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ABSTRACT 
' 

; hmplexed alterhating copolymerizations have been the 

subject "b(,,i'ntense interest for the past five years. " However, -/ 
the mechaniSm for these reactions is obscure. In this study, 

the molecular\,weight distributions of several systems were. 
\ 

examined in conJunction with kinetic rate data in order to 
- \  

elucidate the mecianism and to difierentiatepong competing 
- 

\\ theories . \ .  
The model system'? methyl methacrylate-styrene, methyl 

.methacrylate-isoprene, acrylonitrile-styrene, methacrylonitrile- 
- 

4 '  

styrene, methyl acrylate-styrene, methyl chloroacrylate-styrene 

and c h l o r o a c r y l o n i t r i l e - s t y r e n e  in conjunction with the complex- 

ing agents, diet@aJ.uminum chloride, ethylaluminum sesquichloride 
4 

and zinc chloride have been selected for study. 
d 

F. Major-kinetic emphasis is placed on the methyl I 

methacry la te - s ty rene-d ie thy la luminum chloride system. The 
t ? 

initial reaction is found to be first-order dependent on each 

- 1 monomer, second-order p~erall:~ k ' = 5.4 x 1 mole sec. - 1 
P * <  - 

at 2 5 " ~ .  The apparent rate constant, '-, is obtained by two 
kp . 

separate methods.. The yield of polymer with time gives k ' 
\ P 

by a graphical technique us'ing the integrated rate expression. 

Variation of initial rate with monomer feed composition 

provid~s an alternative method. ~inetic .studies conducted - 
-- - 

- 0--- 0- 
betkeen 0 C. and 60 C. show a low overall activation energy, 

Similar studies on the methyl methacrylate-isoprene- 

ethylaluminum sesquichloride and diethylaluminum chloride 

+=-- 

(iii) 



- - - - -  - - - - - - - - 

systems show an initial reactio?, first-order dependent on 
Y 

methyl methacrylate and one-half order dependent on isoprene; 

3/2 order overall.. An dtegrated rate exp'kession for a 3/2 

prder reaction is d=ifed and provides apparent rate constants, 
t , 3 
\ ' for l@e diethylalumirium chloride and ethylaluminum 

kD , * 

sesquichl~ride systems as 4.8 x 10 -6i1/2 mole--l/2sec . and 

2.2 x -l/'sec. -' resp&tively. Kinetic studies 

J activation energy of' Er = -4.2 kcal nole-' for the methyl . . 

me'thacrylate-isoprene-diethylaluminum chloride reaction. A 

mechanism involving an isoprene diradical species and 
c 

consistent with 3/2 order kinktics is proposed. 

Molecular weight distributions have been determined ' 

F 

using gel permeation chromatography. No change in molecular 

weight is seen with increased reaction time. Thus mechanisms '~ 

involving "living" centers are not involved in complexed 
I 

alternating copolymerization. The number average molecular 

weights ( )  for methyl methacrylate-styrene-d e$h laluminum \ 
chloride, methyl acrylate-styrene-di~thyla.luminum chloride, 

acrylonitrile- s tyrene-diethylaluminum chloride and 

methacrylonitrile-styrene-'diethylaluminum chloride indicate 

'a* steady decrease *in Mn with increases i-n- the vinyl -, 

monomer-diethylaluminum chloride concentration. ~ a ~ e s ,  how- --. 
ever , a r ~ f - ~ ~ d - t ~ ~ m i t ~ i r n u m a ~ ~ ~ m e ~ ~ ~ - a ~ ~ ~ s ~ .  

A Mayo type plot indicates a .non-degradative chain- trans•’- 

termination mechanism. * 

. ('iv) 



An o p p o s i t e  t r e n d  i n  whlch Mn i n c r e a s e s  wi-th i n c r e a s i n g  

methyl  methacr  c h l o r i d e  c o n c e n t r a t i o n  i s  , 

s een  i n  t h e  

c h l o r i d e -  sys tem and i s  p o s t u l a t e d / t o  be due  t o  t h e  i n c o r p o r a -  

t i o n  o f  "dead" polymer i n t o  t h e  p ropaga t i ng  s p e c i e s .  

Monomer cha in  t r a n s f e r  c o n s t a n t s ,  ( C ,  f o r  t h e  complexed 
@ 

monomers,methyl ac~ylate-diethylaluminum c h l o r i d e ,  methyl  
- - -- 

m e t h a c r y l a t e - d i e t h y l a l u i m  m c Z 1 d e ,  - & c r y l o n i t r i  l e -  

d i e thy l a luminon  . ' ch lo i ide  and me thac ry lon i t  r i l e - d i e t h y l a l u m i n u m  

c h l o r i d e  a r e  determined t o  be 7..6 x  7 .1  x  3 . 4  x 

and 4 . 1  x r e s p e c t i v e l y .  ' These a r e  s e v e r a l  o r d e r s  o f  

magnitude g r e a t e r  t han  Cm v a l u e s  f o r  uncomplexed sys tems  
0 .  

r e p o r t e d  i n  t h e  l i t e r a t u r e .  

, The non -deg rada t i ve  c h a i n  t r a n s f e r  mechani*m i s  t& 

by. examining hfi and v i n y l  monomer Q va lue .    here i s  a 
/ 

u a l i t a t i v e  dependence between Gn and Q whjch i s  cons i s t e*  
1 \ 

t r a n s f e r  mechanism, e . g .  : h igh  Q v a i u e ~ . ~ i e l d -  

v 

l ng  low Mn p roduc t .  , s - 

Copolymer composi t ion  (methyl  . 6e thac ry l a t e - sdy rene -  

d ie thyla luminum c h l o r i d e )  and t h e  molecu la r  we igh t  d i s t r i b u -  
Q 

t i o n s  a r e  determined simultaneous, ly u s ing  14c l a b e l  
'% 

t e chn iques .  The copolymer i s  s t r i ' w a l t e r n a t i n g  
\ 

t h e  molecu la r  weight  d i s t r i b u t i o n  and t h e  g r o s s  a n a l y s i s  
- - - - -- -- -- -- 

r e f l e c t s  a  molecu la r  homogeneity, t us i n d i c a t i n g  t h e  o v e r a l l  't 
r e a c t i o n  mecranism i s  devoTd o f  p T r a I l e l p r o p a g a t i ' o n -  -- 

- 

mechanisms. 

With z i n c  c h l o r i d e  complexing agen t  and 
t 

i d , 4 lazobisisobutyronitrile, i n i t i a t o r s ,  no change i n  ;a te  

(v)  * - - 



- '.a, 

- - - - - - - -  - 

of  i n i t i a t o r  d e c o m p i t i o n  i s  f o h d  in" the  p r e sence  of z i n c  
- --p ppp-p -- 

c h l o r i d e .  \  he decomposi t ion  i s  f i r s t -  o rde r  (kd T x  lo- 'sec.  - ' ) .  

Th i s  e s t a b l i s h e s  t h a t  t h e  h i g h  r a t e  of r e a c t i o n  found f o r  - * 

4, O( ' a z o b i s i s o b u t y r o n i t r i l e  i n i t i a t e d  sys tems i s  no t "  due 

t o  an enhanced r a t e  of i n i - t i a t a  d ~ c o m p o s i t i o n .  
\ . 

So lven t s  capab lk  of  complexing w i t h  z i n c  c h l o r i d e  g r o s  

a f f e c t  a l t e r n a t i n g  copo lymer i za t i ons  and cause  t h e  ? e a c t i o n  
-r- - - -- - A- A-P- A- A A Pup - A -PA- 

t o  r e v e r t  t o  a random p roces s .  For example, m e t h a c r y l o n i t r i l e -  

s t y r e n e - z i n c  c h l o r i d e  w i t h  4 , d 'abzobisisobutyronitri le 

copolymerized i n  THF, produces  random copolymer. 
- - 
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b % N D  ABBREVIATI ONS 
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Rate of Polymerization 

Initial Rate of ~olymerization 
, : 

Reaction Order Coefficient 
' 6  

Apparent Rate'Constant 
- 

~ecom~osition Rate Constant 

~veral'l ~ctivat ion Energy 

Average Degree of Polymerization 

Monomer Chain Transfer Constant 
e 

Number Average Molecular Weight 
--. 

weigh% Average Molecular Weight 

Monomer Reactivity Ratio 

Diethylaluminum Chloride 

EASC g' 

hIMA - 

STY - - 

IP - 

Ethylaluminum Sesquichloride 

Methyl Methacrylate 

Styrene a 

Acrylonitrile 4 

Methacrylonitrile - 
Methyl Acrylate MA + - ** 

MCA - 

CAN - 

AIBN - 

Ratio of 2:-1 Methyl Methacrylate-Lewis Acid Feed 

Tetrahydrofuran 
< 

0 

, THF - 
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HISTORY L CL 
L. 

Before  t h e  t u r n  of t h k  c e n t u r y ,  t h e  f i r s t  P s y n t h e t i c  

. polymers  had  been  p r e p a r e d ~ u s i n g ) t e c ~ q u e s  a v a i l a b l e  from 
, . 

o r g a n i c  c h e m i s t r y .  Although t were  mere ly  L.. 
\ 

[ l a b o r a t o r y  c u r i o s i t i e s  a t  t h e  t i m e ,  t h e y  p r o v i d e d  t h e  

g i n n i n g  - - - - of  t h e  f i e l d  o f  polymer - c h e m i s t r y .  The f i r s t  
- -- - - 

t y  y e a r s  of t h e  2 0 t h  Cen tu ry  saw =a s low b u i l d - u p  of + , knowledge of some of t h e  b a k i c  c o n c e p t s  f o r  t h i s  new 1 

1. -. 

s c i e n c e .  

Although p o l y m e r i c  m a t e r i a l s  such  a s  p o l y e t h y l e n e .  and - 

7 

n y l o n  wene i n  commercial  p r o d d c t i o p  b e f o r e  1939,  . t h e r e  i s  
'1 - .  

l i t t l e  doubt  t h a t  t h e  Second World War p r o v i d e d  t h e  impe tus  

f o r  much of, t h e  r e s e a r c h  and t e c h n $ l o g i c \ l  development  
2 

which  has  s i n c e  p r o v i d e d  t h e  m u l t i t u d e  of p o l y m e r i c  m a t e r i a l s  ' 
' -a 

- . I  

t h a t  a r e  s o  comm6n i n  e v e r y  day  l i f e  t o d a y .  

' < A  l a r g e  p r o p o r t i o n  of t h e s e  u s e f u l w m a t e r i a l s  a r e  , 
copolymers  and t h e  e x p l o s i v e  g rowth  of t h e  f i e l d  of  copolymer 

* 1 

\'a 

c h e m i s t r y  has  been  a t t r i b u t e d  t o  t h e  l a c k  of s u f f i c i e n t  .. . 

s u p p l i e s  of n a t u r a l  r u b b e r  d u r i n g  t h e  war y e a i s .  A l a r g e  

e f f o r t - w a s  e x e r t e d  i n t o  d e v e l o p i n g  a  s u i t a b l e  s u b s t i t u t e  

f o r  n a t b r a l  r u b b e r  and t h e  development of t h e  cbpolymer 
- 

s t y r e n e - b u t 6 d i e n e  - - - r u b b e r  - -- (SBR) - p-p r e s u l t e d .  . . S y n t h e t i c  copolymers  

a r e  now found i n  many a p p l i c a t i o n s  such  as, c l o t h i n g ,  a u t o -  

m o b i l e s ,  hous ing-and . . ;n a  growing number o f  i n d u s t r i a l  and 

a g r i c u l t u r a l  ap$l ic  
* k 

I 
I 



< = + .  i -. , 
1 . 2  - OF COPOLYMERS 

/ \ 
- - - 

A p o l y m e r i s a t i k  whereby two-or more monomers 

a r e  s imu l t aneous ly  polymerized i n t o  t h e  same po lymer ic  molecule 
\ 

is termed c o p o l y m e r i i a t i o n  and t h e  p d d u c t  i8-known as a  
LJ 

copolymer. Many monomers t h a t  f a i l  to%opolymelire  them- 
'. ' s e l v e s ,  r e a d i l y  form copolymers i n  con junc t i on  w i t h  o t h e r  

\ - 
monomers. Hence, monomers wkth deSi rab3 tF~chemica l  p r o p e r t i e s  

2-* ' 
t h a t  do nGt homopolyme1-j;rp- g i v e  u s e f u l  copolymers on - 

copolymer iza t ion .  +!' # 

96 
. One of t h e  more impor t an t  a s p e c t s  of copo lymer iza t ion  ** 

w 
i s  t h e  m o d i f i c a t i o n  of po*mei p r o p e r t i s ;  th rough  changes i n  

composi t ion .  Polymethyl  me thac ry l a t e  i s  an a t t r a c t i v e ,  tough 
- ,  t 

p l a s t i c  use-d f o r  a  l a r g e  nuumbdr of i n d u s t r i a l  application&--- 

Th i s  homopolymer u n f o r t u n a t e l y  s u f f e r s  from poor the rmal  $ 

p r o p e r t i e s  and decomposes a b o v B  1 0 C ( 1 ) .  The a d 4 i t i o n  1 . - 
s? 

r ene  a s  8 romonomer i n  t h e  p o l y l ~ e r i z a t i o n  of  meth 
, . * 

m'ethacrylate v de s  a  more d u r a b l e  'and t&npe ra th r e  t o l e r a n t  
* -  8 \ 

m a t e r i a l  Likewise ,  p o l y a c r y l o n i t r i l e ,  a  p o p u l a r ~ p o l y m e r  i n  
/ / 

t h e  . t e x t i l e  i n d u s t r y ,  a t t a i n s  - 
k e n  _ e n o p a l ~ e r i z ~ d  w i t h  v i G l  'pyr id ine  I ( 2 )  

I 
I 

J 
% J  

COPOLYMER CONSTITUTION 

copolymeri  a r e  c l a s s i f i p d  i n t o  f o u r  g e n e r a l  c l a s s i f i c a -  
/ 1 

I! * t i on s &e p e  n  d  ia g on t - h ~ ~ s ~ t ~ r u c ~  uCra1diisstSmitSionono f f t  kcm~nnmers 

a long  t h e  po lymer ic  chain. .  For two compenent -c-opolymer-s, - - ip 

3 

J 1 

t h e s e  c l a ~ s i f i c ~ t i o n s  a r e  c a l l e d ;  random, - a l t e r n a t i n g ,  b lock  

- g r a f t .  I n  a  random copolymer, t h e  monomeric u n i t s  have - < 



\ I  

a  random d i s t r i b u t i o n  a l o n g  t h e  c h a i n :  \ 
- - -- - - - - % 

-5 

A-B-A-A-B-B-B-A-B-B-A-A-A J 
C 

L 
A l t e r n a t i n g  copo lymers  have  a  p e r f e c t l y  a l t e r n a t i n g  s e q u e n c e  

0 . - .  of monomer u n i t s :  
> 

Block copolymers  a r e  cop:lymers c o n t a i n i n g  long, r u h  o f  one 

monomer : 

r J 
A g r a f t  coporymer h a s  9 6r-h s t r u c t u r e  c d n s i s t i n g  of a 

'@--, i 
'* homopolymer backbone w i t h  comonomer s i d e  c h a i n s  : 

B 

A-A-A-A-A-A-A-A-A-A-A-A-A 
I I 

B --.. B 
I I .  
B B 

For  a  g i v e n  p a i r  of  monomers, d i f f e r e n c e s  i n  c h a i n  s t r u c t u r e  

p r o v i d e  e a c h  o f  t h e -  h u r  t y w s  of - c o p o f p m e r ~ h + q ~ ~ e  -- 9 

p h y s i c a l  and c h e m i c a l  p r o p e r t i e s ,  0 f 4 ~ c h  t h e  most  - in te res+-  - -  

i n g  i s  t h e  a l t e r n a t i n g '  s t r u c t u r e .  
a 



- 4 -  
\ 

- &- -- 

J 
Polymers w i t h  a l t e r n a t i n g  s t r u c t u r e s  show h i g h  d e g r e e s  

! - 
- * - 

8 

of c r y s t w i n i t y  on s t r e t c h i n g  ( 3 ) ,  presumably due t o  tK3ir 
9 

homogeneous s t r u c t w r e .  T h i s  p r o p e r t y  i s  h i g h l y  d e s i r a b l e  i n  

t h e  d e s i g n  of m a t e r i a l s  w i t h  h i g h  t e n s i l e  s t r e n a h .  & o l y r  
/" 

/ 
/ 

(hexamethylene adipamive)  i s  used a s  b o t h  a  f i b r e  and a  " 

f l e x i b l e  p l a s t i c .  W& modera te ly  ' h s t a l l i n e ,  i t  i s  a  

f l e x i b l e  p l a s t i c ,  however, a s  t h i s  m a t e r i a l  i s  s t r e t c h e d  i t  
- - - - - - 

becomes h i g h l y  c r y s t a l l i n e  and produces  f i b r e s  of  h i g h  s t r e n g t h  
- 

commonly c a l l e d  ny lon  6 ,  6 ( 4 ) .  a 

b 

1.4 COPOLYMER COMPOSITION 

The monomertc compos i t ion  of a copolymer i s P u s u a l l y  - 

measured a s  a  mole p e r c e n t  of  each monomer and i s  i n d e p e n d p t  ' 

of t h e  copolymer5 c 6 n s t i t u t i o n .  A copolymer o f  p a r t i c u l a r  

composi t ion  can be  e i t h e r  random, a l t e r n a t i n g ,  b l o c k  o r  g r a f t .  

The composi t ion  of a  topo lymer  i s  t o  a l a r g e  e x t e n t  de te rmined  
t 

by t h e  p a r t i c u l a r  monomer f e e d  composi t ion  used t o  p r e p a r e  t h e  
1 

copolymer a s  w e l l  a s  r e a c t i v i t y  d i f f e r e n c e s  between t h e  

monomers. The r e l a t i o n s h i p  .between f e e d  composi'tion f o r  a 
\ 

c a t i o n s ,  a n i o n i c  and f r e e  r a d i , c a l  c o p h y m e r i z a t i o n  6 f  methyl  
\. 

m e t h a c r y l a t e  and s t y r e n e  i s  shown i n  f i g u r e  ( 1 ) .  F i g u r e  (1) 
< ' 

i n d i c a t e s  t h a t  i n  t h e  f r e e  r a d j c a l  mechanism, a  l i n e a r  f i  
s 

P 

r e l a t i o n s h i p  does n o t  e x i s t  between t h e  monomer f e e d  and t h e  
- - -- -- - - - 

p r o d u c t  compos i t ion .  The n o n - l i n e a r  r e l a t i o n s h i p  shown on 
- - - - -- - - - - 

f i g u r e  (1) i s  common t o  a  l a r g e  number of c o p o l y m e r i z a t i o n s  

and e a r l y  r e s e a r c h  i n t o  r a d i c a l  copo lymer iza t ion  devo ted  much 

' a t t e n t i o n  t o  t h i s  phenomenon. D o s t a l  ( 5 )  was t h e  f i r s t  t o  

. c I 

a 



F i g u r e  1 INCREMENTAL COPOLYMER COMPOSITION AS A FUNCTION 

OF MONOMER FEED COMPOSITION FOR THE STYRENE (M,)- 

CATIONIC (SnClq), FREE RADICAL (Bz20Z) AND 

ANIONIC (Na) MECHANISMS (6). 





a t t e m p t  t o  elucli%a€e ~epii ieChXKisms o f  c o p o l y m e r i i a t i y .  
ff 

His b a s i c  assumpt ion  was i h a t  t h e  r a t e  o f  a d d i t i o n  of  

monomer u n i t s  t o  a  growing m a c r o r a d i c a l  was dependent  o n l y  

on t h e  end group.  For a two monomer sys tem,  M1 and M 2 ,  
- '\ 

t h i s  asstimption l e a d s  t o  f o u r  p o s s i b l e  p r o p a g a t i o n  s t e p s :  I 
f 

"Mi + M 2  

Many y e a r s  a f t e r  D o s t a l s  o r i g i n a l  work, Mayo and Lewis 

( 7 )  and A l f r e y  and G o l d f i n g e r  (8 )  s e p a r a t e l y  d e r i v e d  t h e  now 
I 

f a m i l i a r  c o p b l y m e r i z a t i o n  e q u a t i o n  ( 1 - l ) ,  ( a l s o  f r e q u e n t l y  
K 

c a l l e d  t h e  Mayd-Lewis e q u a t i o n ) .  Th i s  e x p r e s s i o n  r e l a t e s  t h e  

copolymer compos i t ion  d C M I I  /d CN21 w i t h  t h e  monomer f e e d  

.composi t ion  CM,I / CM,I th rough  t h e  u s e  o f  two terms c a l l e d  
A i. 

t h e  monomer , r e a c t i v i t y  r a t i o s  r l  and r 2 :  

where : 



- - - - - -  - - - 

- \ -  
B 

Themmomer reacreacthtS--&-eeq9uantitxtive measures of t  

t h e  p r e f e r e n c e  o f  a  r a d i c a l  t o  r e a c t  w i t h  i t s  own monomer 

r a t h e r  t han  w i t h  t h e  comonomer. R e a c t i v i t y  r a t i o s  a r e  n o t  
> / 

c o n s t a n t  f o r  a  g iven  monomer b u t  a r e  p a r t i c u h f % o  monomer 
+. ' 

p a i r s  and t o  polymbri ra t&condi t ions  ( ~ a ~ l ;  I ) .  \ 
* 

4 
Whether . t h e  polymer p roduc t  from a  r a d i c a l  copolymeriza-  

t i o n  i s  random, a l t e r n a t i n g  o r  b lock ,  i s  de te rmined  by t h e  
- - - -  -- ---A - - -- -- 

v a l u e s  of t h e  r e a c t i v i t y  r a t i o s .  Random p r o p a g a t i o n  occu r s  

when rl = r2  = 1. Th i s  s i t ua t i onQccu r s  when t h e  two monomers 
\ 

7 

show Bqual r e a c t i v i t i e s  -toward bo th  p ropaga t i ng  s p e c i e s .  The 

p rod uc t  composi t ion  i s  t h e n  dependent  on ly  on t h e  monomer 
/ _k_ 

f e e d  r a t 5 0  a s  shown 1 e q u a t i o n  ( 1 - 2 ) .  

, 
I n  c a s e s  where rIl and r 2  d i f f e r  from u n i t y ,  e . g . ,  rl) 1, r 2 (  1 

o r  r 1 1 one of t h e  monomers i s  more r e a c t i v e  than 

t h e  o t h e r  toward both  p ropaga t i ng  s p e c i e s .  The p roduc t  w i l l  

' &  

t h e n  c o n t a i n  a  l a r g e  p r o p o r t i o n  of t h e  more r e a c t i v e  monomer 
P 

i n  random placement.  When r l  = r2 = 0, r e g u l a r  d t e r n a t i o n  

L ' 
of monomer u n i t s  occurs .  The two mono e n t e r  i n t o  t h e  

- o f  p ropaga t i ng  s p e c i e s  p r e * ~ e n t i a l l y  adds t h e  o t h e r  monomer. 

The p roduc t  composi t ion  i s  t h e n  independent  of  t h e  monomer 



- 8 -  
- - - - -- 

A 

- - --- - - - - - - - raRr .EL - 

'come Monomer reactivity ratios 
L 

in radical copolymerizations 

{ 

M1 4 , '2 U0Q 
Acrylic acid 1.15 Acrylonitrile 0.35 50 

'0.25*0.02 - Styrene 0.15*0.01 
0.1 

60 
2 Vinyl acetate 70 

-- - - ----  -- LA A - 

Acrylonitrile 0.35 Acrylic acid 1 .-is - 50 . 
0.02 1,3-Butadiene 0.3 40 
0.1428.04 t-Butyl vinyl ether 0,0032f0.0002 60 
0.720.2 Ethyl vinyl ether 0.03f0.02 80 
0.0220.02 r .  Isobutylene 1.8f0.2 ' 50 
1.520.1 Methyl acrylate 0.8420.05 50 
0.150f0. 080 Methyl methacrylate 1.22420. 100 80 
0.61f0.04 Methyl vinyl ketone 1.7820.22 - 60 ' 
0.0420: 04 0.40f0.05 60 . 
4.2 0.05 50 

I .2.720.7 0.04f0.03 60 
0.9120.10 ne chloride 0.37f0.10 ' 60 
0.113f0.002 2-Vi 0.4720.03 60 

Ally1 acetate 0 
0.00 
0.7 

hyl fumarate 0 
0.070'0.007 
0.44420.003 
0.12f0.01 

Methyl methacrylate 23 60 
Styrene 90*10 60 
Vinyl acetate 1.0 60 

Acrylonitrile 0.02 40 
Methyl methacrylate 0.25'0.03 90 
Styrene 0.58t0.15 50 
Vinyl chloride 0.035 50 ' % 
Acrylonitrile 8 60 
Styrene ~0.30f0.02 60 
Vinyl acetate. O.O1lfO.OO1 60 
Vinyl chloride 0.47t0.05 60 

Diethyl maleate 0 Acrylonitrile 12 60 
0 Methyl methacrylate 20 60 
0.020.1 Styrene 521.5 70 

-- -- - -0A4 3-+0 - - 0 0 ~ i n ) r h ~ e t a t e d & + U l -  6 0 ~ ~ ~ -  
0.009'0.003 Vinyl chloride 0.7720.03 

i' - 
D - - - - 



- 9 -  
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feed. If r2 and r2 are greater than unity, then there is a 

tendency to form blocks of monomer along the chain. This 
'p 

type of behaviour is uncommon in radical copolymerization. 

