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ABSTRACT 

The butadiene-acry loni t  rile-ZnC12 system was chosen 

f o r  s tudy of donor-acceptor complex polymerizat ion.  It was 

demonstrated t h a t  t h i s  system y i e l d s  an a l t e r n a t i n g  copolymer 

i n  a  broad region of r e a c t i o n  and concent ra t ion  condi t ions ,  

i r r e s p e c t i v e  of t h e  means of i n i t i a t i o n .  The r a t e  of r e a c t i o n  

was found t o  be maximum when t h e  concent ra t ion  of t h e  complex 
a l D v  a rm^. fcrmzd between t h e  ccxpsnznts  was -'-- LLlaAiLIIULII. I I L L S  o"veie- 

v a t i o n  i s  cons i s t en t  with t h e  theory  of t h e  production of co- 
11 polymer v i a  complexes formed i n  s i t u l '  p r i o r  t o  t h e  polymeri- 

z a t i o n  process .  

Kinet ic  equat ions l i n k i n g  t h e  copolymer y i e l d  with 

time were der ived and t e s t e d .  The fo l lowing r e a c t i o n  scheme 

was used a s  a  b a s i s  f o r  t h e  d e r i v a t i o n s .  

k k  
z(AD),--APZ m ' ) ~ P + z  

I 
recycled 

It was necessary  t o  assume s t eady  s t a t e  condi t ions  and a  low 

concent ra t ion  of one of t h e  components t o  achieve t h i s  aim. 

The k i n e t i c  equat ion desc r ib ing  t h e  system with a  low concen- 

t r a t i o n  of t h e  complexing s a l t  was der ived  f o r  a l l  s t o i c h i o -  

met r ic  r a t i o s  between t h e  s a l t  and t h e  monomer p a i r  and f o r  

ze ro  and f i r s t  order  r eac t ions  of t h e  complex. Zero order  was 

experimental ly  disproved.  Several  examples of t h e  i n i t i a t i o n ,  

propagat ion  and t e rmina t ion  mechanisms l ead ing  t o  f i r s t  order  

r e a c t i o n s  a r e  d iscussed .  When a  low concent ra t ion  of e i t h e r  

monomer was presupposed t h e  k i n e t i c s  could be der ived only 

f o r  t h e  s to ich iomet r i c  f a c t o r  equal  t o  u n i t y .  

(iii) 



As t h e  k i n e t i c  equat ions der ived c a r r y  t h e  assumptions 

of a  s teady s t a t e  of t h e  complex and of a  constancy of concen- 

t r a t i o n  of two of t h e  components, t h e  e f f e c t  of t h e s e  approxi-  

mations on t h e  exactness  of t h e  f i n a l  equat ions was t e s t e d .  

The approximate equat ions were compared with t h e  exact  so lu -  

t i o n s  found by t h e  Runge-Kutta numerical  method. A good agree-  

ment was obta ined .  

The o v e r a l l  r e a c t i o n  scheme on which t h e  d e r i v a t i o n s  

a r e  based was experimental ly  supported.  The formation of t h e  

complex K -  

p r i o r  t o  t h e  polymerization s t e p  was ind ica ted  by a  l i m i t  i n  

t h e  r a t e  of polymerizat ion.  When t h e  r a t e  of e lec t rochemical  

i n i t i a t i o n  was increased,  t h e  amount of polymer i n  a  given 

t ime increased ,  reached a  maximum and remained unchanged with 

f u r t h e r  inc rease  of cu r ren t  passage through t h e  s o l u t i o n .  

The regenera t ion  s t e p  was evidenced by t h e  d i s t r i b u t i o n  of t h e  

complexing s a l t .  The amount of t h e  s a l t  a s soc ia ted  with t h e  

copolymer was found t o  inc rease  and a t t a i n  a constant  va lue .  

This p la t eau  was reached a t  t h e  same time a s  t h e  at ta inment  of 

t h e  cons tant  r a t e  of polymerizat ion.  

The k i n e t i c s  was app l i ed  t o  polymerization experiments 

and k i n e t i c  parameters were evalua ted .  
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T H E O R E T I C A L  P A R T .  

1.1. INTRODUCTION. 

I .  I. . l .  BASIC CONCEPTS OF COPOLYMERIZATION. .................................. 
Although t h e  polymerizat ion of organic compounds has  

h n n n  1 r n n r . m  f n w  n x r n m  nnn h i i n A w n A  x ~ n n w n  4-hn n i r n ~ ~ 1 4 - n n n n ~ ~ m  nn l  7 7 -  
L J ~ ~ I I  I L I L U Y Y I I  I VI u v  LI U L I ~  IIUIIUI LU y LUI 0 J UIII; ~ILIIUIU~IIGVUI r w l y  

meriza t ion  of two monomers - copolymerization - was not  inve- 

s t i g a t e d  u n t i l  about 1911. It was found t h a t  copolymerization 

sometimes enabled one t o  employ monomers which do not homopo- 

lymerize,  but which can be b u i l t  i n t o  a copolymer with another  

monomer. I n  many cases  t h e  mechanical and chemical p r o p e r t i e s  

of a copolymer a r e  more d e s i r a b l e  than  those  of t h e  homopoly- 

mers. Thus t h e  discovery of copolymerization extended t h e  r a -  

nge of p repara t ion  and a p p l i c a t i o n  of t h e  p l a s t i c  m a t e r i a l s  

and copolymerization became a  s u b j e c t  of concerted s tudy .  

I .1 .1 . I .  The Coeolymer Composition Equation. ------ .................... ------ 
I n  1936 Dostal  (1) made t h e  f i r s t  at tempt t o  e luc ida -  

t e  t h e  mechanism of copolymerizat ion.  He assumed t h a t  t h e  r a t e  

of a d d i t i o n  of monomer t o  a  growing f r e e  r a d i c a l  depends only 

on t h e  end group on t h e  r a d i c a l  cha in .  I f  monomers M and M2 1 
y i e l d  r a d i c a l s  M1 ' and M2 , t h e r e  a r e  f o u r  poss ib le  propa- 

g a t i o n  r e a c t i o n s  : 



L a t e r ,  Mayo and Lewis ( 2 )  and Alfrey and Goldfinger (3) 
e labora ted  upon t h e  scheme and der ived  t h e  copolymerization 

equat ion  which l i n k s  t h e  copolymer composition, d[Ml]/d[M2] , 
t h e  monomer feed  composition, [M1]/[M2] , and t h e  r a t e  cons- 

t a n t s  of t h e  f o u r  simple propagat ion s t e p s .  

where 

The monomer r e a c t i v i t y  r a t i o s ,  rl and r2 , a r e  impor- 

t a n t  copolymerization parameters r ep resen t ing  t h e  preference  

of a  r a d i c a l  t o  r e a c t  with i t s  own monomer over i t s  r e a c t i o n  

with t h e  o t h e r  monomer. 

The q u a n t i t y  d r ~ ~ ] / d [ ~ ~ ] ,  which rep resen t s  t h e  r a t i o  

of t h e  two monomers i n  t h e  increment of t h e  polymer formed 

when t h e  r a t i o  of unreac ted  monomers i s  [M1]/[M2] , g e n e r a l l y  

changes c o n t i n u a l l y  a s  t h e  polymerizat ion proceeds.  Wall ( 4 )  
f i r s t  c a l l e d  a t t e n t i o n  t o  t h e  c l o s e  analogy between t h e  copo- 

lymer-monomer mixture composition r e l a t i o n s h i p s  and vapour- 

l i q u i d  e q u i l i b r i a  i n  b ina ry  systems. The values of rl and r2 

determine t h e  composition of t h e  copolymer ins tan taneous ly  

formed a t  a  given monomer mixture composition. Several  examp- 

l e s  of copolymerization curves a r e  shown i n  Figure 1. 

I n  1946 Merz e t  a l .  ( 6 )  proposed t h a t  t h e r e  might be 

ins tances  where t h e  penul t imate u n i t  might inf luence  t h e  addi -  

t i o n  of monomers t o  a  growing f r e e  r a d i c a l .  Eight propagat ing 

s t e p s  were envis ioned a s  fo l lows .  



Figure  1 ,  I N C R E M E N T A L  COPOLYMER C O M P O S I T I O N  A S  A F U N C T I O N  

O F  MONOMER F E E D  C O M P O S I T I O N  F O R  V A R I O U S  rl/r2 
R A T I O S  ( 5 ) .  





t h e  extended copolymer composit ion  equat ion may be w r i t t e n  i n  

t h e  fo l lowing form. 

The problem of t h e  copolymer composition can a l t e r n a -  

t i v e l y  be t r e a t e d  i n  terms of p r o b a b i l i t i e s  ( 7 ) .  I n  t h i s  way, 

t h e  convent ional  copolymerization equat ion ( 2 )  and t h e  penul-  

t ima te  equat ion  ( 6 )  can be der ived  without t h e  q u a l i f y i n g  

assumptions of s teady s t a t e  and constancy of t h e  monomer reac-  

t i v i t y  r a t i o s .  The equat ions  t h u s  obtained appear t o  be f a r  

more g e n e r a l .  Also, it has  been shown t h a t  i f  t h e  penul t imate 

u n i t s  a f f e c t  t h e  s e l e c t i v i t y  of t h e  r a d i c a l  end, then  t h e  mo- 

nomer r e a c t i v i t y  r a t i o s  , r1 and r2 , given by equat ion ( j ) ,  

may be observed t o  vary with t h e  monomer feed  composition, a s  

t h e y  become func t ions  of t h e  r a t e  cons tan t s  of r e a c t i o n s  ( 4 )  
and t h e  [M1]/[M2] r a t i o .  

The mult icomponent poly,merizations a r e  r e a d i l y  approa- 



ched through a p p l i c a t i o n  of t h e  concepts and techniques emplo- 

yed i n  two component systems. The Alfrey-Goldfinger t rea tment  

of te rpolymer iza t ion  (8,9) i s  based on t h e  assumption t h a t  i n  

t e rpo lymer iza t ion  of t h r e e  monomers, M I ,  M ,  and M 3' t h r e e  

d i f f e r e n t  types  of a c t i v e  growing chain-ends must be conside-  

r ed ,  MI* , MZ , and M3* . Each of t h e s e  can r e a c t  with any of 

t h e  t h r e e  monomers of t h e  system, and hence t h e r e  a r e  n ine  

d i f f e r e n t  elementary chain propagat ion r e a c t i o n s .  The subsequ- 

erli ireairneili i s  sirniiar- i u i h a i  uI" cupuiymerizai ion  arlir i he  

d e r i v a t i o n s  a r e  complicated only by t h e  l a r g e  number of equa- 

t i o n s .  

Today it i s  widely recognized t h a t  a  genera l  o rde r  of 

r e a c t i v i t y  e x i s t s  among monomers i n  copolymerization. Alf rey  

and P r i c e  (10)  o f fe red  a  means of p r e d i c t i n g  monomer r e a c t i v i t y  

i n  copolymerization on t h e  b a s i s  of resonance and p o l a r  f a c t o r s .  

Thei r  Q-e scheme i s  an at tempt  , t o  combine, i n  a t  l e a s t  a  semi- 

q u a n t i t a t i v e  fashion, t h e  recognized e f f e c t s  of resonance s t a -  

b i l i z a t i o n  and p o l a r i t y  on t h e  r e l a t i v e  r e a c t i v i t i e s  of mono- 

mers with f r e e  r a d i c a l s .  The c e n t r a l  assumption of t h e  &-e 

scheme i s  t h a t  t h e  r a t e  cons tan t ,  k i j  , f o r  t h e  a t t a c k  of r a -  

d i c a l  i upon monomer j i s  given by 

Here Pi c h a r a c t e r i z e s  t h e  r e a c t i v i t y  of r a d i c a l  i, Q .  charac-  
J 

t e r i z e s  r e a c t i v i t y  of monomer j ,  and ei and e  a r e  measures of 
j 

t h e  p o l a r i t y  of t h e  r a d i c a l  and monomer, r e s p e c t i v e l y .  The 

d e r i v a t i o n  of t h e  equat ion was based on t h e  hypothes is  t h a t  

t h e  r a t e  constant  f o r  t h e  a d d i t i o n  of t h e  monomer of t y p e  j t o  

a  f r e e  r a d i c a l  of type  i can be given t o  a  good approximation 

by t h e  fo l lowing express ion  : 



I n  t h i s  expression f o r  t h e  propagation s t e p ,  A i j  r ep resen t s  

t h e  p r o b a b i l i t y  f a c t o r ,  pi i s  an a c t i v a t i o n  f a c t o r  r e l a t e d  t o  

t h e  general  r e a c t i v i t y  of t h e  polymer end-group, 
q j  

i s  a  s imi-  

l a r  f a c t o r  r e l a t e d  t o  t h e  genera l  monomer r e a c t i v i t y ,  and ei 
and e a r e  t h e  two e l e c t r i c a l  f a c t o r s .  The general  r e a c t i v i t i e s  

j 
h e r e  a r e  t h e  geometric means of t h e  r e l a t i v e  r e a c t i v i t i e s  or  

a  given ra,dical  end-group with s e v e r a l  monomers and of a  given 

monomer with s e v e r a l  r a d i c a l  end types ,  r e s p e c t i v e l y .  When t h e  

f a c t o r  A j j  was assu-med t o  be es sen t i a l - ly  cons tant ,  equat ion 

(72) yie lded  equat ion (7). The same p o l a r i t y  f a c t o r ,  e ,  i s  

used f o r  a  nonomer and i t s  r a d i c a l ,  Thus, i f  t h e  Q and e  va lues  

of two conionorners a r e  known t h e  copolymerization parameter, r , 
may be est imated : 

I n  p a r t i c u l a r ,  t h e  two r e a c t i v i t y  r a t i o s ,  r and rp,  i n  a  bi- 1 
nary system can be w r i t t e n  a s  fo l lows.  

The orders  of mononer r e a c t i v i t i e s  i n  c a t i o n i c  and 

aniolric copol-ymerizat ions a r e  q u i t e  dS f f e r e n t  from chose i n  

f r e e  ~ a d i c a l  copolyrnerizat ion and from each o t h e r .  However, 

t h e  r e a c t i v i t i e s  seem t o  correspond t o  the a n t i c i p a t e d  e f f e c t  

of s u b s t i t u e n t s  upon t h e  r e a c t i v i - t y  of double bonds toward 

e l e c t r o p h i 1 . i ~  or  nucl-eophi l i c  r ~ a g e n t s  ( 1 3  ) . 



