer r a t i o  show  two r e g io n s  o f  b e h a v io r  d u r in g  t h e  

i d e a l  p e r i o d ,

7 -  The p o ly m e r iz a t io n  r a t e s  p e r  p a r t i c l e  f o r  t h e  tw o

f o r m u la t io n s  s t u d ie d  w e re  i d e n t i c a l ,

8  -  New e x p e r im e n t a l  t e c h n iq u e s  a r e  p r e s e n t e d  and t h e

s c a t t e r  i n  t h e  d a ta - i s  a t  l ^ a s t  an o r d e r  o f  m a g n i­

tu d e  s m a l le r  th a n  t h e  t r e n d s  b e in g  d i s c u s s e d .
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IV - Presentation andoDiscussion of. a:. Model

A - Introduction

I n  t h i s  s e c t i o n  a  h e te r o g e n e o u s  m on om er-p olym er p a r t i ­

c l e  m o d el i s  p r e s e n t e d  t h a t  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  

o f  th e  p r e s e n t  s tu d y  a s  w e l l  a s  th e  d a t a  i n  t h e  l i t e r a t u r e .  

The d i s c u s s i o n  f o l l o w s  a lo n g  fo u r  l i n e s .  F i r s t , th e  m od el 

i s  s u g g e s t e d  b y  a c o n s i d e r a t i o n  o f  th e  a c c u m u la te d  k i n e t i c  

d a t a .  S econ d #  th e  p h y s i c a l  r a m i f i c a t i o n s  o f  th e  m o d el a r e  

d i s c u s s e d .  T h ird #  a d i r e c t  e x p e r im e n ta l  c o n f ir m a t io n  o f  

t h e  m o d el i s  p r e s e n t e d #  and f i n a l l y #  t h e  m o d el i s  e x te n d e d  

t o  e x p l a i n  t h e  o b s e r v e d  m o le c u la r  w e ig h t  d e v e lo p m e n t .  A l­

th o u g h  th e: m o d el t o  b e  d e s c r ib e d  i s  m a in ly  b a s e d  on  t h e  o n e  

s y s te m  s t u d ie d #  i t  s h o u ld  b e  n o te d  t h a t  t h i s  s y s te m  i s  t y p ­

i c a l  o f  many n o r m a lly  e n c o u n t e r e d  in  e m u ls io n  p o ly m e r iz a t io n .

B -  K i n e t i c  A n a ly s i s

T he r a t e  o f  p o ly m e r iz a t io n  p e r  p a r t i c l e  i n  e m u ls io n

p o ly m e r iz a t io n  i s  e x p r e s s e d  a s ;

(1 4 ) R = k  n [M]
PP P

w h ere  k  i s  a s p e c i f i c  r a t e  c o n s t a n t .  The d a t a  c o u p le d  w i t h  
3?

e q u a t io n  (1 4 ) s u g g e s t  a  h e t e r o g e n e o u s  m on om er-p olym er p a r t i ­

c l e  a c c o r d in g  t o  th e  f o l l o w i n g  r a t i o n a l e :

I n  t h i s  s tu d y #  R h a s  b e e n  m easu red  a s  c o n s t a n t ,  and
PP

n h a s  b e e n  d e te r m in e d  t o  b e  c o n s t a n t  and e q u a l  t o  \  up t o  

60 p e r c e n t  c o n v e r s io n .  S i n c e  t h e  o v e r a l l  p a r t i c l e  m onom er- 

p o ly m er  r a t i o  c h a n g e s  300% d u r in g  t h i s  p e r i o d ,  e q u a t io n  (14)
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s u g g e s t s  t h a t  t h e  b u lk  o f  t h e  p o ly m e r iz a t io n  o ccu rs  in  a z o n e  

o f  c o n s t a n t  monomer c o n c e n t r a t io n  w i t h in  t h e  p a r t i c l e .  S p e ­

c i f i c a l l y ,  i t  i s  p r o p o se d  t h a t  t h e  m on om er-p olym er p a r t i c l e  

c o n s i s t s  o f  a p o ly m er  r i c h  c o r e  su rro u n d ed  b y  a  monomer r i c h  

s h e l l .  P o ly m e r iz a t io n  t a k e s  p la c e ;  a t  t h e  c o r e  s u r f a c e  so  

t h a t  t h e  p a r t i c l e  grow s i n  an o n io n  s k in  m a n n er. A r a d i c a l  

e n t e r s  and p o ly m e r iz e s  around  t h e  c o r e  i n  a monomer r i c h  e n ­

v ir o n m e n t  u n t i l  a n o th e r  e n t e r s  t o  t e r m in a t e  i t ;  t h e  p a r t i c l e  

th e n  l i e s  dorm an t u n t i l  t h e  n e x t  r a d i c a l  e n t e r s .  T h is  i n ­

t e r p r e t a t i o n  c h a n g e s  t h e  p h y s i c a l  c o n c e p t  o f  t h e  monomer- 

p o ly m er  p a r t i c l e  b u t  p r e s e r v e s  th e ' b a s i c  t e n e t s  o f  S m ith -  

E w art t h e o r y .

By u s in g  th e  m o d e l p r e s e n t e d  we s h o u ld  b e  a b le  t o  

c a l c u l a t e  p o ly m e r iz a t io n  r a t e s  p e r  p a r t i c l e  b y  u s in g  e q u a t io n  

(1 4 ) w i t h  a r a t e  c o n s t a n t  d e te r m in e d  v i a  b u lk  p o ly m e r iz a t io n ,  

an  e x p e r im e n t a l ly  d e te r m in e d  n ,  and a monomer c o n c e n t r a t io n  

e q u a l  t o  t h e  d e n s i t y  o f  p u r e  monomer. The d e n s i t y  o f  p u re  

s t y r e n e  i s  905 g m s „ /l  and f o r  t h e  sy s te m  o f  i n t e r e s t ,  ' 

h = \  x  1 m o le s  . The m o s t  r e c e n t  d e te r m in a -

6 .02X 1023 P a r t i c l e

t i o n  o f  k  i n  s t y r e n e  p o ly m e r iz a t io n  i s  r e p o r t e d  b y  O l iv e  e t  a l ,  
J?

(4 1 ) a s  l o g  k^ = 6 .3 4 0  —  1 2 9 5 /T  w here k  h a s  u n i t s  o f

1 /m o le  s e c .  and T i s  in  °K„ T h u s , a t  60°C  k = 2 8 2 ^ /m o le  sec .
-1 9  ^and b y  e q u a t io n  1 4 , R = 2 .1 2 x 1 .0  g m . / p a r t i c l e  s e c o n d ,

T he e x p e r im e n t a l ly  d e te r m in e d  v a lu e  o f  R , i t  w i l l  b e  r e c a l l e d ,
- 1 9  ^

w as 2 .4 0 x 1 0  g m . / p a r t i c l e  s e c o n d . T he r a t h e r  good  a g r ee m e n t
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b e tw e e n  t h e  tw o in d e p e n d e n t ly  d e te r m in e d  v a lu e s  o f f e r s  

s t r o n g  s u p p o r t  f o r  th e  m o d e l.

C -  P h y s i c a l  C o n s id e r a t io n s

B e f o r e  p r e s e n t i n g  d i r e c t  e v id e n c e  f o r  t h e  e x i s ­

t e n c e  o f  t h e  m od el i t  m ig h t  b e  a p p r o p r ia t e  a t  t h i s  p o i n t  

t o  d i s c u s s  som e o f  t h e  p h y s i c a l  a s p e c t s  o f  th e  m o d e l.

To b e g i n ,  t h e  f a c t  t h a t  s t y r e n e  monomer i s  s l i g h t l y  s o l ­

u b le  in  w a te r  [ 0 . 2  g m . / l  a t  60°C ( 2 7 ) ]  w h i l e  p o l y s t y r e n e  

i s  e s s e n t i a l l y  i n s o l u b l e  in  w a te r  s u g g e s t s  i t s e l f  a s  a 

l i h e l y  d r i v i n g  f o r c e  f o r  th e  p a r t i c l e  c o n f i g u r a t i o n  su g ­

g e s t e d .  T he monomer s h e l l  p r o v id e s  a b u f f e r  z o n e  b e tw e e n  

t h e  p o ly m er  and w a t e r ,  and r e p u l s i o n  b e tw e e n  a g r o w in g  

c h a in  r a d i c a l  and t h e  a q u eo u s p h a s e  d r i v e s  an e n t e r i n g  

r a d i c a l  t o  t h e  p o ly m er  c o r e  th u s  a c c o u n t in g  f o r  p o l y ­

m e r iz a t io n  around  t h e  c o r e .

P a r t i c l e  n u c l e a t i o n  s t u d i e s  b y  W il l ia m s  (1 6 )  

and Roe (1 7 ) f u r t h e r  s u g g e s t  t h a t  m on om er-p olym er p a r t i ­

c l e s  a r e  g e n e r a t e d  b y  p o ly m er  c h a in s  p r e c i p i t a t e d  i n  th e  

a q u eo u s p h a s e  a t  e a r l y  c o n v e r s io n s  r a t h e r  th a n  from  so a p  

m i c e l l e s .  W il l ia m s  d id  n o t  o b s e r v e  p a r t i c l e s  b e lo w  5 p e r ­

c e n t  c o n v e r s io n  o r  l e s s  th a n  5 0 0  A i n  d ia m e te r  (5 0 0  A , a s  

w i l l  b e  d i s c u s s e d  b e lo w , i s  on t h e  o r d e r  o f  t h e  e x p e c t e d  

r a d iu s  o f  a ra n d o m ly  c o i l e d  p o ly m er  c h a in )  w h i l e  R oe ob ­

s e r v e d  e m u ls io n  p o ly m e r iz a t io n  i n  s y s te m s  w h ere  t h e  o r i g ­

i n a l  so a p  c o n c e n t r a t io n  was w e l l  b e lo w  t h e  c r i t i c a l  m i-  

c e l l a r  c o n c e n t r a t i o n .
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A c o n s i d e r a t i o n  o f  t h e  r e l a t i v e  s i z e s  o f  th e  m ono- 

m er-p o ly m er  p a r t i c l e  and a  p o ly m er  c h a in  i s  im p o r ta n t  in  

u n d e r s ta n d in g  t h e  m o rp h o lo g y  o f  t h e  m on om er-p olym er p a r t i ­

c l e .  F ig u r e s  2 -5  in d i c a t e d  t h a t  t h e  p a r t i c l e  d ia m e te r  

r a n g e s  b e tw e e n  1 ,0 0 0  and 2 ,3 0 0  A a s  c o n v e r s io n  i n c r e a s e s  

from  8 % t o  100%. A g a in , i t  w as show n t h a t  t h e  c u m u la t iv e  