In the few reported cases where it does ocsur, polymeriza- 

tion is accomplished with the use of co-ordination / 
C 

catalysts (9). 

A special situation occurs when one 
- - -  - 

ratios is much larger than- the other ( r  > 1 r2 (( 1 

Both of the propagating species preferentially add M1, thus 

M1 tends to homopolymerize until it is consumed after which 

M2 homopolymerires . h his ' behaviour is called c o n h t i v e  
d 

homopolymerization. An extreme example is the copolymeriza- 

tion o f  vinyl acetate-styrepe (rl = 0.01, r2 = 55) (9). 

When the product of the reactivity ratios is unity: .I 

the propagating species show the same preference for adding 

either of the monomer species. This type of behaviour is 

called ideal copolymerization and the copolymer composition 
I 

is g i h  by (1-1) and (1-3). 



Most comonomer sys tems l i e  between t h e  two e x t  
- --- - ~f 

a l t e r n a t i n g  and i d e a l  copo lymer iza t ion .  The range  o f  changes 

i n  copolymer composi t ion  a s  a f u n c t i o n  o f  t h e  r e a c t i v i t y  

r a t i o s  and comonomer feed  i s  shown i n  f i g u r e  ( 2 ) .  

, 1 . 5  THE Qe SCHEME OF MONOMER R E ~ T I V I T Y  
'-% 

The r e l a t i o n  between monomer s t r u c t u r e  and & a c t i v i t y  
- - - - - - - - - - - - -A - 

- -- ---- 

w i t h  f r e e  r a d i c a l s  i n v o l v e s  resonance ,  p o l a r  and s t e r i c  

f a c t o r s .  The Qe scheme o f  A l f r e y  and P r i c e  (10 ,  11)  

r e p r e s e n t s  an  a t t e m p t  t o  f o rmu la t e  t h e  f i rs t  two f a c t o r s  i n  

a q u a n t i t a t i v e  manner. The Qe scheme i s  an e m p i r i c a l  semi- 
P 

q u a n t i t a t i v e  a t t emp t  t o  r e l a t e  t h e  r e a c t i v i t y  o f  a  g iven  

rad'ical-monomer p a i r  t o  t h e  resonance  and p o l a r  e f f e c t s  

, t ha t  e x i s t  i n  t h e  monomers and a s  e x p r e s s i o n  (1 -5)  : 

-The  terms P and Q r e l a t e  t o  resonance  e f f e c t s ,  where 

Pi r e l a t e s  t o  t h e  r a d i c a l  and Qi t o  t h e  n e u w a l  monomer. 
I 

Terms e i  and e  a r e  p o l a r i t y  measures of  t h e  r a d i c a l  and 
j - 

t r 

monomer r e s p e c t i v e l y .  By making t h e  s i m p l i f y i n g  assumpt ion 

t h a t  t h e  same e  va lue  r e l a t e s  t o  bo th  a  monomer ahd i t s  

r ad i c a  1, i t i s  p o s s i  b_le_t o ~ _ o h t a k e x p p s s i o n s f  a- * 

copo lymer i za t i on  r e a c t i v i t y  r a t i o s  rl  and r2_ a s :  - _ - p- 



- l l a  - 

Figure 2 INCREMENTAI. COPOLYMER COMPOSITION AS A FUNCTION 

OF MONOMER FEED COMPOSITlON FOR VARIOUS r l /r2  

RATIOS (12) . 





The Qe scheme, because  of i t s  e m p i r i c a l  approach ,  has  

many d e f i c i e n c i e s .  In 411 c a s e s  t h e  p r e c i p i o n  o f  c a l c u l a t e d  

Q and e  v a l u e s  i s  l i m i t e d  by t h e  i naccu racy  of t h e  measured 

rl and r2  v a l  e s  and' s e v e r a l  v a l u e s  o f  and e ? r e  o b t a i n e d  ' Y # 

u s i n g  pub l i shed  r e a c t i v i t y  r a t i o s  ( 1 3 ) .  
L d Perhaps t h e  most obvious shor tcomings  o f  t h e  Qe r e l a t  on- i 

s h i p  i s  t h e  l a c k  of  c o n s i d e r a t i o n  f o r  s t e r i c  e f f e % t s .  In 

t h i s  r e s p e c t ,  Qe va lue s  a r e  o f t e n  meaningless  f o r  copolymeriza-  + 

t i o n  i n v o l v i n g  1,1 d i s u b s t i t u t e d  monomers having l a r g e  b u l b  

f l  s u b s t i t u a n t s  ( 1 3 ) .  - , 
1 

Despi te  t h e s e  d e f i c i e n c i e s ,  t h e  Qe scheme is a  reasonab ly  
P 

q u a n t i t a t i v e  measure of monomeric r e a c t i v i t y  and i f  t h e  

i n d i v i d u a l  Q and e  v a l u e s  a r e  used on ly  a s  approximate  measures ,  

t h e  behav iour  of  a  comonomer p a i r  can  be p r e d i c t e d .  
3 

Consequent ly ,  t h e  Qe v a l u e s  of,a l a r g e  number o f  monomers have 

been de te rmined  and t a b u l a t e d  (14). 
- - -- - - -- - 

B a -- - 

I .  6 FACT-ORS INFLUENCING ALTERNATION IN COPOLYMERIZATION 

When t h e  p roduc t  o f  t h e  r e a c t i v i t y  r a t i o s  o f  a  comonomer 
-. 

p a i r  t ends  toward z e r o ,  t h e r e  i s  a  tendency toward a l t e r n a t i o n  



- - - 
-- 

- 

I 

i-n t h e  co~olymnr. 

p o l a r i t y  e f f e c t  wh$reby s u b s t i t u e n t s  on a r a d i c a l  o r  n e u t r a l  

molecule p o l a r i z e d  t h e  v i n y l  bond. An a l t e r n a t i o n  e f f e g t  
\ 

cou ld  t hen  a r i s e  from an a t t r a c t i o n  between a  n e g a t i v e  double  

bond and a  p o s i t i v e  r a d i c a l  o r  v i c e  v e r s a .  ' Thi s  s u g g e s t i o n  

was exp lored  m o r e , c l o s e l y  by Mayo, Lewis and Wal l ing  (16 ,  i t )  

These a u t h o r s  . t abu l a t ed  a  s e r i e s  of monomers i n  o rde r  o f  
- - - -  

i n c r ea s ing .  copolymer a l t e r n a t i o n  a s  s h o w f i n  t a b l e  1 1 .  Mayo 

e t  a 1  p o i n t e d  ou t  t h a t  t h e  monomers appear  i n  t h e  approximate  -- 
. o r d e r  o f  t h e  tendency of t h e  s u b s t i t u e n t  topwithdraw 

e l e c t r o n s  from t h e  v i n y l  bond. I t  has  a l s o  been recogn ized  

t h a t  t h e  monomers i n  t a b l e  I 1  fo l low i n  o rde r  of  t h e i r  e  

va lue s  ( 1 7 ) .  I n  c a s e s  where t h e  comonomers a r e  f a r  a p a r t  i n  

t h e  s e r i e s ,  an a l t e r n a t i n g  copolymer r e s u l t s .  I f  t h e  
i 

s e p a r a t i o n  i s  s m a l l  t hen  t h e  &endency t o  a l t e r n a t e  becomes 

l e s s  and a  non- a l t e r n a t i n g  polymer i s  farmed. U l t r a v i o l e t  

spec t roscopy  has  r e v e a l e d  new a b s o r p t i o n  bands (change t r a n s f e r  

bands)  a t t r i b u t e d  t o  a  molecu la r  complex between t h e  monomers 
i 

(18 - 2 4 ) .  I n  t h e i r  s t u d i e s  of alkyl a c e t a t e - m a l e i c  anhydr ide  
0 

b 

copo lymer i za t i ons ,  B a r t l e t t  and Nozaki (25 )  p r o p e d  a 

molecu la r  dono r - accep to r  i n t e r a c t i o n  between monomers a s  t h e  

c o n t r o l l i n g  f a c t o r  f o r  t h e  observed a l t e r n a t i n g  tendency.  

Wall ing e t  a 1  (26,  27) v i e w s - t h e  a l t e r n a t i n g  e f f e c t  a s  a  -- 
-- -- -- - - 

t r a n s i t i o n n s t a t e  phenomenon, where t h e  a l t e r n a t i n g  copolymer 

a r i s e s  f r o m ' t h e  most s t a b l e  t r a n s i t i o n  between t h e  growing 

mac ro rad i ca l  and t h e  monomers. The e l e c t r o n  dona t i ng  and 

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

lea'ding t o  t r a n s i t i o n  s t a t e  s t a b i l i z a t i o n .  
9 



TABLE I1 VALUES OF rlrZ I N  RADICAL COPOLYMERIZATION (17). 
h 

e VALUES IN BRACKETS.  . 





At the preseht time two majo'r schools of thought exist 
- --- -- - - - 

for the explanation of the alternating tendency. Gaylord 

et a1 (28) suVpbrt the idea of a homopolymerization of -- 3 
donor-acceptor complexes t.0 iorm the alternating copolymer, 

1 

whereas Zubov et a1 (29) postulate that donor-acceptor - 7 

interaotion occurs at the chain end. Present opinion is 

approximately equally divided between the Gaylord view 
- - -- - -  -- 

(21,- 30-34) and m a t  o f  Zubov (35-41). More will be said 
A 

about these mechanisms later. . 

1.7 ALTERNATING COPOLYMER1 ZATION WITH LEWIS ACIDS 

Acrylic compounds such as acrylonitrile, methyl methacrylaEe, . . 
etc. have be-nown not to undergo alternating copolymeriza- 

tion with olefinic compounds such as styrene, propylene or 
* 

ethylene. Hlrooka and co-workers (40) showed that acrylic 

monomers in conjunction w i q  aluminum alkyls formed stable 

cornp-lexes an& that these complexes in conjunction with olefins 

spontaneously produced alternating copolymers. A similar situa- 
< .tion was shown in the acr~lonitri~e-styrepe system where zinc 

2 chloride was used as a complexing s e n t  for the former'monomer. 

several-complexing agents have been found to be successful in 

these copolymerizations; Etl.5AlC11,5 (19, 24, 42-60), EtZAICl 
4'' 

(43, 57), ~ t ~ l ~ l i  (42, 43, 57, 58, 61-63), E V ~ A ~  (64), 
I 

n€12 (28,'35, 51~,2,-66:72),AlC13 (31), iBul,5A1Brl.5 ( 4 3 )  3 

t - - 

ZnBrZ (52) dnd SnC13 (53). In addition, some LewLs ac-i-d-vanadlum 
1 

oxychloride combinations have successful (31, 34, 73, 76). 

These complexing agents affect the copaJymer 
\ * 

+ 
b 



composit jon as shown in figures (3) and ( 4 0 .  In both of 

these examples, the ethylaluminum sesquichloride (EASC) 

complexed alternating copolymerization is contrasted against 

products from conventidna radical and ionic mechapisms. 

;% "* 

fie most dramatic featu e is the apparent insensitivity of - 
the product cosposition to monomer feed ratio changes. The - 

ability of the Lewis acid to facilitate the spont.aneous 
- - - -  - - . - - -a-p- - 

alternating copolymerization is attributed to-the complexation 

of thk Lewis acid onto the nitrile oi carbonyl group of the 

vinyl monomer (30, 56, 77-84). ComplexgRion then delocalizes 
4 

electron density from the vinyl bond and thus enhances the 

nucleophilic character of the monomer. Such a process 

separates the comonomers to a greater degree on the Mayo-Walling 
. 

series and alternating copolymerization results. f b 

1.8 EVIDENCE FOR AN ALTERNATING STRUCTURE 

Equimolar copolymers can be obtained by proper selection 

Of monome r feed ratios. These p lymers are not necessarily S !, Zc 

alternating in etructure, but codain a random distrihtion of 

monomer units along the chain. Distinction between-alternating 

and random copolymers cannot be accomplished using elemental' 

analysis although unimolar composition independent of feed 

rati~s is strongly -- suggestive - - - - - - of - - an alternating mechanism. 

As a random sequence of equimolar copolymer would contain a 
- - - - - - - - - - - - 

high proportion of alternating units, infrared spectroscopy 

shows no characteristic aMorptions assjgnable to an 
\ 

alternating structure (85). 
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F i g u r e  3 COPOLYMER1 ZATION OF METHYL METHACRYLATE. AND 

STYRENE ( 4 8 ) .  

(0) w i t h  e thy la luminum 

( - - - )  r a d i c a l ;  

( .  . . . .) c a t i o n i c ;  

( A ) a n i o n i c ,  Na c a t a l y s t ;  

BuLi c a t a l y s t  . 
J 
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Figure  COPOLYMERIZATION 

( 4 8 ) .  

OF METHYL ACRYLATE AND 

( 0 )  with  efhylaluminum s e s q u i c h l o r i d e ;  

- ( -  r a d i c a l ;  
c, - 

( 0  0 )  c a t i o n i c .  
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method of identification. Both steady state (42, 46, 58, 66, 

67, 72, 75, 88-90) and, to a greater degree, pulsed 
\ 

fourier transform NMR (PFT-NMR) (91) provide distinguishing 

features between random and alternating structures. 

In situations where neighbouring group reactions are 

possible, cyclization reactions are used as a measure of 
- -  -- - - - - - - - - - - - - -L - - 

alternation. For example, vinyl chloride-methyl methacrylate 

copolymer can cyclize through alternating sequences as shown: 

a 

The yield of methyl chloride is proportional to the degree of 
' 

cyclization and can be related to the degree of alternation 

-A similar situation exists for methyl methahrylate-styrene 
I I 

l 

and mkthyl acrylate-styrene copolymers. \ 
cyclizatioi - - - - is -- accompiish - - -- d - - by treatment of the cdpolyner with f \ 

polyphosphoric acid. The degree of cyclization cad then be \ 
- - - -  - - - -- 

examined by NMR ( 9 2 ) .  



\ A s  expec ted ,  d i f f e r e n c e s  between t h e  -non -cyc l i zed  and 
St 

c y c l i z e d  a l t e r n a t i n g  copolymer a r e  much g r e a t e r  t han  i n  t h e  
* 

random case .  I n f r a r e d  s p e c t r a l  d i f f e r e n c e s  a r e  a l s o  geen * 

1 
(between c y c l i z e d  random an3 a l t e r n a t i n g  copolymer. 

Evidence f o r  t h e  format ion of c h d g a  t r a n s s e e r  ar --- 

donor -accep tor  complex s p e c i e s  i n  copolymerizat ions  invo lv ing  



a d o p t i o n  o f  t h e  t e rm "donor -accep to r"  c o p o l y m e r i z a t i o n  by 

some a u t h o r s  ( 4 8 ) .  O t h e r  a u t h o r s  view t h e  r e a c t i o n s  a s  a  

mod i f i ed  r a d i c a l  p r o c e s s  and p r e f e r  t o  m a i n t a i n  t h e  name 

" r a d i c a l  .. c o p ~ l y m e r i z a t i o n ' ~  (29 ,  35-39,  4 1 ) .  

S i n c e  nb s p e c i f i c  f e a t u r e s  of t h e s e  c o p o l y m e r i z a t i o n s  , 

i a r e  - shown i n  t h e  a b s e n c e  of  Lewis a c i d s ,  t h e  s p e c i f i c i t y  - of  
- - - - - - - ,- 

t h e s e  r eac t i ' ons  i s  a s c r i b e d  t o  t h e  complexing a c t i o n  o f  t h e  

,,Lewis a c i d  on t h e  n i t r i l e  o r  c a r b o n y l  v i n y l  monomer ( 4 0 ,  9 4 ) .  

Thus b o t h  Yamada (53) and ~ i r o o k a  ( 4 8 ,  94) haye  p roposed  t h e  

u s e  of t h e  t e rms  "complex c o p o l y m e r i z a t i o n "  and "complexed 

c o p o l y m e r i z a t i o n 1 '  r e ' s p e c t i v e l y .  

A s  t h e s e  c o p o l y m e r i z a t i o n s  u n e q u i v o c a l l y  i n v o l v e  some 

t y p e  of complexed s p e c i e s  and produce  h i g h l y  a l t e r n a t i n g  

copolymer ,  t h e  nomenc la tu re  "complexed a l t e r n a t i n g  
, 

c o p o l y m e r i z a t i o n "  i s  adop ted  by t h i s  a u t h o r  and i s  used  

t h r o u g h o u t  t h e  r ema inde r  of t h i s  t e x t .  

I .  10 THE MECHANISM OF COMPLEXED ALTERNATIm 

COPOLYMER1 ZATIONS 

When f r e e  r a d i c a l  p o l y m e r i z a t i o n  o f  n i t r i l e  o r  c a r b o n y l  
C 

v i n y l  monomers a r e  conduc ted  i n  t h e  p r e s e n c e  o f  L e w i s  a c i d s  

such  a s  z i n c  c h l o r i d e  - - - and - - -pp a l k y l  - aluminum h a l i d e s ,  a  r a t e  -- 

i n c r e a s e  i n  p o l y m e r i z a t i o n  i s  obse rved  (30 ,  7 7 ,  7 9 ,  8 3 ,  9 5 - 9 8 ) . .  
4 z - -  - - 

d 1 

S o v i e t  worke r s  (98)  have proposed  a  p r o p a g a t i o n  s t e p  

f o r  t h e  p o l y m e r i z a t i o n  of me thy l .  me thac - ry la t e  i h  t h e  p r e s e n c e  

of aluminum bromi.de a s  i n v o l v i n g  t h e  f o r m a t i o n  of a  c y c l i c  



~ b s e r v a t ' i o n s  on s i m i l a r  aluminum c ,h lor ide  po lymer iza t ions  of 
t .  

n e t h f l  me thac ry l a t e ,  caused Bamford (96 )  t o  propose a  t r a n s f e r  

r e a c t i o n  between t h e  growing radic- t h e  complexed monomer. 

6 N R C ~  + C H F  ,,. 
C OCH 

- - 2  



Bamford observed a  rite 
d 

t r a n s f e r r e d  r a d i c a l  was r a d i c y l s  

produced from t h e  monomer. 

When Lewis a c i d s  a r e  added t o  copo lymer i r a t i  d n s  conta in?  

i n g  a  monomer w i th  a n i t r i l e  o r  carbonyl  f u n c t i o n ,  a n  enhanced 

s, r e a c t i v i t y  .+ i s  a l s o  seen.  More s u r p r i s i n g ,  however, i s  t h e  
-7 

tend&+ toward- a equimolar  composit ion o f  -the p roduc t ,  -- - - - - 

Yabumoto et (35 )  examined t h e  copolymer iza t ion  of  
LJ - 

/ 

*( a c r y l o n i t r i l c  and s t $ r e n e  w i t h  Levis a c i d s S a n d  showed t h a t  i f  
+ 

t h r e e  monomeric s p e c i e s  were cops ide red ;  a c r y l o n i t r i l e ,  
4 

complexed a c r y l o n i t r i l e  andt s t y r e n e ,  t h a t  n ine  propag&iion \ 

s t e p s  were p o s s i b l e .  Mathemat ical ly  t h e s e  n ine  s t e p s  p rov ide  

$ copolymer comppsit ion equa t ton  i d e n t i c a l  t o  t h e  Mayo- Lewis 

equa t ion  w i t h m e x c e i t i o n s  of d i f f e r e n t  r e a c t i v i t y  r a t i o  va lues .  

Thus . , i t  was shown t h a t  a  convent iona l  &olymer iza f ion  i n  t h e  

presentti! of a  Lewis a c i d  could be t r e a t e d ,  a s  f a r  a s - t h e  
? 

r e l a t i o n  between t h e  copo4ymer composit ion and t h e  monomer 

r e a c t i & t y  r a t i o s  are. concerned,  a s  a  Lewis a c i d  f r e e  
P 

3 A 

. copdlymerizat ion.  
1 

Zubov and =o-worke'rs (98)  s t u d i e d  t h e  Lewis a c i d  
e 

copolymer iza t ion  of two comonomers , each capab le  of  compBxing 
Q 

w i t h  t h e  Lewis a c i  These -workers found t h a t  t h e  copolymer 
9 

P 
wmp osit  i - o ~  appr o d ~ ~ & c h 6 - m o n o ~ ~ F ~ ~ B ~ ~ i - t i , ~ ~ ~ h ~ -  

c o n c e n t r a t i o n  of  t h e  Lewis a c i d  in-creased. When_ the r a t i o  o f  

Lewis a c i d  c o n c e n t r a t i o n  t o  t o t a l  monomer c o n t e n t r a t i o n  was 

0 . 2 - 0 . 3 ,  an i d e a l  c o p o l y m e r i z ~ t i o n  occurred ( r l  = r2  = 1)  and 



t h e  product  composit ion e q u a l l e d  t h e  composit ion of t h e  f eed .  

Zubov expla ined  t h e s e  r e s u l t s  P- by assuming t h a t  p ropaga t ion  
L 

occurs  through a -transition t q t a t e  where d i f f e r e n c e s  i n  
S-, 

r e a ' c t i v i t y  between t h e  v i n y l  bonds , d i s appea r .  Thus t h e  
d C 

r e a c t i v i t y  r a t i o s ,  approach u n i t y  and t h e  c6monomer c o n p v i t i o n  
\ 

determines  t he  product  composi t ion.  
- 

Consider ing a  copolymeriza-  
d 

t i o n  i nvo lv ing (  methyl methacry l a t e ,  Zubov' s i d e a s  g r e  shown 

where x r e p r e s e n t s  fie-Lebtis_acid_campPlexing agent .  

1% s i t u a t i o h s  where bo th  comonomers cannot - - complex wi th  
C - 

t h e  Lewis a c i d ,  t h e  r l  va lue  can e i t h e r  i n c r e a s e  o r  dgcrease  

whi le  r 2  dec rease s .  ' I n  most c a s e s ,  r l  decreases  and a  cpns t an t  

composit ion i n  t h e  neighbourhood of 5 0 / 5 0  mole % is seen  i n  

t h e  p roduc t .  



K e t s t B e ~  m&feifsew C99> v i ~ t e a q m r i ~ ~ -  ' 

t i o n  o f s  methyl  m e t h a c r y l a t e  and a c r y l o n i t r i l e  w i t h  s t y r e n e  

i n  t h e  p r e s e n c e  o i  z i n c  % l o r i d e  o r  d i e t h y l  aluminum c h l o r i d e .  
1 

. Rate d a t a  s u g g e s t e d  t h a t  t h e  c o p o l y m e r i z a t i o n  i n v o l v e d  f o u r  . 

p o s s i b l e  c h a i n  end s p e c i e s .  8 

I a 

Ph 
C I ~ i i . .  * 

0 CH. .. . . 
fH2 CH* FH2 fH2 -- 

E 
-CH2- C-CH3 C - C H T r  -CH2- C- CHJ CH \ 

I I 1 I 
H j C O t  C C-OCHS HjCO-C* 

II I I If 
0 . *  ..o 0 . .  

".M t ~ r i '  '. ~ t ~ l i  
P 

,cH.. 