According t o  P r i c e  (12), when monomers ca r ry ing  p o l a r  s u b s t i -  

t u e n t s  copolymerize t h e  s e l e c t i v i t y  of t h e  r a d i c a l  end i s  de- 

termined by t h e  p o l a r i t i e s  of both t h e  double bond of t h e  mo- 

nomer and t h e  r a d i c a l  end. The p o l a r i t y  of t h e  r a d i c a l  end 

might be expressed i n  t h e  language of t h e  Linear  Free Energy 

Rela t ionship  i n  terms of Taf t  s u b s t i t u e n t  cons tan t s ,  a* . 
These may be used i n  a  r e l a t i o n  e n t i r e l y  analogous t o  t h e  Ham- 

mett express ion  o r i g i n a l l y  developed f o r  aromatic systems ( l 3 ) ,  
and r e l a t e  t h e  po la r  e f f e c t  of a  s u b s t i t u e n t  on an a l i p h a t i c  

cha in  t o  t h e  r a t e  constant  of t h e  r e a c t i o n  ( 1 4 ) .  

That a  Linear  Free Energy Re la t ionsh ip  could be app l i ed  t o  t h e  

r a d i c a l  polymerizations was demonstrated by Walling, Mayo e t  

a 1 . ( 1 5 ) .  They performed a  s e r i e s  of copolymerization e x p e r i ~  

ments employing s ty rene  a s  t h e  f i r s t  monomer and s u b s t i t u t e d  

s t y r e n e s  a s  t h e  second monomer. The r e c i p r o c a l  of t h e  monomer 

r e a c t i v i t y  r a t i o  f o r  t h e  s ty rene  r a d i c a l  expressed t h e  r e l a t  i- 

ve r e a c t i v i t y  of t h e  s u b s t i t u t e d  s t y r e n e  with t h e  s ty rene  r a -  

d i c a l .  When t h e  logari thm of t h e  r e l a t i v e  r e a c t i v i t y  was p l o t -  

t e d  a g a i n s t  Hammett's a values f o r  each s u b s t i t u e n t ,  a  s t r i k i n g  

l i n e a r i t y  was observed ( ~ i g u r e  2 ) .  Thus, i f  t h e  a va lues  a r e  

i n t e r p r e t e d  a s  measures of t h e  e l e c t r o n  d e n s i t y  a t  t h e  r e a c t i o n  

s i t e ,  t h i s  r e s u l t  suggests  t h a t  p o l a r  i n t e r a c t i o n s  between 

r e a c t a n t s ,  as,  suggested by P r i c e ,  may be of primary importance 

i n  determining t h e  s e l e c t i v i t y  of t h e  r a d i c a l  end. 

S imi lar  s t u d i e s  of systems of methyl methacrylate  

with s u b s t i t u t e d  s ty renes  d i d  not  show a  simple l i n e a r  r e l a -  

t i o n .  This au thor  emphasises t h a t  t h e  dev ia t ion  from l i n e a r i t y  

was observed f o r  t h e  monomer p a i r s  with t h e  s t r o n g e s t  tendency 

t o  produce a l t e r n a t i n g  copolymers. The a p p l i c a t i o n  of Hammett ' s  

t rea tment  presupposed a r e a c t i o n  of two components, t h e  poly-  

mer f r e e  r a d i c a l  and a  monomer , which i s  t r u e  when copolyme- 

r i z a t i o n  proceeds by t h e  convent ional  mechanism descr ibed  by 

scheme (1 ) . Such systems y i e l d  random copolymers. However, 



when an a l t e r n a t i n g  copolymer i s  formed t h e  r e a c t i o n  can pre-  

sumably proceed v i a  a  molecular complex of t h e  two monomers. 

F igure  3 shows t h a t  a  s a t i s f a c t o r y  l i n e a r  r e l a t i o n  could have 

been found i f  t h e  f i r s t  two, a l t e r n a t i n g  copolymerizations had 

been omit ted.  

The p o l a r i t y ,  which appears  t o  be t h e  f a c t o r  determi- 

n ing  s e l e c t i v i t y  i n  r a d i c a l  polymer iza t ions ,  cannot a f f e c t  t h e  

monomer competit ion f o r  t h e  propagat ing ion  i n  i o n i c  copolyme- 

r i z a t i o n s  (16)  . The t h r e e  methods of copolymer p repara t ion  a r e  

c o n t r a s t e d  i n  Figure 4 .  The ins tantaneous  composition of t h e  

copolymer styrene-methyl methacrylate  was followed a s  a  func-  

t i o n  of t h e  monomer feed  composition when t h r e e  d i f f e r e n t  

i n i t i a t o r s  were used corresponding t o  r a d i c a l ,  c a t  ion ic  and 

an ion ic  polymerizat ions.  

For commercial use it i s  o f t e n  d e s i r a b l e  t o  produce 

a  copolymer which i s  homogeneous i n  composition. This can be 

done by maintaining a  cons tant  composition of t h e  monomer feed  

during t h e  polymerizat ion process  by rep len i sh ing  t h e  more re -  

a c t i v e  monomer a s  t h e  polymerizat ion proceeds, o r ,  i n  t h e  case 

of an azeo t rop ic  copolymerization, by s topping t h e  r e a c t i o n  

before  complete conversion.  

Another method i s  t o  employ a  system i n  which t h e  r e -  

a c t i v i t y  r a t i o s ,  r and r2 , a r e  much l e s s  than  one, preferab-  
1 

l y  zero ,  i n  which case an a l t e r n a t i n g  copolymer i s  formed r e -  

ga rd less  of t h e  composition of t h e  monomer feed .  

I .1.2 . ALTERNATING EFFECT I N  COPOLYMERIZATION. ...................................... 
The preference  of each r a d i c a l  t o  r e a c t  exc lus ive ly  

with t h e  o the r  monomer i s  r e f l e c t e d  i n  zero o r  very low values  

of t h e  monomer r e a c t i v i t y  r a t i o s ,  rl and r2 . The tendency t o  

a l t e r n a t e  i s  u s u a l l y  expressed by t h e  product rlr2 ; t h e  

lower t h e  value of t h e  product ,  t h e  g r e a t e r  t h e  tendency t o  

a l t e r n a t e .  

By examining t h e  tendency f o r  a l t e r n a t i o n  it i s  pos- 

s i b l e  t o  t a b u l a t e  monomers i n  a  s e r i e s  arranged s o  t h a t  t h e  



F i g u r e  2 .  PLOT OF LOGARITHM OF RELATIVE REACTIVITY TOWARD 

THE STYRENE RADICAL VERSUS HAMMETT a VALUE OF 

SUBSTITUENT FOR VARIOUS SUBSTITUTED STYRENES ( 1 5 ) .  





F i g u r e  3 .  PLOT OF LOGARITHM OF RELATIVE REACTIVITY TOWARD 

THE METHYL METHACRYLATE RADICAL VERSUS HAMMETT 

a VALUE OF SUBSTITLTENT FOR VARIOUS SUBSTITUTED 

STYRENES (15) .  The  s o l i d  l i n e  was a d d e d  by t h i s  

a u t h o r .  
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Figure 4. INCREMENTAL COPOLYMER COMPOSITION AS A FUNCTION 

OF MONOMER FEED COMPOSITION FOR THE SYSTEM 

STYRENE (MI) AND METHYL METHACRYLATE ( M ~ )  

POLYMERIZED BY CATIONIC (s~cI~), FREE RADICAL 

( B Z ~ O ~ )  AND ANIONIC ( ~ a )  MECHANISMS (17) . 
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monomer p a i r  with t h e  g r e a t e r  s e p a r a t i o n  i n  t h e  s e r i e s  has  t h e  

g r e a t e r  tendency t o  a l t e r n a t e .  A t a b u l a t i o n  of monomers i n  

order  of t h e i r  inc reas ing  tendency t o  a l t e r n a t e  with s ty rene  

was presented  by Mayo, Lewis and Walling (18) and i s  shown i n  

Table I .  The order  of t h e  monomers i n  t h e  t a b l e  c l o s e l y  p a r a l -  

l e l s  t h e  order  of t h e  tendency of s u b s t i t u e n t s  around t h e  . 

double bond t o  donate e l e c t r o n s  t o  t h e  bond (hydrocarbon, ace-  

toxy)  o r  t o  withdraw them (carbonyl ,  cyano) . Monomers with 

e l e c t r o n - r e l e a s i n g  s u b s t i t u e n t s  occur a t  t h e  top  and those  

with electron-withdrawing s u b s t i t u e n t s  a t  t h e  foo t  of t h e  t a b -  

l e .  This suggests  t h a t  t h e  a l t e r n a t i n g  tendency i s  p r imar i ly  

due t o  t h e  p o l a r i t y  of t h e  double bond i n  t h e  monomer. 

Mayo, Walling and co-workers ( 1 5 ~ 1 9 )  discussed t h e  

a l t e r n a t i n g  e f f e c t  i n  t h e  context  of monomer-radical i n t e r a c -  

t i o n s .  The a l t e r n a t i o n  of t h e  monomers i n  a  copolymer was 

asc r ibed  t o  an i n t e r a c t i o n  between a  negat ive  double bond and 

a  p o s i t i v e  r a d i c a l ,  o r  v ice  versa ,  i n  t h e  t r a n s i t i o n  s t a t e  of 

t h e  propagation s t e p .  For example, 

H H 4 C H - C *  C-C, 
1 I1 ,o 

-CH C-C*O 
H H 

NC-C - C-C* 
I I  CH2=CH-C H 

&dGb 6 5  , e t c .  

Recently,  Hirooka ( 2 0 )  has  suggested t h a t  t h e  i n i t i a l -  

l y  formed complex between t h e  chain-end r a d i c a l  and a  comonomer 

might be s t a b l e  enough t o  come i n  contac t  with another  monomer 

before  t h e  propagation proceeds.  A double complex i s  formed 

between t h e  r a d i c a l  chain-end, t h e  donor-monomer and t h e  accep- 

tor-monomer, through a donor-acceptor i n t e r a c t i o n .  
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Kl 
- 0  + MI ,2 wP:--M 

1 
( r a d i c a l  complex) 

( a )  I f  t h e  r a d i c a l  complex i s  uns table ,  

( b )  I f  t h e  r a d i c a l  complex i s  s t a b l e ,  

(double complex) 

He supported h i s  view with t h e  f a c t  t h a t  only t h e  methyl meth- 

a c r y l a t e  r a d i c a l  was detected (21)  i n  t h e  i r r a d i a t e d  s t y r e n e ,  

methyl methacrylate and aluminum ha l ide  system. The key r o l e  

i n  t h i s  mechanism was a t t r i b u t e d  t o  complexing s a l t  which 

s t a b i l i z e s  t h e  growing r a d i c a l ,  e .g . ,  

a s  wel l  a s  t h e  r a d i c a l  

formed, t h e  complexing 

l o c a l i z e d .  Propagat ion 

C=O---salt 
1 
OCHj 

complex. When a  double complex has been 

s a l t  may be re leased  and t h e  r a d i c a l  

could then  proceed through t h e  two 

monomers v i a  a  concerted r e a c t i o n .  

A fundamentally d i f f e r e n t  explanat ion of t h e  a l t e r n a -  

t i o n  i n  copolymerization i s  based on monomer-monomer i n t e r a c -  

t i o n s .  The d i f f e r e n t  p o l a r i t i e s  of t h e  double bonds of two mo- 

nomers enhance t h e  formation of a  molecular complex which then  

undergoes homopolymerization. This complex i s  descr ibed a s  a  

donor-acceptor molecular complex or a  charge t r a n s f e r  complex 

r e s u l t i n g  from t h e  one-electron t r a n s f e r  from t h e  e l e c t r o n -  

donor monomer t o  t h e  electron-acceptor  monomer. 



I .2 .  DONOR-ACCEPTOR MOLECULAR COMPLEXES I N  ALTERNATING 

COPOLYMERIZATION. 

One way t o  prepare an equimolar copolymer i s  t o  main- 

t a i n  a  constant  monomer feed  which can be found i n  t h e  copoly- 

mer composition diagrams, a s  t h e y  a r e  shown i n  Figures  1 and 4 .  
Copolymers prepared i n  t h i s  manner have a  random sequence of 

monomers. A b a s i c a l l y  d i f f e r e n t  method of prepar ing  an equi -  

molar copolymer employs a  monomer p a i r  which y i e l d s  an equi -  
I molar copolymer r ega rd less  of t h e  monomer feed .  I n  t h i s  case ,  

t h e  monomer u n i t s  a r e  found t o  a l t e r n a t e  i n  t h e  polymer cha ins .  

The s t r u c t u r a l  d i f f e r e n c e  of random and a l t e r n a t i n g  copolymers 

i s  r e f l e c t e d  i n  t h e i r  d i f f e r e n t  p r o p e r t i e s .  For example, when 

random and a l t e r n a t i n g  equimolar a c r y l o n i t r i l e - s t y r e n e  copoly- 

mers were examined and compared ( 2 2 )  t h e  l a t t e r  were cha rac te -  

r i z e d  by h igher  r e s i s t a n c e  t o  a l k a l i e s  and temperature.  

It has  a l r eady  been mentioned t h a t  an a l t e r n a t i n g  

copolymer i s  formed when t h e  two monomers a r e  f a r  a p a r t  i n  t h e  

Mayo-Walling s e r i e s .  I f  t h e  s e p a r a t i o n  i s  small  a  non-al terna-  

t i n g  copolymer i s  formed. A d i f f e r e n c e  i n  t h e  p o l a r i t i e s  of 

t h e  double bonds of t h e  two comonomers thus  appears t o  be 

e s s e n t i a l  f o r  a  system t o  y i e l d  an a l t e r n a t i n g  copolymer. 

Spectroscopic s t u d i e s  of such systems have revealed 

new absorp t ion  bands which a r e  a t t r i b u t e d  t o  a  molecular comp- 

l e x  of t h e  two monomers (23-29) .  