number a v e r a g e  m o le c u la r  w e ig h t  in c r e a s e d  from  1 0 0 , 0 0 0  t o  

o v e r  5 0 0 ,0 0 0  b e tw e e n  0 and 60% c o n v e r s io n  and t h a t  a l l  

sa m p le s  s t u d ie d  b y  GPC c o n t a in e d  s m a l l  f r a c t i o n s  o f  p o l y ­

mer a s  h ig h  a s  1 5 ,0 0 0 ,0 0 0  i n  m o le c u la r  w e ig h t .  A p o ly ­

s t y r e n e  m o le c u le  o f  m o le c u la r  w e ig h t  5 0 0 ,0 0 0  w ou ld  h a v e  

an e x te n d e d  c h a in  l e n g t h  o f  a b o u t 1 2 ,5 0 0  A i n  t h e  z i g  z a g

c o n fo r m a t io n  and a r a d iu s  o f  g y r a t io n ,  R , o f .  295 A ( i n  a
G

good  s o lv e n t )  i n  t h e  random  c o i l  c o n fo r m a t io n  ( 3 1 ) .  S in c e  

t h e  r a d iu s  o f  a  s p h e r e  i s  2 .4 5  t im e s  t h e  r a d iu s  o f  g y r a ­

t i o n  t h i s  w o u ld  im p ly  a s p h e r i c a l  c o i l  d ia m e te r  e q u a l t o  

a b o u t 1500 A. T h e r e f o r e ,  an i n d i v i d u a l  c h a in  in  s o l u t i o n  

w ou ld  n o r m a lly  p e r v a d e  a vo lu m e a s  l a r g e  o r  l a r g e r  th a n  

t h e  m on om er-p olym er p a r t i c l e  i t s e l f  and w o u ld  h a v e  an e x ­

te n d e d  c h a in  l e n g t h  f i v e  t o  s i x  t im e s  g r e a t e r  th a n  t h e  

p a r t i c l e  d ia m e t e r .  I t  c a n  a l s o  b e  shown t h a t  b y  1 0  p e r ­

c e n t  c o n v e r s io n  e a c h  p a r t i c l e  may a lr e a d y  c o n t a in  a s  many 

a s  1 ,0 0 0  c h a i n s .  E ach o f  t h e s e  c h a in s  c o n t a in s  b u lk y  b e n ­

z e n e  r in g  s i d e  g r o u p s ,  and y e t  t h e y  a r e  a l l  p a ck ed  w i t h in  

a s p a c e  n o r m a lly  p e r v a d e d  b y  a s i n g l e  m o le c u le .  G rowth  

around t h e  p o ly m er  c o r e  p r o v id e s  a  r e a s o n a b le  e x p la n a t io n  

f o r  su ch  e f f i c i e n t  p a c k in g .  The p a c k in g  o f  a  la r g e  num­

b e r  o f  m o le c u le s  i n t o  a r e l a t i v e l y  s m a ll  vo lu m e s h o u ld  i n ­
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t r o d u c e  a  c r o w d in g  f o r c e  t h a t  w ou ld  te n d  t o  c a u s e  p a r t i c l e  

e x p a n s io n ,, T h is  f o r c e  i s  n o t  a c c o u n te d  f o r  i n  t h e  n orm al 

e n e r g y  t r e a t m e n t  o f  t h e  m on om er-p olym er p a r t i c l e  ( 1 5 ) .

The f a c t  t h a t  t h e  p o ly m er  c o r e  d o e s  n o t  expand  c o u ld  b e  

e x p la in e d  b y  t h e  p o ly m e r -w a te r  r e p u l s i o n  f o r c e .

D -  D i r e c t  C o n f ir m a t io n  o f  t h e  M od el

The f o l l o w i n g  e x p e r im e n t  w as p e r fo r m ed  a s  a d i r e c t  

t e s t  o f  t h e  m o d e l ( s e e  A p p en d ix  G f o r  d e t a i l s ) . B u ta d ie n e  

w as added t o  a  s t y r e n e  l a t e x  a t  2 0  p e r c e n t  c o n v e r s io n  and 

t h e  l a t e x  w as c a r r i e d  t o  100 p e r c e n t  c o n v e r s i o n . B u ta d ie n e  

c o p o ly m e r iz e s  w i t h  s t y r e n e  l e a v i n g  r e s i d u a l  d o u b le  b o n d s .

The r e s i d u a l  d o u b le  b o n d s  w e r e  r e a c t e d  w it h  Osmium T e t r a -  

o x id e  th e r e b y  " s t a in in g "  t h e  d o u b le  b o n d s . The p a r t i c l e  

w as im bedded i n  Epon and th e n  m icro to m ed  o r  s l i c e d  and 

v ie w e d  in  c r o s s  s e c t i o n  u n d er  an e l e c t r o n  m ic r o s c o p e .  B e­

c a u s e  'of t h e  d i f f e r e n c e  in  e l e c t r o n  o p a c i t y  b e tw e e n  t h e  

s t a in e d  d o u b le  b o n d s  and t h e  u n s t a in e d  p o ly m e r , any  s e c t i o n  

o f  t h e  p a r t i c l e  c o n t a in in g  r e a c t e d  b u t a d ie n e  w o u ld  a p p ea r  

d a r k e r .  I f  t h e  m od el d e s c r ib e d  w e re  c o r r e c t  t h e  sa m p le  

w o u ld  show an u n s t a in e d  c e n t r a l  c o r e  r e p r e s e n t i n g  t h e  p o l y ­

s t y r e n e  form ed b e f o r e  t h e  a d d i t i o n  o f  b u t a d ie n e .  I f  t h e  

p a r t i c l e  w e re  h o m o g en eo u s a t  a l l  t im e s  t h e  b u t a d ie n e  w ould  

p e r m e a te  t h e  e n t i r e  p a r t i c l e  w hen added and t h e  s t a i n  would 

b e  o b s e r v e d  th r o u g h o u t  t h e  p a r t i c l e .

F ig u r e  23,, w h ich  i s  an e l e c t r o n  m ic r o g r a p h  o f  a 

s i n g l e  p a r t i c l e  t r e a t e d  a s  d e s c r ib e d ^  d o e s  in d e e d  show  th e
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u n s t a in e d  c e n t r a l  c o r e  su rro u n d ed  b y  t h e  s t a i n e d  s h e l l  

w h ic h  form ed a f t e r  t h e  a d d i t io n  o f  b u t a d ie n e .  T h is  m ic r o ­

g r a p h  i s  p r e s e n t e d  a s  d i r e c t  v e r i f i c a t i o n  o f  t h e  m od el p ro ­

p o se d  on  t h e  s t r e n g t h  o f  t h e  k i n e t i c  a n a l y s i s . I n  F ig u r e  

23  t h e  s p h e r i c a l  n a t u r e  o f  t h e  p a r t i c l e  h a s  b e e n  d i s t o r t e d  

som ew hat i n  t h e  p r o c e s s  o f  m ic r o to m in g . I t  i s  s u g g e s t e d  

h e r e  t h a t  t h e  m ic r o to m in g  t e c h n iq u e  b e  p e r f e c t e d  and t h a t  

t h e  e x p e r im e n ts  d e s c r ib e d  b e  e x t e n d e d .
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F ig u r e  2 3 a ELECTRON MICROGRAPH OF A HETEROGENEOUS
MGNOMER-POLYMER PARTICLE -  MAGNIFICATION 1 2 5 ,0 0 0  X 
BUTADIENE ADDED TO STANDARD FORMULATION 
AFTER 20%C„ SAMPLE IMBEDDED IN EPON AND 
STAINED WITH OSMIUM TETRAOX1DE.
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E -  M o le c u la r  W e ig h t D e v e lo p m e n t

T he h e t e r o g e n e o u s  p a r t i c l e  m od el ca n  b e  f u r t h e r  e x ­

te n d e d  t o  e x p l a i n  m o le c u la r  w e ig h t  d e v e lo p m e n t d u r in g  th e  

i d e a l  p e r io d  b y  in c lu d in g  a m echan ism  f o r  th e  l o s s  o f  a 

p o r t io n  o f  s h o r t  c h a in  r a d i c a l s  b y  m ig r a t io n  i n t o  th e  p o l y ­

mer c o r e .  A r a d i c a l  e n t e r in g  a monomer—p o ly m er  p a r t i c l e  

w ould  b e  d r iv e n  tow ard  t h e  p o ly m er  c o r e  b e c a u s e  o f  r e p u l ­

s io n  b e tw e e n  i t  and t h e  a q u eo u s  p h a s e .  The p a s s a g e  o f  

any i n d i v i d u a l  c h a in  c o u ld  b e  m ore o r  l e s s  d i r e c t .  I f  m i­

g r a t io n  t o  t h e  c o r e  w ere  r a p id *  th e  r e s u l t i n g  s h o r t  c h a in  

r a d i c a l s  c o u ld  r e a d i l y  e n t e r  t h e  c o r e .  T h ese  " lo s t "  r a d i ­

c a l s  w ou ld  n o t  e f f e c t  t e r m in a t io n  o f  a r a d i c a l  a lr e a d y  

p r e s e n t  in  an a c t i v e  p a r t i c l e  and w ould  c o n t r i b u t e  n e g l i ­

g i b l y  t o  t h e  p o ly m e r iz a t io n  r a t e  b e c a u s e  o f  t h e  monomer 

s ta r v e d  c o n d i t i o n  o f  th e  c o r e .  Thus th e y  w o u ld  h a v e  r e l a ­

t i v e l y  l i t t l e  e f f e c t  on t h e  p o ly m e r iz a t io n  m ech a n ism . On 

t h e  o t h e r  hand* i f  m ig r a t io n  t o  th e  c o r e  h a p p en ed  t o  b e  

m ore in d i r e c t *  t h e  r e s u l t i n g  lo n g e r  c h a in  r a d ic a l*  b e c a u s e  

o f  i t s  s i z e *  w ou ld  n o t  b e  a s  l i k e l y  t o  e n t e r  t h e  c o r e  and 

i t  w ou ld  t e r m in a t e  a r a d i c a l  a lr e a d y  g ro w in g  w i t h i n  a p a r ­

t i c l e  a lm o s t  in s t a n t a n e o u s l y .  I f  t h e  p a r t i c l e  w e r e  in a c ­

t i v e  t h e  lo n g e r  c h a in  r a d i c a l  w o u ld  i n i t i a t e  p o ly m e r iz a t io n  

upon r e a c h in g  t h e  c o r e  s u r f a c e .