YH2 "CH I: 2 
-CH2- C -H CH 

t. 
I I 

6 
I I 

N.. \ :N 

5 ' . ~ t ~ r i '  

Consequently t h e s e  workers  proposed a  mechanism i n v o l v i n g  a 

complex bound r a d i c a l  a t  t h e  p r o p a g a t i n g  c h a i n  end s i m i l a r  

t o  t h a t  of Zubov -- e t  a 1  ( 9 8 ) .  
> I 

I n  an approach s u g g e s t e d  by Gaylord ( l o o ) ,  t h e  

c o p o l y m e r i z a t i o n  i s  s e e n  a s  t h e  homopolymerizat ion o f  a  molecu la r  
. F  

c o ~ n ~ l e x  'and subsequen t  p o l y m e r i z a t i o n  w i t h  comonorner. T h i s  



' M '  

is  shown i n  t h e  scheme below f o r  t h e  copolymerizat ion of 
- -  - --- 

P 
I 

methyl methacry la te  and v i n y l i d i n e  c h l o r i d e  i n  t h e  p resence  of 
; 

- z inc  c h l o r i d e .  I _ 

OCH, 

MMA-MMA* 

* 

Gaylord and Takahashi  ( 2 8 ,  100) were t he  f i r s t  t o  propose t h e  

donor -accep tor  mechanism f o r  complexed a l t e r n a t i n g  copolymeriza-  

t i o n .  I n  t h e i r  s t u d i e s  on t h e  copolymerizat ion of a c r y l o n i t r i l e  

.and o l e f i n s  w i th  z i n c  c h l o r i d e ,  t h e s e  workers proposed a , 

;a d i r a d i c a l  s p e c i e s  de r ived  f rom a ccrmonQmer -donac:acseptcrr---- 

complex. 
4 

- 



T h i s  was l a t e r  - modif ied  t o  i n c l u d e  p o s s i b l e  r a d i c a l  c o u p l i n g  
- - - pp pp -- --- 

i n  t h e  complen  t o  prod;ce i o n i c  c e n t e r s  (54) .  Some s t u d i e s  

i n d i e a t e  a  " l i v i n g "  t y p e  mechanism (54) whe c u l a r  

we igh t  i n c r e a s e s  w i t h  c o n v e r s i o n .  L a t e r  i n v e s t i g a t i o n s  showed 
. I 

t h a t  molecu la r  w e i g h t ,  measured a s  5 n t r i n s i c  v i s c o s i t y ,  

i n c r e a s e s  only  i n  t h e  i n i t i a l  s t a g e s  and a  c o n s t a n t  m o l e c ~  a- 

weigh t  occur; i n  t h e  l a t t e r  s t a g e s  of e a c t i o n  (1-103). * 
- - - -  - , ? *  a -- - -p - --A 

I t  s h o u l d  be p o i n t e d  o u t ,  however,  d a t h  show *t" 

c o n s i d e r a b l e  s c a t t e r ,  and t h a t  a  " l i v i n g "  mechanism i s  n o t  

comple te ly  r u l e d  o u t .  
u 

The o v e r a l l  Gaylord & n o r - a c c e p t o r  mechanism i s  

; shown a s  t h e  g e n e r a l i z e d  scheme ( I )  ( 1 0 4 ) .  I n i t i a t i o n  i s  ( - w 
s e e n  a s  a  hydrogen a b s t r a c t i o n  from . a  d o n o r - a c c ~ t o r  complex 

L 
r d o n o r - a c c e p t o r  complex o r  r a d i c a l  i n i t i a t o r  

p r o p a g a t i o n  i n v o l v e s  subsequen t  a d d i t i o n  ' of 

d o n b r - a c c e p t o r  complexes w h i l e  t e r m i n a t i o n  2s prov ided  by 
4 

i n t r a m o l e c u l a r '  coup l ing  o r  r e v e r s e  e l e c t r o n  t r a n s f e r .  T h i s  

scheme i n v o l v e s  c o n s i d e r a b  l e  s p e k u l a t i o n .  A l l  p o s s i b l e  

i n ~ e r a c t i o n s  a r e  shown a l t h o u g h ,  i n  some i n s t a n c e ? ,  e x p e r i m e n t a l  

e v i d e n c e  i s  l a c k i n g .  - 

SCHEME I  

I n i t i a t i o n :  D = E l e c t r o n  Donor S u b s t i t u e n t ;  A = E l e c t r o n  Acceptor  - -p - -- - 

S u b s t T t u e n t  ppp 

a ) Rad ica l  I n i t i a t i o n  



H H H H H 
I I I I I 

D-C+ CH + D- C-.CH _t D C - C H  " 
I 

@J-~H H C ~ A  HC. 113 HC-A I II I 
*2 

HC CH - A  
R '. 

HEH H & A -  
I I 

fr H ~ H  H . 
4 1  . 

8, D-C+ c " D-b+ -CH 
1 
H A I 1 

H HC-A 

b )  Spontaneous I n i t i a t i o n  

I I 
HCH HC- A - 

I 

-h 

HC; H 13 I 
D - C - C H  

;I ~ i -  A 
HEH ~d - 

I I 
- HCHKY ----D-~C+C+~CH-- 

7 I I + 
H ~ H H *  I / , HCH CH-A 

1 

D- C-CH .. 
I I 

H ~ H  - 
I 

H C H - A  ' D-C-CH 
II 6 CH- A 



H 
I I 

D-C -CH 
I I 

P -C% C H - A  
I I P 

H HCH &H-A 
I I 

D-C' -CH 
4% 

t ;I 

Terminat i o n  \ 

9u 

H H .  H H I H H 
I I I 

D- A+ -CH + D - C *  *CH 
+ D - ! * +  $I I I I I 

P-- CH2 CH-A P-  CH2 CH-A P - CH2 C H - A  

H H H H .  
I I I I 

D - C' -CH D - C - C H  '- + I - I I I 
P - CH2 CH -k P - CH2 CH-A 

b d .  
The above mechanisms involve  much.specula t ion and s e v e r a l  

s t e p s  a r e  s u b j e c t  t o  q u e s t i o n  ( l o s s  of h y d r i d  i o n  f i n  r a d i c a l  
- fl 

i n i t i a t i o n ) .  Thus t h e s e  mechanisms a r e  p re sen t ed  h e r e  a s  
L 

Gaylord ' s  p roposa l s  a n d d a r e  no t  wholly suppor ted  by t h i s  a u t h o r .  pp 

Gaylord ( 1 0 2 )  fo l lowed t h e  i n t r i n s i c  v i s c o s i t y  changes 
pp 

i n  t h e  complexed a l t e r n a t i n g  copolymerizat ion of methyl  

me thac ry l a t e  I and s t y r e n e  w i t h  ethylalulninun s e s q u i c h l o r i d e  

and found t h a t  i n  t h e  i n i t i a l  s t a g e s  of r e a c t i o n  an i n c r e a s -  

ing molecular  weight  occurred.  La te r  s t a g e s  of r e a c t i o n  
./ 



showed a  c o n s d n t  molecu la r  w e i g h t .  T h i s  o b s e r v a t i o n  r e q u i r e d  
- - - - - - 

a , m o d i f i c a t i o n  t o  t h e  o r i g i n a l  d o n o r - a c c e p t o r  mechanism. 

Gaylord ( 4 2 ,  103,  105) proposed t h a t  t h e  d o n o r - a c c e p t o r  

complexes -a r ranged  themse lves  i n t o  m a t r i x e s ,  t h e  s i ze  of  which 
C 

depended on t h e  o r i g i n a l  c o n c e n t r a t i o n  o f  t h e  complexes. Once 

a r r a n g e d  i n  an  o r d e r e d  a r r a y ,  t h e s e  complexes would po lymer ize  
* . ' 

i n t o  a  p r o  u c t  of m o l e c u l a r  weight  dependent  on t h e  m a t r i x  t 
siz; .  These copolymer m o l e c u l e s ,  w i t h  L e w i s  a c i d  c o m ~ l e x k n g  - - 

b 
r 

agep t  s t i l l  a t t a c h e d ,  would a c t  a s  complexing s i t e s  f o r  t h e  
- * 

p r o d u c t i o n  of new d o n o r - a c c e p t o r  complexes.  These new 

conip~exes  would t h e n  po lymer ize  t o  copolymer of  c o n s t a n t  

B * 
molecu la r  w e i g h t .  Wh n  a c r y l o n i t r i l e  was s u b s t i t u t e d  f o r  

methyl  m e t h a c r y l a t e  ( f 0 6 ) ,  however, t h e  m o l e c u l a r  we igh t  

remained unchazged w i t h  c o n v e r s i o n ;  a  c o n t r a s t  t o  t h e  methyl  

C 

m e t h a c r y l a t e  s i t u a t i o n .  

Cons ide rab le  a t t e n t i o n  h,as been devo ted  t o  examinin  'k 
t h e  s i m i l a r l t i e i  of t h e  D i e l s - W d e r  c y c l o a d d i t i o n  r e a c - t i o n  t o  

complexed a l t e r n a t i n g  copo1ymerizat io.n (107,  108,  1 0 9 ) .  

S i m i l a r  f e a t u r e s  a r e  shown b y - t h e  d i e n e - o l e f i n  t r a n s i t i o n  

s t a t e  of t h e  D i e l s - A l d e r  r e d c t i o n  t o  t h a t  o f  t h e  d o n o r - a c c e p t o r  

complex b e f o r e  p o l y m e r i z a t i o n .  
- $ 

The D i e l s - A l d e r  r e a c t i o n  i s  env i saged  a s  a c o n c e r t e d  

c y c l o a d d i t i o n  of  d i e n e  and o l e f i n  i n  ground s t a t e  e l e c t r o n i c  
- - --- 

> o n f i g u r a t i o n s  C1TO). Ui i ik f  t ~ s % ~ ~ i T n d i t i o n s ,  o r b i f a 7  

symmetries a r e  conducive t o  e l e c t r o n  f low b e t w e e n t h e  d i m e  
-'+a 

t o  ' t h e  o l e f i n  such t h a t  t h e  f low o c c u r s  from t h e  h i g h e s t  

occupied  molecu la r  o r b i t a l  of t h e  d i e n e  (HOMO) t o  t h e  lowes t  



1 
If, however, the diene is considered in the excited state, 

where the HOMO now has the symmetry o f y 3  orbital, this 

. situation c 9 n o t  occur and head to tail addition can only 

occur. 

This situation leads to copolymer and is suggested by the 

,.trans,structure of alternating butadiene acrylonitrile 



copolymer produced  i n  t h e  p r e s e n c e  of  e t h y l a l u m i n u m  
- - - -- -- 

s e s q u i c h l o r i d c  (108) .  S e v e r a l  esr i n v e s t i g a t i o n s  have  been  

pe r fo rmed  on coml&xed c o p o l y m e r i z a t i o n s  

( 9 8 ,  1 0 8 )  and i n  g o  from a  c h a r g e  

td rans fe r  o r  d o n o r - a c c e p t o r  complex r a d i c a l  b e e n  s e e n .  
I 

S t u d i e s  (112-114)  of  t h e  i n i t i a t i o n  s t e p  i n  t h e s e p r o c e s s e s  .' 
>' 

r e p o r t  t h e  f o r m a t i o n  of r a d i c a l s  of t h e  t y p e :  . 

where D = donor  m o l e c u l e ;  X = C2H5 o r  C 1 .  
/ 

Recent  e s r  s t u d i e s  by Kuran e t  a 1  on t h e  complexed -- 
Y 

a l t e r n a t i n g  copo lymer i z . a t i on  of a c r y l o n i t r i l e  w i t h  p r o p y l e n e ,  

and a c r a o n i t r i l e  w i t h  b u t a d i e n e  i n  t h e  p r e s e n c e  o f  aluminum 

a l k y l s  i n d i c a t e d  t h a t  f r e e  r a d i c a l s  can  b e  p r o v i d e d  from a  

a l k y l  a l u m i n u m - a c r y l o n i t r i l e  'complex. These  r a d i c a l s  a r e  
0 

s e e n  a s  b o t h  of a l k y l  and a l k y l  aluminum complex c o n s t i t u -  
a 

With methylaluminum 
- ~ - -  

d i c h l o r i d e ,  t h e  bond d i s s o c i a t i o n  e n e r g y  

f o r  t h e  A1-C bond i s  h i g h  and t h e  p o p u l a t i o n  of r a d i c a l s  fr,orn 



the alkyl aluminum-acrylonitrile complex is low.. Optimum 
* - 

properties are shown by the ethyl and isobutyl aluminum 
f 

alkyls, where the A1-C bond energies are sufficiently low 

(0.8 kcal lower than the methyl case) to provide radicals 

of high reactivity. 

,It is generally agreed that the mechanism of complexed 

alternating copolymerization involves radical species. Thus 
8 

the rates- of copo-ly~rizat~on kncrease when -conventional 

radical initiitors (peroxy and azo compounds) are added 

(65, 116). Of particular terest is the observation that Y 
5 4 '  azobisisobutyronitril'e accelerates these processes even 

at temperatures below 40'~ (101). A possible azo . 

compound-solvent and/or complexing agent, monomer interaction 

has been examined. Where aluminum alkyls are present, 

decomposition increases are seen (101). The ef'fect of zinc 
d 

chloride on the decomposition is.unclear with some authors 

suggesting a rate increase (29), while others indicate no 

change (83). 

1.11 + THE PARTICIPATION OF DONOR-ACCEPTOR COMPLEXES 

r AND DEVIATIONS FROM AN ALTERNATING PRODUCT 

The spontaneous formation of donor-acceptor complexes - 
is shown to occur in a.,number of copolymerization systems 

(20-23, 33, 117-1t9). When Lewis-z~-i-6sareuseddlnomplexed 

alternating c~po~ymerization, only limited evidence is seen 

for donor-acceptor interaction. Both UV and NMR data suggest 

the existence of these complexes in some alternating 



- 

i 
> 

- copo lymer iza t ion  sys tems  ( 6 6 ,  82,  120, 1 2 1 ) ,  w h i l e a o  ev idence  
. - - - 

i s  s e e n  i n  o t h e r s  ( 3 8 ,  40, 1 2 2 ) .  Thus s e n s i t i v e  c a l o r i m e t r i c  
d 

( 3 8 )  and '  cr ,yoscopic (40) t e c h n i q u e s  have f a i l e d  t o  i n d i c a t e  . 
4 

t h e  p r e s e n c e  of d o n o r - a c c e p t o r  complexes i n  t h e  complexed 
4' 

a k r y l o n i t r i l e - h e x e n e  and comp xed methyl  a c r y l a t e - s t y r e n e  
'g 

sys tems r e s p e c t i v e l y .  
h 

Most compbxed  comonomer sys tems t h a t  y i e l d  a l t e r n a t i n g  , 
- 1 -- - 

$-doduct show l i t i i e e  ev idepce  f o r  donor - a c c e p t o r  complexes and 

i f  t h e s e  complexeg e x i s t ,  t h e y  must be p r e s e n t  i n  ex t remely  

s m a l l  c o n c e n t r a t i o n s .  The observed c o p o l y m e r i z a t i o n  r e a c t i o n  

would t h e r e f o r e  r e q u i r e  a  v e r y  h i g h  r e a c t i v i t y  between t h e s e  

complexes. High r e a c t i v i t y  of l o o s e l y  b o ~ n d ~ c h a r g e  t r a n s f e r  

complexes i s  u n l i k e l y  ( 3 6 ,  4 0 ) ,  consequen t ly  t h e  e-tence of 

d o n o r - a c c e p t o r  comple$es a s  i n t e r m e d i a t e s  i n  t h e s e  r e a c t i ' o n s  

i s  q u e s t i o n a b l e  (21,  36) .  A s  i n d i c a t e d  p r e v i o u s l y ,  many 
B 

? 
'i 

complexed sys tems y i e l d  1:l a l t e r n a t i n g  copolymers i r r e s p e c t i v e ,  + 

I 

of monomer feed  r a t i o s .  T h i s  i s  n o t  u n i v e r s a l l y  t r u e ,  however, 

and some examples .show d e v i a t i o n s  from 1:l p r o d u c t  c m p o s i -  

t i o n .  When a c r y l o n i t r i l e  and s t y r e n e  a r e  c o p ~ l y m e r i z e d  a t  

h i g h  t e m p e r a t u r e s  or  h i g h  c o n v e r s i o n s  ip t h e  p r e s e n c e  of 
\ 

z i n c  $ h l o r i d e ,  a  non-equimolar  polymer of h i g h  a c r y l o n i t r i l e  

c o n t e n t  i s  ob ta ined  (69.). S i m i l a r  r e s u l t s  a r e  shown i n  

a c r y l o n i t r i l e  d i e ~ e  z i n c  c h l o r i d e  sys tems (51,  123) .  
- - p p  --- - 

/ .  j 
To e x p l a i n  t h e s e  r e s u l t s ,  Gaylord (45 ,  124) s u g g e i t s  1 

-- - -> - 

t h e  e x i s t e n c e  of two t y p e s  of d o n o r - a c c e p t o r  complexes ;- ';1 1 
complex nd a  complex c o n t a i n -  

i n g  two mol6ctiles of t h e  same monan&r$ 
, 



XA + A ----+ XAA 

where K.=.complexing a g e n t ,  A = a c c e p t o r  monomer and D = 
0 

donor  monomer. Thus t h e - p a r t i c i p a t i o n  o f  XAA i n  t h e  c h a i n  

p r o p a g a t i o n  would r e s u l t  i n  an aFcep to r  r i c h  copolymer 
1 

/ 
p r o d u c t .  ' .  

When a c r y l o n i t r i l e  and s t y r e n e  a r e  copolymdrized i n .  

t h e  p r e s e n c e  of  ethylaluminum s e s q u i c h l o r i d e  ( 4 9 ,  1 2 5 ) ,  / 
3 

s t y r e n e  r i c h  copolymer i s  Obtained i n  c o n j u n c t i o n  w i t h  

a l t e r n a t i n g  1:l copolymer. In  t h i s  c a s e ,  d i s s o c i a t i o n  of 

t h e  t e r m i n a l  complex i s  i n v o l v e d  and g i v e s  r i s e  t o  t h e  

c o n v e n t i o n a l  a d d i t i o n  of comonomer. 
c 

+ + ,. 
(DA), D -  + D 

i - (DA), DD* 
@- 

+ & + 
(DA), D. + A - ( W n D A '  3 

CHAIN TRANSFER 

Chain t r a n s f e r  a g e n t s  normal ly  a c t i v e  i n  c o n v e n t i o n a l  

complexing a l t e r n a t i n g  copo lymer iza t ions  ( 2 3 ,  40 ,  5 4 ,  93, 118, 

1 2 7 ) .  I n  t h e  c o p o l y m e r i z a t i o n  of  methyl  a c r y l a t e  and s t y r e n e  by 

ethylaluminum s e s q u i c h , l o r i d e ,  t h e  molecu la r  weight  o f  t h e  copolymer 



i s  h a r d l y  a f f e c t e d  by t h e  a d d i t i o n  of ca rbon  t e t r a c h l o r i d e  
& - 

- - - 

and n o  chlorine- is d e t e c t e d  i n  t h e  p r o d u c t  ( 9 4 ) .  Gaylord  

( 5 4 ) ,  a l s o ,  obse rved  t h e  same phenomenon i n  t h e  copo lymer iza -  

t i o n  of a c r y l o n i t r i l e  and s t y r e n e  w i t h  e t h y l  aluminum 

s e s q u i c h l o r i d e .  Furukawa e t  a1 (43)  found t h a t  no  c h a i n  . -- 
t r a n s f e r  t o  carbon t e t r a c h l o r i d e  took  p l a c e  i n  t h e  a c r y l o n i t r i l e ,  

b u t a d i e n e ,  e t h y l  aluminum d i c h l o r i d e - v a n a d y l  t r i c h l o r i d e  
I 

- - - - 

sys t em.  A s i m i l a r  phenomenon h a s ,  a l s o ,  been  s e e n  i n  konven- I - \  

t i o n a l  a l t e r n a t i n g  c o p o l y m e r i z a t i o n s  ( 9 4 ) .  

Tsuchida  and Tomono ( 2 3 )  examined t h e  c o p o l y m e r i z a t i o n  

of m a l e i c  a n h y j r i d e  and s t y r e n e  and fbund that t h e  m o l e c u l a r  

w e i g h t  of t h e  p ~ o d u c t  c o u l d  be lowered by s t r o n g  donor  o r  
IC 

a c c e p t o r  compounds such  a s  N,N-dimethyl a n i l i n e  o r  n a p h t h a l e n e .  

These  compounds were  d e s c r i b e d  a s  c h a i n  t r a n s f e r  a g e n t s .  
I 

, Funt  and Rhodes (128)  i n v e s t i g a t e d  t h e  e f f e c t s  o f  d i m e t % y l ,  
, 

a n a l i n e  on t h e  a c r y l o n i t r i l e ,  s t y r e n e  z i n c  bromide sys t em.  

These  r e s e a r c h e r s  found e v i d e n c e  f o r  d e g r a d a t i v e  c h a i n  t r a n s f e r  

and s u g g e s t e d  a c o m p e t i t i o n  between d i m e t h y l  a n a l i n e  and 
>' 

a c r y l o n i t r i l e  f o r  z i n c  bromide.  A s  d i m e t h y l  a n a l i n e  i s  a  much. A 

s t r o n g e r r c o m p l e x i n s  a g e n t  t h a n  a c r y l o n i t r i l e ,  p r e f e r e n t i a l  
I 

complexa t ion  occur s  between t h i s  compound and z i n c  bromide.  - 
s 

T h i s  r e s u l t s  i n  a  d e c r e a s e  o f _ a c r y l o n i t r i l e  complex c o n c e n t r a -  

t i o n  and r e d u c e s  t h e  r e a c t i o n  r a t e .  b Io lecular  w e i g h t  r e d u c t i o n s  
-- - - - - -- -- 

a r e  a t t r i b u t e d  t o  c h a i n  t r a n s f e r  t o  uncomplexed d i m e t h y l  
- -- - 

a n i l i n e .  C o n s i s t e n t  w i t h  t h i s  approach  i s  t h e  o b s e r v a t i o n  t h a t  
*i 

c o p o l y m e r i z a t i o n  i s  i n h i b i t e d  by p o l a r  s o l v e n t s  s u c h  a s  e t h e r s ,  

amides and e s t e r s  (23: 1 1 9 ) .  When s m a l l  c ' o n c e n t r a t i o n s  o f  
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these materials are added to complexed alternating copolymeriza- 
- - 

- 

- 

rate increases are shown ( 1 2 9 ) .  Reasons for 

1.13 KINETICS OF COMPLEXED ALTERNATING COPOLYMERIZATIONS 

. Although a large number of reports have been published 

concerning complexed alternating copolymerization, few of 
- - - - - -  

these inve~ti~ations involve kinetic studies of these prbcesses. 

Several papers (35, 98) have provided reactivity ratio i 
' 4  

./ 

values for complexed alternating copolymerization derived from 

conventional copolymerization kinetics. Some studies, although 

inconclusive in themselves, do inditate a number of interest- 

,ing characteristics. 

When monomers are in excess of the complexing agest, the 

conversion vs time curveslshow two distincqly different 

reg2ons, the first being curved and the second linear. Studies 

of the methyl methacrylate styrene ethyl alumin& sesq~ichlor~de . 
system indicates the initial non-linear por ion of the . a polymerization could not be distinguished between a first and 

second order process (55, 102). Thus no rate equation could 

be provided by these studies. 

When the rate of copolymerization of a monomer pair is 
. - 

fodlowed as a function of the monomer feed'composition, the 
- - 

rate is found to be maximum at equimolar feed ratios (22, 35, 

55, 72, 106, 130, 1311. This is explained by both the concept 

of homopolymerization of donor-acceptor complex monomer - 
(often called the Bernoullian model) (108) and the alternate 



add i t i cm " bf cs amp 1 exeh h m n t e r  of enha&=~etti;t4~-~tb --T---.-- 

~ a r k o v i a n  model) Y" Assumirfg none o f  t h e  r e a c t i o n  

components e n t e r s  t e  p o l y m e r i z a t i o n  a s  a  s i n g l e  p a r t i c l e  4 f 

and t h a t  a l l  components form d o n o r - a c c e p t o r  complexes,  t h e  

maximum c o n c e n t r a t i o n  of t h e s e  complexes w i l l  o c c u r  at 
t 

equimolar  f e e d s .  Thus e x c e s s  of e i t h e r  monomer b r i n g s  abou t  

a  d e c r e a s e  i n  d o n o r - a c c e p t o r  cofiplex c o n c e n t r a t i o n  and a  i*T I _ 
L 

lower r a t e  i s  observed: ' .  

The o c c u r r e n c e  of a  r a t e  maximum a t  1:l f e e d  r a t ' i o s  

i s  n o t  n e c e s s a r i l y  t r u e  f o r  t h e  Markovian model,  s i n c e  t h e  = 4 
4 

monomer r a t i o  M1/M2 f o r  a  maximlcg r a t e  i s  g i v e n  by kl2/kZ1. 
, Q *, 

The r a t e  c o n s t a n t s  k12 and kZl a r ~ e  r a t e  c o n s t a n t s  f o r  t h e  
! 

a d d i t i o n  o f  M1 t o  M 2  and M 2  t o  M1 (108) .  I t  can  be a r g u e d ,  

however,  t h a t  b o t h  c r o s s  p r o p a g a t i o n  r a t e s  a r e  e q u a l l y  

enhanced i n  t h e  biarkovian mechanism,, hence a  r a t e  maximum 

a t  o r  n e a r  1:l  f e e d  r a t i o s  i s  seen .  