I .2 . l .  SPONTANEOUS FORMATION OF THE COMPLEX. .................................... 
The concept of a  molecular complex a s  an in termedia te  

i n  polymerizat ion reac t ions  was f i r s t  introduced i n  1946 i n  

order  t o  expla in  t h e  a l t e r n a t i n g  tendency i n  a l l y 1  a c e t a t e  - 
maleic anhydride copolymerization ( 3 0 ) .  Barb l a t e r  obtained 

spec t roscopic  evidence f o r  t h e  ex i s t ence  of a  charge t r a n s f e r  

complex i n  a  system of two monomers, maleic anhydride and 

s ty rene  ( 2 3 ) .  By t h i s  t ime,  however , Wall ing ' s  e l u c i d a t i o n  of 

t h e  s e l e c t i v i t y  ( l 5 , 1 9 ) ,  based upon r e a c t i o n  of t h e  copolymer 



r a d i c a l  with t h e  monomer, was genera l ly  accepted.  

I n  1965, Iwatsuki and Yamashita ( 2 4 )  presented  a  de- 

t a i l e d  s tudy of t h e  copolymerization of p-dioxene and maleic 

anhydride and discussed t h e i r  experimental observat ions i n  

terms of t h e  formation of a  charge t r a n s f e r  complex between 

t h e  two monomers. It was found t h a t  p-dioxene and maleic anhg- 

d r ide  could e a s i l y  copolymerize with a  r a d i c a l  i n i t i a t o r  t o  

form an a l t e r n a t i n g  copolymer regardless  of t h e  monomer feed  

composit ion ,  although n e i t h e r  monomer could homopolymerize. 

I n  t h i s  a l t e r n a t i n g  copolymerization, both t h e  r a t e  of copo- 

lymer iza t ion  and t h e  v i s c o s i t y  of t h e  copolymer depended on 

t h e  monomer feed  r a t i o ,  and had t h e i r  maxima a t  a  monomer ra -  

t i o  of 1 : l .  I n  te rpolymer iza t ion  with a c r y l o n i t r i l e ,  t h e  r a t i o  

of p-dioxene and maleic anhydride i n  t h e  terpolymer was always 

found t o  be u n i t y ,  r ega rd less  of t h e  monomer feed r a t i o  o r  

amount of a c r y l o n i t  r i l e  included i n  t h e  terpolymer . The l a t t e r  

r e s u l t  i n  p a r t i c u l a r  was not compatible with t h e  usua l  theory  

of te rpolymer iza t ion  and l e d  t o  t h e  cons idera t ion  of an i n t e r -  

a c t i o n  between p-dioxene and maleic anhydride.  Supplementary 

s t u d i e s  showed t h a t  a  yellow co lo r  appeared when t h e  two mono- 

mers were mixed with each o the r  and spec t roscopic  a n a l y s i s  of 

t h e  s o l u t i o n  by a  continuous v a r i a t i o n  method de tec ted  t h e  1 :1 

complex formation between p-dioxene and maleic anhydride.  It 

was concluded t h a t  t h e  i n t e r a c t i o n  was an e l e c t r o n  t r a n s f e r  

between t h e  two monomers and t h a t  t h e  charge t r a n s f e r  complex 

might be t h e  .polymerizing s p e c i e s .  

The r e s u l t s  of a  s tudy of t h e  te rpolymer iza t ion  of 

dodecyl v i n y l  e t h e r ,  fumaron i t r i l e  and B-chloroethyl a c r y l a t e  

were found t o  be a t  var iance with t h e  usua l  t h e o r e t i c a l  t r e a t -  

ment of te rpolymer iza t ion  (31) . The monomer r e a c t i v i t y  r a t i o s  

depended upon t h e  monomer feed  r a t i o s  and t h e  c a l c u l a t e d  com- 

p o s i t i o n  d id  not agree with experiments a t  extreme monomer 

feed  r a t i o s .  From t h e  f a c t  t h a t  t h e  composition r a t i o s  of do- 

nor-type monomer u n i t s  and acceptor- type monomer u n i t s  i n  t e r -  

polymers were always constant  and equal  t o  u n i t y  r e g a r d l e s s  of 



t h e  monomer feed  r a t i o s ,  it was assumed t h a t  an i n t e r a c t i o n  

between t h e  donor-monomer and t h e  acceptor-monomer might r e -  

s u l t  i n  t h e  formation of a  donor-acceptor molecular complex 

which then  undergoes copolymerization with t h e  t h i r d  monoder. 

The te rpolymer iza t ion  was t r e a t e d  a s  a  copolymerization of 

P-chloroethyl  a c r y l a t e  with t h e  molecular complex formed 

between f u m a r o n i t r i l e  and dodecyl v i n y l  e t h e r .  Employing t h e  

equ i l ib r ium between f u m a r o n i t r i l e ,  dodecyl v i n y l  e t h e r  and t h e  

molecular complex, 

K FN + DVE \& complex J 

t h e  concent ra t ion  of t h e  complex may be w r i t t e n  a s  a  product 

of t h e  equ i l ib r ium cons tan t ,  K ,  and t h e  concent ra t ions  of t h e  

two components.. The express ion  f o r  t h e  complex concent r a t  ion  

was s u b s t i t u t e d  i n t o  t h e  Mayo and Lewis Is equat ion f o r  copoly- 

mer composit ion  (eq .2)  and t h e  subsequent t reatment  was analo- 

gous t o  t h a t  of copolymerization. A good agreement was found 

between t h e  t h e o r e t i c a l l y  p r e d i c t e d  composition curve and t h e  

experiment a1 values . 
Simi la r  con t rad ic t ions  between experimental  r e s u l t s  

and theory  were found when t h e  conventional a n a l y s i s  of a  t e r -  

nary system was app l i ed  t o  t h e  system of 8 -ac ro le in ,  a-methyl 

s ty rene  and methyl a c r y l a t e  (25)  . Spectroscopic s t u d i e s  

i n d i c a t e d  t h e  formation of a  1 : I  molecular complex between 

$ -cyanoacrolein and a-methyl s t y r e n e  and copolymerization of 

t h e  two monomers was shown t o  y i e l d  an a l t e r n a t i n g  copolymer. 

Terpolymerization of ane thole ,  maleic anhydride and 

one of 8-chloroethyl  methacrylate ,  m e t h a c r y l o n i t r i l e  o r  acry-  

l o n i t r i l e  produced polymers i n  which t h e  molar r a t i o  of ane- 

t h o l e  and maleic anhydride was always u n i t y  ( 3 2 ) .  An app l i ca -  

t ion  of t h e  convent ional  t 'reatment of te rpolymer iza t  ion  f a i l e d  

t o  g ive  r e s u l t s  c o n s i s t e n t  with a  mechanism employing t h e  

t h r e e  components a s  s i n g l e  r e a c t a n t s .  Agreement of t h e  exper i -  

mental values with theory  was much b e t t e r  when t h e  polymeriza- 

t i o n  was t r e a t e d  a s  a  copolymerization of t h e  molecular comp- 

l e x  with t h e  t h i r d  component. 
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r- Ywatsuki and Yamashita (33) i nves t iga ted  t h e  d i l u t i o n  
and so lvent  e f f e c t s  i n  r a d i c a l  t e rpo lymer iza t ions .  The compo- 

s i t i o n s  of t h e  terpolymers obtained from feeds  of t h e  same mo- 

nomer r a t i o s  were Pound t o  be changed beyond t h e  l i m i t  of 

e r r o r  f o r  t h e  var ious d i l u t i o n s  and s o l v e n t s .  I n  o t h e r  words, 

t h e  apparent monomer r e a c t i v i t y  r a t i o s  changed remarkably with 

d i l u t i o n  and with t h e  n a t u r e  of t h e  s o l v e n t .  While two of t h e  

monomers i n v a r i a b l y  entered  t h e  polymer i n  equimolar amounts, 

t h e  propor t ion  of t h e  t h i r d  monomer i n  t h e  terpolymers inc rea -  

sed,  reached a  maximum, then  decreased, a s  t h e  amount of s o l -  

vent inc reased .  The change i n  copolymer composition was not  

compatible with convent ional  r a d i c a l  te rpolymer iza t  ion .  It was 

suggested t h a t  t h e  e f f e c t  was due t o  t h e  formation of a  mole- 

c u l a r  complex between t h e  donor-type and acceptor- type mono- 

mers. From t h e  r e l a t i o n s h i p  determining t h e  concent ra t ion  of 

t h e  complex, 

[complex] = K[donor] [acceptor]  , 

it i s  c l e a r  t h a t ,  with d i l u t i o n ,  t h e  complex concent ra t ion  

changes non- l inear ly  while t h e  . t h i r d  monomer concent r a t  ion  

changes l i n e a r l y .  Since t h e  complex and t h e  t h i r d  monomer may 

be considered t o  copolymerize randomly with each o the r ,  a  chan- 

ge of t h e  molar r a t i o  of t h e  complex t o  t h e  t h i r d  monomer i s  

expected t o  r e s u l t  i n  a change i n  t h e  composition of t h e  pro- 

duc t .  

Charac te r i za t ion  of t h e  charge t r a n s f e r  complex b e t -  

ween fu ran  and maleic anhydride was presented by But l e r  and 

co-workers ( 2 6 )  us ing  NMR and W spectroscopy.  Although n e i t h e r  

of t h e  two monomers underwent homopolymerization, t h e  mixture 

of them y ie lded  t h e  a l t e r n a t i n g  copolymer, suggest ing t h a t  t h e  

polymerizat ion proceeded v i a  a  molecular complex of t h e  two 

components . 
A donor-acceptor complex of 1 :1 composition has  a l s o  

been de tec ted  i n  systems of maleic anhydride and each of t h e  

fo l lowing donor-monomers : n-butyl  v i n y l  e t h e r ,  i so -bu ty l  v i n y l  

e t h e r ,  t e r t - b u t y l  v i n y l  e t h e r  ( V ) ,  2-chloroethyl  v i n y l  e t h e r ,  



s ty rene ,  and 2,5-dihydrofuran (138). The composition of t h e  

r e s u l t i n g  copolymers i s  always 1 : 1  regardless  of t h e  monomer 

feed  r a t i o .  The r a t e  of polymerizat ion increases  with t h e  

inc reas ing  complex formation constant  and i s  a  maximum a t  a  

monomer feed  r a t i o  of 1 : 1 a t  which t h e  concent r a t  ion  of t h e  

molecular complex i s  h i g h e s t .  These f indings  a r e  cons i s t en t  

with t h e  p a r t i c i p a t i o n  of t h e  molecular complex as  t h e  a c t i v e  

spec ies  i n  t h e  polymerization process .  

Fur the r  s t u d i e s  have been made of t h e  styrene-maleic 
- . - i - - - ~ - - ?  2 -  / n o \  / - A \  d ~ 1 1 ~ y u . t  ~ u e  \ LV aiid t h e  dlvliiji-l ether-chlorcsiiiaieic aiihydr-iGe \ r y ) 

systems. Charge t r a n s f e r  complexes of 1 : 1 molar composit ions  

were de tec ted  i n  t h e s e  b inary  systems which y ie lded ,  when po- 

lymerized, t h e  a l t e r n a t i n g  copolymers. When another donor-mo- 

nomer was added t o  t h e  s tyrene-maleic  anhydride system, t h e  

polymerizat ion could be t r e a t e d  a s  a  copolymerization of two 

complexes, styrene/maleic anhydride and donor/maleic anhydride,  

with p a r t i c i p a t i o n  of f r e e  maleic anhydride i n  t h e  propagation 

s t e p s .  

These and f u r t h e r  experimental  observations c o n s i s t e n t  

with and/or f avor ing  t h e  theory  of donor-acceptor complex po- 

lymer iza t ion  a r e  summarized i n  Table 11. 

Table 11. Summary of Experimental Fac ts  which Favor Donor- 

Acceptor Complex Polymerization Theory. 

Subject 
i n v e s t i g a t e d  Observation Ref r . 

< . 
C op olymer The copolymer i s  always equimolar and 26-30 
s t r u c t u r e  a l t e r n a t i n g  rega rd less  of t h e  monomer 34-41 i. 

feed  composition 
- - -- - -- 

Polymeriza- The r a t e  i s  maximum a t  a  1 : I  monomer 24,27 
t i o n  r a t e  feed  composition 40-43 d 

37,138 
Chain Chlorine i s  not  incorpora ted  i n  t h e  28,33 
t r a n s f e r  copolymer when C C 1 4  o r  CHC13 i s  used 44  , 

a s  a  s o l v e n t .  Strong e lec t ron-acceptor  
o r  donor molecules a c t  a s  chain 
t r a n s f e r  agents  . 



Subject 
i n v e s t i g a t e d  Observation Ref r . 