The p r o b a b i l i t y  o f  l o s s  b y  m ig r a t io n  i n t o  t h e  p o ly ­

mer c o r e  w ou ld  in c r e a s e  w ith  c o r e  s i z e *  a l lo w in g  f o r  p r o ­

lo n g e d  g ro w th  o f  e x i s t i n g  r a d i c a l s  and th u s  a c c o u n t in g  f o r  

t h e  o b s e r v e d  m o le c u la r  w e ig h t  i n c r e a s e .  I n i t i a l l y ,  w ith
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z e r o  c o r e  s i z e  n o n e  o f  t h e  r a d i c a l s  a r e  l o s t ,  and t h e  z e r o  

t im e  c o r r e s p o n d e n c e  o f  o b s e r v e d  and p r e d i c t e d  m o le c u la r  

w e ig h t s  i s  e x p l a i n e d .  I n  t h e  e a r l y  c o n v e r s io n  r a n g e , 0-30% , 

t h e  c o r e  vo lu m e i s  i n c r e a s i n g  a t  a r e l a t i v e l y  r a p id  r a t e  

( f o r  ex a m p le  c o r e  v o lu m e t r i p l e s  b e tw e e n  10 and 30%C), and 

t h e  r a t i o  o f  o b s e r v e d  t o  p r e d ic t e d  m o le c u la r  w e ig h t  i n ­

c r e a s e s  s h a r p ly  (T a b le  3) . B etw een  30 and 60  p e r c e n t  c o n ­

v e r s i o n  t h e  r a t i o  d o e s  n o t  c h a n g e  much i n d i c a t i n g  t h a t  th e  

in c r e a s e  in  c o r e  v o lu m e  i n  t h i s  r a n g e  d o e s  n o t  a p p r e c ia b ly  

in c r e a s e  t h e  p r o b a b i l i t y  t h a t  s h o r t  c h a in  r a d i c a l s  w i l l  b e  

c a p t u r e d .  B eyond 60 p e r c e n t  c o n v e r s io n  m ore th a n  o n e  r a d i ­

c a l  a t  a t im e  i s  p r e s e n t  in  a p a r t i c l e  and t h e  o b s e r v e d  

m o le c u la r  w e ig h t  d e c r e a s e s .

An e a r l y  p a p e r  b y  K o l t h o f f  e t  a l .  (30 ) le n d s  in d e ­

p e n d e n t  s u p p o r t  f o r  t h e  e x i s t e n c e  o f  " lo s t "  r a d i c a l s .  In  

t h e i r  p e r s u l f a t e  t r a c e r  s t u d i e s  w it h  t h e  m u tu a l r e c i p e ,  

th e y  fou n d  t h a t  s m a l l  am ou nts o f  s h o r t  c h a in e d ,  w a te r  e x -  

t r a c t a b l e  a l k y l  s u l f a t e s  h ad  form ed and t h a t  th e  number 

o f  p o ly m e r ic  s u l f a t e  c h a in  en d s  (d e te r m in e d  w it h  t h e  a id  

o f  v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t )  f o r  t h e  p u r e  p o l y ­

mer w as g r e a t e r  th a n  2 and a s  h ig h  a s  3 . 1 .  K o l t h o f f  e t  a l .  

c o u ld  n o t  e x p l a i n  t h e i r  r e s u l t s ,  b u t  i t  i s  s u g g e s t e d  h e r e  

t h a t  t h e s e  m a t e r i a l s  r e f l e c t  t h e  e x i s t e n c e  o f  " lo s t"  r a d i ­

c a l s .  I f  t h i s  w e re  t h e  c a s e ,  th e  e x t r a  s u l f a t e  c o u n t  cou ld  

b e  e x p la in e d  in  te r m s  o f  t r a p p e d - r a d ic a l - p r o d u c e d  a l k y l  

s u l f a t e s  w h ic h  w e re  t o o  h ig h  in  m o le c u la r  w e ig h t  t o  b e  

w a te r  e x t r a c t a b l e  b u t  t o o  low  t o  a f f e c t  t h e  v i s c o s i t y  

a v e r a g e  m o le c u la r  w e ig h t  m e a su r e m e n ts .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

A d i r e c t  c o n f ir m a t io n  o f  th e  m o le c u la r  w e ig h t  d e ­

v e lo p m e n t  a s p e c t s  o f  t h e  m o d e l w ou ld  i n v o l v e  p i n p o i n t i n g  

th e  l o c a t i o n  o f  th e  p r o p o s e d  s h o r t  c h a in  r a d i c a l s  tr a p p e d  

in  t h e  p o ly m e r  c o r e  and th e n  q u a n t i t a t i v e l y  d e t e r m in in g  

th em . S e l e c t i v e  p r e c i p i t a t i o n ,  w a s h in g , a n d /o r  chrom a­

to g r a p h y  a r e  s u g g e s t e d  a s  s t a r t i n g  p o i n t s  in  t h e  e x p e r i ­

m e n ta l l o c a t i o n  o f  t h e  r a d i c a l s  and t h e  d e v e lo p m e n t  o f  a 

s p e c t r o s c o p i c  t e c h n iq u e  i s  s u g g e s t e d  f o r  t h e  q u a n t i t a t i v e  

d e t e r m in a t io n .
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V - Appendix

A - Polymerization

1 -  T reatm en t, o f  M a t e r ia l s

Dow s t y r e n e  monomer a t  i n h i b i t o r  (h y d r o q u in o n e )  

l e v e l  12T w as p u r i f i e d  b y  vacuum  d i s t i l l a t i o n ,  w ash ed  w i t h  

c a u s t i c  t o  rem ove a l l  t r a c e s  o f  i n h i b i t o r  and s t o r e d  a t  

-1 0 °C  u n t i l  u s e d .  I m m e d ia te ly  b e f o r e  u s e ,  t h e  s t y r e n e  w as  

n i t r o g e n  p u rg e d  fo r  30 m in u te s  t o  rem ove o x y g e n  w h ich  i n ­

h i b i t s  t h e  p o ly m e r iz a t io n  r e a c t i o n .

W ater w as d i s t i l l e d  and b o i l e d  v ig o r o u s ly  f o r  

30 m in u te s  b e f o r e  u s e  t o  rem ove o x y g e n .

S a m p les  o f  T r i t o n  X100 c o n t a i n i n g  98% a c t i v e  

i n g r e d i e n t  w e re  o b t a in e d  from  Rohm and H aas and u sed  d i ­

r e c t l y ,  T r i t o n  xlOO i s  a n o n - io n i c  o c t y lp h e n o x y e t h a n o l  

s u r f a c e  a c t i v e  a g e n t  w i t h  t h e  s t r u c t u r a l  fo r m u la :

A l l  o t h e r  m a t e r i a l s  u s e d  w e r e  r e a g e n t  g r a d e  

c h e m ic a ls  o f  a t  l e a s t  98% p u r i t y .

CH3 c h 3

3
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2 - Reactors Employed

K e t t l e  R e a c to r  -  The k e t t l e  r e a c t o r  w as c h a r g e d  a s  f o l l o w s :  

0 .1 5 0 0  + .0 0 0 5  gm s. o f  so d iu m  l a u r y l  s u l f a t e  and 0 .0 7 5 0  + 

.0 0 5 0  gm s. o f  KOH w ere  w e ig h e d  d i r e c t l y  i n t o  a 1 l i t e r  k e t ­

t l e .  3 .0 0  +_ .0 1  gm s. o f  T r i t o n  xlOO w as w e ig h e d  i n t o  an  

alum inum  d i s h  w h ich  w as added  t o  th e  k e t t l e .  160  gm s. o f  

w a te r  w e r e  added h o t  (80°C ) and 100 gm s. o f  s t y r e n e  c o ld  

(room t e m p e r a t u r e ) . The fo r m u la t io n  w as s t i r r e d  in  t h e  k e t ­

t l e  and t h e  alum inum  d i s h  rem o v ed . The k e t t l e  w as th e n  f i t ­

te d  w it h  a  c o n d e n se r ,, th e r m o m e te r g t e f l o n  p a d d le d  g l a s s  s t ir -  

e r  and a  g l a s s  tu b e  b e n t  a t  an a n g le  o f  a b o u t  6 0 ° .  The c o n ­

d e n s e r  and s t i r r i n g  a p p a r a tu s  w e re  e q u ip p e d  w i t h  s ta n d a r d  

ta p e r  2 4 -4 0  j o i n t s .  The th erm o m eter  and g l a s s  tu b e  w ere  

s e a l e d  i n t o  t h e  k e t t l e  b y  m eans o f  g a s k e t e d  s ta n d a r d  ta p e r  

2 4 -4 0  t e f l o n  p l u g s .  The k e t t l e  was c lam p ed  i n  a r in g  s ta n d  

and subm erged  in  an o i l  b a t h .  The m ix t u r e  w as h e a t e d  t o  

60 + 1°C w h i l e  b e in g  n i t r o g e n  p u rg ed  and a g i t a t e d  f o r  30 

m in u te s  o r  m o re . A p r e h e a t e d  s o l u t i o n  o f  0 .5 0 0  gm s. o f

K S  0  i n  20 m l. o f  w a te r  w as th e n  added t o  t h e  k e t t l e  b y
2 2 8  2

p i p e t t e .  The K S 0 s o l u t i o n  w as p r e p a r e d  a s  5 .0 0 0 0  +
2 2 8

0 .0 0 0 5  gm. K S 0  in  200 + 1 m l. o f  w a t e r .  A t t h i s  p o i n t
2 2  o

t h e  r e a c t i o n  w as c o n s id e r e d  t o  h a v e  s t a r t e d  and th e  tem ­

p e r a t u r e  w as m a in ta in e d  a t  60 + 1°C w it h o u t  t h e  a id  o f

c o o l i n g  d e v i c e s .  N it r o g e n  ( a t  l p s i g )  w as p a s s e d  i n t o  th e  

g l a s s  tu b e  w h ic h  r e a c h e d  t o  w i t h i n  1 /4 "  o f  t h e  b o tto m  o f  

t h e  r e a c t o r ,  b u b b led  th r o u g h  t h e  r e a c t i n g  e m u ls io n  and e x ­

h a u s t e d  th ro u g h  t h e  c o n d e n s e r  t o  m a in ta in  an o x y g e n  f r e e
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a tm o sp h e r e . When i t  w as d e s i r e d  t o  w ith d ra w  a sa m p le , t h e  

n i t r o g e n  g a s  f lo w  w as d i v e r t e d  th r o u g h  t h e  c o n d e n s e r .  T h is  

fo r c e d  a sa m p le  o f  t h e  r e a c t i n g  e m u ls io n  up th r o u g h  th e  

g l a s s  tu b e  w h ere  a sa m p le  c o u ld  b e  c o l l e c t e d  i n  a v i a l .  A 

sy s te m  o f  3 way s t o p c o c k s  w as u se d  t o  c h a n g e  t h e  d i r e c t i o n  

o f  n i t r o g e n  f lo w  w it h o u t  a d m it t in g  a i r  i n t o  t h e  s y s te m .