A c t i v a t i o n  e n e r g i e s  of some complexed a l t e r n a t i n g  
h 

c o p o l y m e r i z a t i o n s  have been measured. I n  some c a s e s ,  Ea i s  

found t o  be i n  t h e  range  of 10-15 Kcal/mole,  s l i g h t l y  lower 

t h a n  t h d  15-20 Kcal/mole r e g i o n  f o r  c o n v e n t i o n a l ~ r a d i c a l  

c o p o l y m e r i z a t i o n s  ( 1 0 1 ) .  I n  o t h e r  c a s e s ,  Ea i s  found t o  be I 
r- 

v e r y  s m a l l  (29 ,  108) .  
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0 

A v a r i e t y  of mechanisms has  been s u g g e s t e d  f o r  complexed 
P . * 

a l t e r n a t i n g  copo lymer iza t ion  and t h e  p r & e n t  l i t e r a t u r e ,  

a l t h o u g h  r e a s o n a b l y  e x t e n s i v e ,  h a s  f a i l e d  t o  u n e q u j v o c a l l y  
4 

s u p p o r t  any one of t h e s e  p r o p o s a l s .  S t u d i e s  t o  d a t e  have been 

l a r g e l y  f o c u s s e d  on t h e  a t t a i n m e n t  of maximum y i e l d ,  i n v e s t i g a -  

t i o n s  of p h y s i c a l  p r o p e r ' t i e s ,  t h e  NMR i n v e s t i g a t i o n  o f -  - 

s t r u c t u r a l  f e a t u r e s  and t h e  a l t e r n a t i o n  of  mer u n i t s  i n  t h e  

polymer. No d e t a i l e d  s t u d i e s  i n v o l v i n g  m o l e c u l a r  we igh t  

d i s t r i b u t i o n  and r e a c t i o n  k i n e t i c s  have been publi 'shed. 

~ e a s u r e m k t s  of molecu la r  we igh t s  have been performed by 

v i s c o s i t y  t e c h n i q u e s  and k i n e t i c  s t u d i e s  have c e n t e r e d  mainly  . 

on r e a c t i v i t y  r a t i o  v a l u e s .  

Molecular  weight  dependence upon r a t e  of r e a c t i o n  can 

s e r v e  t o  d i s t i n g u i s h  d i f f e r e n t  p o l y m e r i z a t i o n  mechanisms; 

f o r  example, f r e e  r a d i c a l  r e a c t i o n s  show a  broad molecu la r  

' w e i g h t  d i s t r i b u t i b n  and an i n v e r s e  dependence between r a t e  

and molecu la r  we igh t .  A r e a c t i o n  i n v o l v i n  con t inuous  

growth of " l i v i n g "  c e n t e r s  w i l l  show a  narrow molecu la r  wei 

d i s t r i b u t i o n  and when t h e s e  " l i v i n g ' "  c e n t e r s  a r e  t e r m i n a t e d  

s i m u l t a n e o u s l y ,  an i n c r e a s e d  molecu la r  we igh t  w i t h  t ime o r  

c o n v e p i o n  i s  shown. Thus i n f s r m a t i v e  and i l l u m i n a t i n g  d a t a  

can be o b t a i n e d  by e x a m i n k g  mof-ec&a~ wei* Pea-res-ed 

r e a c t i o n  k i n e t i c s  of p o l y m e r i z a t i o n  r e a c t i o n s .  

Much of t h e  compl ' ica t ion  t h a t  e x i s t s  i n  t h e  l i t e r a t u r e  

of complexed. a l t e r n a t i n g  copo lymer iza t ion  i s  a  consequence 

# i 
of t h e  l a t g e  v a r i e t y  of u n r e  a t e d  sys tems and c o n d i t i o n s  4 

'J --J 



- - 

br 

s t u d i e d .  Thus a  s t u d y  i n v o l v i n g  similar re1ataHe systemsp- 

! a i n t a i n i h g  i d e n t i c a l  c o n d i t i o n s  h a s  ob'vious a d v a n t a g e s .  
P 

'. I n  t h i s  r e s e a r c h ,  s i m p l e ,  r e p r e s e n t a t i v e  and r e l a t e d  s y s t e m s  

u s i n g  common comonomers and  c o n d i t i o n s  a r e  compared by  . 
k i n e t i c  and m o l e c u l a r  w e i g h t  measurements .  t 

0 

The main o b j e c t i v e s  of  t h i s  i n v e s t i g a t i o n  a r e :  ( a )  t o  

s tudy .  k i n e t i c  and m o l e c u l a r  w e i g h t  d a t a  f rom a  v a r i e t y  o f  

r e l a t e d  complexed a l t e r n a t i n g  c o p o l y m e r i z a t i o n  s y s t e  s i n  \ 
S . 

o r d e r  . t o - s e l e c t  a  mechanism c o n s i s t e n t  w i t h  t h e s e  d a t a ;  

I ( b )  t o  d e t e r m i n e  t h e  m o l e c u l a r  w e i g h t  c o n t r o l l i n g  f e a t u r e s  

of  t h g s e  c o p o l y m e r i z a t i o n s  and  r e l a t e  t h e s e  f e a t u r e s  t o  t h e  

o v e r a l l  mechanism, and ( c )  t o  r e - e x a m i n e  some t o p i c s  o f  
m 

a m b i g u i t y  ~ i t h . ~ h e  p o s s i b l e  c l a r i f i c a t i o n  of t h e s e  i s s u e s  

a s  an . u , l t i m a t e  g o a l .  



>I 11.1.1 MONOMERS , . 

'i . I 

/ .  Methyl  m e t h a c r y l a t e  (MMA) ( ~ a t h e & n )  , s t y r e n e  (STY) 

(Eas tman) ,  i s o p r e n e  . ( I P )  (Matheson) ,  a c r y l o r i j t r i l e  (AN) 

( M a t h e ~ o ~ n )  , + m e t h a c r y l o n i t r i L e  '(MAN)    at he son) and  m e t h y l -  

a c r y l a t e  (MA) (Matkeson) were  d r i e d  by s t i r r i n g  w i t h  c a l c i u m  

h y d r i d e  fo-r 24  h o u r s  and d i s t i l l e d  th rough  a  h i g h  e f f i c i e n c y  
4 

s p i n n i n g  band column ( 1 : l  M l l e c t i o n  r a t i o ) .  The midd le  

f r a c t i o n  ( f i :  6 0 % )  was u s e d \ i n  t h e  e x p e r i m e n t s .  Methyl  

c h l o r d a c r y l a e e  (MCA) ( P o l y s c i e n c e s  I n c .  ) and c h l o r o a c r y l o n i t r i  l e  
+ 

.. (CAN) ( P o l y s c i e n c e s  I n c . )  we,re s t i r r e d  w i t h  m o l e c u l a r  s i e v e  
i' 

f o r ,  24 h o u r s ,  t h e n  f i l t e r e d  and d i s t i l l e d  under  r educed  , 

' p r e s s u r e  i n  a  mic ro  d i s t i l l a t i o n  a p p a r a t u s .  The midd le  

f r a c t i o n  ( S  50%)  was* r e t a i n e d  f o r  t h e  e x p e r i m e n t s .  

t-- 11 .1 .2  &HER REAGENTS - - - - - - -  . . 
0 - ~ ~ i o b i s i s o b ~ t y r o n i ~ r i l e  - (AiBN) (Baker)  was 

r e c r y s t a l l i z e d  t w i c e  from d i e t h y l  s t h e r ,  t h e n  d r i e d  i n  vacuo - 
and s t o r e d  i n  a  f r e e z e r  u h t i l  u s e d .  ,Zinc c h l o r i d e  ( A l l i e d  

' @ 1 -  

Chemical ,  A.C.S. Reagent )  was d e h y d r a t e d  by h e a t i n g  %it 1 2 0 ~ ~  

i n  a vacuum d e s i c c a t o r  f o r  72 h o u r s .  The anhydrous  sal t  was 
-- 

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

Diethylaluminum c h l o r i d e  (DEAC) and e t h y l  aluminum, 

'1 t 

4 I s e s q u i c h l o r i d e  (EASC) (Texas A k y l s )  were o b t a i n e 4  a s  a 259 



- - -- -- 

. : . t o l u e n e  s o l u t i o n  and were used  a s  r e c e i v e d .  P o l y p h o s p h o r i c  
h 

a c i d  (Matheson, p r a c t i c a l  g r a d e )  was used  a s  r e c e i v e d .  

F r o p i o n i t  r i l e  ( A l d r i c h ,  r e a g e n t  g r a d e )  was s t i r r e d  o v e r  

rnolec,ula;' s i e v e  (3A)  f o r  2 4  h o u r s ,  t h e n  d i s t i l l e d  i n  a  m;cro 

d i s t i l l a t i o h  a p p a r a t u s s  and t h e  c e n t e r  f r a c t i o n  ( % 5 0 % )  

r e t a i n e d  f o r  t h e  e x p e r i m e n t s .  I-- 
* 

I I 

111.1.3 SOLVENTS - - - -  
P 

% .  P 

~ o ~ l u e n e  ( F i s h e  t, s p e c t r o g r a d e )  and t e t r a k y d r o f u r a n  
, .  ' b  

( F i s h e r ,  h i s t o l o g i c a l  g r a d e )  were r e i i u x e d  over  .,and d i s t i l l e d  
6- 

from l i t h i u m  aluminum h y d r i d e .  d r o f u r a n  used  f o r  g e L  - 
p e r m e a t i o n  chromatography ( F i s h e r ,  h i s t o l o g i c a l  g r a d e )  was 

\ I a 

used  a s  r e c e i v e d .  

1 1 . 2  INITIATOR DECOMPOSITION T 

The decompos i t ion  of  AIBN was f o l l o w e d ,  by m q s u r i n g  

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

( 5 ) .  The decompos i t ion  c e l l  was the r rnos ta t ed  a t  7d0ct0 .  Z'C, 

0 0 w h i l e  t h e  g a s  manometer was m a i n t a i n e d  a t  25  C'0.1 C.  , <  - \ .. 
Measured g a s  volumes were c o r r e c t e d  f o r  s o l v e n t  vapour  . '4 * 

p r e s s u r e  and c o n v e r t e d  t o  . s t a n d a r d  c o n d i t i o n s .  A l l  AIBN + 

\ 
s o l u t i o n s  were p r e s a t u r a t e d  w i t h  n i i r o g e n  p r i o r  t o  decomposi-  

- 
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1 1 . 3  POLYMERIZATION APPARATUS 

F- 

C e l l s  used  f o r  most p o l y m e r i z a t i o n s  a r e  shown i n  

f i g u r e  ( 6 ) .  Where r a t e  s t u d i e s  were c o n d u c t e d ,  c e l l s  d e s c r i b e d  

i n  f i g u r e  ( 7 )  were  used .  + 

1 1 . 4  POLYMERIZATION PROCEDURE 

The r e a g e n t s  were added t o  t h e  p o l y m e r i z a t i o n  c e l l s  i n  

t h e  f o l l o w i n g  o r d e r :  a c r y l i c  monomer, t o l u e n e  s o l v e n t ,  and complexing 

. . a g e n t .  6 A b l a n k e t  o f  d r y  a rgon  was t h e n  a p p l i e d  a f t e r  which 
k 

t h e  c e l l  and c o n t e n t s  were  c o o l e d  t o  O'C. S t y r e n e  was a - a g e d  and t h e  r e s u l t i n g  s o l u t i o n d e g a s s e d  t w i c e .  ~ o l ~ m e r i 2 3 ;  

t i o n s  were normal ly  conducted  under  vacuum. P o l y m e r i z a t i o n s  

were t e r m i n a t e d  by t i p p i n g  t h e  p o l y m e r i z a t i o n  b a t c h  i n t o  a  
/ t 1 

? - l a r g e  e x c e s s  of a c i d i f i e d  (HC1) m k h a n o l .  The polymer was 
f 

t h e n  f i l t e r e d ,  d r i e d  and r e p r e c i p i t a t e d  from THF. The 

r e p r e c i p i t a t e d  polymer was shaken w i t h  cyc lohexane  and d p i e d  
I 

. i n  a vacuum d e s i c c a t o r  f o r  1 2  h o u r s .  When r a t e  s t u d i e s  were 

pe r fo rmed ,  t h e  c e l l  shown i n  f i g u r e  ( 7 )  was used  a s  f o l l o w s :  
1 

t h e  s i d e  arm was s t o p p e r e d  w i t h  a  screw cap  (D)  %nd t h e  

r e a g e n t  added.  A f t e r  d e g a s s i n g  was comple ted ,  d r y  a r g o n  was 

i n t r o d u c e d  i n t o  t h e  c e .  A s l i g h t  p o s i t i v e  p r e s s u r e  o f  
i 

S 

a r g o n  was m a i n t a i n e d  and t h e  s y r i n g e  assembly  (A,B,C) was 
- - 

a t t a c h e d .  Samples were withdrawn a t  p r e d e t e r m i n e d  i n t e r v a l s  

by dra;ing s o l u t i o n  i n t o  t h e  s y r i n g e  ( A ) ,  t h e n  wi thdrawing  
r 

samples  t h r o u g h  t h e  r u b b e r  band septum (B)-. The sample  was 
/ , i" 

t h e n  p r e c i p i t a t e d  i n  a c i d i f i e d  methanol  and p u r i f i e d  a s  

d e s c r i b e d  above.  
J 



F i g u r e  6 POLYMERIZATIOK C E L L .  





7 MERIZATION CEL L WITH SAMPLE WITHDRAW 

3 

A - WITHDRAWING S Y R I N G E  

B - RUBBER BA&SEPTUM 

C - TEFLON TUBING . 
D - SCREW CAP GASKET S E A L  

S I D E  





-- L pp 

11.5 CARBON- 14 LABEL EXPERIMENTS 

Styrene @ - 14c 3 (ICN Inc . )  was added tp a 
I 

methyl methacrylate-styrene-diethyl aluminum chloride 
B 

polymerization to give a product with specific 

activity of 2000 CPM/mg.- Samples were for 2.75 

hours, precipitated in methanol, pu%ified and dried - in vacuo. 

A 8 mg. sample was inserted into the ge'l permeation 
4 

chromatograph and 5 ml. aliquots containing approximately 

0-1.5 mg. of polymer were removed from the counting siphon. 
i 

These aliquots were diluted with 15 ml. of a toluene 

scintillation cocktail containing 4g./l. of 2;s-diphenyloxazole 

(PPO) and 50 mg./l. of 1,4~bis-(5-pheny~oxazol-2-yl)-benzene 

(POPOP). Counting was done on a Beckman model LS-200B liquid 

scintillation counter set at a count-interval of 20 minutes 
P e  

and 0.5% preset error. 

Ir. 6 POLYMER CHARACTER1 ZATI ON 1' 

,' 

11.6.1 ELEMENTAL ANALYSIS '\ 

\\, $ 
* 

a 

Elemental analy is of the copolymer for carbon hydrogen .F 
and nitrogen were performed on a ~erkin'Elmer elemental 

analysis, instrument model M240. The copolymer composition 

was calculated on the peFc-entage -ni%rem-,--are-ngbgen-was- -- -- - 
present in the copolymer. Otherwise, carbon analysis has . 

used. Repeated analysis of identical samples showed a ? 2% 
w 

uncertainty of copolymer composition, when based on nitrogen 5 

I .  

' , 

and a 2 6% un'certainty based on carbon. ( J) 
1 



I n f r a r e d  s p e c t r o s c o p i c  measurements were performed on 

a  P e r k i n  Elmer 4 5 7  i n f r a r e d  spec t rome te r  u s ing  polymer f i l m s  

c a s t  on sodium c h l o r i d e  d i s c s .  Chloroform was used a s  
, 

soPven t ;  s p e c t r a  of a l t e r n a t i n g  and random copolymer used . 
f o r  comparison a r e  shown i n  f i g u r e s  ( 8 -12 ) .  I n f r a r e d  

it 7 

s p e c t r a  of t h e  methacrylonitrike-styrene and- methyl  
@ 

d e t h a c r y l a t e -  i s o p r e n e  copolymers were o b t a i n e d  i n  t h i s  s t u d y  

and were i d e n t i f i e d  by e l emen ta l  a n a l y s i s .  

II'. 6. '3  NMR SPECTROSCOPY . - - - - - - - -  

The n u c l e a r  magnet ic  resonance  s p e c t r a  of  a l t e r n a t i n g  

and random copolymer were ob t a ined  u s i n g  a  Var ian  A-56/6-OA 
- .  

spec t i ome te r .  Deu te ra ted  chloroform s o l v e n t  was used i n  a 1  

c a s e s .  The s p e c t r a  of t h e  p r epa red  copo$ymers were compared 

w i t h  s p e c t r a  of known a l t e r n a t i , n g  and n o n - a l t e r n a t y n g  polymer 

' desc r ibed  i n  t h e  i i t e r a t u r e  (42,  46, 67, 9 0 ,  92,- 132 ) .  Comparison . 1 
s p e c t r a  a r e  shown i n  f i g u r e s  (13-17) .  I n  a d d i t i o n ,  methyl  

n 
m e t h a c r y l a t e - s t y r e n e  copolymer was examined by t h e  chemical  

. . 
a 

- c y c l i z a t i o n  method of Gaylord ( 9 2 )  u s i n g  o lyphosphor ic  
w P 

NMR s p e c t r a  o f  polymer examined by 
h 
t h i s  met-h'od a r e  shown i n  f i g u r e  ( 1 8 ) .  



F i g u r e  8 I R  SPECTRA OF METHYL ACRYLATE-STYRENE COPOLYMERS ' 

- - - - -  RANDOM . 

ALTERNATING 





Figure 9 ' IR SPECTRA 
-. 

COPOLYMERS 

OF METHYL METIIACRYLATE-STYRENE 





F i g u r e  1 0  IR SPECTRA OF ACRYLONITRILE-STYRENE COPOLYMERS 





1 
Figure 11 I R  SPECTRA OF METHACRYLONITI(I~E-STYRENE COPOLYMER. 

- - - - -  a ALTERNATING 





F i g u r e  1 2  I R  SPECTRA O F  METHYL 

COPOLYMER. 

METHACRYLATE- ISOPRENE 

- - - - -  RANDOM 

ALTERNATING 













;- 

F i g u r e  1 5 ,  NMR S P E C T ~  OF STYRENE-ACRYLONITRI LE COPOLYMER 

A) RANDOM 6 5 / 3 5 "  ( 1 3 2 )  

B). ALTERNATING (90, 132) 





IACRYLONCTRI LE - STYRENE 

f 

d 

F i g u r e  NMR S P E C T R A  OF METI 

COPOLYMER ( 4 6 ) .  

A) ALTERNATING 

Bg) RANDOM 
4 





Figure  . 1 7  
' *  NMR S P E C T a A  OF I S OPRENE -METHYL METHACRYLATE 

COPOLYMER' ( 6 7 ) .  

A) h D C M  50/50 - 

B )  A L T E R N A ~ I N G  





SPECTRA OF ( A )  RANDCPvl MMA-STY COPOLYMER; F i g u r e  18' a )  NMR 

CYCLI ZED RANDOM MMA-STY COPOLYMER ( 9 2 )  . 
B 

SPECTRA OF ( A )  ALTERNATING W - S T Y  COPOLYMER; 
d 

ALTERNATING MMA-STY COPOLYMER 
% 

CYCLI ZED 





Molecular weight distributions were measured on a Waters 
0 

-=% 
Associates model 301A GPC/ALC instrument equipped with styragel 

3 3 columns of the following pore "sizes: 2 x 10 A - 5 x 10 a ~ ,  

3 3 3 4 2 x.10 A - 7 x 10 A,  2 x ( 5 x  10 , A  - 1.'~ x 10 A) and 

4 4 1.5 x 10 A - 5 ; 10 A .  A unique data acquisition system was 

emproyed, wheFepthe the 'chromatograph was 

split and fed simultaneously Into a chart recorder and a 

Beckman model 311B intercoupler. The digital &$a from the 

intercoupler was recorded on a teletype model 3JE printer. J 

A block diagram of the gel permeation dpparatus' is shown in 
- 

figure (19). Molecular weights (Mn and Mw) and 
- 

polydispersities ( M ~ / K  ) were determined from the digital data 
q 

using the University of Waterloo MWD I computer program 

according to Chang and Huang (132). 



Figure 19 BLOCK DIAGRAM OF THE MODIFIED GEL PERMEATION 

APPARATUS USED TO OBTA>N MOLECULAR WEIGHT DATA. 
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1 1 1 . 1  PRELIMINARY STUDIES 

I I  I .  1.1 ,THE EFFECT OF ZINC CHLORIDE ON-THE DECOMPOSITION - - - - - - - - - - - - - - -  - - - - - - - -  
OF-<,d 'AZOBISISOBUTYRONITRILE - - - - - - - - - - - - -  

7 I n t r o d u c t i o n  
I ,'- 

An i n t e r e s t i n g  f e a t u r e  o f  complex a l t e r n a t i n g  copo lymer iza -  f 
t i o n  i s  t h e  i n f l u e n c e  o f  r a d i c a l  i n i t i a t i o n .  I t  h a s  been shown 

- -- - - - - - -- ALL -a - - -- 

t h a t  t h e  a d d i t i o n  o f  e i t h e r  a , d. ' a z o b i s i s o b u t y r o n i t r i l e  (AIBN) 
a 

or  benzoyl  p e r o x i d e  i n c r e a s e s  t h e  r a t e  of  r e a c t i o n  w i t h o u t  

i n f l u e n c i n g  t h e \  copolymer-monomer r e l a t i o n s h i p  ( 28, 116) . ' 
h Of i n t e r e s t  i s  t h e  o b s e r v a t i o n  t h a t  a z o b i s i s o b u t y r o n i t r i l e  * 

c a t a l y s e d  r e a c t i o n s ,  p r o g r e s s  w i t h  h i g h e r  r a t e s  a t  t e m p e r a t u r e s  . . I 
'2 

where t h e  Spontaneous fihermal r a t e  of azobifD=c&&tyro3nitrile 
I 

decompos i t ion  i s  e x t r e m e l y  s m a l l .  S t u d i e s . b a v e  shown t h a t  a t  

1 0 ' ~  t h e  a d d i t i o n  of a z o b i s i s o b u t y r o n i t r i l e  p roduces  a  
b 

. s i g n i f i c a n t  r a t e  i n c r e a s e  i n  t h e  c o y o l y m e r i z a t i o n  r e a c t i o n  w i t h  

n o  d e t e c ~ a b l e  e v o l u t i o n  of n i t ~ o g e n  (101) .  * 
e 

A p o s s i b l e  e x p l a n a t i o n  of t h e s e  o b S e r v a t i o n s  i s  i n c r e a s e s  
* 

i n  a z o b i s i s o b u t y r o n i t r i l e  de.compositi'on due t o  i n t e r a c t i o n s  

w i t h  b t h e r  components of t h e  c o p o l y m e r i z a t ~ o n  s o l u t i o n .  

. Changes i n  s o l v e n t  have l i t t l e  e f f e c t  on t h e  r a t e  of 

a z o b i s i s o b u t y r o n i t r i l e  decompos i t ion  ( 1 3 4 ) .  The add iE ion  of 

some t r a n s i t i  m e t a l  complexes i n c r e a s e d  t h e  r a t e  o f  
- P 

decomposi t ion  (135 ,  1 3 6 ) ,  whereas t h e  a d d i t i o n  of  l i t h i u m  s a l t s  : 

-- - p- - -- - -- 

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

shows no change i n  o v e r a l l  r a t e  ( 9 7 ) .  