I 

Species Spectroscopic experiments r evea l  t h e  23-29 , 

present  presence of donor-acceptor complexes 

I n i t i a t i o n  - C C 1 3  r a d i c a l s ( r e s u 1 t i n g  from t h e  
so lvent  - i n i t i a t o r  i n t e r a c t  ion )  do 
not p a r t i c i p a t e  i n  t h e  i n i t i a t i o n  28253 
s t e p  (no  ch lo r ine  i s  found i n  t h e  

Molecular I n  t h e  i n i t i a l  s t a g e s  of polymeri- 
weight of z a t i o n  t h e  molecular weight inc rea -  a 4 5  
copolymer s e s  continuously with conversion 

Ef fec t  of p-Benzoquinone inc reases  t h e  r a t e  
i n h i b i t o r s  of polymerization 42 

Solvent Solvents  bear ing  a  l a b i l e  hydrogen 
e f f e c t  induce t h e  polymerization, while 

so lven t s  which a r e  s t a b l e  t o  hyd- 46 

rogen a b s t r a c t i o n  a r e  i n e f f e c t i v e  

Solvent I n  te rpolymer iza t ion  experiments, 
e f f e c t  t h e  d i l u t i o n  and t h e  na tu re  of t h e  

so lvent  a f f e c t  t h e  product composi- 3 3 2 5  
- - 

t ion  

Composition Terpolymerization of an acceptor -  
pf t e r p o l y -  monomer ( A ) ,  donor-monomer ( B )  and 24 
mers a  monomer ( c )  which forms no comp- 31 -33 

l e x e s  with e i t h e r  A o r  B y i e l d s  a 
polymer of composition ( A B )  C 

x Y 
Kine t i c s  of The convent ional  k i n e t i c s  t reatment  
te rpolymer i -  f a i l s .  A good agreement i s  obtained 
z a t i o n  when t h e  r e a c t i o n  i s  t r e a t e d  a s  a  31,32 

copolymerization of a  complex between 130 
t h e  donor-monomer and t h e  acceptor-  

. monomer with t h e  t h i r d  monomer 

S e n s i t i v i t y  The polymerizat ions a r e  a c c e l e r a t e d  
t o  l i g h t  by l i g h t ,  exc lus ion  of l i g h t  lowe- 

r i n g  t h e  y i e l d  correspondingly.  
This i s  explained by t h e  photosen- 
s i t i v i t y  of t h e  charge t r a n s f e r  
complexes 

Hamme t t s Despi te  a  good f i t  of Hammett ' s  
r e l a t i o n  r e l a t i o n s h i p  i n  a  s e r i e s  of copoly- 

mer iza t ion  p a i r s ,  a sharp dev ia t ion  15 
i s  observed f o r  systems y i e l d i n g  
a l t e r n a t i n g  copolymers 



The above experimental  work l eaves  no doubt about t h e  

ex i s t ence  of charge t r a n s f e r  complexes i n  polymerizat ion sys - 
tems which y i e l d  a l t e r n a t i n g  copolymers. Another ques t ion  i n -  

volves t h e  ex ten t  t h a t  t h e s e  complexes p a r t i c i p a t e  i n  t h e  po- 

lymer iza t ion  process .  It has  been argued (50 )  t h a t  t h e  e x i s t e -  

nce of molecular complexes i n  a  r e a c t i o n  system does not prove 

t h a t  t h e y  a r e  t h e  in termedia tes  through which t h e  r e a c t i o n  

products  a r e  formed. However, t h e  r e l a t i o n  of t h e  polymeriza- 

t i o n  r a t e  t o  t h e  concent ra t ion  of monomers i s  evidence t h a t  

t h e  polymerizat ion does proceed v i a  molecular complexes. The 

r a t e  has  been found t o  i n c r e a s e  with inc reas ing  complex forma- 

t i o n  cons tan t s  (27)  and t h e  maximum r a t e  of polymerizat ion 

occurs  a t  a  monomer feed  r a t i o  of 1 :1 a t  which t h e  concentra-  

t i o n  of t h e  molecular complex i s  a l s o  a t  a  maximum (27,37,40, 

42,43) . The conventional copolymerization k i n e t i c  equat ion 

p r e d i c t s  a  r a t e  minimum i n  systems t h a t  tend  t o  a l t e r n a t e  and 

i n  which both monomers a r e  capable of homopolymerization. The 

t e rpo lymer iza t ion  experiments (24,31-33) and t h e  dev ia t ion  

from t h e  Hammett ' s  r e l a t i o n s h i p  of systems which y i e l d  a l t e r -  

na t  ing  copolymers (15) provide f u r t h e r  i n d i c a t i o n  of t h e  d i r e c t  

p a r t i c i p a t i o n  of t h e  monomer complexes a s  t h e  a c t i v e  s p e c i e s  

i n  t h e  polymerizat ion process .  Some o t h e r  observat ions suppor- 

t i n g  t h i s  view a r e  descr ibed  i n  t h e  chapter  on k i n e t i c s .  

1 . 2 . 2 .  ENHANCED FORMATION OF THE COMPLEX. 

The number of p o s s i b l e  monomer combinat ions  y i e l d i n g  

t h e  molecular donor-acceptor complex and t h e  a l t e r n a t i n g  copo- 

lymer has  been extended remarkably by t h e  f i n d i n g  t h a t  a sys-  

tem of two monomers which do not  s a t i s f y  t h e  requirement of 

s e p a r a t i o n  i n  t h e  Mayo-Walling s e r i e s ,  can never the less  be 

modified by a  t h i r d  component and then  polymerized t o  y i e l d  an 

a l t e r n a t i n g  copolymer. The t h i r d  component i s  an inorganic  

s a l t  o r  an organometal l ic  compound. The most e f f e c t i v e  modifi-  

e r s  have been found t o  be z inc  c h l o r i d e  (35,38,40,43,48,51-57) 

and aluminum sesqu ich lo r ides  (38,39,42,45,47,54,57-70) . Simi- 



l a r  compounds such a s  z inc  bromide (71-73),  aluminum ch lo r ide  \ 
1~ ( 7 4 ) ,  magnesium c h l o r i d e (  3 4 ) ,  n i c k e l  ch lo r ide  ( 3 4 )  and var ious  \ 

a l k y l  aluminum ch lo r ides  (39,58,61,64,75-77) and bromides 

i ( 6 9 , 5 8 ) ,  and t r ie thylaluminum (78)  have a l s o  been found e f f e c -  

t i v e  i n  t h e  p repara t ion  of a l t e r n a t i n g  copolymers, a l though 

t h e i r  e f f e c t i v e n e s s  i s  sometimes s p e c i f i c  t o  c e r t a i n  systems. 

The modif iers  a r e  i n  a l l  cases  complexing agent a c t -  

i n g  a s  Lewis a c i d s .  The enhanced formation of a  donor-acceptor 

complex can be a t t r i b u t e d  t o  a  g r e a t e r  sepa ra t ion  of t h e  donor 

monomer and t h e  acceptor  monomer i n  t h e  Mayo-Walling s e r i e s .  

The formation of t h e  complex between t h e  po la r  group of t h e  

acceptor  monomer and t h e  complexing agent r e s u l t s  i n  t h e  delo- 

c a l i z a t i o n  of t h e  e l e c t r o n s  i n  t h e  double bond of t h e  monomer, 

and thus  i n  i t s  enhanced e l e c t r o p h i l i c  cha rac te r  (79-88) .  

Farona and Tompkin,described t h e  complex by t h e  fol lowing r e -  

sonance s t r u c t u r e s  (83),  p o s t u l a t e d  on t h e  b a s i s  of t h e  obser- 

ved p a r t i a l  double bond c h a r a c t e r  of t h e  metal-ni t rogen bond. 

(The f i r s t  two canonical  forms a r i s e  from t h e  i n t e r a c t i o n  of 

f i l l e d  p  o r b i t a l s  on n i t rogen  with empty d  or  p  o r b i t a l s  on 

t h e  metal ,  t h e  o the r  two canonical  forms express t h e  back do- 

n a t i o n )  . 
The composition of t h e  complexing s a l t  -accept or  mono- 

mer complex i s  genera l ly  1 :1 o r  1 : 2 .  Complexes of both types  

have been i s o l a t e d  (79,84)  or  determined by cryoscopy (85 ,87)  . 
Complexation of a  h igher  degree i s  a l s o  p o s s i b l e .  A 1. : 3  compo- 

s i t i o n  was found f o r  t h e  chromium trichloride-acrylonitrile 

complex (83) .  By analogy with t h e  spec ies  present  i n  an aque- 

ous s o l u t i o n ,  Z ~ ( H , O ) ; +  ( 8 9 ) ,  and a  methanolic s o l u t i o n ,  

ZnC12Me4 ( g o ) ,  t h e  number of complexed monomer molecules pe r  

ZnCl, molecule might be a s  high a s  s i x .  

An acceptor  monomer complexed with a  s a l t  v i a  t h e  po- 



l a r  group on t h e  monomer double bond has a remarkably increased  

tendency t o  form a donor-acceptor molecular complex with a do- 

nor  monomer. This i s  r e f l e c t e d  p r i m a r i l y  i n  t h e  d e t e c t i o n  of a 
charge t r a n s f e r  complex band i n  W s p e c t r a  of such systems and 

i n  changes i n  chemical s h i f t s  i n  t h e  NMR s p e c t r a .  For example, 

a s i g n i f i c a n t  i n t e r a c t i o n  between butadiene and methyl metha- 

c r y l a t e  was not de tec ted  i n  t h e  absence of a complexing agen t .  

However, i n  t h e  presence of ethylaluminum d i c h l o r i d e  a new 

band appeared i n  t h e  UV spectrum. Continuous v a r i a t i o n  curves 
C A M  C L -  bllc Lllall&t: F l ~ - - - -  L i i  the dieiiilcai si i if ' is  of a-methyl and methoxy 

protons of methyl methacrylate  a f fo rded  maximum values a t  a 

1 :1 molar r a t i o  of butadiene and methyl methacrylate  (85)  . 
( ~ n  observed chemical s h i f t  value ( T ~ +  A T  i n  ppm) of t h e  acce-  

p t o r  monomer i s  equal  t o  t h e  weighted average of t h e  chemical 

s h i f t  value due t o  t h e  salt-complexed acceptor  monomer and t h e  

chemical s h i f t  value due t o  t h e  molecular complex. Therefore,  

t h e  s to ichiometry  c o e f f i c i e n t s  of t h e  complex can be determi- 

ned by a continuous v a r i a t i o n  method of p l o t t i n g   AT^ aga ins t  

f ,  keeping ( c  +cd) cons tan t ,  where f i s  t h e  mole f r a c t i o n  of a 
t h e  acceptor  monomer, and ca and cd a r e  concentra.tions of t h e  

acceptor  monomer and t h e  'donor monomer, r e s p e c t i v e l y  (91)  .) 
Simi lar  evidence f o r  molecular complexes of var ious  

compositions has  been repor ted ,  and t h e  equi l ibr ium cons tan t s  

determined, f o r  polymerizat ion systems of s ty rene  (donor mono- 

mer),  a c r y l o n i t  r i l e ,  methacrylonit  r i l e ,  o r  methyl methacrylo- 

n i t r i l e  ( accep to r  monomers), and ZnC1, o r  SnC1, (cornplexing 

a g e n t s )  (52 ,91 ,92) .  
The formation of t h e  donor-acceptor molecular comple- 

xes  i n  two-monomer systems modified with a complexing agent 

r e s u l t s  i n  an ex t raord ina ry  change i n  t h e  composition of t h e  

polymer product . For example, when isoprene o r  1 ,3-butadiene 

and a c r y l o n i t r i l e  a r e  polymerized i n  t h e  conventional r a d i c a l  

manner t h e  composition of t h e  ins tan taneous ly  formed product 

increment ranges from 0 t o  100",d diene depending on t h e  mono- 

mer f e e d .  When a complexing agent ,  such a s  z inc  ch lo r ide  o r  an 



aluminum s e s q u i c h l o r i d e ,  i s  added t o  t h e  system t h e  product 

has  an a l t e r n a t i n g  s t r u c t u r e  independent of t h e  monomer feed ,  

even when t h e  concent ra t ion  of t h e  complexing agent i s  a s  low 

a s  one hundredth of t h e  concent ra t ion  of t h e  monomers (38 ) .  
The e f f e c t  of t h e  presence of a complexing agent on 

t h e  copolymer composition i s  bes t  i l l u s t r a t e d  by Figures  5 and 

6 f o r  t h e  systems methyl methacrylate-styrene-ethylaluminum 

sesqu ich lo r ide  and methyl acrylate-styrene-ethylaluminum s e s -  

quichlori.de . 
Several  s t u d i e s  have been made t o  determine t h e  

amount of complexing agent necessary  f o r  t h e  system t o  y i e l d  

an a l t e r n a t i n g  copolymer. I n  a d d i t  ion  t o  t h e  d iene-acry loni t  - 
rile-aluminum sesquichlor ide  systems which y ie lded  a l t e r n a -  

t i n g  copolymers a t  an A N / A ~  r a t i o  of IOO/I. (38) a very  low 

concen t ra t ion  of t h e  complexing agent has  been found s u f f i c i -  

en t  f o r  t h e  polymerizat ion systems of isoprene,  a c r y l o n i t r i l e  

and z inc  ch lo r ide  ( t h e  r a t i o  acceptor  monomer/complexing agent 

equal led  20/1.) (38) ,  1,3-butadiene,acrylonitrile and z inc  

c h l o r i d e  (20/1) ( 3 8 ) ,  and s t y r e n e ,  a c r y l o n i t r i l e  and e t h y l a l u -  

minum sesqu ich lo r idc  (50/1) (57,65). These r a t i o s  a r e  no t  li- 

mit ing  values determining t h e  complexing agent concent ra t ion;  

presumably, a lower concent ra t ion  of t h e  agent could s t i l l  be 

s u f f i c i e n t .  I n  some cases  a low concent ra t ion  of complexing 

agent appears t o  be necessary f o r  t h e  polymerizat ion system t o  

y i e l d  an a l t e r n a t i n g  copolymer a s  t h e  only product .  I n  t h e  co- 

polymerizat ion of s ty rene  and a c r y l o n i t r i l e  i n  t h e  presence of 

z inc  ch lo r ide ,  t h e  a l t e r n a t i n g  copolymer was accompanied by an 

a c r y l o n i t r i l e - r i c h  copolymer when t h e  a c r y l o n i t r i l e / ~ n ~ l ,  molar 

r a t i o  was 1/1, whereas a t  2/1 r a t i o  t h e  only product was 

t h e  a l t e r n a t i n g  copolymer ( 5 3 ) .  The same observat ion was repo- 

r t e d  f o r  t h e  system of i soprene ,  a c r y l o n i t r i l e  and z inc  chlo-  

r i d e  i n  aqueous medium ( 3 4 ) .  
Copolymerization i n i t i a t e d  by a Ziegler-Natta  type  

c a t a l y s t  may a l s o  produce 2n a l t e r n a t i n g  copolymer (61~93-96)  . 



Figure  5 .  COPOLYMERIZATION OF METHYL METKACRYLATE AND 
STYRENE ( 39) . 
( o)  with ethylaluminum sesquichlor ide ;  

( - - ) r a d i c a l ;  ( . . . ) c a t i o n i c ;  

( A ) an ion ic ,  Na c a t a l y s t ;  

( v ) an ion ic ,  BuLi c a t a l y s t .  
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Figure  6 .  COPOLYMERIZATION OF METHYL ACRYLATE AND 
STYRENE ( 3 9 ) .  