T h is  s a m p lin g  t e c h n iq u e  c a u s e d  a m in im a l d i s t u r b a n c e  t o  

th e  r e a c t i o n .

A lth o u g h  a g i t a t i o n  w as n o t  s t u d ie d  e x p l i c i t l y  i t  

w as found t o  b e  a v e r y  im p o r ta n t  f a c t o r .  A t  v e r y  lo w  a g i ­

t a t i o n ,  c o n v e r s io n  r a t e s  w ere  low  and n o t  r e p r o d u c ib le  

w h i l e  a t  v e r y  h ig h  a g i t a t i o n  v a r io u s  d e g r e e s  o f  c o a g u la ­

t i o n  w ere  o b s e r v e d  a t  c o n v e r s io n s  g r e a t e r  th a n  40%. Thus  

an in t e r m e d ia t e  s t i r r i n g  r a t e  w as u s e d :  a b o u t  1 0 0  rpm

w it h  a o n e  in c h  a n ch o r  ty p e  t e f l o n  p a d d le .

B o t t l e  P o ly m e r iz e r  -  A b o t t l e  p o ly m e r iz e r  w as d e s ig n e d  

and b u i l t  w i t h  t h e  a id  o f  t h e  C h e m ic a l E n g in e e r in g  S h o p .

The b o t t l e  p o ly m e r iz e r  e s s e n t i a l l y  c o n s i s t s  o f  a c o v e r e d  

s t a i n l e s s  s t e e l  t a n k ,  40 in c h e s  lo n g  b y  25 in c h e s  w id e  b y  

b y  30 in c h e s  d e e p , f i l l e d  t o  a  d e p th  o f  24 in c h e s  w ith  

w a te r  and i n s u l a t e d  w it h  a s b e s t o s  b o a r d , p ly w o o d , and c a n ­

v a s .  The w a te r  i s  h e a t e d  t o  a  g iv e n  te m p e r a tu r e  b y  m eans  

o f  tw o s i x - k i l o w a t t  c h r o m a lo x  h e a t e r s .  T em p era tu re  c o n ­

t r o l  i s  e f f e c t e d  b y  m eans o f  an o n - o f f  r e l a y  s y s te m  c o n ­

n e c t i n g  a te m p e r a tu r e  s e n s in g  e le m e n t  t o  t h e  h e a t e r s .
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The r e a c t o r  b o t t l e s  w e re  h e ld  i n  c y l i n d r i c a l  c la m p s  

w h ic h  w ere s o ld e r e d  t o  w h e e ls  t h a t  r o t a t e d  w h i l e  subm erged  

in  t h e  c o n s t a n t  te m p e r a tu r e  w a t e r - b a t h .  S p e c i f i c a l l y ,  th e  

b o t t l e s  w e re  l o c a t e d  on c e n t e r s  e i g h t  in c h e s  from  t h e  com­

mon a x l e  o f  th e  w h e e ls  and tu m b led  end o v e r  end w h i le  t h e  

te m p e r a tu r e  w as m a in ta in e d  a t  60  + 0 .5 ° C .  T h e re  w ere  t h r e e  

w h e e ls  in  th e  b a t h  f o r  a t o t a l  a ccom m od ation  o f  t w e lv e  b o t ­

t l e s .  The w h e e ls  w e r e  d r iv e n  a t  30 rpm b y  a s i n g l e  sp e e d  

m o to r . I t  i s  s u g g e s t e d  t h a t  a v a r i a b l e  s p e e d  m otor  b e  a t ­

ta c h e d  t o  t h e  ta n k  f o r  g r e a t e r  f l e x i b i l i t y  i n  f u t u r e  u s e .

The b o t t l e s  w e re  s ta n d a r d  1 2 -o u n c e  " sod a-p op "  b o t ­

t l e s  p u r c h a se d  from  th e  "Goodo" B e v e r a g e  Com pany. T h ree  

1 /1 6  in c h  h o l e s  w e re  pu nched  in  t h e  f i t t e d  crow n c a p s  u se d  

t o  s e a l  th e  b o t t l e s .  The b o t t l e s  w e re  a lw a y s  f i l l e d  t o  an  

a p p r o x im a te  t o t a l  v o lu m e o f  300 m l. I t  w as fou n d  t h a t  f o r  

t h e  s ta n d a r d  f o r m u la t io n ,  ta n k  d e s i g n ,  rpm, b o t t l e s ,  and 

p r e s s u r e s  u se d  in  t h e s e  e x p e r im e n t s ,  any l e s s e r  vo lu m e  

g a v e  r i s e  t o  a g i t a t i o n  s u f f i c i e n t  t o  c a u s e  s e r i o u s  c o a g u ­

l a t i o n  w i t h in  t h e  b o t t l e .  I t  w as f u r t h e r  im p o r ta n t  t o  f i l l  

t h e  b o t t l e s  t o  a p p r o x im a te ly  t h e  sam e l e v e l  f o r  e v e r y  run  

s o  t h a t  d yn am ic e q u iv a l e n c e  w ou ld  b e  m a in ta in e d  b e tw e e n  r u n s .  

S e a l i n g  w as e f f e c t e d  w it h  a la m in a te d  r u b b er  g a s k e t  c o n s i s t ­

in g  o f  c i r c l e s  o f  h a r d  r u b b er  and b u t y 1 - s e a l a n t  r u b b e r .*

♦ D e s ig n a te d  a s  "w-7" and "w-9" r u b b e r  r e s p e c t i v e l y  and o b ­
t a i n a b l e  from  B .F .G o o d r ic h  C o . ,  R e se a r c h  C e n t e r ,  B r e c k s -  
v i l l e ,  O hio

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101
T he c i r c l e s  w e r e  c u t  so  t h a t  t h e  h ard  ru b b er  o n e  f i t  j u s t  i n ­

s i d e  t h e  c a p  and t h e  b u t y l - s e a l a n t  o n e  f i t  j u s t  i n s i d e  t h e  

b o t t l e  o p e n in g .  T h e se  w e re  cem en ted  t o g e t h e r  w i t h  E astm ann  

910 a d h e s iv e  and p la c e d  i n s i d e  t h e  c a p  s o  t h a t  t h e  s m a l le r  

c i r c l e  f a c e d  and c o v e r e d  t h e  h o l e s  i n  t h e  c a p s .  A f t e r  t h e  

c a p s  had b e e n  p r e s s e d  o n , a few  d r o p s  o f  t o lu e n e  w e re  p la c e d  

o v e r  t h e  h o l e s  i n  t h e  ca p  c a u s in g  t h e  b u t y l - s e a l a n t  r u b b er  

t o  s w e l l  and e f f e c t  a t i g h t  s e a l .  M a t e r ia l s  c o u ld  b e  add ed  

t o  o r  rem oved  from  t h e  s e a le d  b o t t l e s  w it h  h y p o d e rm ic  s y ­

r in g e s  and n e e d l e s .  T w enty g a u g e  1% in c h  L uer L o ck  H uber  

p o i n t  n e e d l e s  w e r e  u s e d .

T he fo r m u la t io n  was c h a r g e d  t o  c l e a n e d ,  o v e n  d r ie d  

b o t t l e s  i n  l i q u i d  form  so  a m a s te r  b a t c h  s o l u t i o n  o f  so d iu m  

l a u r y l  s u l f a t e ,  T r i t o n  X 100 and KOH w as made f o r  e a c h  r u n .

M ost o f  e a c h  c h a r g e  w as m e te r e d  in  v o l u m e t r i e a l l y  t o  a ro u g h  

a p p r o x im a t io n  som ew hat l e s s  th a n  t h a t  a c t u a l l y  r e q u ir e d .  A 

f i n a l  a d j u s tm e n t  w as made g r a v i m e t r i c a l l y  b y  e y e  d r o p p e r  ad­

d i t i o n .  T he S a u te r  U l t r a - R a d i a l  B a la n c e ,  N o . 7 2 2 ,  w h ic h  

w e ig h e d  a c c u r a t e l y  t o  + 0 .0 1  gm „, w as u se d  f o r  w e ig h in g .

The m a t e r i a l s  w e r e  w e ig h e d  i n t o  t h e  b o t t l e s  b y  a d d in g  t h e  

w e ig h t  o f  e a c h  s u c c e s s i v e  c h a r g e  t o  t h e  w e ig h t  o f  t h e  b o t ­

t l e s  p l u s  i n g r e d i e n t s .  The m a t e r i a l  w as th e n  added t o  m ake 

up th e  p r o p e r  w e ig h t .  The b o t t l e s  w e re  th e n  c a p p e d , n i t r o ­

g e n  p u rg e d  f o r  10 m in u t e s ,  and p r e s s u r e d  w i t h  n i t r o g e n  t o  

10 p s i g .  P r e s s u r in g  and p u r g in g  were a c c o m p lis h e d  b y  a t ­

t a c h in g  a 7h  in c h  n e e d le  and h o s e  t o  a n i t r o g e n  s o u r c e  

r e g u la t e d  t o  10 p s i g  and th e n  a d m it t in g  n i t r o g e n  b y  i n ­

j e c t i n g  t h e  n e e d le  i n t o  th e  b o t t l e .  F or  p u r g in g  a  s e c o n d
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n e e d le  w as i n s e r t e d  t o  p r o v id e  a n i t r o g e n  o u t l e t ;  f o r  p r e s ­

s u r in g  t h e  s e c o n d  n e e d le  w as rem o v ed . K S 0 w as i n j e c t e d
2 2 o

i n t o  t h e  b o t t l e  w i t h  a  10 m l. h y p o d e rm ic  s y r in g e  j u s t  b e ­

f o r e  t h e  b o t t l e  w a s  p la c e d  in  t h e  b o t t l e  p o ly m e r iz e r .  A 

f i v e  m in u te  in d u c t io n  p e r io d  w as o b s e r v e d  w h i le  t h e  b o t t l e s  

w e r e  b e in g  h e a t e d  t o  6 0 °C .