The e f f e c t s  of b o t h  aluminum a l k y l s  e d t z i n c  c h l o r i d e  



- - 
- - - -  - -  - - - 

on a m b i s i s o b u t y r o n i t r i l e  decompos i t ion  i n  a l t e  a t i n g  -, ---- 
~ c o p o l y m e r i r a f i o n  h a v e b e e n  s t u d i e d .  Gaylord  -- e t > ( l 3 7 )  a 

9 

found  an i n c r e a s e d  r a t e  of a z o b i s i s o b u t y r o n i t r i l e  d e c o n p o s i -  
$ 

t i o n  i n  t h e  p r e s e n c e  of e thy la lwninum s e s q u i c h l o r i d e ,  

m e t h y l m e t h a c r y l a t e  and s t y r e n e  L t  6 0 ' ~ .  , H i r a n o  and 

co-workers  observed enhanced r a t e s  of  a z o b i ~ i s o b u t ~ r o n i t r i l e  

decompos i t ion  ' i n  t h e  p r e s e n c e  

0 4 5 0'- 7 0 C c13-8_) . _- " - A 

With z i n c  c h l o r i d e ,  t h e  e f f e c t s  on 

decompos i t ion  a r e  n o t  c l e a r .  Zubov e t  a 1  (29)  -- 
an i n c r e a s e  of a z o b i s i s o b u t y r o n i t r i l e  

c h l o r i d e ,  whereas Inj,otod and co-workers  

unchanged. I 

4s a  l a r g e  volume of e x p e r i m e n t a l  d a t a  h a s  been  accumula ted  Aq 
t 

om z i n c  c h l o r i ~ o b i s i s o b u t y r o n i t r i J e  a l t e r n a t i n g  . 

4 
c o p o l y m e r i z a t i o n  s y s t e m s ,  i t  b e m e  an i n i t i a l  o b j e c t i v e j o f  

t h i s  r e s e a r c h  t o  d e t e r m i n e  unequivo 'ca l ly  t h e  e f f e c t  o f ,  / inc 
/ 

c h l o r i d e  on a z o b i s i s o b u t y r o n i t r i l e  decompos i t ion .  

t 

R e s u l t s  and D i s c u s s i o n  I ' 

Experiments  were d e s i g n e d  t o  d u p l i c a t e  a s  c l o s e l y  a s  

p o s s i b l e  c o p o l y n e r i z a t i &  c o n d i t i o n s  where a z o b i s i s o b u t y r o n i t r i l e  

decompos i t ion  cou ld  be fo l lowed  by  c o n v e n t i o n a l  n i t r o g e n  

r- I n  f i g u r e  --(-zoaf t+f-i~s-t m d e r  r a t e  d*a- - f rm-- - -  
C 

a z o b i s i s o b u t y r o n i t r i l e  decompos i t ion  i n :  s o l v e n t  a l o n e  - - L  

( d i c h l o r o e t h a n e )  ; s o l v e n t  a%d p r o p i o n i t r i l e  (pseudo mon-omer) ; 
.w  . 

and s ~ l v e n t , ~ r d ~ i o n i t ~ i l e  w i t h  zin; . c h l o r i d e  . arf shown. A .  ' . . 



u P 

shows s i m i l a i ' d a t  a where sys t ems  c o n t a i n i n g  a z o b i s i s  o b u t y r o n i t r i l e  

- . w i t h ;  s o l v e n t  and a c r y l o n i t r i l e ;  s o l v e n t ,  a c r y l o n i t r i l e  and 7 
I. 

J 

d z i n c  c h l o r i d e ;  a c r y l o n i t r i l e ,  s t y r e n e  and z i n c  c h l o r i d e  a r e  

i n d i c a t e d .  An a v e r a g e  s l o p e  f o r  a l l  p o i n t s  i s  a l s o  shown. . 

Rate cons tan t s .  f o r  t h e  r e a c t i o n s  shown on f i g u r e s  (20a)  and 
a 

(ZOb) were de te rmined  by l e a s t  s q u a r e s  f i t s  and  a r e  g i v e n  on 
/' + 

n No =hang; i n  r a t e  of a z o b i s i s o b u t y r o n i t r i l k  d e c o m p o s i t k k  - 
k / 

was i n d i c a t e d  by t h e  a d d i t i o n  of m o d r  o; pseudo monomer, 
A 1 

n o r  was t h e r e  any change n o t e d  on t h e  * a d d i t i o n  o f  z i n c  c h l o r i d e .  

The v a l u e  of kd ( a ~ . z o b i s i s o b u t y r o n i t r i l e )  a t  70' was de te rmined  
1 

a s  2 . 4  s e c - l .  No l i t e r a t u r e  v a l u e  f o r  kd a t  t h i s  * 

1 d ? 

, t e m p e r a t u r e  and s o l v e n t  c o u l d  be '  f o d d ,  however ,  a  comparison /- 8 

'l - 1 \ o$ kd a t  70' for .  hydrocarbon s o l v e n t s  (kd =, 3 . 9  x l o - '  s e e  , )t , 

'(139) showed r e a s o n a b l e  Egreement.  The enhanced r a t e s  obse rved  

i n  t h e  add i t imn  of a z o b i s i s o % u t y r o n i t r i l e  t o  z i n c  c h l o r i d e  
. \, 

complexed a l t e r n a t i n g  c o p o l y m e r ~ z a t i o n s  s h o u l d  t h u s  be 

a t t r i b u t e d  t o  i a ~ t o r s  o t h e r  t h a n  an i n c r e a s e d  number of 
. 

A 

-\ ' 9 

in i=t ing7 f r e e  r a d i c a l s .  

A d i f f e r e n t  s i t u a t i o n  p r e v a i l s  i n  sys t ems  c o n t a i n i n g  
- - - - - - 

aluminum a l k y l s .  Here ,  t h e  a c t i v a t i h  e n e r g y  i s  r e p o r t e d l y  ' 
t -- -- - -- - - -- - - - - - - - 

I 

reduced  d r a m a t i c a l l y  from 3 0 . 8  kcal /mole  t o  1 2  kca l /mole  
. - 

f o r  t h e  t r i e t h y l a l u m i n u m - a z o b i s i s o b u t y r o n i t r i l e  sys t em r a 
(138). W i n t e r a c t i o n  between t h e  o rgano  aluminum compound 

- 

/ 

I 

7 r 
\ .  



Figure  2 0   FIRSTO ORDER DECOMPOSITION O F A I B N  I N D I ~ R O E T H A N E  

a) C A I B N I  =: 2 . 4 8  x l o e 2 :  A I B N  W ~ T H  DICHLOROETHANE.; WITH 

b ) a  [AIBNJ = 2 . 4 8  x l o - * :  WITH [AN] = 5 . 5 6  x ; 
3 

N I T H  [ A N ]  = 5 . 5 6  x l o - '  AND [ Z n C l , ]  = 1 . 7 0  x 1 0 - ~ , o ;  
4.- r 

.""; 

WITH [AN] = 5 . 5 6  x. l o - ' ,  CSbTYl = 5.00  X l o - '  AND 





TABLE 1 1 1  
-- 

--- - - 
Rate constants for, the ~ e c o m ~ o s i t i o n  

of O( , 4 Azobisisobutyronitrile in 

VariousJolvcnt -Monomer Sys ems C 

AIBN Solution a 
\ .  

. . 
i Figure i [AIBN'I  = 2.48 x 10-~mole/l - 1 

5 a 
20a dichloroethane 2.01?0.02 

20a dichloroethane, 1.9420.03 
propionitrile J ' . 

20a dichloroethane , 1.72+0.07 
propionitrile, 

1 
I .  

zinc chloride 
\ 

20b dichloroethane, 
acrylonitrile 

dichloroethane , 
acrylonitrile, 
zinc chloride 

I - 
dichloroethane , 
styrene, 
-ac+y1-ozt&t-~Lle- 
zinc chloride 



complexes between t h e s e  two m a t e r i a l s  (138) .  
1 

i 
i 

Reasons f o r  t h e  d i f f e r e n c e s  between aluminum a l k y i s  and 

z i n c  c h l o r i d e  have n o t  been  p o s t u l a t e d  p r e v i o u s l y .  A 

p o s s i b l e  c o n s i d e r a t i o n  i s  t h e  p r e f e r e n t i a l  c 'omplexat ion 'B, of 

t h e s e  a g e n t s  t o  t h e  a v a i l a b l e  n i t r o g e n  l o n e  p a i r  e l e c t r o n s  i n  
\' 

a z o b i s i s o b u t y r o n i t r i l e  - -- ( a z o  and n i t r i l e ) .  
- - - - - - 10 

' &I because  'of  i t s  f i l l e d  d  3 ~ r b i t a l ~  (d ) would 

p r e f e r a b l y  complex t o  t h e  n i t r i l e  n i t r o g e n  where back  d o n a t i o n  

i s  p o s s i b l e  from t h e  f i l l e d  o r b i t a l s  i n t o  empty a n t i b o n d i n g  
a- 7 

o r b i t a l s  on t h e  n i t r i 1 e . f u n c t i o n .  I n  t h e  c a s e  o f  aluminum 

0  
(d ) back d o n a t i o n  i s  n o t  p o s s i - b l e  and @mplexat ion  t o  t h e  

P 

n i t r i l e  l o n e  p a i r  i s  l e s s  l i k e l y .  Aluminum, however,  because  

of i t s  u n f i l l e d  d  o r b i t a l s  may c o o r d i n a t e  a c r o s s  t h e  azo  bond 

i n a  a  b r i d g e  f a s h i o n  i n c o r p o r a t i n g  b o t h . a v a i l a b l e  a z o  lone  

p a i r s .  Br idged aluminum complexes of t h i s  t y p e  have  been 

proposed  between h y d r a z i n e s  and aluminum a l k y l s  ( 1 4 0 ) .  I n  

c o n t r a s t ,  z i n c  I1 c a n n o ~ a c c o m m o d a t e  t h e  azo  l o n e  p a i r s  i n  

t h i s  f a s h i o n .  The end r e s u l t ' o f  aluminum complexa t ion  a c r o s s  . 

t h e  azo  l i n k a g e  would be  a  r e d  n  of ca rbon  n i t r o g e n  bond 

e n e r g i e s .  A decompos i t ion  r a t e  i n c r e a s e  would t h e n ' r e s u l t  
@ 

from more f a c i l e  s c i s s i o n  oT t h e  carbon n i t r o g e n  bonds .  - 



c _ _ _ _ _ _ _ _ _ -  RATE OF METHYL M E T H A ~ R Y ~ A T E  - - - - - - - - - - - -  AND STYRENE IN THE r 

PRESENCE OF DIETHYLALUMINUM CHLORIDE - - - - - - -  --.----,----- 
1 

I n t r o d u c t i o n  
h 

Conven t iona l  r a d i c a l  p o l y m e r i z a t i o n s  i n i t i a t e d  by r a d i c a l  
- - - - - - --A - - - - - - - - - - - -- A - 

i n i t i a t o r s  obey a  s q u a r e  r o o t  r e l a t i o n s h i p  between t h e  i n i t - i a t o r  

c o n c e n t r a t i o n  and t h e  r e a c t i o n  r a t e  ( 1 4 1 ) ,  

- 
w h e e  t h e  symbols m a i n t a i n  t h e i r  u s u a l  s i g n i f i c a n c e .  L e v i o u s  

i n v e s t i g a t i o n s  of complexed a l t e r n a t i n g  copo lymer iz  

n o t  i n d i c a t e d  t h i s  s q u a r e  r o o t  r e l a t i o n s h i p  (116) .  

R e s u l t s  and D i s c u s s i o n  

L Data from a  s e r i e s  of  c o p o l y m e r i z a t i o n s  of  methyl  
$ 

m e t h a c r T l a t e  and s t y r e n e  i n  t h e  p r e s e n c e  of  d i e thy la luminum 

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

a r e  shown i n  t a b l e  ( I V ) .  F i g u r e  (21) shows t h e  l i n e a r  r e ' l a t i a n -  

s h i p  between [ a z o b - i s i s o b u t y r o n i t r i l # ' 2  and t h e  c o p o l y m e r i z a t i o n  
- --- -- 

r a t e  of  methyl  m e t h a c r y l a t e  and s t y r e n e  i n  t h e  p r e s e n c e  of  
- - -- - - -- - -- - - 

d ie thy la luminum c h l o r i d e .  Thus, f i g u r e  (21) i n d i c a t e s  an 

i n i t i a t i o n  s t e p  invo. lv ing  t h e  p a r t i c i p a t i o n  o f  p r i m a r y  r a d i c a . 1 ~  

p r o v i d e d  by i n c r e a s i n g  c o n c e n t r a t i o n s  of  a z o b i s i s o b u t y r o n t r i l e .  
v 

d 
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- -- - -- - - - - - -  - 

Table IV also indicates a gradual decyease in product 
b 

- - -- -- - 
molecular weight En as the azobisisob~:yronitrile concentra- 

tion increases. These data are consistqnt with radical B 

. polymerizations, where molecular weight are inversely 
d P  

dep'endent on the radical concentration. 

Conclusions 

azobisisobutyronitrile behave in a manner expected of a 
r ' 

radically initiated procegs. The previously reported (116) 

anomalous behaviour of complexed alternating copolymerizations 

on addition of azobisisobutyronitrile is not shown in this 

work. 
I r 4 \ * -  111.1.3 THE HOMOGENEITY OF COMPOSITIOli AS A FUNCTION 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MOLECULAR WEIGHT DISTRIBUTION 
t - - - - _ _ - - - - - - - - -  

\ 

Introduction 
1 

The strongest evidence supporting the concept of / 

'b 
alternating copolymerization is the interpretation of NMR 

data to support the structure of an alternating mquence of 

mer units w>hin the polymer chain (42, 43, 46, 50, 58, 60, 

67, 71, 72, 88-91, l43), (Section 1.8). 

Where elemental analysis data is obtained, only gross 
- - - - .- - - - - ---- 

macrocomposition of the polymeric material is known, and the 
- - - - - -- - -- -p--- - - 

detailed microcomposition of the polymer remains in question. 

A crucial test of variation in the.reaction mechanism 

either sequentially during the course of polymerization or 

if- />, >-.-, . .. '> . ${, g, -297 * c>,d3 .$&A - /  s-. - 

.. . .  . _ -  - - -  . . . - 



as a parallel side reaction during polymerization lies in a 
- - - - ---- - 

4f' 
\ 

measure of composition at various intervals in the molecular 

weight distribution of the polymer in question. The molecular 

weight distributions of comonomer rich copolymers (either 

monomer of a particular pair) or hom@olymers of either - 
4 

I 
, f 

comonomer would be expected to differ from the molecular weight i 

distribution of the product from alternating copolymerizations 
@ 

- - -- -- - 
of these same monomers. Thus an analysis o'f the composition 

of polymer in small molt?icular weight ranges could provide 

strong evidence as to the true homogeneity of the overall 
- 

reactio&echanism. Screaton et -- a1 recently combined gel 

permeation chromatography and radio tracer techniques to 

determine the functional distribution in copolymers of acrylic 

acid, vinyl alcohol and epoxy resins (144). Their technique, 
w- which utilized ular weight fractionation capabilities 

of gel permeation chr matography (GPC)-rppears well suited for 4 
L investigation into the microcomposition of alternating 

copolymers. It was decided to apply this method to compositional 
7 

studies of complexed alt mating copolymerization of methyl e 
methacrylate and 14c styrene copolymer. 

Results and. Discussion 

The data' shown in figure (22) indicates that throughout 
-. 

tfie-m51eCmZiFwelgK~TSnge, the specific radio-activity crf 

the samples remains unch3nged.- A- curve- represent-ing-the 

activities lies within experimental error to a curve represent- 

ing the weight distribution. In addition, selected chromatograph 
. . 



, samples were d r i e d  and t h e  polymer r e s i d u e  was s u b j e c t e d  t o  
% 

- -  - - -  

m i c r o a n a l y s l s .  R e s u l t s  a r e  shown i n  t a b l e  ( V ) .  - 
I t  i s  c l e a r  from f i g u r e  (22) and t a b l e  (V] t h a t  t h e r e  

i s  no change i n  r e l a t i v e  compositionec$ t h e  copolymer over  

3 t h e  ~ r n p l e t e  molecu la r  weight  range  (2 x  l o 6  - 2 x 1 0  ) 

covered  by GPC e l u t i o n  volume c o u n t s  23 t o  35. The copolymer 
T 

/ i s  e s s e n t i a l l y  an a l t e r n a t i n g  copolymer o v e r  t h e  molecu la r  ' 

C 

w 

- -- w e i  g  kt- +a~ge-i&ate&---- -- - - 

P, - 

I t  can be s e e n  from t h e s e  a ta ' tha t  conplexed a l t e r n a t i n g  P 
, copo lymer iza t ions  r e p r e s e n t  copolymer f o r m a t i o n  t h a t  is  % 

' independent  of c o m p l e x i t i e s  due t o  s imul  aneous homopolymerizat ion 5 
o r  changes 

- 

i n  mechanism. 
, 

I t  i s ,  d e s i r a b l e  ' t o  conduct  k i n e t i c  s t u d i e s  of p o l y m e r i z a t i o n  
. 

I 1  - r e a c t i o n s  i n  homogeneous- s o l u t i o n .  Consequent ly ,  a  s o l v e n t  i n  

which b o t h  t h e  monomer and polymer a r e  s o l u b l e  i s  n e c e s s a r y .  

Te t rahydrofukan  (THF), a  s o l v e n t  f o r  a  l a r g e  number o f  polymers,  

appears  a  good c a n d i d a t e .  
- 3 

TeetrXhydrofuran i s  a p o l a r s o l v e n t  and s tu-ave shown 
+ & 

t h a t  po 1 a r  s o l v e n t s  , s u c h  as T H F ,  -grea t ly  i n f l u e n c e c u m p  kexed---- 

a l t e r n a t i n g  copo lymer iza t ions  (23,  119,  129) .  C e r c i a t  -- e t  a 1  

(129) s h o w 4  t h a t  THF i n  low c o n c e n t r a t i o n  has  a  n o t i c e a b l e  

i n f l u e n c e  on t h e  complexed a l t e r n a t i n g  copo lymer iza t ion  of  . 
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.. \ 
both - ifcrylonitrile - - - and me-1 methacrylate in conjunction. ( 

-. 
with styrene anb zinc chloride. ~ h k s e  authors found a 

-e 

polymerization 'rate maximum at a well defined conceitration e- 

- .  . . 
for methyl methacryldte-styrene and 

, 

for ,&crylanitrile-styrene'. It is also f-ound chat 'when THF 

is, present, *deviations from a 1 : 1. comonomer product composition 
* .  

occur. These studies involve the use of per~xy tad-ical. B 

' C  

initiators and deviations from an equimolar product suggest . 

the possi\bility of a mechanism change to a conventional 

radical process. % 

.. \ 

Results 

Data from copolymerizations of methacrylonitrile, st rene 7 
and ZnCIZ at'variois concentrations of THF are shown in 

i 

table (VI) . These data closely resemble. the literature (lZg), 

and reveal a polymerization rate maximum (conversion) at: 
- -- - - - - -- - - - - - - - - 
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~ i ~ u d e ' e 2 3  COPOLYMER COMPOSITION VS COMONOMER FEED COMPOSITION 

FOR THE COPOLYMERIZATION OF METHACRYLONITRILE AND 

STYRENE. 

T , * - -  d 
\ 

+ WITH ZnC12, AIBN AND THF 
a 

COMPOSITION FROM THE MAYO-LEWIS 

EQUATION USING L I T W T U R E  (14) 
6 

REACTIVITY RATIOS. 
0 



M o l e  % MAN in feed - 



Product Composition and % Conversion for - 

the Copolymerization of Methacrylonitrile 

and Styrene in the Presence of Zinc Chloride, 

~,4'Arobisisobutyronitrile (6 x and 

4 Temp. = 40'~. Time = 1;x 10 Sec. 

- - 

: Mole Polymer 
j, : % M A N  :- Composition : 

$ MAN : THF/ZnC12 : % Conversion : In Feed : - .  
1.'37 31 69 . . 80 73. O* . . 
1.64 7.33 . 70 . -50.0 

2.89 40 45.0, 
s 

20 7.18 3.40 31.5 



- - - - - - - - - - - 

Conclusions , 
- - - - - - -- -- - - - 

When complexed alternating copolymerizations containing 
x 

radical initiators are conducted in polar solvents capable of 

complexing with the complexing agent of the copolymerization, 

random copolymer is obtained as product. This is a 

consequence of preferential complexation of the complexing 

ag.ent to the solvent thus reducing the concentration of the 
y . -  - 1  

J 
, m o - n ~ r = o m p l e x ~ s s a r y  forcomplexed a l t e r n z t i - n - - -  

d 
copolymerization. The copolymerization becomes essentially 

a radical copolymerization and the product composition is 
1 

predicted by the Mayo-Lewis equarion. +G 

CHANGES IN MOLECULAR WEIGHT WITH TIME 111.1.5 - - - - - - - - - - - - - - - - - - - 

sIntroductioaz. 

The-molecular weight and molecular weight distribution 
I - can, in some cases, provide~a distinction between reaction 

mechanisms. Free radical reactions show broad molecular 

weight distributions with no change in molecylar weight with 

respect to time, while reactions i-nvolving a continuous 

growth of "living" centers show narrow molecular we5ght 

distribution and an increase in mblecular weight with time. 
6 

Results and Discussion 

Figure (24) shows the $, and. En values during the 
- - - - pp - --- - 

initial stages of methyl methacrylate-styrene, diethylalwninum 

chloride complexed alternating copolymerization. No significant 

variation of molecular weigQt is shown with the time of c . ,  reaction. 



F i g u r e  2 4  MMA- S T Y  

Fe 

15 .. 
\ 

COPOLYMER MOLECULAR WE1 GHT 

REACTION T I M E .  





Some m e c h a n i s t i c  proposal ls  have i n v o l v e d  " l i v i n g "  sys t ems  
, - - - - - - - - - - - 

( 5 4 ) .  However, f i g u r e  ( 2 4 )  i s  n o t  c o n s i s t e n t  w i t h  t h i s  p i c t u r e .  
- 

I t  i s  c l e a r  from t h i s  f i g u r e  t h a t  no s i g n i f i c a n t  change i n  

m o l e c u l a r ~ i g h t  o c c u r s  o v e r  t h e  i n i t i a l  s t a g e s  of  t h e  r e a c t i o n  
-i r 

L: 
and t h e  mechanism of c o p o l y m e r i z a t i o n  i s  n o t  of  a  " l i v i n g "  

mechanism. 

F i g u r e  (25)  a n t s i n s  t h e  comple te  m o l e c u l a r  we igh t  

4  a f t e r  a  p o l y m e r i z a t i o n  t ime  of 1 x  10 seconds .  A l so ,  i n c l u d e d  
1 

on t h i s  f i g u r e  i s  t h e  m o l e c u l a r  we igh t  d i s t r i b u t i o n  o f  a  

c o a p a r a b l e  r a d i c a l  c o p o l y m e r i z a t i o n  o f  t h e  same monomer p a i r  

i n i t i a t e d  by o r g a n i c  p e r o x i d e .  F i g u r e  (25)  i n d i c a t e s  a  broad 

Y s t r i b u t i o n  w i t h  somewhat h i g h e r  m o l e c u l a r  ; e i g h t  h v e r a g e s  1 
4 

t h a n  t h a t  o f % h e  c o n v e n t i o n a l  r a d i c a l  c o u n t e r p a * t .  No change 

i n  t h e  d i s t r i b u t i o n  i s  s e e n ' w i t h  t ime.  

Conclus ion  

The p r o d u c t  m o l e c u l a r  we igh t  d i s t r i b u t i o n  from t h e .  

complexed a l t e r n a t i n g  c o p o l y m e r i z a t i o n  of  methyl  m e t h a c r y l a t e  

and s t y r e n e  i n  t h e  p r e s e n c e  of  d i e thy la lwninum c h l o r i d e  is  

b r o a d  and g r o s s l y  comparable  t o  t h a t  o f  p r o d u c t  from 

c o n v e n t i o n a l  r a d i c a l  c o p o l y m e r i z a t i o n  of  t h e  same monomers. 

Molecu la r  w e i g h t s  of t h e  p r o d u c t  a r e  i n v a r i e n t  w i t h  time. 
1 

- - - --- 

Thus a  p r o p a g a t i o n  mechanism devoid  of " l i v i n g "  c e n t e r s  is  

i n d i c a t e d  
- -- 

c o p o l y m e r i z a t i o n  
-- 

m e t h a c r y l a t e  

and s a T e n e  i n  t h e  p r e s e n c e  of  d ie thyla luminum c h l d r i d e .  
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111.2 

- - - pp 

KINETIC AND MOLECULAR WEIGHT FEATURES OF THE 

COMPLE>(ED ALTERNATING COPOLYMER1 ZATION OF METHYL 

METHACRYLATE AND STYRENE IN THE P ~ S E N C E  OF 

DIETHY LALUMINUM CHLORIDE 3 

Introduction .si. 