( o ) w i t h  ethylaluminum sesquichlor ide ;  
( - - ) r a d i c a l ;  ( . . . ) c a t i o n i c  . 
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n e n t s :  (1) a  metal  a l k y l ,  a  metal  h a l i d e  a l k y l ,  o r  a  metal  hy- 

d r i d e  of groups 1-111; ( 2 )  a  s a l t  of a  t r a n s i t i o n  metal  of 

groups I T - V I I I  ) . This i s  not  supr iz ing  when one r e a l i z e s  t h a t  

one of t h e  components of t h e  Z-N c a t a l y t i c  system i s  an orga- 

nometal, most f r equen t ly  an alkylaluminum c h l o r i d e .  For exam- 

p l e ,  a l t e r n a t i n g  copolymers were formed when butadiene and 

a c r y l o n i t r i l e  (94,95) and butadiene and methyl methacryla te(g6)  

were copolymerized with A ~ E ~ c ~ , / v o c ~ ~  a s  a c a t a l y s t .  Copoly- 

mer iza t ion  of a c r y l o n i t r i l e  with v inyl  ch lo r ide  ca ta lyzed  by 

E ~ A ~ c ~ , / v o c ~ ~  yielded an a l t e r n a t i n g  copolymer i n  t h e  presence 

of an equimolar o r  g r e a t e r  amount of t h e  organometal ( 6 1 ) .  The 

r o l e  of t h e  vanadium compound i n  t h e  repor ted  systems has  been 

suggested t o  be i n  the  r ecyc l ing  of t h e  aluminum compound 

which i s  complexed on t h e  polymer chain .  However, t h e  presence 

of t h e  Z-N c a t a l y s t  c l a s s i f i e s  t h e s e  polymerizations a s  t h e  

Z-N type  and accordingly,  must involve a l l  t h e  problems encou- 

n t e r e d  i n  t h i s  c l a s s  of polymerizat ions.  

The donor-acceptor polymerization systems y i e l d i n g  

a l t e r n a t i n g  copolymers r epor ted  t o  da te  a r e  l i s t e d  i n  Appen- 

d ix  I .  

PROOF OF THE ALTERNATING STRUCTURE OF A COPOLYMER. 

An elemental  a n a l y s i s  of t h e  copolymers y i e l d s  an i n -  

d i c a t i o n  of t h e  a l t e r n a t i n g  s t r u c t u r e .  However, t h e  1 :1 molar 

r a t i o  of comonomers i n  a copolymer does not  prove t h a t  t h e  

s t r u c t u r e  i s  a l t e r n a t i n g .  When a conventional system of two 

monomers i s  polymerized, a n  equimolar copolymer can be prepa- 

r ed  from a  monomer feed of t h e  appropr ia t e  composition. 

Although t h e  s t r u c t u r e  of t h e  copolymer would be non-al terna-  

t i n g ,  random i n  t h i s  case ,  e lemental  a n a l y s i s  would i n d i c a t e  

t h e  equimolar i ty  of monomer u n i t s  i n  t h e  product .  However, i f  

t h e  composition of a  copolymer i s  found t o  be 1:l r e g a r d l e s s  

of monomer feed composition,then t h e  a l t e r n a t i n g  e f f e c t  i s  t h e  



only s a t i s f a c t o r y  explanat ion  of t h e  phenomenon. I n  f a c t ,  t h e  

elemental  a n a l y s i s  and NMR s p e c t r a  of random copolymers of 

var ious  compositions, t o g e t h e r  with t h e  s p e c t r a  of t h e  co r res -  

ponding homopolymers and a l t e r n a t i n g  copolymer, have provided 

a b a s i s  f o r  t h e  determinat ion by NMR spec t roana lys i s  of copo- 

lymer compositions.  When t h e  assignments of t h e  resonances t o  

t h e  monomer u n i t  sequences have been made, t h e  i n t e n s i t i e s  of 

t h e  peaks f o r  copolymers of d i f f e r e n t  compositions and t h e  

a l t e r n a t i n g  copolymer a r e  compared. (Owing t o  t h e  low reso lu -  

t i o n  t h e  peaks may a l s o  s h i f t  a s  a  r e s u l t  of t h e  i n t e n s i t y  

change of unresolved peaks which could only be d i s t ingu i shed  

a t  a  very high r e s o l u t i o n )  . Such a  s e t  of NMR s p e c t r a  then  

provides f e a t u r e s  d i sc r imina t ing  between t h e  a l t e r n a t i n g  and 

random copolymers (39,60,69,70,97,98) and may be l a t e r  used t o  

i d e n t i f y  a l t e r n a t i n g  s t r u c t u r e s .  (The IH NMR s p e c t r a  of copo- 

lymers can u s u a l l y  be i n t e r p r e t e d  i n  terms of t r i a d s  of mono- 

mer u n i t s  i n  t h e  chain .  The r e l a t i v e  chemical s h i f t s  of t h e  

protons of a  u n i t  i n  t h e  chain depend on t h e  i d e n t i t y  of t h e  

two n e a r e s t  neighbor monomer-units. Only r a r e l y  a r e  s i z a b l e  

e f f e c t s  of more d i s t a n t  u n i t s  i n  t h e  chain observed. For a 

given c e n t r a l  u n i t  t h e s e  t r i a d  s h i f t s  a r e  genera l ly  small ,  

amounting t o  only a  f r a c t i o n  of a  p.p.m. This makes i n t e r p r e -  

t a t i o n  of t h e  s p e c t r a  r a t h e r  d i f f i c u l t ,  e s p e c i a l l y  if t h e  r e -  

sonances show t h e  d i p o l a r  broadening c h a r a c t e r i s t i c  of pro ton  

rJMR polymer s p e c t r a  ( 9 8 ) .  I n  a d d i t i o n ,  t h e  proton NMR s p e c t r a  

of most copolymers a r e  complicated by sp in-sp in  coupl ing which 

does not  i t s e l f  conta in  any sequence information.  However, r e -  

cent  work by Schaefer (98)  us ing  high r e s o l u t i o n  pulsed c a r -  

bon-13 NMR makes NMR a n a l y s i s  of copolymers a t r a c t i v e  enough 

t o  overcome t h e  disadvantage of low s e n s i t i v i t y )  . 
Sometimes t h e  presence of s u b s t i t u e n t s  on t h e  monomers 

al lows t rea tments  y i e l d i n g  d i r e c t  evidence of t h e  monomer se-  

quence . For example, v iny l  chloride-methyl methacrylate  copo- 

lymer was shown t o  have t h e  a l t e r n a t i n g  s t r u c t u r e  by e x p l o i t -  

i n g  thermal c y c l i z a t i o n  ( 9 3 ) ,  a s  i s  shown i n  t h e  fo l lowing 



equat ion .  

WCHZ C H C H ~  c ( C H ~  ) ------? M C H ~  C H C H ~  c ( C H ~  ) + CH3C1 
I I I I 
C 1  COOCH3 0- CO 

A s t a t i s t i c a l  t rea tment  was used t o  c a l c u l a t e  t h e  e x t e n t  of 

c y c l i z a t i o n  expected when t h e  completely a l t e r n a t i n g  copolymer 

underwent random c y c l i z a t i o n  ( 9 9 ) .  The experimental  r e s u l t s  

were i n  e x c e l l e n t  agreement, t h e  discrepancy being l e s s  than  

two p e r  c e n t .  

1 . 4 .  MECHANISM OF THE DONOR-ACCEPTOR COMPLEX POLYMERIZATION. 

1 . 4  . l .  STUDIES RELATED TO THE DONOR-ACCEPTOR COMPLEX POLYMERI- ...................................................... 
Z A T I O N  . ------ 

The presence of Lewis a c i d s ,  such a s  ZnC1, , A l C 1 3  , 
e t c  . , i n  t h e  f r e e - r a d i c a l  i n i t i a t e d  polymerizat ion of a  p o l a r  

monomer conta in ing  a  pendant n i t r i l e  o r  carbonyl group i s  cha- 

r a c t e r i z e d  by an  increased  r a t e  of polymerizat ion (81,84,86, 
100-103). It has  been proved t h a t  ( 8 6 )  t h e  presence of ZnCl? 

does not  a f f e c t  t h e  r a t e  of decomposition of t h e  f r e e - r a d i c a l  

i n i t i a t o r  and t h e  enhanced r e a c t i v i t y  i s  a t t r i b u t e d  t o  t h e  f o -  

rmation of a complex between t h e  pendant group and t h e  Lewis 

a c i d  (86,104,105). The s a l t  s imultaneously a c t s  a s  a  cha in  

t r a n s f e r  agent (86,104) .  

Zubov e t  a l .  (136) proposed t h e  fol lowing propagat ion 

mechanism f o r  t h e  r a d i c a l - i n i t i a t e d  polymerizat ion of methyl 

methacrylate  i n  t h e  presence of A1Br3 . 



e t c .  

Bamford e t  a l .  (101) found an enhanced importance of 
t r a n s f e r  r eac t ions  i n  t h e  presence of aluminum ch lo r ide  and 
,.., , -,...- A - 2 Al.. - A J-7- - 
D I A 6 6 ~ ~ ~ ~ ~  ulab ~ t :  triaiisL'er agent  was a  complex between methyl 
methacrylate  and aluminum c h l o r i d e .  

+ MMA 
I+ 

-JR * 

This scheme a l s o  explained t h e  observed r e t a r d a t i o n ,  i f  it was 
assumed t h a t  t h e  r a d i c a l s  formed by t h e  t r a n s f e r  r e a c t i o n  were 

more s t a b l e  than  those  formed by hydrogen a b s t r a c t i o n  from t h e  

pure monomers. 

The enhanced r e a c t i v i t y  of t h e  complexed monomer ex- 

tends  t o  copolymerization with monomers which a r e  r e a d i l y  r e -  

sponsive t o  f r e e  r a d i c a l  polymerizat ion (106-108) . ' This e f f e c t  

i s  accompanied by a s h i f t  i n  t h e  copolymer composition toward 

a  1:l monomer r a t i o .  The s i g n i f i c a n c e  of t h e  monomer r e a c t i -  
v i t y  r a t i o s  i n  t h e  presence of a  s a l t  i n  a conventional non- 

a l t e r n a t i n g  copolymerization has  been e luc ida ted  ( 4 3 ) .  When 

M I ,  MZ and M3 represent  t h e  f r e e  acceptor  monomer, t h e  accep- 
t o r  monomer complexed with t h e  s a l t ,  and t h e  donor monomer, 
r e s p e c t i v e l y ,  t h e r e  a r e  n ine  p o s s i b l e  chain-propagation reac-  



t i o n s  between M I ,  M2,. M3 and a l l  t h e i r  r a d i c a l s .  The f i n a l  co- 

polymer composition equation i s  i d e n t i c a l  i n  form with t h e  

Mayo-Lewis equat ion (eq .2 ) ,  only r l  and r2 being d i f f e r e n t .  

I n  t h i s  way it was shown t h a t  a  convent ional  copolymerization 

i n  t h e  presence of a  s a l t  might 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  copolymer composition and t h e  monomer reac  - 
t i v i t y  r a t i o s  i s  concerned, a s  a  s a l t - f r e e  copolymerizat ion.  

Russian workers (108) have s t u d i e d  t h e  r a d i c a l  copo- 

lymer iza t ion  of methyl methacrylate and various comonomers i n  

t h e  presence of complexing agents  : ZnC12, A l C 1 3 ,  A1Br3 ,  and 

A 1 E t 2 C 1 .  When t h e  comonomer (methyl a c r y l a t e ,  bu ty l  a c r y l a t e )  

was a b l e  t o  form complexes with t h e  complexing agent  t h e  copo- 

lymer composition approached t h e  monomer feed  composition as 

t h e  concent ra t ion  of t h e  complexing agent  increased ,  and beca- 

me p r a c t i c a l l y  equal t o  it a t  t h e  mole r a t i o  (complexing agent  

/ M ~ + M ~ )  2 0.2-0.3 . I n  other  words, t h e  apparent  monomer reac-  

t i v i t y  r a t i o s  became equal t o  u n i t y  and remained unchanged f o r  

f u r t h e r  inc reases  of t h e  complexing agent concen t ra t ion .  These 

r e s u l t s  were explained by t h e  fo l lowing scheme. 

If t h e  propagat ion occurs through t h e  t r a n s i t i o n  s t a t e  a s  shown 

i n  t h e  scheme, t h e  d i f fe rences  i n  t h e  r e l a t i v e  a c t i v i t i e s  of 

t h e  double bonds may disappear,  and thus  t h e  copolymer compo- 

s i t i o n  becomes equal  t o  t h e  composition of t h e  monomer mixture,  

and t h e  values of rl  and r2 approach u n i t y .  

When t h e  comonomer (v iny l idene  ch lo r ide ,  2,6-dichlo- 

ros tyrene ,  p-chlorostyrene,  s t y r e n e )  was unable t o  form a com- 

p lex  with t h e  complexing agent t h e  value of r ,  e i t h e r  i n c r e -  



The value of r2 decreased i n  a l l  cases .  Although t h e  sence 

of t h e  changes i n  t h e  copolymer composition was not  t h e  same 

( p o s i t i v e  o r  nega t ive )  t h e  methyl methacrylate content  always 

reached a l i m i t  (between 50 and 90 p e r  c e n t )  a t  a r e l a , t i v e l y  

low concen t ra t ion  of complexing agen t .  

For t h e  type of copolymerizations i n  which only o n e ,  

monomer forms a complex, Gaylord and Takahashi (109)  suggested 

a scheme which involved ( 1 )homopolymerization of a molecular 

complex of t h e  form MMA-MMA-ZnC1, , and (2 )coup l ing  of t h i s  

polymerized complex with growing v iny l  ch lo r ide  homopolymer. 

This proposal  i s  c o n s i s t e n t  with t h e  pos tu la ted  formation of 

molecular complexes i n  t h e  presence of z inc c h l o r i d e .  

I .  4 -2 . MECHANISM OF THE DONOR-ACCEPTOR COMPLEX POLYMERIZATION. ..................................................... 
The f i r s t  r a t i o n a l i z a t i o n  of a l t e r n a t i n g  copolymeri- 

z a t i o n  involved a d i r a d i c a l  mechanism (55,109) and was demon- 

s t r a t e d  by t h e  fol lowing scheme. 
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Late r  ( 4 5 ) ,  it was pos tu la ted  t h a t  t h e  charge t r a n s -  
f e r  complex might undergo in t ramolecular  coupling of e i t h e r  

t h e  i o n i c  c e n t e r s  t o  produce a  d i r a d i c a l  spec ies ,  o r  t h e  r a d i -  
c a l  c e n t e r s  t o  produce a  zwi t t e r ion  o r  d i p o l a r  s p e c i e s .  