3 -  R e p r o d u c i b i l i t y  B etw ee n  Runs

T he d i f f i c u l t y  i n  e x a c t l y  r e p r o d u c in g  c o n d i ­

t i o n s  b e tw e e n  r u n s  w as m e n tio n e d  s e v e r a l  t im e s  i n  t h e  t e x t  

o f  t h i s  d i s s e r t a t i o n .  Any s l i g h t  c h a n g e  in  t h e  num ber o f  

p a r t i c l e s  form ed a t  t h e  s t a r t  o f  r e a c t i o n  w ould  c a u s e  a 

d e f i n i t e , m e a s u r a b le  c h a n g e  in  su ch  v a r i a b l e s  a s  c o n v e r ­

s i o n  r a t e ,  and m o le c u la r  w e ig h t ,  and m ig h t  i n f l u e n c e  m ono- 

m e r -p o ly m er  r a t i o s .  The p a r t i c l e  n u c l e a t i o n  phenom ena i s  

n o t  w e l l  u n d e r s to o d  i n  g e n e r a l  and i s  n o t  a t  a l l  known in  

so a p  s t a r v e d  s y s t e m s .  T h u s , o n e  c a n n o t  p r e d i c t ' i n  a d v a n ce  

e x a c t l y  how much a s l i g h t  c h a n g e  in  i n i t i a l  c o n d it io n s  w i l l  

a f f e c t  p a r t i c l e  n u c l e a t i o n .  I t  i s  recom m ended h e r e  t h a t  

a fu n d a m e n ta l s tu d y  o f  p a r t i c l e  n u c l e a t i o n  i s  n e c e s s a r y  t o  

a c h ie v e  a b s o lu t e  r e p r o d u c i b i l i t y  b e tw e e n  r u n s . T h is  i s  e s ­

p e c i a l l y  t r u e  b e c a u s e  o f  th e  l a r g e  number o f  s y s te m  v a r ia b le s .

C o n s id e r  t h e  p o s s i b l e  s o u r c e s  o f  e r r o r  i n  t h i s  

e x p e r im e n t  t h a t  c a n  le a d  t o  a c h a n g e  in  t h e  num ber o f  p a r ­

t i c l e s  n u c l e a t e d .  (1). T h ere  i s  a lw a y s  some e r r o r  i n  w e ig h ­

in g  i n g r e d i e n t s  ( s o a p s ,  KOH, w a t e r ,  s t y r e n e ,  i n i t i a t o r ) .

(2) A l l  o f  th e  c h e m ic a ls  c o n t a in  some im p u r ity ;  t h i s  i s
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e v e n  t r u e  o f  s i n g l y  d i s t i l l e d  w a t e r .  (3) T h ere i s  a s l i g h t  

f l u c t u a t i o n  in  i n i t i a l  t e m p e r a tu r e s ,  pH , and a g i t a t i o n  r a t e s  

from  run  t o  r u n . (4 ) E ven i n  b o t t l e  r u n s  w h ere b o t t l e s  a r e  

f i l l e d  from  m a s te r  b a t c h e s  and tem p eratu re^ p H $an d  a g i t a t i o n  

r a t e  sh o u ld  b e  t h e  sam e f o r  e a c h  b o t t l e ,  some e r r o r  i s  o b ­

s e r v e d .  T h is  i n d i c a t e s  th e  p o s s i b l e  i n f l u e n c e  o f  a th u s  

f a r  u n d e t e c t e d  v a r i a b l e .
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B -  E le c t r o n  M ic r o sc o p y

S am p les f o r  p a r t i c l e  s i z e  a n a l y s i s  w ere  w ith d ra w n  

from  a ru n  in  p r o g r e s s ,  q u en ch ed  in  a .3% s o l u t i o n  o f  

a i r a t e d  h y d r o q u in o n e , and d i l u t e d  s e v e r a l  t im e s .  S ta n ­

d ard  p a r t i c l e s *  w e r e  added t o  t h e  sa m p le  and t h e  sa m p le  

w as p la c e d  on a c o l l o d i a n  f i l m  d e p o s i t e d  on a n i c k e l  

g r i d .  The g r id  w as th e n  w ash ed  s e v e r a l  t im e s  w i t h  h o t  

w a t e r ,  and a f i l m  o f  p la t in u m  w as d e p o s i t e d  by vacuum  

e v a p o r a t io n  t o  r e i n f o r c e  t h e  f i l m  and shadow  th e  p a r ­

t i c l e  s a m p le s .

The sa m p les  w e re  v ie w e d  w it h  a N o r e lc o  300  EM 

e l e c t r o n  m ic r o s c o p e  a t  m a g n i f i c a t i o n s  b e tw e e n  1 8 ,0 0 0  

and 3 5 ,0 0 0 .  P a r t i c l e  d ia m e t e r s  w e r e  d e te r m in e d  t o  

w i t h i n  + 50 A w i t h  a B au sch  and Lomb m e a su r in g  m a g n i­

f i e r  .

* P a r t i c l e  s i z e  s ta n d a r d s  w ere  o b t a in e d  from  Dow C h e m ic a l  
Company -  M id la n d , M ic h ig a n .
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C - Conversion Rate

C o n v e r s io n  sa m p le s  o f  a p p r o x im a te ly  5 gm s. w e re  ta k e n  

from  a  ru n  in  p r o g r e s s  and im m e d ia te ly  w e ig h ed  t o  t h e  n e a r e s t  

0 .0 1  gm. i n  an alum inum  d i s h  on  an a n a l y t i c  b a la n c e .  The r e ­

a c t i o n  w as s to p p e d  b y  a d d i t i o n  o f  h y d r o q u in o n e  s o l u t i o n  and  

t h e  sa m p le  w as e v a p o r a te d  a t  1 6 0 °C . The r e s id u e  w as w e ig h e d  

t o  t h e  n e a r e s t  +_ 0 .0 0 0 5  gm. I f  S i s  t h e  w e ig h t  o f  t h e  sa m p le  

and R t h e  w e ig h t  o f  t h e  r e s i d u e ,  c o n v e r s io n  w a s  d e te r m in e d  ly:

(A - l )  %C = 283  R/S  - 3

w h ere  t h e  c o n s t a n t  3 a c c o u n t s  f o r  T r i t o n  X100 w h ich  i s  n o t  

e v a p o r a te d  and t h e r e f o r e  p r e s e n t  in  t h e  f i n a l  r e s i d u e .  The  

e x p e c t e d  e r r o r  and r e p r o d u c i b i l i t y  w e r e  fou nd t o  b e  w i t h i n  

+ 1%. As d i s c u s s e d  e a r l i e r  t h e  g r a v i m e t r i c a l l y  d e te r m in e d  

c o n v e r s io n s  a g r e e d  w e l l  w i t h  t h o s e  d e te r m in e d  b y  co m p a r in g  

t h e  c u b e s  o f  in t e r m e d ia t e  t o  f i n a l  p a r t i c l e  d ia m e t e r s .

I n  t h e  i n h i b i t o r  s t u d i e s  sa m p le s  w ere  w ith d ra w n  and  

i n h i b i t o r  s o l u t i o n  w as s u b s e q u e n t ly  added  t o  th e  k e t t l e .

T h u s , e q u a t io n  (A - l )  h ad  t o  b e  a l t e r e d  t o  d e te r m in e  c o n v e r ­

s i o n s  a f t e r  i n h i b i t o r  w as a d d ed . To make t h i s  a d ju s tm e n t  

e a c h  t o t a l  sa m p le  ta k e n  b e f o r e  t h e  a d d i t i o n  o f  i n h i b i t o r  

h ad  t o  b e  w e ig h e d  v e r y  c a r e f u l l y .
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D -  M o le c u la r  W eig h t

1 -  p o ly m er  R e c o v e r y  and P u r i f i c a t i o n

P o ly s t y r e n e  w a s p r e c i p i t a t e d  i n  g r a n u la r  form  from  

t h e  l a t e x  in  m e th a n o l a c i d i f i e d  w i t h  s u l f u r i c  a c i d .  The  

p o ly m e r  w as r e c o v e r e d  h y  f i l t r a t i o n  and w ash ed  r e p e a t e d l y  

w it h  m e th a n o l and w a t e r .  S u b s e q u e n t ly ,  t h e  p o l y s t y r e n e  

w as r e d i s s o l v e d  in  t o l u e n e ,  p r e c i p i t a t e d  a s  a f i n e  p o w d er ,  

w it h  m e th a n o l in  a W aring b l e n d e r ,  and m e th a n o l w a sh ed  s e v ­

e r a l  t i m e s .  As d i s c u s s e d  e a r l i e r ,  GPC m ea su rem en ts  show ed  

t h a t  t h i s  p r o c e d u r e  e l im in a t e d  a l l  p o ly m er  o f  m o le c u la r  

w e ig h t  l e s s  th a n  6 ,0 0 0 .

2 -  V i s c o s i t y  A v e ra g e  ...

T he v i s c o s i t y  a v e r a g e  m o le c u la r  w e ig h t  w a s c a l c u l a ­

t e d  from  t h e  r e l a t i v e  v i s c o s i t y  o f  d i l u t e  t o lu e n e  s o l u t i o n s  

a t  30°C v i a  t h e  one p o i n t  m eth od  o f  M aron (36) u t i l i z i n g  

t h e  e q u a t io n s ?

C rj 3 = KM3  and  

[ t ,]  = risp  + Y ln rir

( i  + ' y ) c

w h ere  r\r  i s  th e  r e l a t i v e  v i s c o s i t y ,  ri =
sp

m ea su red  i n  gm /lO O cc. F o r  p o l y s t y r e n e  in  

Y  = 2 .7 3  ( 3 6 ) ,  K = 3 .7  x  1 0 ~ 4 and a =

r ) r - l ,  and C i s  

t o lu e n e  s o l u t i o n :  

0 .6 2  (3 7 )
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The f i n a l  co m b in ed  e q u a t io n  i s :

v  = 4 0 ,0 0 0  [ V  + 6 ' 28 109 V 1 ' 6 1M

R e l a t i v e  v i s c o s i t i e s -  w ere  d e te r m in e d  v e r y  a c c u r a t e ­

l y  w ith  l e s s  th a n  0.1%  d e v i a t i o n  from  t h e  a v e r a g e  w ith  

Cannon U b h e lo d e  d i l u t i o n  v i s c o m e t e r s .  The v i s c o m e t e r s  w ere  

s t o r e d  in  an o v e n  a t  90°C and n i t r o g e n  p u r g e d  w h i l e  c o o l ­

in g  b e f o r e  u s e  t o  a v o id  c o n ta m in a t io n  w it h  w a t e r .  T o lu e n e  

w as d i s t i l l e d  and a l l  s o l u t i o n s  w e re  vacuum  f i l t e r e d  throu^bi 

f r i t t e d  g l a s s  b e f o r e  d e l i v e r y  t o  t h e  v i s c o m e t e r  t o  rem ove  

d u s t .  C o n c e n t r a t io n s  o f  a p p r o x im a te ly  0 .2  gm /lO O cc w ere  

u s e d . C o n c e n t r a t io n s  w e re  d e te r m in e d  g r a v i m e t r i c a l l y  w ith  

+ 3% s ta n d a r d  d e v i a t i o n .