Previous kinetic studies of complexed alternating 

- -- c ~ p a l y m e r i r a t i o ~ v e  centered mainly .on the effects of --- 

monomer concentration on the polymerization rate F 

(Section 1.13). No studies have been reported that,examine 

the kinetic features of these reactions in conjunction with 

molecular weight observations'. 
1 

\ 
- R v l t s  and Discussion 

111.2.1 _ _ _ _ _ _ _ _ _ _ _ _  MONOMER REACT I ON ORDERS 

According to the kinetic relationship: 

the reaction order (nl and n2) of each monomer of a 

copolymerization can be determined by the Van't voff method 
B 

utilizing the logarithmic form of (111-2). 

The reaction orders of M1 and M2 respectively, are obtained as 
-! 

the slope of the linear plot 1nR (initial) vs In [MI] . Data from 



experiments 

chloride complex and styrene were individually varied ga 
t 

n values of 0.76 and 0.80 for the methyl methacrylate- 

diethylaluminum chloride komplex and styrene respectively. 

These values are interpreted as approximatidg 1 in both 

instances. Experiments were also conducted to determine the 
9 

a reaction order for diethylaluminum chloride; however, a poor 
>& - -- - --A-p -- 

correlation resulted and no tonclusion as to the diethylaluminum 

chloride reaction order could be made. 

Although controversy exists about the mechanid of 

complexed alternating copolymerization, the participation of 

a vinyl monomer - complexing agent con~plex is generally 

accepted. The formation of these complexes is conveniently 

written, as (in the methyl methacrylate-diethylaluminum 

chloride case) : 

- DEAC-MMA< DEAC + <MNA +- 
-k 

where a variety of factors such as temperature, concentration, 

etc. determine the position of equilibrium. Figure (26) 

clearly indicates that a stoichiometric o( value of 2 provides 

anloptimum observed rate., This has been reported previously 

(103, 105). Although it would be convenient to consider a + 

I t - k  ctoidrrmetry~-i i i s mrqqpare-edzrlzrthx&th i s 

un ive r sa-Uy-tzue, U 1  -puss ibkcomp-lexesmus tbe-consi dered 

such that the 4 value of 2 represents a series of equilibrated 

adducts, each contributing to the overall value of 4. The 
5 



t .  

Figure 26 DEPENDENCE OF THE RATE OF POLYMERIZATION ON 
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va'tue of < c a n T e  consi 'rfered ~ ~ w e i g h t e d  a v e r a g e  of t h e  

i n t e g r a l  v a l u e s  f o r  a l l  p o s s i b l e  d i s c r e t e  complexes.  Thus 

a  new symbol CMNA*] i s  i n t r o d u c e d  t o  r e p r e s e n t  s i t u a t i o n s  

where methyl  m e t h a c r y l a t e  and d ie thy la luminum c h l o r i d e  

c o n c e n t r a t i o n  r a t i o s  a r e  2 : . 1 .  The r e a c t i v i t y  o r d e r s  o b t a i n e d  

from t h e  V a n ' t  Hoff method can  t h e n  b e . i n t e r p r e t e d  a s  

c o n s i s t e n t  w i t h  a  r e a c t i o n ,  f i r s t  o r d e r  dependant  i n  e a c h  - - 

h 

monomer ( s t y r e n e  a n d % h i ~ * )  o r  second o r d e r  o v e r a l l .  

111 .2 .2  THE DETEEUIlINATION OF THE COPOLYMERIZATION RATE - - - - - - - - - - - - - - -  - 6 - - - - - - -  

CONSTANT - - - -  

When t h e  second o r d e r  r a t e  e x p r e s s i o n  (111-5)  i s  
- 

i n t e g r a t e d ,  t h e  e x p r e s s i o n  (111-6)  i s  o b t a i n e d :  

1 I n  CMMA*Io ( [STY 1' o - x) 
= k ' t  111-6  

CSTYIo- CMMA*lo 7 CSTYjO ( C M M A * l o -  X) P  

where x  is  t h e  c o n c e n t r a t i o r i  of s t y r e n e  and MMA* consumed. 

' ? The i n d i c a t e d  r a t e  c o n s t a n t ,  ki, is  n o t  a  p r o p a g a t i o n  r a t e  
I 

-- - -- - - - - -- - - -7 - -- 

s c o n s t a n t  i n  a  t r u e  s e n s e .  The v a l u e  of k t  i s  a  composi te  of 
P 

- - - -  

t h e  i n i t i a t i o n ,  p r o p a g a t i o n  and t e r m i n a t i o n  r a t e  c o n s t a n t s .  

The u s e  o f  t h e  a p p a r e n t  r a t e  c o n s t a n t ,  ki, s e r v e s  o n l y  t o  ' 

d e s c r i b e  t h e  a c t u a l  monomer consuming s t e p s a n d  i t s  i n t e r n a l  



r 

i n  which i t  i s  u sed .  The a p p a r e n t  r a t e  c o n s t a n t ,  k i ,  i s  
f 

e q u a l l y  - s i g n i f i c a n t  i n  t h e  Gay l o r d  and Zubov (Sec t iona  I .  10)  

m e c h a d s i i c  -appr.oaches t o  complexed a l t e r n a t i n g  

c o p p l y m e r i z a t i o n .  I n  t h e  Gaylord  scheme, t h e  p r o p a g a t i o n  

s t e p  fnvolves  t h e  homo p r o p a g a t i o n  between C o - c a l l e d  . 
\ 

-. '& t 

> a 

d o n o r - a c c e p t o r  complex s p e c i e s .  t h e s e  p r o c e s k g s  a r e  presumed 
-- -- -- - - - - - 

Z 

t o  'iavo?ve donor-  a c c e p t o r  complex ' of 1 : 1 monomer s t o i c h i o m e t r y  # 

( 8 9 ,  loo] ' ,  a  second o r d e r  o v e r a l l  r e a c t i o n  ( f i r s t  i n  each  

4. m o n o h r )  would be  shown by :he homopolymer iza t ion  of t h b s e  1 
1 a d d u c t s .  The .Lubov model,  where t h e  c r o s s  p r o p a g a t i o n  c o n s t a n t s  

a r e  c o ~ 9 i d e j e d ' t o  c o l l e c t i v e l y  d e s c r i b e  t h e  p r o p a g a t i o n  p r o c e s s ,  

wouldqaisp  d e s c r i b e  a second order ,  two component c o p o l y m e r i z a t i o n .  
t 

Hence.,"as k '  i s  a compos i t e  te rm i n v o l v i n g  inonom& 
P  6 

'consuming p r o c e s s e s ,  no  d i s t i n c t i o n  can be  made between t h e  

"> mechanisms of Gaylord a  ubov. 

'A s e r i e s  of p o l y m e r i z a t i o n s  were pe r fo rmed ,  where 7 

C 
sampkes were w i t  drawn from t h e  r e a c t i o n  v e s s e l  a t  2500 second 

* - 1  F .- 
X 

i n t e rva l , ?  and t h e '  ~ i e l d '  de t e rmined  f o r  f i e s e  t i m e s .  These 
I .  ', 6 J 

d a t a  w<fe*-plot te  a c c p r d i n g  to. e x p r e s s i o n  (111-6 ) .  The s l o p e  
a I "\ 

I .  

o f  a B l o t  of t h e  l e f t  s,ide of  (111-6)  vs  t ,  p r o v i d e s  k t .  , 
/ .  

- 7  P - 
Four c ~ o p o l y m e r i z a t i o n s  i n v o l v i n g  d i f f e r e n t  monomer f e e d s  

. . 

x e r e  conducfed and t h e  d a t a  used i n  e x p r e s s i o n  ( 1 1 1 - 6 ) .  - - - - - - - - - - - - - - - - - 

% 
R e s u l t s  a r e  shown on f i g u r e  ( 2 7 ) .  The s t r a i g h t  l i n e s  th rough  

- - - - - - - - - -- 

t h e s e  p o i n t s  were f i t t e d  by l i n e a r  l e a s t  s q u a r e s  and t h e  k' 
P  

v a l u e s  o b t a i n e d  a r e  shown i n  t a b l e  (VII )  . With lower  MMA* 
t 3 

c o n c e n t r a t i o n s ,  t h e r e  i s  l e s s  d a t a  ' s c a t t e r ,  however,  r e a s o n s  , 
. . 







TABLE VII 

Calculated k' Values for Copolymerization 
P 

Involving Various Concentrations of Comonomer 

/ 

I - 1  : : [MMA*l M l e  1 : [STY] mole 1 - 1  : - 1 . kb 1 mole sec. 
-1 : 



for this are no-t clear. A 

5.4 t 0.3 x l/mole sec. ,was adopted. Fiilure of the L 
7" lines in figure 27 to pass t4rough the origih reflects the 

actual concentration of the complexed monomer (methyl 
gi , 

m e t h a c r y l a t e - d i ~ ~ h ~ l a l u m i n u m  chloride) in comparison to 

the stociometric conditions of MMA* (Section 111.2.1). 

The quantity MblA*-deslgn~te-s a feed ratio -of - 2!l - - - - between - 

methyl methacrylate and diethylaluminum chloride. The 

actual concentration of complexed monomer may be less than 

this and will be determined by the equilibrium constant for 

the complex.. The y axis intercept indicates a lower complexed 

monomer concentration than [blhh*] at, t = O .  The slbpesof the 

lines of figure 27, although offset upward, retain their 

significance and provide valid ok values. i- 
A second method was eqployed to determine kt. Products 

P 
of the initial monomer concentrations ( [MMALI0 [STYIO ) ,  

from a series of alternating copolymerizations containing 

various'initial monomer concentrations were plotted against 
\ I - 

observed initial rate, R o ,  of polymer formation. The 

data are summrirized in table (VIII) . The linear plot, 

, figurk (28), provides a k t  value. from the initial rates rather 
P 

than from data expressed as a function of time as in the 
, 

- - - - - - - -- -- 
istetermined as integrated rate expression. The average k t  

5.2 2 0.5 x loe6 l/mole sec. by this method an agrees with 
- - -- - - - - - --- 

the kt' value 5.4 t 0.3' x l/rnole sec. obtained from the 
. P 

integrated Pate expression. 
3 

Figure (28) indicates a rate maximum at 'a .maximum v-alue 
b 

of [M*] [STY] i.e. : equimolar monomer concentration. This 



TABLE VI I I 

The Initial Copolymerization Rates of Reactions 
- - - - - - - - --a 

containing Various ~ e e d  Ratios of ~omonorner 

: Mole % MMA* [MMA*lo [STYlo Initial Rate : 

 ole' -1 ' 
: in Feed (Mole 1-I Sec. ) : 



Figure 2 8  P L O T  OF T H E  I N I T I A L  RATE O F  COPOLYMERIZATION 

VS T H E  PRODUCT OF T H E  COMONOMER C O N C E N T ~ A ' P I O N .  

S L O P E  = k;l = 5 . 2  - + 0.5 x 10'~ l/nole sec. 





d 
- - - -- - 9 4 -  -- - -  - -  --- - - 

is i n - a c m c l w l r n D o t 3 t h e  G q y e a n d  zubov mechanistic 
, 

models. An' equimolar monomer concentration provides a maximum 

concentration of donor-acceptor complexes and, hence, a rate 

maximum consistent with the Gaylord model. Conversely, 

since cross propagation involves both monomer species, a rate 

maximum in the region of a 1:l feed ratios would also be 

expected - -- in the Zubov approach. - -  - A 

ACTIVATION ENERGY - - - - - - - - -  
The activation energy of a chemical reaction is normally 

defined by the Arrhenius Equation. 

k = Ae 111-7 

A plot of Ink vs 1/T provides a straight line of slope 

- B J R .  ~n'polymerization kinetics the term Er is often used 

to designate the overall activation energy of the process. 

Rate constants for copolymerizations conducted at 

various temperatures are shown in table (IX) and the 

corresponding Arrhenius plot ,is figure (29) . The slope of 

the linear least squares line through the points is - 2  x 10 3 
- 1 and corresponds to an activation energy, E, of +3.9 kcal mole . 

- - - - - - - - A 

- 7  

Zubov -- et a1 (29, 108) has observed low activation 
- -  - - -- - - -- - 

energies in other systems. He suggests that if the energy 
-" 

level of the lowest vacant.orbita1 of-a radical is close in 

value .to that of the energy of the highest occupied orbital 

of the comonomer, the activation energy can be near zero. 



TABLE IX . 
Rate Constants for the Copolymerization 

of Methyl Methacrylate and Styrene in the 

Presence of ~ieth~laluminwn Chloride 

(MMA:DEAC = 2:l; MMA = 40 mole $ )  

. k t  
P - 1  0 

, : 1 mole sec. I T  in'^ c I I/T l o 3  i. 
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As the-orbital - -- energies - - of - a vinyl - pp monomer radical are 

easily visualized' as being lowered by complexation, th 

Zubov argument becomes particularly attractive. 

/ 

111.2.4 INITIAL REACTION-RATE AND FEED RATIO RELATIONSHIPS - - - - - - -  -PC - - - - - - - - - - - - - - 
Figure (30) shows the relationship between the monomer 

feed ratio and the rate of polymerization for a series of 
-- -- - 

- - - - - - -- -- 

copolymerization containing methyl meth'acrylate feeds between 

10 and 90 mole %. A raie maximum is found at a feed ratio 
corresponding to 50 mole % methyl metha>rylate. NMR analysis 

.of the products compare with known alternating copolymers of 

methyl methacrylate and styrene. Hence an addition mechanism 

providing for the preference for alternating addition of each 

monomer throughout. the propagating chain is indicated in both 

these data and the data of other workers (101). A rate 
# 

maximum is expected at a point where a maximum in comonomer 

monomer concentration (equimolar concentration) exists. The 
I 

-second order kinetics fit of the data .reflects this 

observation. 

Normal radical capolymerization is shown to obey 

- expression (111-8) (145). 



C O P O L Y M E R 1  ZATI ON F i g u r e  30 INITIAL 

AND STY 

R A T E  OF THE 

WITH DEAC. 





where 6 = 2k 1 ( -  t l l  ) 1 / 2  ; 6 2 = ( Zkt22) 1 / 2  

and @ = k t 1 2  

a:d k t l l  and k t 1 2  a r e  t h e  homo t e r m i q a t i o n  r a t e  c o n s t a n t s .  

The fl v a l u e  o f  t h i s  e x p r e s s i o n  r e p r e s e n t s  t h e  f a v o u r a b i l i t y  of 

-cross  t e r m i n a t i o n .  A @ ss t h a n  1 i n d i c a t e s  u n f a v o u r a b l e  . 
'I c r o s s  t e r m i n a t i o n  whereas  t h e  c a p t r a r y  i s  t r u e  f o r  a @ v a l u e  

z 

P g r e a t e r  t h a n  1. 
I 

The tendency toward a l t e r n a t i o n  p a r a l l e l s  t h e  t endency  
t. 

t o  c r o s s  t e r m i n a t e  si.nce fl i n c r e a s e s  w i t h  d e c r e a s i n g  r1r2 

p r o d u c t  ( 1 4 6 ) .  Thus - @  v a l u e s  g r e a t e r  t h a n  1 a r e  r e q u i r e d  f o r  

a l t e r n a t i o n .  I n  a l t e r n a t i n g  copo lymer iz , a t ions ,  i t  i s  

d i f f i c u l t  t o  p r e d i c t  t h e  o v e r a l l  shape  o f  a  f e e d  compos i t ion  

vs  r a f e  c u r v e  due t o  t h e  ~ f f s e t t i n g ~ e f f e c t s  of s m a l l  r l r2  
- 

p r o d u c t s  and l a r g e  fl . v a l u e s .  Wal l ing  ( 1 4 7 ) ,  however,  s u p p o r t e d  

t h e o r e s  i GLI c a k u Z s t  h n s  wCt kr+xpe~i;me~~Sev-i:den~itftds howed 

f e e d  compos i t ion  vs  r a t e  c u r v e s  for'f&.values o f  -1 -and 13, 

D i f f e r e n t  c u r v e - s h a p e s  were shown i n  b o t h  i h ~ n c e s  w i t h  a  ,. , 

minimum c u r v e  shown f o r  t h e  g r e a t e r . @  v a l u e  and a s t r a i g h t  

l i n e  f o r  ~ZJ e q u a l  t o  1. The ev idence  o f  Wal l ing  and o t h e r s  



(148) i n i i c a t i 5  t h a t  sys tems  w i t h a t e n d e n c y  t o  a l t e r n a t e  
1 - 

(6  ) 1 )  show minima i n  t h e  monomer f eed  composi t ion  v s  r a t e  
// 

curves .  These r a t e  minima a r e  observed i n  systems where 

each  comonomer i s  capab l e  of homo po lymer iza t ion .  I n  s - i tua -  

t i o n s  where one monomer is  no t  capab le  o f  homo po lymer i za t i on ,  ' 

. r 2  = 0 ,  a  r a t e  maximum i s  p r e d i c t e d  (149) .  The p o s i t i o n  of 
a- 

t h i s  r a e  maximunuiepends - u p o n t h e  va lue s  of a m o d i k i e &  - L - -  

e x p r e s s i o n ,  ( 111 -9 ) ,  from (111-8) where t h e  i2 v a l u e  i s  

equa ted  t o  0 a n d 3 h e  sum of t h e  monomer c o n c e n t r a t i o n s  i s  
I 

g iven  a s  1. 

where' x = r Z  1 6' a  - ~ f i , & , j + $ ~  

An i t e r a t i v e  s e l e c t i o n  of p o s s i b l e  va lue s  f o r  t h e  above 
- - - - -  

paramete r s  of equa t i on  (111-9) i s  found t o  p rov ide  a  t h e o r e t i c a l  

cu rve ,  f i g u r e  (31), w i t h  a  r a t e  maximum a t  50 mole % of each 
2 
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monomer. This  f i g u r e  sKows a  c ' l - o s e r e s e m b ~ ~ ~ ~  Y . exper imenta l  curve,  f i g u r e  (30) .  The r l  v a l u e  used i n  t h e  

s i m u l a t i o n ,  shown i n  f i g u r e  (3l), ( r l  = 0.25) r e l a t e s  t o  a  

monomer favour ing  c ros s ,  propagat ion t o  homo propaga t ion  

( r l (  1 ) .  Yamada has shown (53) t h a t  i n  a  complexed 

a l t e r n a t i n g  copolymerizat ion,  r e a c t i v i t y  r a t i o s  of t h e  
a A ,  

comonomels a r e L s i g n i f i c a n ' t l y  s m a l l e r  than  - - i n  --- t h e  convent iona l  -A- - 
- 

r a d i c a l  s i t u a t i o n .  He found wi th  a k r y l o n i t r i l q  and s t y r e n e  

c h l o r i d e ,  t h e  r e a c t i v i t y  r a t i o s  were a t  l e a s t  an o rder  of 

magnitude lower f o r  both  monomers compared t o  t h e i r  r a d i c a l  

c o u n t e r p a r t s .  S ince  t h e  monohe d  i n  t h e  equa t ion  (111-9) 
- -- 

s imu la t i on  involves  a  monomer n  apable  of homo 

po lymer iza t ion  ( r 2  (( 1)  and a  omer of  p r e f e r r e d  c r o s s  

propagat ion ( r l  ( I ) ,  t h e  r e s u  opolymer would b e  h igh ly  
6 

a l t e r n a t i n g .  Hence, normal r a d i c a l  kipeti ;s  a q o r d i n g  t o  

' r" equa t ion  ( I I \ I -8 )  a r e  c o n s i s t e n t  wi th  obse rva t ion  of f igu're 

111.2.5 MOLECULAR WEIGHT CHANGES - - - - - - - - - - - -  

Molecular weight changes (Rn) t h a t  occur  wi th  changes 

i n  monaner feed  r a t i o s  a r e  shown i n  f i g u r e  (32) .  A comparison 

wi th  publ ished (150) r a d i c a l  molecular  weight  changes i s  a l s o  

shown . I~ t is c-~ar-y-feen-~~~a-~-t-ke-MMA~co ~ L s .  

inc reased ,  t h e  % value dec rease s .  This  i s  i n  d i ~ e c t  - c o n t r a s t  - -- p--~-- 
~ -- - 

t o  t h e  convent iona l  r a d i c a l  s i t u a t i o n .  Rate 

(30 ) ,  show t h a t  a s  t he  MMA* concen t r a t i on  i n  
4'- 

i n c r e a s e s ,  r a t e  i n c r e a s e s  a r e  seen t o  a  maximum va lue  a t  50  



Figure 3 2  PRODUCT MOLECULAR 

I N  MONOMER F E E D .  

WEIGHT V S  THE MOLE 
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-- 

mole 5 -hll\*, a f t e r  which t h e  r a t e  dec rease s  wi th  i n c r e a s i n g  
. 

MMA* c o n c e n t r a t i o n - i n  t h e  monomer f eed .  Hence,  i t  appears  

t h a t  t h e  r a t e  and molecular  weight f e a t u r e s  of t h e s e  r e a c t i o n s  

do no t  show a  simple c o r r e l a t i o n .  Normally r a d i c a l  

po lymer iza t ions  show decreases  i n  molecular  weight w i th  

i n c r e a s i n g  r a t e s  (151).  Thus, where a  r a t e  maximum i s  shown-, 

- f i g u r e  (3 Q, a - m  alec4-ar-weigh t - m i  niroun- w ou l d b e  exp eeted7-------- 
0 

A p l a u s i b l e  exp lana t ion  f o r  4he  observed dec rease  i n  molecular  

weight wi th  i n c r e a s e s  i n  MMA* concen t r a t i on  i s  non-degradat ive  

cha in  t r a n s f e r  t o  t h e  complexed monomer. Figxire ( 33 )  shows ' 
'u 

t h e  Mn dependence en t h e  diethylaluminum c h l o r i d e  concen t r a t i on  

and i n d i c a t e s  a  h igh  s t o i c h i o m e t r i c  n  va lue  (Sec t ion  111.2 .1)  

f o r  t h e  chain  t r a n s f e r  a c t i v e  s p e c i e s .  .Assuming non- 

deg rada t ive  cha in  t r a n s f e r  i s  t h e  major molecular  weight  

c o n t r o l l i n g  f a c t o r  and t h a t  t h e  c r o s s  propagat ion r e a c t i o n  , 

i s  p r e f e r r e d  between t h e  complexed monomer 

comonomer, t he  fol lowing w i l l  be t r u e :  

then : 

Rate of Propagat ion 

Rate 'of  Transfe r  ' 

1 
where M i s  considered a s  t h e  complexed monomer. 

1 
P 
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'; - 
e ~ s s u r n i n ~  a  s t e a d y  s t a t e :  

>- 

then:  

A s  t e r m i n a t i o n  of an i n d i v i d u a l  cha in  i s  assumed t o  be 

La rge ly  due t o  non-degrada t ive  cha in  t r a n s f e r ,  t e r m i n a t i o n  . - 
can be cons ide red  a s :  

\ 

1 ,  

X M ~  + M~ Polymer + ~i 

- M i  + M1 Polymer + M i  

The . r a t e  o f  non-degrada t ive  cha in  t r a n s f e r  i.s t hen :  

The incorpora t i ion  of-both ~ I I I ~ l l ) ~ ~ a n d _ ~ ( I I I - 1 4 ) i n ~ ( I I ~ I - l ~  

g i v e s  (111-15) .  



[Mil CMll + kt21 [Mil CM1l 
1 - -- - ktll 

- - - A -&H--16 - - - -  

Simplifying (11'1- 16) gives (111- 11). 

I 
Using the steady state assumption (111-12) gives: 

Substituting (111 - 18) into (111- 17) gives (111- 19) 



where 

.- 
\ 

-i 

108 

+ 

and 

From (111-20J i t  can  b e  s e e n  t h a t  a  t e s t  f o r  non- , - . ~ .  
s --% 

d e g r a d a t i v e  c h a i n  t r a n s f e r  i s  a  p l o t  of  t h e  monomer r a t i o  vs  

1/ 5 ( 1 /  i n ) .  Such a  p l o t  s h o u l d  p r o v i d e  a s t r a i g h t  l i n e  i f  

n o n - d e g r a d a t i v e  c h a i n  t r a n s f e r  i s  a ma jo r  t e r m i n a t i o n  p r o c e s s .  

h\ Data from a  s e r i e s  a  p o l y m e r i z a t i o n s  i n v o l v i n g  changes 

i n  monomer r a t i o s  a r e  p l o t t e d  i n  f i g u r e  ( 3 4 )  accord>ng t o  

e x p r e s s i o n  ( I 1  I  - 20) . F i g u r e  (34) i n d i c a t e s  good agreement  
'I 

w i t h  e x p r e s s i o n  (111-20) .  Thus t h e  m o l e c u l a r  we igh t  c o n t r o l l i n g  
1 

f a c t o r  p r e s e n t  i n  complexed a l t e r n a t i n g  copo. lymerizat ioff  3 
sys t ems  a p p e a r s  t o  be non-degradat i -ve  c h a i n  t r a n s f e r  t o  t h e  

complexed monomer; e . g ! ,  MMA*. 