The b i f u n c t i o n a l  na tu re  of t h e  proposed in termedia tes  
r a i s e d  t h e  p o s s i b i l i t y  t h a t  non-terminating o r  "1iving"species  

a r e  p r e s e n t  i n  t h e s e  r e a c t i o n s .  This view w a s  supported by t h e  
f i n d i n g  (45)  t h a t  t h e  i n t r i n s i c  v i s c o s i t y  increased  with in- 
c r e a s i n g  conversion, cont rary  t o  t h e  constancy of t h e  molecu- 
l a r  weight i r r e s p e c t i v e  of conversion i n  conventional f r e e  r a -  

d i c a l  polymerizat ion.  The f a c t  t h a t  t h e  copolymerizations i n  

t h e  presence of chloroform and carbon t e t r a c h l o r i d e  proceeded 
f a s t e r  than  i n  to luene  and no ch lo r ine  was incorpora ted  i n  t h e  

copolymer suggested t h a t  s e r i o u s  cons idera t ion  must be given 

t o  a p o l a r  in te rmedia te .  

Fur the r  progress  i n  t h e  i n v e s t i g a t i o n  revealed t h a t  

t h e  molecular weight of t h e  copolymer increased  with conversion 

i n  t h e  i n i t i a l  s t a g e  and then  appeared t o  remain cons tant  (63, 
68 ,110) .  This l e v e l i n g  of f  i s ,  of course,  i n c o n s i s t e n t  with a 

l i v i n g  mechanism. 

Tsuchida and Tomono (28)  t r i e d  t o  e s t a b l i s h  t h e  me-- 

chanism of t h e  a l t e r n a t i n g  copolymerization of s ty rene  and ma- 
---_. 

e  i n  terms of t h e  i n i t i a t i n g  spec propa- 

d  cha in - t r ans fe r  r e a c t i o n s .  Using d i f f e r e n t  me- 

d i a ,  they  followed r a d i c a l  i n i t i a t o r  fragments contained i n  
t h e  copolymer by rad ioac t ive  t r a c e r  techniques and concluded 

t h a t  t h e  polymerizat ion was induced by t h e  d i r e c t  a t t a c k  of 

t h e  i n i t i a t o r  r a d i c a l  on t h e  monomer o r  t h e  comonomer complex. 

However, t h e  amount of i n i t i a t o r  fragments contained i n  t h e  



copolymer was very small ,  being only 1/30 t o  1/90 of t h e  

number of macromolecules. They explained t h i s  by a  v i o l e n t  

chain t r a n s f e r  t o  t h e  acceptor  monomer and/or t h e  complex. The 

chain  t r a n s f e r  t o  carbon t e t r a c h l o r i d e ,  a  t y p i c a l  chain t r a n s -  

f e r  agent  f o r  conventional r a d i c a l  polymerizations,  was n e g l i -  

g i b l e .  The molecular weight of t h e  product was e s s e n t i a l l y  

cons tant  with inc reas ing  conversion, and t h e  square root  depe- 

ndence of t h e  polymerizat ion r a t e  on the  i n i t i a t o r  concentra- 

t i o n  was a t t r i b u t e d  t o  a bimolecular te rminat ion .  They a l s o  

showed t ha t  m l y  strsng donor oxx accep io r  molecules, such as 

maleic anhydride, N,N-dimethyl a n i l i n e  or naphthalene , could 

a c t  a s  chain t r a n s f e r  agents  i n  a  copolymerization of t h i s  t y -  

p e .  The r a d i c a l  mechanism suggested was analogous t o  t h e  con- 

ven t iona l  r a d i c a l  mechanism i n  which t h e  comonomer complex 

played t h e  r o l e  of a  polymerizing monomer. 

Gaylord ( 4 4 )  has  proposed a  mechanism of polymeriza- 

t i o n  of charge t r a n s f e r  complexes which involves hydrogen abs - 
t r a c t i o n  from t h e  complex. He supports  h i s  view by t h e  f i n d i n g  

t h a t  t h e  donor-acceptor complex polymerization was acce le ra ted  

i n  t h e  presence of . C C 1 3  r a d i c a l s  from chloroform and carbon 

t e t r a c h l o r i d e  ( r e s u l t i n g  from t h e  so lvent  - i n i t i a t o r  i n t e r a c  - 
t i o n )  and t h a t  no c h l o r i n e  w a s  incorporated i n  t h e  copolymer. 

Another argument was t h e  absence of c a t a l y s t  moiet ies  i n  t h e  

copolymer formed. The scheme suggested i s  i l l u s t r a t e d  us ing  

s t y r e n e  a s  t h e  donor monomer and CH2=CXY a s  t h e  acceptor  mo- 

nomer, where X r ep resen t s  hydrogen o r  an a l k y l  and Y rep- 

r e s e n t s  t h e  complexed p o l a r  group, e . g . ,  CN.. . s a l t  . 
I n i t i a t i o n .  

1 . Spontaneous i n i t i a t i o n .  

( a >  
H+ -H 

C6Hs-CK , -.+ .CH 
\ 

HCH XCY 
C G H ~  -C - CH 

/ 
HCH 

\ 
XCY 

I H'. 



( b )  
H+ - H 

C6H5 -C6.-,.CH 
/ 

HCH 
\ 
XCY 

C6H5 -C-CH r a d i c a l  i n i t i a t i o n  
/ \ 3 

HCH XCY o r  d i s p r o p o r t i a t i o n  

H C .  X ~ Y  .; +- / i n t e r a c t i o n  with 
C6H5-C CH + another  complex 

H H according t o  : 

HCH XCY 
I 

two molecules 
d ispropor t ionate  H+ XCY 

\ + - /  
C s H 5 - C  CH 

C s H s  -C-C 
\\ 

HCH XCY 

CsH5 -C-CH 
/ ', 

HCH XCY 

H C *  XCY 
\ +-A 

C B H ~  -C 
H H 

2 .  Radical-catalysed i n i t i a t i o n .  

-CH 
-/ \ 

XCY 
C s H 5 - C -  CH 

/ \ 

+R* , HC :&A XCY 

HC; XCY 
/ 

C6H5 -c+-CH 
H H 

The r e s u l t s  of t h e  i n i t i a t i o n  s t e p  i s  t h e  formation of a chain 

end which has a s t r u c t u r e  s i m i l a r  t o  t h a t  of t h e  donor-accep- 

t o r  complex and has  analogous p r o p e r t i e s .  The d r i v i n g  f o r c e  

f o r  t h e  r e a c t i o n  i s ,  according t o  Gaylord, t h e  arrangement of 

t h e  complexes i n  a mat r ix .  



Propagat ion.  

F\kile t h e  i n i t i a t i o n  i s  a head-to-head react ion,  t h e  propaga- 

t i o n  s t ep  i s  a head- to- ta i l  r eac t ion .  Hydrogen abst ract ion 

through a six-membered cyc l ic  t r a n s i t i o n  s t a t e  regenerates the  

complex chain end. 

HCH XCY 
\ 

C s H 5  -C-CH 

Terminat ion .  

1. Monomolecular termination.  

2 . Bimolecular termination.  

( a )  By polymer-polymer i n t e r ac t ion .  

H H 
H -C-C6H5 /C \ 

YCX HC-P 
. . 'H 1 

HC -P 

P-C 
\ +- / 

CsH5-C  CH 

P-CH XCY 
\ / 

P-CH XCY 
\\ / 

CsH5-C-CH 
H H H H H H 

( b )  By polymer-complex i n t e r a c t i o n .  

H C - T ~ - ~ 6 ~ 5  
/ \ HC-C-C6H5 HC-C-C6Hs 

/ \ 
Y?$., HGH 3 HCH . 3  YCeH . . , 3 

Y 2 C H  

' XCY 
H 

P-C P-C XCY 
I 

\ / \ I 
P-CH X/CY 

C6H5 -c+-CH CsHs-C-CH 
\ 

C6H5-C-CH 

HC-C-C6H5 
/ \ 

or.YCX HCH 

P-CH 
\ YY 

C6H5 -C-CH 
U 



An important f e a t u r e  of t h e  scheme presented  i s  t h e  bimolecu- 
l a r  t e rmina t ion  by polymer complex i n t e r a c t i o n  which has  no 

analogy i n  e i t h e r  of t h e  convent ional  mechanisms. It should be 

poin ted  out t h a t  i n  some a s p e c t s  t h e  scheme i s  specu la t ive ,  

showing a l l  t h e  p o s s i b l e  i n t e r a c t i o n s  without experimental  e v i -  

dence of t h e i r  occurence. 

One can n o t i c e  t h a t  t h e  r a d i c a l  mechanism proposal  

was based on t h e  presence of t h e  i n i t i a t o r  fragments i n  t h e  

r e s u l t i n g  copolymer while t h e  hydrogen t r a n s f e r  proposal  o r i -  

g lna ted  from t h e  absence of such fragments i n  t h e  copolymer. 

This discrepancy could be explained by t h e  observat ions of 

B a r t l e t t  and Nozaki (30) who followed t h e  r a t e  of decomposi- 
t i o n  of benzoyl peroxide i n  d i f f e r e n t  monomer media. The r a t e  

of t h e  decomposition was found t o  be 196 t imes g r e a t e r  i n  a 

mixture of a l l y l  a c e t a t e  and maleic anhydride than  t h e  decom- 

p o s i t i o n  r a t e  i n  pure a l l y l  a c e t a t e  and 76 t imes g r e a t e r  than  
i n  pure maleic anhydride.  Since t h e  r a t e  of decomposition of 

benzoyl peroxide had n o t  been found t o  vary more than  about 

f o u r f o l d  i n  a number of t h e  common so lven t s ,  t hey  concluded 

t h a t  t h e  f a c t o r s  196 and 76 were due l a r g e l y  t o  chain  decompo- 

s i t i o n  of benzoyl peroxide induced by t h e  growing polymer. 

Therefore,  it can not  be a c h a i n - i n i t i a t i n g  s t e p ,  bu t  a process  

of cha in  t r a n s f e r  which incorpora tes  t h e  i n i t i a t o r  fragments 

i n t o  t h e  copolymer. I n  t h e  l i g h t  of t h e  f a c t  t h a t  i n  Tsuchida 

and Tomono1s work (28)  only one i n i t i a t o r  fragment was found 

p e r  30 o r  90 macromolecules, t h i s  explanat ion  sounds reasona- 

b l e .  

On t h e  o t h e r  hand, Gaylord and Maiti (49)  showed t h a t  

t h e  r a t e  of decomposition of a z o b i s i s o b u t y r o n i t r i l e  (AIBN) was 

no t  a c c e l e r a t e d  i n  a donor-acceptor monomer system. They f o l -  

lowed t h e  r a t e  of decomposition i n  to luene  i n  t h e  presence of 

ethylaluminum sesqu ich lo r ide ,  s t y r e n e  and methyl methacrylate ,  

i n  t h e  presence of t h e  organometal and e i t h e r  s ty rene  o r  methyl 

methacrylate ,  i n  t h e  presence of t h e  organometal a lone ,  and i n  
t h e  absence of a l l  t h r e e  components, and concluded t h a t  t h e  



r a t e  of decomposition of A I B N  was acce lera ted  by t h e  f r e e ,  un- 

complexed organometal l ic  component, but t h a t  it was no t  a f f e c -  
t e d  by e i t h e r  monomer. 

An explanat ion  of t h e  discrepancy between t h e  conclu- 
s i o n s  of Gaylord and Mai t i  (49)  and ~ a r t l e t t  and Nozaki ( 3 0 )  
could be o f f e r e d  by t h e  observat ions of t h e  r a t e  of decomposf- 
t i o n  of r a d i c a l  i n i t i a t o r s  i n  var ious so lvents .  While t h e  de- 

composition of A I B N  i s  b a s i c a l l y  i n v a r i a n t  from solvent  t o  

so lven t  ( t h e  r a t e s  of decomposition of A I B N  i n  xylene,  a c e t i c  
ac id ,  n-butanol,  cyclohexanone, n i t robutane ,  and i sobutanol  a t  

82Oc do not  d i f f e r  by more than  a  f a c t o r  of 1.16, (111))~ t h e  
r a t e  of decomposition of benzoyl peroxide i s  much more s e n s i -  

t i v e  t o  t h e  n a t u r e  of t h e  so lvent  i n  which t h e  r eac t ion  t akes  

p l a c e  ( t h e  r a t e s  of decomposition of benzoyl peroxide i n  ben- 
zene, carbon t e t r a c h l o r i d e ,  di-phenylmethane, d ibu ty lph tha la te ,  

1 ,2 ,4 - t r ime thy l  benzene, acetone, a c e t i c  ac id ,  and e t h y l  ace-  

t a t e  a t  7 5 " ~  do not  d i f f e r  by more than  a  f a c t o r  of 7 . 5 , ( 1 1 2 ) )  
and can d i f f e r  by a s  much a s  two orders  ( t h e  r a t e  of decompo- 

s i t i o n  of benzoyl peroxide i n  d i b u t y l  e t h e r  i s  two orders  gre-  

a t e r  than  i n  benzene a t  60•‹c,  (11 j) ) . m e  l a t t e r  f a c t  would , 
of course,  d e t r a c t  from t h e  conclusion of ~ a r t l e t t  and Nozaki 
t h a t  t h e  r a d i c a l  i n i t i a t o r  fragments had been introduced i n t o  
t h e  copolymer predominantly by a chain  t r a n s f e r  r e a c t i o n .  

Very r e c e n t l y ,  t h e  na tu re  of t h e  i n i t i a t i o n  process  
has  been discussed from t h e  po in t  of view of t h e  energy t r a n s -  

f e r  from t h e  . i n i t i a t o r  fragments t o  t h e  complex or  t o  a mono- 
mer and then  t o  t h e  complex (114,115) .  These proposals  a r e  ba- 
sed  on t h e  discovery t h a t  e x i t e d  s t a t e s  a r e  generated i n  t h e  
decomposition of organic  peroxides and azo compounds (116-119).  