3 -  Number A v e r a g e

S a m p le s  w e r e  p r e p a r e d  fo r  osm om etry  i n  t h e  same 

m anner a s  f o r  v i s c o m e t r y .  D a ta  fo r  a sa m p le  d e t e r m in a t io n  

a r e  p r e s e n t e d  i n  T a b le  12 and F ig u r e  2 4 . F o r  t h e  m o le c u la r  

w e ig h t  r a n g e  e n c o u n t e r e d  i n  t h i s  s tu d y  c o n c e n t r a t i o n s  b e ­

tw een  1 and 10 g m . / l  w ere  em p lo y ed . A t c o n c e n t r a t i o n s  much 

ab o v e  1 0  g m „ /l  t h e  r e l a t i o n s h i p  b e tw e e n  t t / c  and c  b e c o m e s  

n o n - l i n e a r .  A t c o n c e n t r a t i o n s  much b e lo w  1 g m „ /l  l a r g e  e r ­

r o r s  w ere  in t r o d u c e d  b e c a u s e  o f  th e  low  v a l u e  o f  t h e  o sm o t­

i c  p r e s s u r e .

A H e w l i t t  P a ck ard  MecTfirolab 5 01  O sm om eter w as u sed
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a t  37°C . F or  t h e  in f o r m a t io n  o f  f u t u r e  o p e r a t o r s  o f  t h e  in ­

s tr u m e n t , i t  w as fou n d  t h a t :  (1) A rro  300-D  g e l  c e l l o p h a n e

m em branes w orked  b e s t  g i v i n g  e q u i l i b r a t i o n  t im e s  o f  a b o u t  

30 m in u te s  o (2 ) F i l t r a t i o n  and p r e h e a t in g  o f  s a m p le s  (in ­

c lu d in g  p u r e  t o l u e n e  r e f e r e n c e  sa m p les) in c r e a s e d  a ccu racy;' 

and in s tr u m e n t  p e r fo r m a n c e , (3) F i l l i n g  t h e  s o l v e n t  cham­

b e r  w it h  b o i l i n g  t o l u e n e ,  and d e g a s s in g  m em branes b e f o r e  use 

g r e a t l y  d e c r e a s e d  s t a r t - u p  p r o b le m s . (4) S a m p le s  w e re  

m easu red  in  t h e  o r d e r  o f  i n c r e a s i n g  c o n c e n t r a t io n s  so  t h a t  

th e  osm om eter d id  n o t  h a v e  t o  b e  r in s e d  b e tw e e n  s a m p le s .

Sam ple C a l c u l a t i o n :

U s in g  t h e  d a t a  o f  T a b le  1 2 , t t / c  i s  d e te r m in e d  t o  b e
4

0 .1 0 0  (F ig u r e  2 4 ) .  F or  t o l u e n e  a t  37 C , RT = 3 .0 3  x  10 . 

U s in g  t h e  l i m i t i n g  law  o f  vant H o f f ,

“ n = 7 ^ /  = 3 * ——•x A,0—  = 3 0 3 ,0 0 0
(rr/c)c-+o 0 .1 0 0

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



109

TABLE 12

SAMPLE CALCULATION OF NUMBER AVERAGE MOLECULAR WEIGHT

C o n c e n t r a t io n  g /1 1 .1 0 2 .0 8 4 .2 0 8 .2 7

S o l v e n t  P r e s s u r e  (PQ) 1 7 .0 4 5 1 7 .0 4 5 1 7 .0 4 5 1 7 .0 4 5

P r e s s u r e  (P) 1 7 .1 8 0 1 7 .3 3 0 17„725 1 8 .9 2 5

P r e s s u r e  (P) 1 7 .1 7 5 1 7 .3 2 5 1 7 .7 4 5 1 8 .9 2 5

A v . P r e s s u r e  (P) 1 7 .1 7 5 1 7 .3 3 0 1 7 .7 3 5 1 8 .9 2 5

3 ii •V i o 0 .1 3 0 0 „ 285 0 .6 9 0 1 .8 8 0

n / c 0 .1 1 8 0 .1 3 7 0 .1 6 4 0 .  228
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4 -  I n s t a n t a n e o u s  V a lu e s

I n s t a n t a n e o u s  m o le c u la r  w e ig h t s  w e r e  d e te r m in e d  

from  m a t e r ia l  b a la n c e s  on  th e  c u m u la t iv e  c u r v e s  a t  1 0 % 

i n t e r v a l s .  F or ex a m p le  i f  th e  c u m u la t iv e  number a v e r a g e  

m o le c u la r  w e ig h t s  a t  20 and 30% c o n v e r s io n  w e re  m ea su red  

a s  A and B th e n  t h e  in s t a n t a n e o u s  num ber a v e r a g e  m o le c u ­

l a r  w e ig h t  b e in g  g e n e r a t e d  a t  2 5% c o n v e r s io n ^  x ; w as c a l ­

c u la t e d  v i a :

.2 0  A + . lO x = .3 0  B

S i m i l a r l y  i f  and B^ r e p r e s e n t e d  t h e  c u m u la t iv e  v i s ­

c o s i t y  a v e r a g e  m o le c u la r  w e ig h t s  a t  40 and 50% c o n v e r ­

s i o n  r e s p e c t i v e l y  t h e  in s t a n t a n e o u s  v a lu e  a t  45% c o n v e r ­

s i o n ,  x'*', w as c a l c u l a t e d  b y :

.4 0  (A1 ) 2  + .1 0  (x 1 ) 2 = .5 0  (B 1 ) 2

T he v i s c o s i t y  a v e r a g e s  w e r e  sq u ared  t o  w e ig h t  t h e  h e a v ie r  

m o le c u le s .

5 -  M o le c u la r  W e ig h t D i s t r i b u t i o n

T he GPC d a t a  c a n n o t  b e  u s e d  e x t e n s i v e l y  b e c a u s e  

o f  t h e  d i f f i c u l t y  in v o l v e d  in  c a l i b r a t i n g  t h e  GPC f o r  mo­

l e c u l a r  w e ig h t s  a b o v e  1 0 ^ . T h is  m akes a c c u r a t e  d e te r m in a ­

t i o n  o f  w e ig h t  f r a c t i o n s  a b o v e  1 0  ̂ h i g h l y  i n a c c u r a t e .
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E - Initiator Kinetics

1 -  i n i t i a t o r  D e c o m p o s it io n

The d e t a i l s  o f  t h e  d e t e r m in a t io n  o f  r e s i d u a l  p e r ­

s u l f a t e  w e re  o u t l i n e d  i n  t h e  body o f  th e  t e x t .  The p r o c e ­

d u re  f o l lo w e d  t h a t  s u g g e s t e d  b y  K o l t h o f f  (3 8 ) w it h  m inor  

v a r i a t i o n s  su c h  a s  th e  u s e  o f  la r g e r  am ou n ts o f  KI t o  sp e ed  

th e  d e t e r m in a t io n  and o m is s io n  o f  s t a r c h  i n d i c a t o r .  K o l­

t h o f f  d e v e lo p e d  h i s  t e c h n iq u e  fo r  p u re  a q u e o u s  s o l u t i o n s .

In  t h i s  s t u d y , h o w e v e r , we w ere  i n t e r e s t e d  i n  d e te r m in in g  

r e s i d u a l  p e r s u l f a t e  in  a q u eo u s  so a p  s o l u t i o n „ The f a c t  

t h a t  th e  p r e s e n c e  o f  t h e  s o a p s  d id  n o t  s i g n i f i c a n t l y  a l t e r  

th e  v a l i d i t y  o f  th e  t i t r a t i o n s  was s u b s t a n t i a t e d  b y  th e

f o l l o w i n g  e x p e r im e n t :  T h r e e  sa m p le s  o f  0 .5  gm s. K S 0 in
2 2 o

180 m l. w a te r  w e r e  p r e p a r e d .  T h ree  o t h e r  s a m p le s  w ere  p r e ­

p a red  w ith  0 .5  gm s. K,S 0  , 0 .1 5  gm. sod iu m  l a u r y l  s u l f a t e
2 2 8

and 3 .0 0  gm. T r i t o n  xlOO i n  180 m l. w a t e r .  B o th  s e t s  o f  

sa m p le s  w e re  th e n  im m e d ia te ly  t i t r a t e d  w i t h  so d iu m  t h i o -  

s u l f a t e  b e f o r e  t h e  p e r s u l f a t e  c o u ld  d e c o m p o se . The f i r s t  

s e t  o f  sa m p le s  r e q u ir e d  3 7 , 0 ,  3 6 .8 ,  and 3 6 .6  m l.  o f  sod iu m  

t h i o s u l f a t e  w h i l e  th e  s e c o n d  s e t  r e q u ir e d  3 7 . 4 ,  3 7 .5 ,  and  

3 6 .2  m l. T h u s , th e  s o a p s  d id  n o t  a l t e r  t h e  r e s u l t s  o f  th e  

t i t r a t i o n .

I t  w as fo u n d , h o w e v e r , t h a t  i f  s a m p le s  c o n t a in ­

in g  so a p  w e re  a g i t a t e d ,  a s  w as th e  c a s e  in  d e t e r m in in g  d e ­

c o m p o s it io n  k i n e t i c s ,  t h e  so a p  foam ed , m ak in g  t i t r a t i o n  

d i f f i c u l t  and in t r o d u c in g  s c a t t e r  in  t h e  d a t a .  A lth o u g h  

th e  s c a t t e r  w a s s m a ll  com pared  t o  t h e  t r e n d s  i n v e s t i g a t e d
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i n  t h i s  p a r t i c u l a r  ex p er im en t-, i t  i s  s u g g e s te d  t h a t  f u t u r e  

w o r k e r s  i n  t h i s  a r e a  i n v e s t i g a t e  t h e  u s e  o f  a n t i f o a m in g  a -  

g e n t s  t o  r e d u c e  t h e  s c a t t e r .

s e n t e d  h e lo w .  T he p o t a s s iu m  i o d i d e  added r e a c t s  w i t h  r e ­

s i d u a l  p e r s u l f a t e  t o  r e l e a s e  i o d i n e  w h ich  i s  q u a n t i t a t i v e ­

l y  d e te r m in e d  h y  t i t r a t i o n  w it h  so d iu m  t h i o s u l f a t e .

s t u d i e s  t h e  f o l l o w i n g  te c h n iq u e  w a s d e v e lo p e d .  A s ta n d a r d  

s o l u t i o n  o f  sod iu m  t h i o s u l f a t e  ( 0 . 1 N) w as p r e p a r e d  from  a  

c o n c e n t r a t e d  c o m m e r c ia l s o l u t i o n  ( 1 .0 N ) ; a  m a s te r  b a t c h

t h e  p e r s u l f a t e  s o l u t i o n  ( a t  0 % d e c o m p o s it io n )  w e re  t i t r a ­

t e d  w it h  t h i o s u l f a t e  and th e  r e s u l t s  w ere  a v e r a g e d  ( s t a n ­

d a rd  d e v i a t i o n  jh 3%) . Sam p les w e r e  th e n  p r e p a r e d  b y  add­

i n g  so a p  t o  t h e  p e r s u l f a t e  s o l u t i o n .  T h ese  sa m p le s  w ere  

t h e n  a l lo w e d  t o  d eco m p o se  a t  60°C f o r  v a r io u s  t im e s  (a s

The c h e m is t r y  o f  t h e  d e t e r m in a t io n  (38) i s  p r e -

S 2 Og + 21 = 2S04 ~ + I 2 .