1 1 1 . 3  CHAIN TRANSFER STUDIES 

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

B 
b i. 

4 
-A 

F i g u r e  (34) and e x p r e s s i o n  (111-20)  show a  s t r o n g  .. 
resemblance  t o  a  blayo p l o t  commonly used  f o r  t h e  d e t e r m i n a -  

t i o n  of  c h a i n  t r a n s f e r  c o n s f a n t s  of c h a i n  t r a n s f e r  a g e n t s  
d 

r 
PI 







I *  

(152) . In  f a c t ,  f i g u r e  (34) sugges t s  - that  t r a n S f e T c o n s t a n t s  

f o r  MMA* may be ob ta ined  v i a  a  Mayo t r ea tmen t  conducted i n  a  

s i t u a t i o n  where t h e  MMA* i s  i n  excess  o f ' a  1:l molar r a t i o  
I 

.wi th  t h e  c.omonomer ( s t y r e n e  i n  t h e  p r e s e n t  c a s e ) .  I f  t h e  

W* i n  excess  of t h e  concen t r a t i on  of s t y r e n e  i s  considered 
\ 

as  t h e  t r a n s f e r  agen t ,  then  express ion  (111-21) can be 

app l i ed  (153). r"' - - - - - - 

1 .  
k R 

= t p  + CSI Cs - 
- 
M n  k2 [MI' 

P  
[MI 

\ 

where [MI i s  t h e  c o n c e n t r a t i o n  of s t y r e n e  and CSI t h e  t r a n s f e r  
i 

agent  o r  t h e  excess  MMA* complex. The Mayo procedure  invo lves  

a  p l o t  of l/h?, vs C S I  / [MI whereby a s t r a i g h t  l i n e  of s l o p e  CS 
- - 

i s  obta ined as  k R / kZ ~d is  he ld  c o n s t a n t .  
t P  P 

3 

Resul t s  and Discussion 

Figure  (35) shows a p l o t  of d a t a  ob ta ined  from a  s e r i e s  
A 

of copo lymer iza t ions&etween  MMA* complex and s t y r e n e  where 

t h e  MMA* concen t r a t i on  i s  i n  excess  of t h a t  of s t y r e n e .  " The 
2 2 l i n e a r  r e l a t i o n s h i p  i n d i c a t e s  t h a t  k R / k [MI i s  cons tan t  

t P -  P  
and chain  t r a n s f e r  i s  i n d i c a t e d .  A l i n e a r  l e a s t  squares  f i t  

- - - -- - -- - - 

of t h e  d a t a  i n  f i g u r e  (35) provides  a  cha in  t r a n s f e r  cons t an t  

of 7 . 1  x l o v 4  f o r  t he  MMA* complex. Since  t h e  t r a n s f e r  of 

Lhe r a d i c a l  s i t e  from t h e  growing polymer molecule i s  no t  



considered t o  a f f e c t  t h e  k i n e t i c  chakn, rates * L L - b - -  

u n a f f e ~ e d  wi th  i n c r e a s e  i n  cha in  t r a n s f e r .  
-. 

Simi l a r  experiments ( 1  n  v s  monomer complex c o r r e l a -  - 

t i o n s )  were performed w i t h  methyl  m l a t e - d i e t h y l a - l u m i n u m  
f 

c h l o r i d e ,  s t y r e n e ;  acrylonitrile-diethylaluminwn c h l o r i d e ,  - - 
6 s t y r e n e ;  and m e t h a c r y l o n i t r i l e - d i e t h y l a l w n i n u n  chlb;ide, 

s t y r e n e .  ~ a ~ o  p l o t s  f o r  t h e s e  d a t a  a r e  shown i n  f i g u r e s  - 
(36,  37 and 3 8 )  r e s p e c t i v e l y .  Least squares  s lopes  of t h e s e  

f i g u r e s  provides  monomer cha in  t r a n s f e r  c o n s t a h t s  
' 

approximately two o rde r s  of magnitude g r e a t e r  t han  t h e i r  

uncomplexed c o u n t e r p a r t s ,   table?^) .' In  bo th  t h e  complexed 

and uncomplexed cades ,  t h e  m y n i t u d e  of t h e  cha in  t r a n s f e r  

cons t an t s  rank i n  t h e  same o r d e r ,  e . g . ,  (methyl a c r y l a t e )  

methyl methacryla te  > m e t h a c r y l o n i t r i l e  > a c r y l o n i t r i l e ) .  

Figure ( 3 8 )  provides  a  ques t i onab le  l i n e a r  c o r r e l a t i o n  and' 

i s  included f o r  completeness.  Least  squares  t rea tment  does ,  

however, provide  a  cha in  t r a n s f e r  con2tant  c o n s i s t e n t  w i th  
.. 

t k  tether mompers,- a l t h o u g h  the-  s tandarddkeuiati-on f o p  
"0 

t h i s  curve i s  l a r g e .  4 

- , 



CSTYI / CSTYI 

MMA AND S T Y  WITH DEAC.1 

MAY0 PLOT OF ~ /M,vs  CMMAI - Figure 

COPOLYMER1 Z A T I  ON OF FOR THE 





F i g u r e  36 MAYO PLOT OF PRODUCT ~ J M ,  vs CMAI - CSTYI / [STY] 

FOR TH COPOLYMERIZATION OF MA 4 
'PRESENCE OF DEAC AT 2 5 ' ~ .  CMA3 

CMAI : CDEACl = 2:l. 





'u 

MAY0 PLOT OF PRODUCT 1/ V S  'CAN] - [ S T Y ]  / C S T Y l  Figure 37 
r- 

P FOR THE COPOLYMERIZATI OF AN AND STY IN THE % ' 

d P W S E N C E  OF DEAC. CAN1 + [STY]  = 2 . 7 0 ;  









TABLE X 

Literature -- - (Radical) - (154) C, Values 

the  Indicated Monomer with Styrene 

Comonomer a t  2 5 ' ~  and Calculated DEAC Complexed 

Cm Values w i t h  Styrene Comonomer a t  2 5 ' ~ .  

Monomer : 6 4 Lit.Cm x 10 Conplexed Cm x 10 : 

. . 
MMA 

MAN - 



ALTERNATING COPOLYMERIZATION - - - - - - - - - - - - - -  

The cha in  t r a n s  f e r  c o n s t a n t s  of  d ie thyla luminum c h l o r i d e  

complexed monomer a r e  shown t o  be approximate ly  two o r d e r s  o f  

magnitude g r e a t e r  than  t h e i r  uncomplexed c o u n t e r p a r t s .  I f  

t h e  occur rence  of  cha in  t r a n s f e r  i s  f a c i l i t a t e d  by t h e  
- - 

a b s t r a c t i o n  o f  a  hydrogen atom from -the t r a n s f e r  moeity 

(monomer-diethylaluminum c h l o r i d e  complex) t h e n  t h e  complexed 

s i t u a t i o n  should  p rov ide  a  more f a c i  r t h i s  p roce s s  

a s  i n d i c a t e d  by t h e  h i g h e r  Cm va lue .  Such a  s i t u a t i o n  would 

occur  < f  t h e  complexed monomer r a d i c a l  produced from a  chain  
?. *. 

t r a n s f e r  even t  were more s t a b l e '  thari i t s  uncomplexed coun t e r -  % 

p a r t ,  e.g., t h e  more s t a b t e  t h e  r a d i c a l  t h e  e a s i e r  t h e  
k - ' . .  

0. . - .  
fo rmat ion .  . . 

i n  a  v i n y l  monomer i s  extended by complexat ion.  When a v i n y l  

compound such a s  a c r y l o n i t r Y l e  o r  methyl me thac ry l a t e  i s  
. 

complexed through f u n c t i o n a l  groups such asaPCN o r '  C = O  

ev idence  f o r  i n c r e a s e d  d e l o c a l i z a t i o n  between t h e  v i n y l  bond 
4. 

and t h e  f u n c t i o n a l  group i s  seen  by IR and NMR ( 6 6 ) .  ~ e n c e ,  
4 

when such a s i t u a t i o n  occu r s ,  a r a d i c a l  s p e c i e s - g e n e r a t e d  

from t h i s  complex shou ld  be more s t a b l e  due t o  t h e  i n c r e a s e  
- -  - - -  

i n  d e l o c a l i z a t i o n .  A s  a  consequence, i t  i s  proposed t h a t  

t h e  g r e a t e r  d e l o c a l i z a t i o n  r e s u l t i n g  fram compIexation 

c o n t r i b u t e s  t o  a  l a r g e  e x t e n t  on t h e  e a s 6  of  non-degrada t ive  

cha in  t r a n s f e r .  . h * 



A Var jous  i t tempts kave been made t o  r e l a t e  r a d i c ~ l  monomer 
' r - e a c t i v i t i e s  on a  q u e a t i v e  b a s i s -  i n  t e rms  o f  s t r u c t u x e  and 

0 .  

r e a c t i v i t y  c o r r e l a t i o n .  A g e n e r a l l y  u s e f u l  c o r r e l a t i o n  i s  t h e  

Qe s c h e m e 3 ~ o f  A l f r e y  and P r i c e  (10 ) .  The Qe scheme p r o p o s e s  

t h e  r a t e  c o n s t a n t s  f o r  a  radical-&monomer r e a c t i o n  c a n , b e  - - ,  

C 

w r i t t e n '  a s  a  f u n c t i o n  of  2 e v e r a l  p a r a m e t e r s  two of  which a> 
I I 

Q and e  ( S e c t i o n  I .  5 ) .  Molecu la r  o r b i t a l  t r e a t m e n f s  , 

t h a t  Q v a l u e s  a r e  r e l a t e d  t o  t h e  l o c a l i z a t i o n  e n e r g y  

. z 1 
monomer and t h e  e  v a l u e  h a s  been r e l a t e d ' t o  e l e c t r o n  ' i f f i n i t y  '- 

? .  

(156) .  C o n s i d e r i n g  t h a t  Q v a l u e  r e f l e c t s  d e l o c a l i z a t - i o n  

(more d e l o c a l i z a t i o n  w i t h  g r e a t e r  Q v a l u e ) .  t h e  g r e a t e r 8  
/ 

v a l u e s  w i l l  pr .ovide more. s t a b l e  r a d i c a l s  w i t h  a  g r e a t e r  e a s e  

of  f o r m a t i o n .  I t  has  been  shown (53 ,  66,  88) t h a t  monomer 
C 

m o e i t i e s  o f  g r e a t e r  Q v a l u e  a r e  p rov ided  by complexa t ion .  
U 

Hence, monomers of  no rmal ly  h i g h  Q v a l u e s  w i l l  p r o v i d e  

p com l e x e d  monomers .of  even  h i g h e r  9 v a l u e s .  Thus ' t h e  e a s e  of  

n o n - d e g r a d a t i v e  c h a i n  t r a n s f e r  i s  i n d i c a t e d  by t h e  .magnitudes 

o f  t h e  Q v a l u e s .  Consequen t ly ,  p r o d u c t  m o l e c u l a r  w e i g h t s  from 

complexed c o p o l y m e r i z a t i o n s  s h o u l d  be lowes t  with monomers o f  - 
h i g h  Q v a l u e s .  Tab le  (XI) c o h a i n s  m o l e c u l a r  we igh t  and Q 

v a l u e  d a t a  f o r  c o p o l y m e r i z a t i o n s  i n v o l v i n g  methyl  m e t h a c r y l a t e ,  

a c r y l o n i  t r i l e  , m e t h a c r y l o n i t r i l e ,  , c h l o r o a c r y l o n i t r i l e  ; and 

methyl  c h l o r o a c r y l a 6 e  cornpiexed w i t h  diethylalwninunqchloride, 
* 

r i i t h  s t y r e n e  comonorcler. S i m i l a r  d a t a a r e a l s o  shown fm 

ethy$alurninum ' ~ e s ~ u i c h l o r i d e  complexink a g e n t .  The,correspond- 
% 
t 

i n g  monomer Q v a l u e s  f i r  t h e s e  monomers and p r o d u c t  , 
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& - --- -- 

reciprocal molecular weight~ (hT, and Mw) for both complexing . 
'%- - ajents are shown plotted on figures (39) and (40) It can 

7 . 
clearly be seen from these figures that a definite relation- 

ship exists between the Q value and the product molecular 

- weight. ~ncreasgs in Q value' show decreases in m61ecular 

weight consistent with the n n-degradative chaln transfer- 

hypothesis. , 

KINETIC AND MOLECULAR WEIGHT STUDIES OF THE 

COMPLEXED ALTERNATING COPOLYMER1 ZATION OF METHYL 

METHACRYLATE AND ISOPRENE IN THE PRESENCE OF 

DIETHYLALUMINUM CHLORIDE OR ETHYLALUMINUM 

SESQUI CHLORI DE 
@ 

Introduction 
< 

No kinetic and molecular weight studies of,complexed 
* - 

alternating copolymerization involving diene monomers have 
# 

been reported. Kinetics of acrylonitrile-butadiene 

copolymerization have been reported (157). However, this ' 

study involved zinc chloride complexing agent and devoted 

- little attention to molecular weight aspects of that system. 

In this research, a .study of the methyl methacrylate- . 

, 
isoprene comonomer pair spontaneously copolymerized by 

either diethylaIiimirm c h l o r i d p o ~ ~ e t h y l a l . u m l n ~  sesquichlorldFp 

was undertaken. Previous 'studies of this system (67) showed 

that the ,copolymer product was alternatipg and features of 

the reaction were consistent with those found in other 



- 
F i g u r e  39 RECIPROCAL PRODUCT M_ MAINST MON&R 

Q VALUE; 



Q VALUE 



F i g u r e  40 RECIPROCAL PRODUCT Tw AGAINST MCNCMER 
\ 
'. 

Q VALUE; 
E 

a - DEAC 

o - - - EASC . '  





7 

- 123 - 
I * 

cornpl&ed a l t e r n g t i n g  copolymerizat ions .  - 

L 8 '  
, condi t ion;  i n  t h i s  s tudy  were d u p l i c a t e d  a s  c l o s e l y  a s  

p o s s i b l e  t o  t h e  cond i t i ons  used i n  t h e  p r e v i o u ~  methyl 
, , 

'me thacry la te - s ty rene  i n v e s t i g a t i o n  and a  comparison between 

: these systems is provided.  Methyl ne thac ry l a t e / co&plex ing  % 

- agent  r a t i o s  'a re  maintained a t '  2 : l  and t h e  symbol MMA* i s  
\ 

maintained t o  d e s i g n a t e . t h i s  cond i t i on .  

f 
' 'Resul ts  dnd  isc cuss ion 
t 

Vanrt  Hoff p l o t s  f r o  xper iments ,  where t h e  MMA* 
\ *  

complex (both'  diethy%,luminum c h l o r i d e  and ethylaluminum 

sesquich1or ide)-and i sop rene  were- i n d i v i d u a l l y  v a r i e d ,  gave 

n  va lues  of 0 . 9  and 0.5 f o r  ~* a n d  i sop rene  r e s p e c t i v e l y .  
R 

These values  Were  f i t e r p r e t e d  as  h i t y  i n  t h e  case  of MMA* 

and 1 / 2  f o r  i sopre ie . .  Thp d v e i a l l  r e a c t i o n  i s  i n d i c a t e d  "as 

. a 3/2 '  order  p rocess  corresponding t o :  

[ I P I ~ ' ~  1 1 1 - 2 2  R = k'. [MMA*] 
P - 

where t he  r eac  tic i o n - c o n s t a n t  k '  i s  t h e  apparent  r e a c t i o n  r -, P 6 

cons t an t  f o r  t h e  o v e r a l l  pr.ocess. 



When the copolymer product produced from the copolymerization 
4 is considered, equation (111-22) can be re-written as: 

where x is the concentration of monomer consumed. 

Rearrangement of (I I I - 2 3) provides (I I I - 24) : 

dx = ktdt 
P 

(CMMA1l0 - x) (CIPlo - x) 1/2 

Integration using standard expressions (158, 159) provides 

A series of ,copolymerizations were done using various 

concentrations of comonomer. Samples were obtained at 2500 -. 
-- - -- .- 

sec. intervals and yieldstdetermined. Expression (111-25) --Fp 

was solved, such that the left side of the expression was 

plotted against time, and k ' for the reaction determined as 
P 

the slope of the least squares line through the points. 



Figu re s  (41,  4 2 )  a r e  t h e  p l o t s  f o r  exper iments  u s ing  

diethylaluminum c h l o r i d e  cornplexing agen t  a m  f i g u r e  (431 

'i 
-. 

i n d i c a t e s  t h e  d a t a  f o r  e t h y  aluminum se squ i ch1o r ide . -  The 

k~ 
' v a l u e s  f o r  t h e s e  r e a c t i o n s  a r e  ' l i s t e d  i n  t a b l e  (XII). 

Weighted .average k ' va lue s  f o r  diethylaluminum c h l o r i d e  
P  0 

and ethy$aluminLn s e s q u i c h l o r i d e  s y s t e m  a r e  

-6 11" mole -1P2sec-1 and 2.2z0.1 x 10 - 6  l l / Z  
4.820.4 x  10 

mole -1'2~ec'1 r e s p e c t i v e l y .  -- - 

A comparison of k ' va lue s  f o r  b o t h  of  t h e s e  systems 
- P 

and t h a t  of t h e  MMA* s t y r e n e  system ( S e t i o n  I I I ~ . 2 . 2 )  

i n d i c a t e s  s i m i l a r  magnitudes i n  a l l  cages .  

A common f a c t o r  p r e s e n t  i n  t h e s e  copolymer,izations i s  

t h e  methyl methacry la te*  monomer. Both diethylaluminum 

c h l o r i d e  and ethylaluminum s e s q u i c h l o r i d e  show s i m i l a r  

a c t i v i - t y  i n  i n i t i a t i n g  a l t e r n a t i n g  copo lymer iza t ion ,  

consequen t ly ,  a  common moei ty ,  MMA*, can be cons ide r ed  i n  > 

j t h e se  sys tems.  S i m i l a r  apparen t  r a t e  c o n s t a n t s  can be due > 
- t o  a  r a t e  c o n t r o l l i n g  s t e p  i nvo lv ing  complexed methyl  d 

methac ry l a t e .  I t  has  been shown (115) t h a t  aluminum a l k y l s ,  

when complexed t o  v i n y l  monomers, a c t  a s  a  source  of f r e e  

r a d i c a l s .  Thus any r e a c t i o n  s t e p  i nvo lv ing  t h e  p roduc t i on  

of  r a d i c a l s  by MMA*, and t h e  subsequ&t i n t e r a c t i o n  bf t h e s e  

r a d i c a l s  w i t h  comonomer i s  commqn t o  a l l  t h e s e  systems and 

w i l l  show s i m i l a r  k ' v a l u e s .  
P - -- -- p-pp 

- .  



\ Figure 41 PLOTS OF 3 1 2  ORDER RATE E X P R E S S I O B ( I I 1 - 2 7 )  

. FOR COPOLYMERIZATION OF MMA AND I P  I N  THE - 

PRESENCE OF DEAC. 

/ [M*], = 0 . 7 7 ;  CIP], = 1 . 8 0  

0 -  - - CMMA*], = 0 . 9 9 ;  C I P I ,  = 1 . 4 8  





Figure 

*I 6 

PLOTS OF 3/2 ORDER RATE 

FOR COPOLYMERIZATION OF 

PRESENCE OF DEAC. 

EXPRESSION (111-27) 

AND IP IN THE 





PLOTS OF 3 /2  ORDER RATE 
I_- 

EXPRESSION ( 1 1 1 - 2 7 )  

FOR COPOLYMER1 ZATION OF 
4 

PRESENC$-OF E A S ~  . 
MMA AND IP I N  THE 
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The r e l a t i o n s h i p  between t h e  r a t e  of copo lymer iza t ion  
m 

( y i e l d )  and monoher f e e d  r a t i o  i s  shown i n  f i g u r e  ( 4 4 ) .  A 

r a t e  maxigum i s  found a t  a  f e ed  r a t i o  cor responding  t o  50 

m l e  % MMA*. Th i s  i s . , c o n s i s t e n t  w i t h  t h e  l i t e r a t u r e  ( 6 7 ) .  ?g a 
/ 

- '  Changes i n  gn a s  a  f u n c t i o n  of monomer f e e d  r a t i o s  a r e  

shdwn , i n  f i g u i e  (45) . An i n c r e a s e  i n  Enis , s een  w i t h  i n c r e a s g s  . 
i n  W*. Thi s  i s  i n  d i r e c t  c o n t r a s t  w i t h  t h e  molekular  weight  

*I - 

dec rea se s  seen  i n  t h e  MMA* s t y r e n e  syste# (Sec t i on  111.2 .5) .  

In  t h e  copo lymer iza t ion  of MMA* and s t y r e n e ,  non-degrada t ive  

" c h a i n  t r a n s f ~ r  i s  i n d i c a t e d ,  and may a l s o -  bk occu r r i ng  i n  

t h e . M * - i s o p r e n e  system. An added compl ica t ion  i n  t h e  MMA*- 
1 I 

i sop rene  copo lymer iza t ion ,  however, i s  t h e  p o s s i b i l i t y  of 

i n c o r p o r a t i o n  of dead polymer i n t o  t h e  .growing polymer cha in .  

Such a s i t u a t i o n  ~ o u l d  .obviously i n c r e a s e  t h e  molecu la r  

weikht  of t h e  copolymer p r o d u c k  - 
. * , 3 t 

When i sop rene  r a d i c a l l y  po lymer izes ,  u n s a t u r a t i o n  remains 
,% 

i n  t? monomeric u n i t s :  * 



Figure 4 4  RATE OF COPOLYMERIZATION (YIELD) VS  FEE^ 
COMPOSITION FOR THE MMA- IP SYSTEM. 

e- DEAC 

0 - - - 4  EASC 





P 
Figure 

FEED FOR THE MMA- IP  SYST*EM. 

0-- - -0  DEAC COMPLkXING AGENT - - 



Mole % MMA* in feed 



It i s  t h i s  u n s a t u r a t i o n  t h a t  provides  t h e  impor tan t  

g 
\? - 

therrn s e t t i n g  p r o p e r t i e s  of many i soprene  polymers-. + " 

7' 

A s  t h i s  unsatura-t ion i s  capable  of  a c t i n g  a s  a  o l e f i n i c  

monomer i n  t h e  copolymerizat ion,  both  t h e  dead polymer wi th  

t h i s  u n s a t u r a t i o n  and unpolymerized i s o p r e n e  c& copolymerize 

w i th  MMA* i n  an a l t e r n a t i n g  fash ion .  S ince  t h e  i sop rene  

- - -- -- monomeranLthadead+p  o l y m e ~ a r e i n ~ c o m p e t i t i  on-the-degree--- 
a3 I * 

i n  which e i t h e r  i s  o ra t ed  i n t o  t h e  growing cha in  i s  

depgndent on t h e  of  each.  Thus a s  t h e  - 

-- - 

concen t r a t i on  of i s o p r e n e  i s  reduced, more polymer w i l l  5e 
d 

incorpora ted  and a  kn i n c r e a s e  w i l l  be seen .  
t 

An Arrhenius p l o t  of k ' va lues  ob ta ined  a t  va-riou3 
P  a 

temperatures  ( t a b l e  XIII) is shown i n  f i g u r e  (3t6). The - .. _ 

s l o p e  of t h e  l i n e a r  l e a s t  squares  l i p e  through t h e  p o i n t s  i s '  
3 2 . 1  x 1€t and corresponds  t o  an energy,  a 

I 
E R s  of J 4 . 2  kca l  role- ' .  A poor l i n e a r  c o r r e l a t i o n  i s  shown 

i n  f i g u r e  (44) and t h e  v a l i d i t y  of t he  c a l c u l a t e d  a c t i v a t i o n  - . _ 
\ 

energy i s  unce r t a in .  , 
., 

Negative a c t i v a t 5 e r q n e r g i e s ,  a l though somewhat 

unexpected i n  t h e  p r e s e n t  system, a r e  n o t  uncommon i n  

- - pc&ymer i  z atterr4thtet fc+~errek~verttl-~C:~i;va ti;on--6nergies, 

magnitude of which i s  dependent on t h e '  a c t i v a t i o n .  energy of 

t h e  Pndiv idua l  s t e p s  of t h e  polymerizat ion r e a c t i o n :  



.Rate Constants 'for the . Copolymerization - 

of MMA. and 'IP in the Pysence of DEAC 
3s 

t - ( [ M I  : EDEACI' ; 2:l;>MMA] = 40 mole %) . -- - - 

8 9 
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Figure 46 

/ 
ARRHENIUS PLOT FOR THE COPOLYMER1 ZATION OF MMA 

PRESENMF DEAC ~ONDUCTED 

0 AND 6 0 ' ~ .  BETWEEN 





E and E t  a r e  t h e  a c t i v a t i o n  e n e r g i e s  o f  t h e  - - 

r opaga t i on  and t e r m i n a t i o n  s t e p s  r e spec t i ve ly . .  