The e x c i t a t i o n  of t h e  ground s t a t e  complex t o  t h e  exc i t ed  cha- 

rge  t r a n s f e r  complex r e s u l t s  i n  t h e  formation of t h e  copolymer 
by t h e  hydrogen t r a n s f e r  mechanism. The theory of charge t r a n -  

s f e r  complexes suggests  t h a t  t h e  ground s t a t e  i s  s t a b i l i z e d  by 
some c o n t r i b u t i o n  ( i n  resonance language) from t h e  e x c i t e d  sta-  

t e .  



Although t h e r e  remains cons iderable  u n c e r t a i n t y  about t h e  ex- 

t e n t  of charge t r a n s f e r  i n  t h e  ground s t a t e ,  t h e  experimental  

r e s u l t s  overwhelmingly support  t h e  ex i s t ence  of only a small 

c o n t r i b u t i o n  of t h e  charge t r a n s f e r  t o  t h e  ground s t a t e  ( 1 2 0 ) .  

Presumably, t h e s e  non-ionic spec ies  a r e  not a b l e  t o  undergo 

polymerizat ion.  I n  t h e  e x c i t e d  charge t r a n s f e r  complex t h e  co- 

n t r i b u t i o n  from t h e  i o n i c  form i s  much l a r g e r  and may be e s t i -  

mated a t  904 o r  even more (134,1?1), These specics then cou ld  

y i e l d  a  copolymer and t h e  inc rease  of t h e  polymerizat ion r a t e  

with an inc rease  of a  r a d i c a l  i n i t i a t o r  concent ra t ion  could be 

understood a s  a  r e s u l t  of t h e  increased  concent ra t ion  of t h e  

exc i t ed ,  polymerizable charge t r a n s f e r  complexes. 

I .  5 . DEVIATIONS FROM THE ALTERNATING STRUCTURE. 

Bas ica l ly ,  t h e r e  a r e  t h r e e  d i f f e r e n t  dev ia t ions  from 

t h e  expected 1:l composition of t h e  t o t a l  polymer y i e l d .  

(1) The t o t a l  polymer y i e l d  is a mixture of an a l t e r n a t i n g  

copolymer and a  homopolymer. 

( 2 )  The t o t a l  polymer y i e l d  i s  a  mixture of an a l t e r n a t i n g  

copolymer and a non-a l t e rna t ing  copolymer. 

(3)  The t o t a l  polymer y i e l d  i s  a  non-a l t e rna t ing  copolymer. 

The apparent explanat ion  f o r  case 1 i s  t h a t  t h e  poly- 

mer iza t ion  of t h e  molecular complex of t h e  monomers i s  accom- 

panied by homopolymerization of e i t h e r  of t h e  two monomers. 

Gaylord e t  a1 .  ( 5 9 )  polymerized a-methylstyrene and a c r y l o n i t -  

r i l e  i n  t h e  presence of ethylaluminum sesqu ich lo r ide  and found 

t h a t  t h e  equimolar a l t e r n a t i n g  copolymer was accompanied by 

and could be separa ted  from poly(a-methyls tyrene) .  F i r s t  con- 

s i d e r a t i o n s  might l e a d  t o  t h e  conclusion t h a t  t h e  formation of 

poly(a-methyls tyrene ) through c a t  i o n i c  polymerizat ion i s  t h e  

expected consequence of t h e  presence of t h e  sesqu ich lo r ide  i n  

t h e  r e a c t i o n  mixture.  However, t h e  r e l a t i v e  inc rease  of t h e  

t 



amount of t h e  homopolymer with a  decrease of t h e  s e s q u i c h l o r i -  

de concent ra t ion ,  and t h e  i n c r e a s e  of t h e  amount of t h e  homo- 

polymer when a  r a d i c a l  i n i t i a t o r  was p resen t  argue a g a i n s t  

t h i s  conclusion.  Gaylord e t  a1 . (59 ,122)  have suggested t h a t  a  

c a t i o n i c  polymerization of t h e  donor monomer, D, i s  induced 

by a  c a t i o n i c  r a d i c a l  which i s  formed a s  a  r e s u l t  of t h e  d i s -  

s o c i a t i o n  of t h e  te rminal  complex, DA, a t  high d i l u t i o n .  

The i n i t i a t i o n  of c a t  i o n i c  polymerizat ion by t h e  polymerizing 

charge t r a n s f e r  complex i s ,  t h e r e f o r e ,  respons ib le  f o r  t h e  

formation of homopolymer i n  t h e  system. 

The formation of a  non-a l t e rna t ing  copolymer t o g e t h e r  

with an a l t e r n a t i n g  copolymer has  been repor ted  when a  diene 

and a c r y l o n i t r i l e  were polymerized i n  t h e  presence of z i n c  

c h l o r i d e  a t  high temperatures and/or high conversions and a  

r a d i c a l  i n i t i a t o r  was employed (38,54) . When t h e  polymerizat ion 

was allowed t o  proceed. spontaneously ( t h e r m a l l y ) ,  an  a l t e r n a -  

t i n g  copolymer was t h e  only product .  On t h e  o the r  hand, when 

t h e  dienes were replaced  by s ty rene  o r  a-methylstyrene, t h e  

a l t e r n a t i n g  copolymer was accompanied by a non-a l t e rna t ing  co- 

polymer even i n  t h e  absence of a  r a d i c a l  i n i t i a t o r  (51 ,123) .  

To exp la in  t h e s e  observat ions,  Gaylord and co-workers(51,123) 

proposed a s e t  of competing r e a c t i o n s  i n  t h e  systems. When 

s t y r e n e ,  S, a c r y l o n i t r i l e ,  A ,  and z inc  chlor ide ,  Z ,  a r e  emp- 

loyed,  two kinds of donor-acceptor complexes can be formed i n  

t h e  s o l u t  ion .  

Z + A  ZA 

ZA + A st' ZAA 

ZA + S ZAS 

These spec ies  a r e  p resen t  i n  concent ra t ions  which depend upon 

t h e  i n i t i a l  concent ra t ions  of t h e  components and t h e  e q u i l i b -  

! r i a  r e l a t i o n s h i p s .  I n  a d d i t i o n ,  t h e  ZAA complex i n t e r a c t s  with 
k 



s ty rene  t o  genera te  a  ZAS complex and uncomplexed a c r y l o n i t r i -  

l e .  

ZAA + S ZAS + A 

Under s u i t a b l e  a c t i v a t i o n  t h e s e  spec ies  may p a r t i c i p a t e  i n  ho- 

mopolymerization o r  copolymerization reac t ions  t o  y i e l d  an  

a c r y l o n i t r i l e - r i c h  copolymer. 

b  ZAS + c ZAA + ( Z A S ) ~ ( Z A A )  + ( A S ) ~ ( A A )  + (b+c)  Z c C 

An a l t e r n a t i v e  r a t i o n a l i z a t i o n  employes t h e  d i s s o c i a -  

t i o n  of t h e  t e rmina l  complex. This process  can give r i s e  t o  a 

convent ional  copolymerization of t h e  donor monomer, D, and t h e  

accep to r  monomer, A ,  (123)  . 
- 

-( DA),D~:A. . .MX 2 N ( D A ) ~ D ~  -I- . A . . . M X  

The i n i t i a t i o n  of c a t i o n i c  polymerizat ion i n  t h e  s ty rene  copo- 

lymer iza t ions  might involve r a d i c a l  coupling of two t e rmina l  

ca t ion-radica , l s  t o  form a polymeric dAcation. The c a t i o n i c  

chain-ends propagate by t h e  a d d i t i o n  of s ty rene  o r  a  mixture 

of s t y r e n e  and a c r y l o n i t r i l e  t o  y i e l d  a s ty rene- r i ch  copolymer. 

Sometimes a  non-a l t e rna t ing  copolymer becomes t h e  on- 

l y  product a t  h igher  temperatures ,  while  a t  lower temperatures  

t h e  polymerizat ion system y i e l d s  a pure a l t e r n a t i n g  copolymer. 

It was sugges.ted (109)  t h a t  a  block segment of a homopolymer 

r e a c t e d  with an a l t e r n a t i n g  copolymer segment, t h e  homopolyme- 

r i z a t i o n  be ing  i n i t i a t e d  by a r a d i c a l  i n i t i a t o r .  A t  a  lower 

temperature where t h e  i n i t i a t o r  i s  no t  p a r t i c u l a r l y  e f f e c t i v e  

t h e  product  has  a  1:l composition whereas a t  h igher  tempera- 

t u r e s  a  r a d i c a l  homopolymerization i s  i n i t i a t e d ,  t h e  growing 

segments of t h e  homopolymer t h e n  i n t e r a c t  with t h e  growing end 

of t h e  a l t e r n a t i n g  copolymer, and 

an excess of one of t h e  monomers. 

s ty rene ,  S, and maleic anhydride,  

t h e  f i n a l  product conta ins  

This was demonstrated with 

M .  



I .  6 . KINETICS OF DONOR-ACCEPTOR COMF'LEX POLmRIZATION . 
Althou* t h e r e  i s  widespread i n t e r e s t  i n  donor-accep- 

t o r  complex polymerizat ions t h e r e  has  been l i t t l e  s tudy of t h e  

k i n e t i c s  of t h e  polymerizat ion.  No at tempt  t o  determine r e l e -  

vant  k i n e t i c  parameters has  been p resen ted .  The complexity of 

t h e  donor-acceptor complex polymerizat ion system i s  apparen t ly  

caused by t h e  many e q u i l i b r i a  i n  t h e  o v e r a l l  r eac t ion  process  

which a r e  no t  p resen t  i n  t h e  convent ional  polymerizahion o r  

copolymerizat ion.  These a r e  c h i e f l y  t h e  complexation of t h e  

accep to r  monomer with t h e  complexing agent and t h e  formation 

of t h e  molecular complex undergoing t h e  polymerizat ion.  

Z + A  ;t ZA 

ZA + D t ZAD 

Another process  p resen t  i n  t h e  scheme must be t h e  regenera t ion  

of t h e  complexing age-nt a f t e r  polymerizat ion of t h e  complex. 

The d i r e c t  consequence of t h e  presence of t h e  e q u i l i b r i a  i s  

t h e  d i f f i c u l t y  i n  express ing  t h e  "monomer" c o n ~ e n t r a t i o n ~ h a r n -  

p e r i n g  any f u r t h e r  k i n e t i c  s t u d i e s .  ( s e v e r a l  r e p o r t s  have been 

publ i shed  (43,108) g iv ing  t h e  monomer r e a c t i v i t y  r a t i o s ,  r ,  

and r,, of t h e  systems i n  ques t ion ,  determined on t h e  b a s i s  of 

convent ional  copolymerization k i n e t i c s  . A s  t h i s  approach igno- 

r e s  t h e  theory  of t h e  homopolymerization of molecular comple- 

xes ,  t h e  eva lua t ion  of t h e  copolymerization parameters does 

n o t  c o n t r i b u t e  t o  t h e  de terminat ion  of t h e  k i n e t i c s  of donor- 

accep to r  complex polymerizat ion.  ) 
Nevertheless,  some k i n e t i c  observat ions have been 



presen ted .  On t h e i r  b a s i s  it seems reasonable t o  say t h a t  co- 

polymerizat ions of a  donor monomer with an acceptor  monomer 

complexed with a  complexing agent  have t h e  fol lowing charac te-  

r i s t i c s .  

F i r s t ,  when t h e  monomers a r e  present  i n  excess of t h e  

complexing agent  t h e  conversion curves (copolymer y i e l d  versus  
t ime)  have two d i s t i n c t  regions,  t h e  f i r s t  being curved, t h e  

second l i n e a r .  Gaylord s t u d i e d  (63,68)  t h e  styrene-methyl me- 

thacrylate-ethylaluminum sesqu ich lo r ide  system us ing  a  t h r e e -  

f o l d  excess of methyl methacrylate  over the  organometal . He 

w a s  no t  aware of t h e  p o s s i b l e  l i n e a r i t y  of t h e  l a t e r  p o r t i o n  

of t h e  conversion curves and looked f o r  a  r eac t ion  order  with 

r e spec t  t o  t h e  donor-acceptor complex by t h e  convent ional  me- 

thod assuming t h a t  t h e  i n i t i a l  concent ra t ion  of t h e  complex 

w a s  equal  t o  t h e  concent ra t ion  of t h e  complexing agen t .  This 

k i n e t i c  t r e a t m e n t j i g n o r i n g  t o t a l l y  t h e  above e q u i l i b r i a  i n  t h e  

system, d i d  no t  give s a t i s f a c t o r y  r e s u l t s  d i s t i n g u i s h i n g  un- 

equivocal ly  between a  f i r s t  and second order  of r e a c t i o n .  Nor 

d i d  a  dependence of t h e  type  Rp=& , where 
R~ 

i s  polymeri- 

za,tion r a t e ,  ct i s  any p o s i t i v e  number, k i s  a  cons tant ,  and M 

i s  monomer concent ra t ion ,  desc r ibe  t h e  experimental d a t a .  On 

t h e  b a s i s  of h i s  f a i l u r e  t o  f i n d  any r e a c t i o n  order  f i t t i n g  

t h e  data i n  t h e  whole range of observat ion Gaylord concluded 

t h a t  t h e  r e a c t i o n  order  depended upon t h e  concent ra t ion  of t h e  

components, and probably v a r i e d  between one and two. 

Kine t i c  s t u d i e s  of t h e  concent ra t ion  e f f e c t s  can be 

summarized a s  fo l lows.  When t h e  r a t e  of polymerizat ion of a  
donor monomer and an acceptor  monomer with o r  without a comp- 

l e x i n g  agent  i s  followed a s  a  func t ion  of t h e  monomer feed 

composition t h e  r a t e  i s  found t o  be a  maximum a t  t h e  equimolar 

p o i n t  (27,37,40-43,62) . The ex i s t ence  of t h e  maximum and t h e  
l i m i t i n g  value of t h e  polymerizat ion r a t e  can be r e a d i l y  exp- 

l a i n e d  by t h e  assumption t h a t  none of t h e  r e a c t i o n  components 

e n t e r s  t h e  polymerizat ion as a  s i n g l e  p a r t i c l e  and t h a t  a l l  of 

them form a complex which behaves as a monomer molecule.  From 



t h i s  p o i n t  of view an excess of e i t h e r  monomer b r ings  about a  

decrease of t h e  donor-acceptor complex concent ra t ion  by d i l u -  
t i o n .  