I 3

31

2 S 20 3 = + S 40 6

I n  t h e  a c t u a l  p e r fo r m a n c e  o f  th e  d e c o m p o s it io n

s o l u t i o n  o f  K S 0  w as a l s o  p r e p a r e d .  F iv e  sa m p le s  from  
2 2 o
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d e s c r ib e d  e a r l i e r )  and t i t r a t e d .  The p e r c e n t  d e c o m p o s it io n  

w as c a l c u l a t e d  a s  t h e  r a t i o  o f  th e  q u a n t i t y  o f  t h i o s u l f a t e  

consum ed b y  th e  h e a t e d  sa m p le  t o  t h e  a v e r a g e  q u a n t i t y  o f  

t h i o s u l f a t e  consum ed b y  t h e  f i v e  0 % d e c o m p o s it io n  s t a n d a r d s .  

I t  i s  f e l t  t h a t  t h i s  t e c h n iq u e  d e c r e a s e d  th e  p o s s i b i l i t y  

f o r  e r r o r  b y  s t a n d a r d iz in g  t h e  t h i o s u l f a t e  s o l u t i o n  a g a i n s t  

t h e  p e r s u l f a t e  s o l u t i o n  a c t u a l l y  u se d  on any g iv e n  d a y .
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2 - Inhibitor Studies

The i n h i b i t o r  t e c h n iq u e  i s  p r e d ic a t e d  upon th e  

f a c t  t h a t  p a r a q u in o n e  w i l l  r e a c t  w ith  th e  f r e e  r a d i c a l s  

b e in g  g e n e r a t e d  b e f o r e  t h e y  ca n  e f f e c t i v e l y  i n i t i a t e  p o l y ­

m e r i z a t i o n .  T h u s, p o ly m e r iz a t io n  w i l l  n o t  ta k e  p l a c e  un­

t i l  a l l  o f  th e  p a r a q u in o n e  i s  con su m ed , and an in d u c t io n  

p e r io d  i s  s u b s e q u e n t ly  o b s e r v e d .  I f  th e  c h e m is t r y  o f  th e  

r a d ic a l - p a r a q u in o n e  r e a c t i o n  i s  know n, and t h e  in d u c t io n  

p e r io d  i s  a c c u r a t e ly  m e a su r e d , t h e  number o f  r a d i c a l s

g e n e r a t e d  d u r in g  t h e  i n d u c t io n  i n t e r v a l  c a n  b e  e a s i l y

d e te r m in e d  from  t h e  am ount o f  i n h i b i t o r  a d d ed .

The a p p l i c a t i o n  o f  an i n h i b i t o r  t e c h n iq u e  t o  

t h i s  s tu d y  w as u n iq u e  in  t h a t  p a r a q u in o n e  w as added  t o  

a run a lr e a d y  in  p r o g r e s s .  P o l y m e r iz a t io n  c e a s e d  imme­

d i a t e l y  upon  th e  a d d i t i o n  o f  p a r a q u in o n e  s o l u t i o n  t o  t h e  

r e a c t i n g  l a t e x ;  a c l e a n  i n d u c t io n  p e r io d  w as o b s e r v e d ,  

and e v e n t u a l l y  p o ly m e r iz a t io n  resu m ed . A lth o u g h  p a r a ­

q u in o n e  i s  m ore w a te r  th a n  s t y r e n e  s o l u b l e  a s u f f i c i e n t  

q u a n t i t y  e n t e r e d  m on om er-p o lym er p a r t i c l e s  t o  s t o p  p r e ­

v i o u s l y  a c t i v a t e d  c h a in s  w i t h i n  s e c o n d s .

A r e a c t i o n  c h e m is t r y  b a s e d  on t h e  w ork o f  P r i c e

e t  a l .  (3 9 ) in  w h ic h  tw o m o le s  o f  q u in o n e  a r e  consum ed

f o r  e a c h  r a d i c a l  c a p tu r e d  w as fou n d  t o  b e s t  f i t  t h e  d a t a .  

The p r o p o s e d  r e a c t i o n  sch em e in  w h ich  R*> r e p r e s e n t s  SO^ * 

i s  a s  f o l l o w s ;
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I n  T a b le  7 ,  an a d j u s t e d  in d u c t io n  p e r io d  w as d e t e r ­

m in ed  b y  m u l t i p l y i n g  t h e  o b s e r v e d  in d u c t io n  p e r io d  b y  th e  

r a t i o  o f  t h e  o b s e r v e d  c o n v e r s io n  r a t e  b e f o r e  t h e  a d d i t io n  o f  

p a r a q u in o n e  t o  1 3 . 0 .  The r e a s o n in g  b e h in d  t h e  a d ju s tm e n t  

i s  a s  f o l l o w s  % As p r e v i o u s l y  d i s c u s s e d ,  i t  w as n o t  p o s s i b l e  

t o  e x a c t l y  r e p r o d u c e  r a t e  b e h a v io r .  H e n c e , t h e  in d u c t io n  

r u n s  e a c h  e x h i b i t e d  s l i g h t l y  d i f f e r e n t  i n i t i a l  c o n v e r s io n  

r a t e s .  I t  w as f e l t  t h a t  th e  s l i g h t  v a r i a t i o n s  i n  c o n v e r ­

s i o n  r a t e s  s h o u ld  b e  d i r e c t l y  a s s o c i a t e d  w i t h  s l i g h t  v a r i a ­

t i o n s  in  t h e  i n i t i a t o r  d e c o m p o s it io n  k i n e t i c s ,  w i t h  h ig h e r  

r a t e s  r e f l e c t i n g  a c c e l e r a t e d  d e c o m p o s i t io n  and lo w e r  r a t e s  

d e c e l e r a t e d  d e c o m p o s i t io n s .  So b y  a d j u s t i n g  t h e  in d u c t io n  

p e r io d  a l l  o f  t h e  d a t a  w ere  " c o r r e c te d "  t o  t h e  a v e r a g e
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d e c o m p o s i t io n  k i n e t i c s  w h ich  y i e l d  an a v e r a g e  c o n v e r s io n  

r a t e  o f  13% /hr. A lth o u g h  th e  c o r r e c t i o n s  a r e  s m a l l  and  

t h e y  d o  n o t  s u b s t a n t i a l l y  a l t e r  t h e  a rg u m en ts  m ade, th e y  

a r e  i n  a  d i r e c t i o n  w h ic h  " sm ooth es"  t h e  d a t a .  The m eth ­

od o f  c o r r e c t i o n  i s  n o t  e x a c t l y  a c c u r a t e  b u t  t h e  c o r r e c t ­

ed" d a t a  a r e  p r o b a b ly  m ore m e a n in g fu l  th a n  t h e  u n c o r r e c t ­

ed d a t a . ..
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F -  M onom er-Polym er R a t io

S a m p lin g ; S a m p les  w e re  c o l l e c t e d  from  a run in  p r o g r e s s  

d i r e c t l y  i n t o  c e n t r i f u g e  tu b e s  c o n t a in in g  p a r a q u in o n e . A f­

t e r  th e  s t y r e n e  l a y e r  w as s e p a r a t e d  b y  c e n t r i f u g a t i o n  a 

sa m p le  o f  l a t e x  ( lo w e r  la y e r )  w as w ith d ra w n  b y  p i p e t t e  and 

d e l i v e r e d  t o  r e f l u x i n g  s t i r r e d  THF.„ I t  w as found t h a t  th e  

sa m p le s  had t o  b e  h o t  and w e l l  s t i r r e d  b e f o r e  i n j e c t i o n  i n ­

t o  t h e  c h ro m a to g ra p h  t o  o b t a in  r e p r o d u c i b i l i t y .  D u p l i c a t e  

s a m p le s  f o r  e a c h  d e t e r m in a t io n  w e re  i n j e c t e d  i n t o  t h e  c h r o ­

m atograp h  w it h  a  10 m i c r o l i t e r  s y r i n g e .  The p ea k  h e i g h t  

r a t i o s  o f  s t y r e n e  t o  w a te r  f o r  th e  d u p l i c a t e  sa m p le s  w e re  

w it h in  + 3% o f  e a c h  o t h e r .

E x p e r im e n ts  w ere  a l s o  perform ed... in  w h ich  t h e  s t y ­

r e n e  la y e r  w as s e p a r a t e d  from  t h e  l a t e x  a f t e r  c e n t r i f u g a ­

t i o n  and t h e  l a t e x  w as d i l u t e d  w i t h  an e q u a l  volum e o f  

w a t e r .  The s a m p le s  w ere  th e n  r e c e n t r i f u g e d  t o  d e te r m in e  

an y r e s i d u a l  monomer r e t a in e d  b y  t h e  l a t e x .  F or a l l  sam­

p l e s  ab o v e  5% c o n v e r s io n  a  " secon d "  s t y r e n e  la y e r  w a s  n o t  

o b s e r v e d .

I n s tr u m e n t  S e t t i n g s ; A H e w l i t t  PacK ard g a s  ch ro m a to g ra p h  

w as em p loyed  w i t h  a carb ow ax  and t e f l o n  co lu m n , The s e t ­

t i n g s  w e r e ;  o v e n :  95°C , i n j e c t i o n  p o r t :  185°C , d e t e c t o r :  

2 3 0 °C . The b r i d g e  c u r r e n t  w as 175 m a, and th e  g a s  f lo w  

6 0 c c /m in .
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C a l i b r a t i o n ; The ch ro m a to g ra p h  w as c a l i b r a t e d  b y  i n j e c t i n g  :

sa m p le s  c o n t a in in g  s t y r e n e ,  w a te r ,  and THE in  p r o p o r t io n s  

c o v e r in g  t h e  r e q u ir e d  r a n g e , (S ty r e n e /W a te r  r a n g e s  from

0 .5 5 5  t o  0 ) ,  and d e te r m in in g  th e  p e a k  h e i g h t  r a t i o s  o f  

s t y r e n e  t o  w a te r  f o r  e a c h  sa m p le . S am p le c a l i b r a t i o n  c u r v e s  

d e te r m in e d  on 5 / 6 8 ,  and 1 1 /6 8  a r e  p r e s e n t e d  in  F ig u r e  2 5 .