I n  s i t u a t i o n s . ,  where t h e  i n i t i a t i o n  and p ropaga t i on  a c t i v a t i o n  
' B 

e n e r g i e s  a r e  much lower than  t h a t  o f  ' the  t e r m i n a t i o n  p r o c e s s x p  - 
- -- ow - E- v- - -- - - - - -- - - -- --- 

-+A- 

R a l u e s  a r e  seen .  POT m a n y  poifGiirirat%on sys tems * 
'3 . 

- 7  

( u s u a l l y  c a t i o n i c )  , ER is  n e g a t i v e  and i n c r e a s i n g  p ~ l ~ m e r i z a t ' i o n  

r a t e s  a r e  seen  w i t h  dec r ea s ing  t empera tu res .  ' DL 

COPOLYMERIZATION OF METHYL METHACRYLATE-STYRENE 

AND METHYL METHACRYLATE- ISOPRENE I N  J'HE PRESENCE 
q % 

OF LEWIS ACIDS 

- I soprene ,  because of  i t s  d i ene  s t r u c t u r e ,  is  a  
f 
I 

d i f u n c t i o n a l  monom r .  Thus t h e  i n c o r p o r a t i o h  of  i sop rene  i n t o  P A 

a po lymer iza t ion  s-cheme can p rov ide  a  1 / 2  o r d e r  . k i n e t i c  - '6% 

' ,- 
I .  r e l a t i o n s h i p ,  f o r  t h i s  monomer. 

I f  t h e  g e n e r a t i o n  of r a d i c a l s  r e s u l t s  from th$ decomposi- 
A' 

t i o n  o f  aluminum a l k y l  - v i n y l  monomer complex a s  shown by 
/ 

Kuran -- e t  a 1  (115) ,  t h e  recombinat ion o f  r a d i c a l s  becomes 
I 

an impor tan t  c o n s i d e r a t i o n  i n  t h e  i n i t i a t i o n  Sequence. 



I 
I 

where-AR is an aluminum a l k y l  molecule and M1 is  t h e  camp G a b l e '  

v i n y l  monomer. If i s o p r e n e  i s  p r e s e n t  i n  cldbe p r o x i m i t y  t o  t h e  

d i e n e  t o  p r o v i d e  a  d i r a d i c a l  i n i t i a t i o n  s p e c i e s .  

Thus two a c t i v e  r a d i c a l  p o l y m e r i z a t i o n  s i t e s  a r e  produced. 

I f  t h e s e  ' ac t ive  s i t e s  a r e  c o n s i d e r e d  i n d i v i d u a l l y  and 
-% 

d e s i g n a t e d  a s  I * ,  t h e n :  

kl 
I P ,  + AR - 2 I :  

I f  s p e c i e s  I -  i s  c o n s i d e r e d  a s  t h e  i n i t i a t o r  f o r  t h e  

c o p o l y m e r i z a t i o n  ; eac t ion ,  t h e n  a - k i n e t i c  c h a i n  w i l l  r e s u l t  

from each r a d i c a l  s i t e  on t h e  i s o p r e n e  d i radTca1 ,  





and sub'stitution of ( 1 1 -  30) into the rate expression ( 1 1 1 -  2 7 )  

gives 

when applied to the copolymerization -of MMA and isoprene in 

the presence of aluminum alkyl, ( 1 1 1 - 3 1 )  becomes ( 1 1 1 - 3 2 ) .  
v 

A similar treatment can be a p ~ l i e d ~ t o  systems involving 
." 

olefinic monomers with the aluminum-alkyl monomer complex 

producing monoradical initiation species. 



where 
R-CH - 6~~ a n d  R-CH - CH2 are considered as manoradicals 

I 
- - --- - - -gpp- - - ---- - - - -- -- A 

I 

5 1 

I 
Thus the rate expression for this process becomes: 

d Cmonoradicall , k, Colefinl [monomer complex] 111-33 

d t 

# 
A 

Assuming the rate determining step is the addition of the 

monoradical to complexed monomer: 

F 

k ' 
P 

monoradical + AR---.MI Po (or P) 

then: 

d [PI = k ' Cmonoradicall CAR--M1l 
P 

dt 

and considering the equilibrium situation for the production of 

the- 0 rEf15rEia1Cngives:r 



k "[monoradical] = k- Colefinl , . , 111-35 
1 

Ke = Cmonoradicall 
C olef in1 

Substitution o f  (JJ-1-36) into the rate equation (111-34) gives: - 

- 

If applied to the methyl methacrylate-styrene, diethylaluminun 

chloride system previously studied, (Section III.2), this 

becomes : 
- 

a second order process. 



SUMMARY 

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

The p r e p a r a t i o n  of a l t e r n a t i n g  copo1ymer.s from a  lar 'ge 

number of v i n y l ,  o l e f i n i c  and d iene  comonomer p a i r s  i n  t h e  

presence of Lewis a c i d s  has  rece ived  cons ide rab l e  a t t e n t i o n  

i n  r ecen t  y e a r s .  Despi te  t h e  g r e a t  amount o f  work c a r r i e d  \ 

- ' out-ta~e_Lucid_a_te t h e  mechanism of complexed a l t e r n a t i n g  

+opolymerization, no gene ra l  agreement e x i s t s .  

The major d i f f e r e n c e s  of opinion i n  t h e  mechanism 

c e n t e r s  around t h e  p ropaga t ion  s t e p .  Although i t s i s  g e n e r a l l y  

agreed t h a t  t h e  p ropaga t ion  r e a c t i o n  i s  f r e e  r a d i c a l ,  t h e  

exac t  d e t a i l s  have n o t  been c l a r i f i e d .  

. The s a l i e * t  f e a t u r e s  from complexed a l t e r n a t i n g  
L 

copolymerizatTon a r e  t h e  appearance of a  r a t e  maximum a t  a  

1:l monomer feed r a t i o  and t h e  p roduc t ion  of a l t e r n a t i n g  

1:l copolymer i r r e s p e c t i v e  of monomer f eed  r a t i o s .  

\ I t  has been proposed by Gaylord and o t h e r s - ( 3 4 ,  40, 104) 

t h a t  t he se  f e a t u r e s  a r e  t h e  r e s u l t  of format ion of 
* 

complexes i n  which t h e  incomplexed monomers 

molecules and t h e  complexed monomers a s  

accep tor  molecules.  The propagat ion r e a c t i o n  i s  seen  a s  a 

homopolymerization of t h e s e  donor-acceptor  complexes. 

7 Gaylord (104) invokes a  donor-acceptor  mechanism whereby 

propaga t ion  occurs  v i a  a  r a d i c a l  i o n - p a i r  cha in  end. 

Furukawa ( 3 4 )  i n v i s i ~ n s  a  donor-acceptor  mechanism involv ing  

a v i n y l  monomer complex r a d i c a l  a t  t h e  cha in  end,  whi le  - 3 

Hirooka ( 4 0 )  s e e s  t h e  cha in&nd a s  a  r a d i c a l  complex. 



a classical manner by the alternate addition of comonomer, 

The subsequent.l:l polymer composifion then reflects the-* 

stoichiometry' of the donor-acdeptor complex while maximum 

rate is seen where ,the concentration of the donor-acceptor, 

complex is greatest (when the comonomer concentrations are 

equal). 
- - _ _ _ -- - - 

- 

Zubov (98) states the major argument against such a 
t 

propagation step is the small concentration (undetected in 

some cases) of donor-acceptor complex found in these 

copolymerizations. Zubov proposes an explanation based on 

the complexation effects of Lewis acids on the cross-propagation 
3 -  

rate constants evolving complexed monomer and radicals. 

The Objective of this research was td .compare kinetic -. 
and molecular weight data with various mechanistic proposals 

and to select the mechanism most consistent with the data 
1 obtained. Preliminary studies were directed towards th 

examination of several anomalies of alternating copolyderization - 

that existed in the literature. 6 

EXPERIMENTAL DESIGN 
B 

The research was done using simple, yet representative, 4 
alternating copolymerization systems. A variety of simple 
ppp-p--- -- 

vinyl monomers were complexed to one of three possible 
- _ - - - - 

complexing agents, (diethylaluminum chloride, ethylaluminum 

sesquichloride and zinc chloride), with emphasis on 



diethylaluminum chloride. For simplicity, a common comonomer 
-- - B 

(styrene) was used in most studies. Studies of complexed 

alternating. cgpolymerization involving, diene monomers were 

accomplished using isoprene in conjunction with aluminum 

alkyl complexed methyl-methacrylate. 

CONCLUS I ONS 

I v w 1 ~  Some 

REACTION HOMOGENEITY 
8 

authors have shown (49, 12-5) that both alternating . , 

and non-alternating copolymerization can occur simultaneously 

in complexed alternating copolymerizations. Thus the gross 
1 

comp~sition of the copolymer may reflect a combination of 
t 

variation in copolymer composition due to the simultaneous 

occurrence af free radical and complexqd pol merization, 
L & 

together with variations in composition due to homopolymer 

associated with copolymer. 

It was initially established in this "study that 
t 

alternating copolymerization is a homogeneous process 

equimolar product mposition was obtained throughout the "I 
molecular weight distribution. Thus a single mechanism is 

functioning in these systems, rather than several independent- 

processes providing product of different composition at , ,, 

different molecular weights. 
-- 



_ - -  , _ _ _  ,.,. v----r. " 
. . 
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. . 
- .  . . 

- - ~ - - - - ~ -  - 

LIVING MECHANISMS IV. 2 

! The possibility of a llliving" propagation mechanism 

has been suggested (101," 103). In this work detailed 
I 

molecular weight distribution data indicated that the I - morecular weights o"f complexed alternating copolymerization 

product were invariant -with time.. Thus a "hving*l system 

is not indicated in this study. 

IV. 3 4 , .( '_~~OBISISOBUTYRONITRILE DECOMPOSITION WITH 
'C? 

The effects of both aluminum alkyls and zinc chloride 

on o( ,~tazobisisobutyronitrile decolrlposition in alternating 
4 

copolymerization situations have been studiedklsewhere 

(137, 27, 83). Aluminum a'lkyls unequivocally in rease the P 
rate of 4 , 4 'azobisisobutyronitrile decomposition (137) , 
however, the s'tuation regarding zinc chloride is unclear. 5 
In this research, no change in r te of initiator decomposition t 
is found in the presence of zinc chloride, The decomposition 

- 1 was found to be first-order (kd = 2.0 x 10'~ sec ) Thus ' 

increased copolymerization rates seen on introduction of 

azobisisobutyronitrile to alternating copolymerization systems 

containing zinc chloride are,not due to enhanced rates of 

initiato~ decomposition. Differences between the effects of 
- -- -- -- -- - - - - -- -- - - - -- 

aluminum alkyls and zinc chloride is a consequence of the d - 
orbital chemistry of aluminum and zinc., 



- -- -L-- - -  - --- 
IV.4' . KINETICS- OF THE COMPLEX ALTERNATING COPOLYMEPI ZATION 

a?3 OF METHYL METHACRYLATE-STYRENE-DIETHYLALUMINUM - 

CI-&ORI DE 
I- 

Major kinetic emphasis was placed on th6 methyl 
7 ,  

,-- 4 . .  c . - methacrylate-styrene-diethylaluminum chloride system. The 
C 

initial reaction was first-order dependent on each monomer, 
- --- 

- --- 
becond-order overall; 

= 
5 . 4  x -1 rn~le-~sec-~' at 250~. 

The apparent rate constant, kpt , was obtained using two 
-. 
/ - 

separate - methods: The yield of polymerjith time gives k ' 
P 

by algraphical method using the integra1,form of the 

second-brder rate expression for this reaction. An alternative 

graphical method utilizing initial rate and monomer feed 

composition provided a identical k ' value. 
P 

Mechanistically the/above data are consistent with a fl 
I 

radical process where propagation is exclusively between 

unlike species, e. g . ,  increased cross-propagation kinetics. 

A rate maximum at a 1:l monomer feed ratio is shown for methyl 

methacrylate-styrene-diethylaluminum chl b ride. A rate maximum 

is not predicted by conventi'onal radical kinetics, 

consequently, early ~orkers were directed to a mechanism 

c involving donor-acceptor complexes. Close examination of the 
6 

Burnett radical copolymerization treatment (149) indicates 
- 

-- 

thatt6~rooperTeiGction of kinetic parameters provides a 
- ---- - 

theoretka% r a t e a c ~ u T V e ~ m i i l a r t o t h e e x f G r i r n e n t ~ ~ r v e .  The 

significant assumpaipn in this approach is a noq-hmopolmerizable 
4 - ,  

monomer. Thus if a-non-homopolymerizable complexedkinyl 
. - 



- - - L A  -- - -- - -- - -- - - -- - e -- 

PA 

monomer is c o n s i d e r e d ,  t h e  unexpected. r a t e  cu rve  f o r  complexed 
- -- 

a l t e r n a t i n g  c o p o ~ y m e r i z a t i o n  i s  c o n s i s t e n t  w i t h  r a d i c a l  

copo lymer iza t ion .  

IV. 5 

CHLORIDE AND METHYL* r h E ~ ~ ~ ~ ~ ~  LATE- ISOPRENE - ETHY LALUMINIJM 
- 

1, . .The methyl  me thac rb l a t e -  i soprene-d ie t .hy l  luminum c h l d r i d e  
1 

- J system was examined a n d  an o v e r a l i  3/2 o r d e r  was found,  -" . I - 
Li f i r s t -  o rder  dependence on methyl - methac ry l a t e  and 1 1 2  o r d e r  

dependence on i sop rene .  The o v e r a l l  r a t e  c o n s t a n t ,  ki, was 

found t o  be 4 . 8  x  1 0 - ~ 1 ~ / ~ ~ - ~ / ~ s e c - '  i n  t h e  d i e t h y l a l u m i n m  

' c h l o r i d e  c a s e  and 2 . 2  x 10-  611 /2~ '1 '2~ec-1  f o r  ethylaluminum 
I 

s e s q u i c h l o r i d e .  

The o v e r a l l  3/2 o r d e r  of th-is r e a c t i o n  fs unusual .  How- 

e v e r ,  p ropaga t ion  can be cons ide r ed  a s  a b imo lecu l a r  p roce s s  

- w i t h  a r a t e  de termining i n i t i a t i o n  s t e p  i nvo lv ing  a d i r a d i c a l  

s p e c i e s ,  t hus  p rov id ing  3/2 o r d e r .  

D i r a d i c a l s  have been p r e v i o u s l y  proposed f o r  complexed 

a l t e r n a t i n g  copo lymer iza t ion ,  however, ESR measurements have 

1 f a i l e d  t o  d e t e c t  t h e s e  m o i t i e s  and t h e i r  e x i s t e n c e  i s  i n  

doubt .  No ESR measurements have been made w i th  methyl  
-- 

methac ry l a t e -  isoprene-diethylaluminum c h l o r i d e  copo lymer iza t ion .  
> - ~  - - - - - - -- 

Normally po lymer iza t ion  invo lv ing  d i r a d i c a l  m o i t i e s  

p;oduce h igh  molecu la r  weight  product  due t o  d i r a d i c a l  



1s gfrmrd R ghe r  m l e c n t a r  

weight .  

'/ Experiments i n  t h i s  work have shown t h a t  i n  comple 7 ed , 

alt-tAaec-ope&y6e4zfl%i qnT&e-ma j or- t-erm-inae50n-profe- 1 s--- 

isf 'non-degradative c h a i n  trai;fer?--.'J&us non2f;regradative c h a i n  
, 

t r a n s f e r  t o  one  end of a d i r a d i c a l  produces a  monokadicaf from 
e 

-- - - -  . - - a - -  

t h e  d i r a d i c a l ,  and a new monoradical  &om t h e  c h a i n  t r a n s f e r  

spec ies , \ e .g ; , ,  t h e  complexed monomer hll - X:  \ 
\ 

The process  can con t i nue  a s  a  conven 4- i o n a l  monoradical  sequence 
- 

wh,ere t e rmina t i on  occurs  v i a  mutual t e r m i n a t i o n  o f  two r a d i c a l s  
Jr 

or  by cha in  t r a n s f e r .  ( '  . 
I n  t h i s  s t u d y ,  t h e  molecular  weight  f o r  t h e  methyl  . 

methacrylate-styrene-diethylaluminwn c h l o r i d e  sys tem was seen 
4 

t o  d ec r ea se  w i t h  t h e  complexed v i n y l  monomer c o n c e n t r a t i o n .  

Th i s  i s  a consequence of non-degrada t ive  cha in  t r a n s f e r  t o  t h e  
I 

complexed v i n y l  p o n o n e r .  Thus molecular  weight  dec reaseb  a s  

t h e  o p p o s i t e  t r e n d  i s  found. Unsa tu ra t ion  a v a i l a b l e  i n  t h e .  

i sop rene  copolymer i s  r e s p o n s i b l e  f o r  t h i s  obse rva t i on .  Where 

i sop rene  monomer i s  i n  l i m i t e d  supp ly ,  i n c o r p o r a t i o n  of  "dead" 



weight i n c r e a s e s  by t h e  molecu la r  we igh t  of t h e  i n c o r p o r a t e d  - 
P 

y e a d "  polymer cha in .  

* Rn- 
+ 

+ 
4 

i 
. + 

< * 8 P --- 
-- - -t 

a 
I V .  6 ACTIVATION ENERGIES OF C O M P L E ~ D  A L T E R N A T I ~ '  

2 c o p o L m a 1  zm&m 
-. 

- ./ 
i, 

- - 

'C 

. Low a c t i v a t i o n  energie-e found i n  t h e s e  systems. and 

can be exp l a ined  us ing  molecu la r  o r b i t a l  t heo ry .  Th i s  appro  

has  been sugges t ed  by Zubov (108). 
PL - 

. / 

" I t  i s  ea sy  t o  show by quantochemical  e a ? c u l a t i o n s  * 

t h a t  i f  t h e  donor -accep tor  i n & r a c t i o n  i s  s w  
enough, e . g . ,  t h e  lower vacant  energy l e v e l  of 
r e a c t i n g  p a r t i c l e s ;  e . g . ,  r a d i c a l  i s  c l o s e  i n  va lue  
t o  t h e  upper  occupied energy l e v e l  of  t h e  o t h e r  . 
p a r t i c l e  (monomer), t h e  a c t i v a t i o n  energy 
r e a c t i o n  cou ld  be c l o s e  t o  ze ro .  This; 
had been show by s imple  molecular  o r b i t a l  
c a l c u l a t i o n s  !€ o c o n p l e p  a c r y l i c  and hydrocarbon 
monom&rs . " 3 

L i 

u The obse rva t i ons  i n  t h i s  s t udy  t h a t  t h e  methyl 

methacrylate-styrene-diethylaluminm c h l o r i d e  system has  an 

a c t i v a t i o n  energy of + 3.9  kcal*mole" and t h a t  t h e  methyl  
- 

-- 

methacrylate-isoprene-diethylalumin& c h l o r i d e  kystem has  a 
-- -- - -- 

----- 

- 1 lower a c t i v a t i o n  energy of - '  4 . 2  k c a l  mole , (the . 

s i g n i f i c a n c e  o f  t h e  va lue  i s  q u e s t i o n a b l e  due t o  

cons ide r ab l e  & a i a  c o n s i s t e n t  w i t h  Zubov i d e a s .  
'a 

t .I 'L 
7 - > 



I' 
- - - - - t - 

t - 
--- 

- 150 - '  
R 
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\ .- 

-- - 

IV. 7 
-k 2 

NON- DEGRADATIVE CHAIN TRANSFER I N  COMPLEXED 

4, 
ALTERNATING CUPOLYMERIZATIOK 

A s i g n i f i c a n t  c o n t r i b u t i o q  of t h i s  r e s e a r c h  i s  t h e  

o b s e r v a t i o n ' t h a t  t h e  molecular  weight of t h e  p roduc ts  from 

complexed a l t e r ~ n g ~ c o p o l y m e r i z a t i o n  is  determined by th"e ' 
F 

n o n - d s r a d a t i v e  cha in  t r a n s f e r  a c t i v i t y  of  t h e  complexed v i n y l d  

- 
s t a b i f i t y  of t h e  r a d i c a l  formed from t h e v i n y l  monomer complex 

fl-- 
r, 

\ a f t e r ' t r a n s f e i  and a r e  p r e d i c t e d  by resonance s t a b i l i z a t i o n  
- - - 

(Q value)  a v a i l a b l e  i n  - t h e  complexed monomer. Thus mono7ners 

wi th  g r e a t e r  d e l o c a l i z a t i o n  - (high Q va lue)  provide  prod Wf L. 
\ , 12wer molecular  weight when compared t o  monomers w i t h  1e.sser 

' 

y. -----, 6 

; ~ s ; ~ o c @ d z a t i o n  (low Q v a l u e ) .  \ 

* 
A n u m h r  of anpmalies i n  complexed a l t e r n a q i n g  

C / 
t6i;olyrnprization no t  c o n s i s t e n t  w i th  a  normal r a d i c a l  p rocess  - 

can be s a t i s f a c t o r i l y  exp la ined  by non-degradat ive  GII i n .  

t r a n s f e r . ,  % - 
. s  

When r a d i c a l  c a t a l y s t s  a r e  used i n  f h e s e  copolymer iza t ions ,  

, no' c a t a l y s t  r e s i d u e s  a r e  found i n  t h e  polymer, even- though  

h ighe r  r a t e s  were observed.  ~ u r & e r m o r e ;  when. i h e s e  systems 

a r e  i n  t h e  presence of halocarbons;  s u c h - a s  chloroform o r  - 

carbon t e t r a c h l o r i d e ,  no cha in  t r a n s f e r  occurs  and no halogen 
,' 

, *  
- - & ~ f - m m k f n - t h e p & y m e r ~ t 3 t e  s eeh afocxmbow~tre ill t h ~  J A 

\ 
b 

p  r e s  enc of f r e e  r a d i c a l  , cat'dlysts, again-n 0-ha1 own-i s-f ound-- 9 
J i n  t h e  polymer, even though halocarbon i n i t i a t o r  should  dk 

p r e s e n t .  
% 



I f  t h e s e  
- - -- 

a r e  considered t o  cha in  t - r ans fe r  t o  s p e c i e s  

t he  complex vin);l mo mer and i f  t h e  r e s u l t i n g  complexed 7 
' v i n y l  monome$ r a d i c a l  i s  considered as  a p ropaga t ion  i n i t i a t i o n  

s p e c i e s ,  t hen  t h e  polymer w i l l  n o t  be expected t o  c o n t a i n  

ha locarb  on or r a d i c a l  i n i t i a t o r  fragments,  e . l ,  

d Polymer 

A GENERAL M E C H A N ~ S M  FOR C ~ M P L E X E D  ALTERNATING IV. 8 
8- 

COPOLYMER1 ZATION 

t 
fo l lowing  mechanism i s  proposed f o r  The t o  account t h e  

obse rva t ions  found i n  t h i s  t h e s i s .  

4 

SCHEME I1 

I n i t i a t i o n  

. - 
(M, - X ) .  + 



4 
Polymer 

Chain Trafisfer 

Where (M1 - X )  i s  the complexed m no er ,  M2 i s  an o l e f i n i c  

_cornonom% a m - i s a  _diene_corngnme~ In t h i  s t hes i s the  

c o l l e c t e d  dat'a wereevaluat* i n  regards ppppp t o  the  i n i t i a t i o n  
* ++ e 

t h i s  

process ,  - 
r;. 

. L 

and prypagatipn s t eps  on ly .  No data are ava i lab le  i n  

'h a part icu lar  terminatio study that  aresuggest ive  



consequently ..f;ermingion sequence is not included in the 

above scheme. . 

Th mechanism shown in (~kheme 11) resembles that of 1 
, Zubov -- et a1 with the exception of non-degradpfi;-e chain 

transfer and the modified initiation steps. Chain transfer 

- is included in the propagation step since it is considered 

as non-degradativb and does not disrupt the kinetic chain. 
- - A - - 

ppp 

In conclusion, the author supports the Zubov mechanistic 

proposal with slight modification. The process of complexed 
5 
4 

alternating copolymerization can easily be considered as a 
- 

radic8l copolymerization involving very high cross-propagation, - 
rate constants. 
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