As ca n  b e  s e e n  from  t h e  f i g u r e  th e  c a l i b r a t i o n  ch a n g ed  from

d a y  t o  d ay  so  t h a t  t h e  ch rom a to g ra p h  had  t o  b e  c a l i b r a t e d

on t h e  d a y  o f  u s e .

C a l c u l a t i o n ; The p e a k  h e i g h t  r a t i o  w as t r a n s m it t e d  i n t o

gm s. s ty r e n e /g m „  w a t e r ,  X, b y  m eans o f  t h e  c a l i b r a t i o n  c u r v e .  

S in c e  t h e r e  w e r e  180 gm s. o f  w a te r  in  t h e  o r i g i n a l  fo r m u la ­

t i o n  180 y  r e p r e s e n t s  t h e  w e ig h t  o f" u n p o ly m e r iz e d  s t y r e n e  

in  m on om er-polym er p a r t i c l e s .  A g a in , s i n c e  t h e  o r i g i n a l  

f o r m u la t io n  c o n t a in e d  1 0 0  gm. o f  s t y r e n e  t h e  q u a n t i t y  o f  

p o ly m er  in  t h e  l a t e x  p a r t i c l e  i s  g iv e n  d i r e c t l y  by  t h e  p e r ­

c e n t  c o n v e r s io n ,  %C, w h ic h  was g r a v i m e t r i c a l l y  d e t e r m in e d .

T <h uS '  « /  i o n  V*M /d = 180 t>
°/<C
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D i s c u s s i o n  o f  E r r o r s : As m e n t io n e d  e a r l i e r  a s l i g h t  d i s ­

p a r i t y  w as n o t i c e d  b e tw e e n  t h e  m on om er-p o lym er r a t i o  ob ­

s e r v e d  and t h a t  p r e d i c t e d  from  c o n v e r s io n  d a t a  a f t e r  a l l  

o f  t h e  monomer w as im b ib ed  b y  t h e  m on om er-p o lym er p a r t i-?  

c l e s .  I t  w i l l  b e  rem em bered t h a t  t h e  o b s e r v e d  c u r v e s  

w e r e  p a r a l l e l  t o  t h e  " p r e d ic te d "  c u r v e  b u t  s l i g h t l y  d i s ­

p l a c e d .  T he d is p la c e m e n t  i s  a t t r i b u t e d  t o  tw o p o s s i b l e  

s o u r c e s  o f  e r r o r :

(1 ) The c a l i b r a t i o n  sa m p le s  c o u ld  h a v e  b e e n  s l i g h t l y  

in a c c u r a t e .  T h is  w o u ld  s h i f t  t h e  p o s i t i o n  o f  t h e  m onom er- 

p o ly m e r  r a t i o  c u r v e .  F o r  t h e  21% /h r. ru n  tw o  s e p a r a t e  

s e t s  o f  c a l i b r a t i o n  sa m p le s  w e re  u se d  t o  c a l i b r a t e  t h e  

c h r o m a to g r a p h  b e f o r e  t h e  tw o r u n s .  F o r  t h e  13% /hr. r u n s  

t h e  sam e c a l i b r a t i o n  sa m p le s  w e r e  u se d  t o  c a l i b r a t e  t h e  

c h r o m a to g r a p h  b e f o r e  e a c h  o f  t h e  t h r e e  r u n s ;  t h i s  w ou ld  

e x p l a i n  a l l  o f  t h e  d a t a  f o r  t h e  t h r e e  r u n s  f a l l i n g  on

t h e  sam e c u r v e .

(2 ) I n  t h e  13% /h r. ru n  l a t e x  s a m p le s  w e r e  i n j e c t e d  i n t o  

r e f l u x i n g  THF b y  m eans o f  a  h y p o d e r m ic  s y r i n g e .  T h e s h e a r  

d e v e lo p e d  i n  f o r c i n g  t h e  l a t e x  th r o u g h  t h e  n e e d le  c o u ld  

c a u s e  a  p o r t io n  o f  t h e  m on om er-p o lym er p a r t i c l e s  t o  c o a t  

t h e  n e e d le  w a l l  r e s u l t i n g  i n  a  c o n s i s t e n t l y  low  v a l u e  o f  

m on om er-p o lym er r a t i o ,  a s  o b s e r v e d .  T h is  t e c h n iq u e  w as 

m o d if ie d  i n  t h e  21% /h r . r u n s .  I t  s h o u ld  a g a in  b e  s t a t e d ,  

h o w e v e r , t h a t  t h e  e r r o r s  w e r e  s m a l l  com pared  t o  t h e  t r e n d s  

b e in g  i n v e s t i g a t e d .
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G -  I n v e s t i g a t i o n  o f  L a te x  P a r t i c l e  M orp h o logy

The e x p e r im e n t a l  p r o c e d u r e  u se d  in  i n v e s t i g a t i n g  

t h e  m o rp h o lo g y  o f  t h e  m on om er-p o lym er p a r t i c l e  w a s a s  f o l ­

lo w s :  B u ta d ie n e  w as l i q u i f i e d  b y  p a s s i n g  t h e  g a s  th r o u g h

c o p p e r  c o i l s  im m ersed  i n  an i c e - s a l t  b a t h  m a in ta in e d  a t  

-1 0 ° C . 10 m l .  o f  t h e  c o l l e c t e d  b u t a d ie n e  a lo n g  w i t h  0 . 1  m l.

o f  d o d e c y l  m e r c a p ta in  w e r e  added t o  t h e  s ta n d a r d  f o r m u la t io n  

a t  2 0 % c o n v e r s io n  and t h e  r e a c t i o n  w as c a r r i e d  t o  1 0 0 % com­

p l e t i o n .  The r e s u l t a n t  l a t e x  w as f r o z e n  a t  -1 0 °C  and d r ie d  

t o  a  crumb i n  a i r .  The p a r t i c l e s  w e r e  th e n  w a sh ed  s e v e r a l  

t im e s  w i t h  m e th a n o l and w a te r  t o  rem ove  s o a p , and a g a in  a i r  

d r i e d .

The w a sh e d , d r ie d  p a r t i c l e s  w e re  p o u red  i n t o  p o l y ­

e t h y l e n e  Beem c a p s u l e s ,  and Epon w a s p o u red  o v e r  t h e  p a r ­

t i c l e s  t o  a c t  a s  an  im b ed d in g  m edium . The Epon w a s o v e n  

c u r e d  a t  45°C  f o r  4 8  h o u r s .  The sa m p le  c o n t a in in g  p o l y ­

s t y r e n e  p a r t i c l e s  im bedded in  c u r e d  E pon, w as th e n  s e c ­

t io n e d  i n t o  f i n e  s l i v e r s  on  a m ic r o to m e . I n  s l i c i n g ,  

som e o f  t h e  im b ed ded  p a r t i c l e s  w e r e  s l i c e d  th r o u g h  t h e  

c e n t e r  e x p o s in g  t h e  p a r t i c l e  c r o s s  s e c t i o n .  T he s e c t i o n e d  

s l i v e r s  w e re  p ic k e d  up on  e l e c t r o n  m ic r o s c o p e  g r i d s  t o  

w h ic h  t h e y  a d h er e d  and p la c e d  i n  P e t r i  d i s h e s .  T hey  w e re  

th e n  e x p o se d  t o  fum es o f  Osmium T e t r a o x id e  w h ic h  r e a c t e d  

w it h  r e s i d u a l  d o u b le  b o n d s  in  t h e  b u t a d ie n e .  T he Osmium  

T e t r a o x id e  i s  e l e c t r o n  o p a q u e  s o  t h a t  t h o s e  a r e a s  o f  t h e  

p a r t i c l e  c o n t a i n i n g  b u t a d ie n e  d id  n o t  t r a n s m it  e l e c t r o n s  

a s  w e l l  a s  t h o s e  a r e a s  n o t  c o n t a i n i n g  b u t a d ie n e .  T he  

d i f f e r e n c e  i n  e l e c t r o n  o p a c i t y  i s  i n d i c a t e d  b y  t h e
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c o n t r a s t  i n  sh a d e  o b s e r v e d  i n  F ig u r e  2 5 , w h ic h  w as ta k e n  

th ro u g h  t h e  N o r e lc o  300 EM e l e c t r o n  m ic r o s c o p e .

The m ic r o to m in g  and im b ed d in g  p r o c e d u r e  w a s c a r ­

r i e d  o u t  b y  M r. Joh n  B odnaruk  who w orked i n  c o n j u n c t io n  

w it h  t h e  B i o l o g y  D ep a rtm en t o f  The C i t y  U n i v e r s i t y  o f  

New Y o rk .
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V IT A

M ic h a e l  R , G r a n c io  w as b o r n  in  B r o o k ly n , New Y ork on  

A p r i l  2 4 , 1 9 4 2 o He r e c e iv e d  h i s  e le m e n ta r y  and s e c o n d a r y  

e d u c a t io n  i n  th e  New Y ork  C i t y  S c h o o l  System ,, He e n te r e d  

The C i t y  C o l l e g e  o f  New Y ork  i n  S ep tem b er  o f  1 9 5 9  and r e ­

c e iv e d  h i s  B a c h e l o r ' s  d e g r e e  i n  C h e m ic a l E n g in e e r in g  in  

F e b r u a r y  1964□

From F e b r u a r y  t o  S e p tem b e r  o f  1964 h e  w as em p loyed  

b y  I n t e r c h e m i c a l  Company a s  a R e se a r c h  E n g in e e r „ I n  S e p ­

tem b er  196 4  h e  r e tu r n e d  t o  T h e C i t y  U n i v e r s i t y  o f  New 

Y ork f o r  f u l l  t im e  g r a d u a te  s t u d i e s ,  and w as s u p p o r t e d ,  

i n  c h r o n o l o g i c a l  o r d e r ,  b y  a  R e s e a r c h  A s s i s t a n t s h i p , a 

N a t io n a l  S c i e n c e  F o u n d a t io n  G r a d u a te  T r a in e e s h ip  and an 

N8 F g r a n t  aw arded  t o  D r , D a v id  J„ W i l l ia m s „ As a r e s u l t  

o f  h i s  g r a d u a t e  r e s e a r c h  h e  h a s  c o a u th o r e d  t h r e e  p a p e r s  

w it h  Dr o W i l l ia m s ,

M ic h a e l  R„ G r a n c io  i s  c u r r e n t l y  em p loyed  b y  t h e  

M on san to  Company a s  a S e n io r  R e s e a r c h  E n g in e e r  .in th e  

F u n d a m e n ta ls  S e c t i o n  o f  t h e  R e s e a r c h  D ep a r tm en t in  

S p r i n g f i e l d ,  M a s s a c h u s e t t s „ He r e s i d e s  in  F a i r v ie w ,  

M a s s a c h u s e t t s  w i t h  h i s  w i f e  S u s a n ,
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