When t h e  molecular weight of t h e  styrene-methyl meth- 

a c r y l a t e  copolymer prepared i n  t h e  presence of ethylaluminum 

sesqu ich lo r ide  was followed a s  a  func t ion  of conversion t h e  

i n t r i n s i c  v i s c o s i t y  was found t o  inc rease  with conversion ( 6 8 )  . 
It was r a t i o n a l i z e d  by t h e  ex i s t ence  of a  non-steady s t a t e  i n  

t h e  polymerizat ion system. The discovery t h a t  a  cons tant  mole- 

c u l a r  weight was a t t a i n e d  a f t e r  an i n i t i a l  per iod  of i n c r e a s -  

i n g  molecular weight (110) c a l l e d  f o r  another  explanat ion .  It 

was proposed (34,110,124) t h a t  t h e  comonomer charge t r a n s f e r  

complexes a r e  arranged i n  matr ices  o r  ordered a r r a y s  whose s i -  

ze i s  determined by t h e  i n i t i a l  complex concent ra t ion .  The mo- 

l e c u l a r  weight of t h e  copolymer formed i n  t h e  f i r s t  s t a g e  i s  

determined by t h e  s i z e  of t h e  matr ices ,  i . e .  t h e  complex con- 

c e n t r a t i o n .  The d i f f u s i o n  of monomer molecules t o  t h e  complex- 

i n g  agent  a f f i x e d  t o  t h e  copolymer chain r e s u l t s  i n  t h e  gene- 

r a t i o n  of new complexes on o r  i n  t h e  immediate v i c i n i t y  of t h e  

copolymer. The l a t t e r  was p o s t u l a t e d  t o  a c t  a s  a ternplate i n  

t h e  proceeding polymerizat ion,  t h e  molecular weight thus  being 

cons tant  and determined by t h e  s i z e  of t h e  templa te .  This pro- 

cess  would be repeated  u n t i l 1  f u l l  conversion i s  a t t a i n e d .  

However, when a c r y l o n i t r i l e  was used i n s t e a d  of methyl methac- 

r y l a t e  ( 6 2 )  t h e  molecular weight e i t h e r  remained unchanged with 

conversion o r  decreased t o  a  l i m i t i n g  va lue .  The e f f e c t  obser- 

ved depended 'on t h e  concent ra t ion  of t h e  ethylaluminwn sesqu i -  
c h l o r i d e .  This i s  i n  c o n t r a s t  t o  t h e  above styrene-methyl me- 

t h a c r y l a t e  system. 

The copolymerization of s ty rene  and methyl methacry- 

l a t e  i n  t h e  presence of ethylaluminum sesquichlor ide  (66 ,68) ,  
with t h e  organometal concent ra t ion  lower than  t h e  concen t ra t ion  

of e i t h e r  monomer, proceeded through an i n i t i a l  s t a g e  of r ap id  

polymerizat ion,  followed by a second slower s t a g e  which c o n t i -  

nued t o  f u l l  conversion (68 ) .  The two s t ages  were r e l a t e d  t o  



t h e  formation of matr ices  of t h e  donor-acceptor complexes. The 
slower second s t a g e  of polymerizat ion has  been proposed t o  be 

a r e s u l t  of t h e  d i f f u s i o n  of t h e  unpolymerized monomers t o  t h e  

complexing agent  a f f i x e d  t o  t h e  copolymer chain,  and t h e  r a t e  

of polymerizat ion being a  func t ion  of t h e  time necessary f o r  

t h e  formation of a void- f ree  a r r a y  of complexes ( 1 1 0 ) .  

The hypothesis  of t h e  presence of mat r ices  i n  t h e  po- 
lymer iza t ion  of donor-acceptor complexes i s  supported by t h e  

r e s u l t s  of t h e  mul t i s t age  a d d i t i o n  of an equimolar monomer m i -  

x t u r e  t o  a  polymerizing system a f t e r  f u l l  conversion ( 1 1 0 ) .  

When an equimolar styrene-methyl methacrylate  mixture i n  an 

amount twice t h a t  o r i g i n a l l y  p r e s e n t  was added t o  a  s ty rene-  

methyl methacrylate-ethylaluminum sesqu ich lo r ide  system which 

had a t t a i n e d  f u l l  conversion, t h e  added monomer y ie lded  a co- 

polymer of t h e  same i n t r i n s i c  v i s c o s i t y  a s  t h e  o r i g i n a l  copo- 

lymer a t  two d i f f e r e n t  conversions of t h e  new monomers. When 

a d d i t i o n a l  monomer mixture was added i n  an amount equal  t o  t h a t  

a l r e a d y  p resen t  t h e  i n t r i n s i c  v i s c o s i t y  of t h e  i s o l a t e d  copo- 

lymer, composed of a  mixture of t h e  products  from each of t h e  

a d d i t i o n  s t a g e s ,  remained unchanged, independent of conversion.  

The unconventional n a t u r e  of t h e  donor-acceptor com- 

p l e x  polymerizat ion has  been demonstrated by t h e  e f f e c t  of 

p-benzoquinone on t h e  polymerizat ion of s ty rene  with methyl 
methacryla te  complexed with aluminum sesqu ich lo r ides  ( 4 2 ) .  A t  

a  low benzoquinone concent ra t ion  t h e  r a t e  of polymerizat ion 

decreased, as. expected. However, a s  t h e  amount of benzoquino- 

ne  was increased  t h e  polymerizat ion r a t e  increased  even above 

t h e  r a t e  a t t a i n e d  i n  t h e  absence of t h e  quinone. Af te r  pass ing  
through a  maximum a t  a q u i n o n e / ~ l  mole r a t i o  of 1/2, c o r r e s -  

ponding t o  an equimolar carbonyl -aluminum mixture,  it again  

decreased.  On t h e  o t h e r  hand, t h e  a l t e r n a t i n g  copolymerization 

of s t y r e n e  and a c r y l o n i t r i l e  i n  t h e  presence of z inc  c h l o r i d e  
was repor ted  ( 4 3 )  t o  be i n h i b i t e d  by t h e  a d d i t i o n  of hydroqui- 

none. However, Gaylord argued (125)  t h a t  t h e  repor ted  concen- 
t r a t i o n s  ( H Q / A N / z ~ c ~ ,  mole r a t i o  was 2/100/10) had represented  



a  40% reduct ion  i n  t h e  concen t ra t ion  of a v a i l a b l e  ZnC12 a s  

a r e s u l t  of t h e  i n t e r a c t i o n  of one mole of z inc  ch lo r ide  p e r  

phenol ic  hydroxyl group, and he  presumed t h a t  i n h i b i t i o n  of 

t h e  spontaneous polymerizat ion might have been due t o  t h e  r e -  

duct ion  i n  t h e  a c t i v a t o r  concen t ra t ion .  

Conductivity measurements i n  t h e  styrene-methyl meth- 

acrylate-ethylaluminum sesqu ich lo r ide  system showed (42 ) a  

s l i g h t  i n c r e a s e  of t h e  s p e c i f i c  conduc t iv i ty  of t h e  organome- 

t a l  upon t h e  a d d i t i o n  of t h e  accep to r  monomer and a  f u r t h e r  

siigh* i n c r e a s e  upon t h e  a d d i t i o n  of t h e  donor monomer. 

Although t h e  conduct iv i ty  measurements showed t h a t  t h e  absolu-  

t e  concen t ra t ion  of ions  must have been very low, t h e i r  p rese -  

nce was undoubtly i n d i c a t e d .  

Taking i n t o  account t h a t  t h e r e  i s  a  c e r t a i n  concent- 

r a t i o n  of f r e e  ca t ions  i n  t h e  systems, a s  ind ica ted  by t h e  

conduc t iv i ty  measurements, but  t h a t  t h e s e  ca t ions  f a i l  t o  i n -  

duce t h e  c a t i o n i c  polymerizat ion of s ty rene ,  and t h a t  benzo- 

quinone, when p resen t  i n  a  s u i t a b l e  concent ra t ion ,  n o t  only 

does no t  r e t a r d  t h e  polymerizat ion,  but on t h e  con t ra ry  acce-  

l e r a t e s  it, it seems reasonable t o  conclu.de t h a t  t h e  a c t i v e  

s p e c i e s  i n  t h e  polymerizat ion a r e  n e i t h e r  conventional r a d i -  

c a l s  nor  c a t i o n s .  



11. C H E M I C A L S  A N D  T E C H N I Q U E S  

U S E D .  

11.1 . CHEMICALS AND THEIR PURIFICATION. 

11.1.1. MONOMERS. -------- 
ACRYLONITRILE, Matheson Coleman & Bel l ,  b .p .  75.5 t o  

7 7 . 5 O C ,  was d r i e d  f o r  s e v e r a l  days over calcium hydride and 

e l u t e d  through an  alumina column p r i o r  t o  d i s t i l l a t i o n  a t  r e -  

duced p ressu re  on a sp inning  band column of high e f f i c i e n c y .  

A 60% cent re-cut  was used i n  t h e  experiments.  

BUTADIENE-1,3, Mathes on, Instrument Grade, 99.6% , 
was used without f u r t h e r  p u r i f i c a t i o n  . Before jo in ing  butadie-  

ne cy l inder s  t o  t h e  polymerizat ion appara tus ,a  f r a c t i o n  of t h e  

content  was b led  of f  t o  purge any l i g h t  gaseous f r a c t i o n .  

STYRENE, Eastman, b  .p .  33-35"~/8rnm, s t a b i l i z e d  with 

t e r t -bu ty lpyroca techo l ,  was d r i e d  f o r  s e v e r a l  days over CaH2 

and then  f r a c t i o n a t e d  a t  reduced p ressu re  on a  high e f f i c i e n -  

cy sp inning  band column. The 20% c u t s  a t  t h e  beginning and t h e  

end of t h e  d i s t i l l a t i o n  were r e j e c t e d ,  and only t h e  center -cut  

was used .  

11.1.2 . COMPLEXING AGENT. ---------------- 
Z I N C  CHLORIDE, A l l i e d  Chemical Canada, Reagent A.C.S., 

w a s  d r i e d  f o r  f i f t y  hours i n  a  vacuum oven a t  1 5 0 " ~  before  

u s e .  

11.1 .3. SOLVENTS . -------- 
1,2-DICHLOROETHANE, F i s h e r  S c i  . , Fisher  C e r t i f i e d ,  

b . p .  83.5-83.8'~, was kept over P2O5 f o r  a  week and d i s t i l -  

l e d  through a  column f i l l e d  with g l a s s  r i n g s .  The 70% cen te r -  

c u t  w a s  used i n  t h e  experiments.  

BENZENE, F i she r  S c i  . , C e r t i f i e d  A . C  .S . , thiophene 



f r e e ,  w a s  kept over sodium wires  f o r  seve ra l  days and d i s t i l -  

l e d  from sodium under an argon atmosphere through a g l a s s -  

c i r c l e s - f  i l l e d  column. 

CHLOROBENZENE, Mathes on Coleman & Bel l ,  Reagent, b .p . 
130-132"C, was kept f o r  s e v e r a l  days over molecular s i e v e  of 

type  4~ and d i s t i l l e d  under an argon atmosphere. 

TETRAHYDROFURAN, F i s h e r  S c i . ,  H i s to log ica l  Grade, w a s  
used f o r  molecular weight determinat ions without f u r t h e r  p u r i -  

f i c a t i o n .  

Ail t h e  l i q u i d  components used i n  t h e  polymerizat ion 

experiments and t h e  complexing s a l t  were s t o r e d  under argon.  

The l i q u i d  components were manipulated with hypodermic s y r i n -  

ges t o  prevent  t h e i r  contac t  with a i r .  

1 1 . 2 .  POLYMERIZATION PROCEDURE. 

11.2 .1 . ELECTROCHEMICAL POLYMERIZATION. .............................. 
Polymerizations i n i t i a t e d  by e l e c t r i c  c u r r e n t  pass ing  

through s o l u t i o n  were performed i n  a s i n g l e  c e l l  f o r  e l ec t ropo-  

lymer iza t ion  shown i n  Figure 7 .  The c e l l  was f i t t e d  with a s i -  

de tube  f o r  dosing l i q u i d  components and provided with two 

i d e n t i c a l  platinum e l e c t r o d e s ,  each 2.5x2.5 cm, separa ted  by 

1 . 0  cm. 

The c e l l  con ta in ing  a weighed p o r t i o n  of ZnCl, w a s  

connected through a b a l l  j o i n t  t o  t h e  apparatus  shown i n  Figu- 

r e  8 .  A f t e r  evacuat ion and t h e  in t roduc t ion  of argon, t h e  c e l l  

was charged with t h e  requi red  volume of a c r y l o n i t r i l e ,  cooled 

i n  a dry  ice-methanol ba th  and evacuated again .  The system was 

then  i s o l a t e d  from t h e  pump and brought t o  t h e  r e a c t i o n  tempe- 

r a t u r e .  The i n t r o d u c t i o n  of t h e  gaseous monomer t o  t h e  so lu -  

t i o n  w a s  performed a s  fo l lows .  Container B was f i l l e d  with ga- 

seous butadiene from c y l i n d e r  A ( l i q u i d )  and i s o l a t e d  from i t .  
The d e s i r e d  p ressu re  of butadiene i n  t h e  apparatus  was s e t  and 

maintained by means of manometer D and regu la to r  E .  A drop of 



Figure 7. THE ELECTROPOLYMERIZATION CELL. 





Figure 8. APPARATUS FOR INTRODUCING GASEOUS MONOMER. 



to pump 



t h e  Hg-level a t  t h e  open end of E i n t e r r u p t s  t h e  c i r c u i t  cont- 

r o l l i n g  t h e  so lenoid  valve C ,  caus ing  t h e  l a t t e r  t o  c l o s e .  

Hence, when t h e  stopcock on E i s  c losed  a  cons tant  p ressu re  of 

butadiene i s  maintained, and may be read on manometer D .  The 

stopcock above t h e  c e l l  was opened b r i e f l y  t o  b r i n g  t h e  p res -  

s u r e  t o  t h e  s e t  value and t h e  reading  on manometer H was r e -  

corded. The stopcock on t h e  c e l l  was then  l e f t  open u n t i l  sa-  

t u r a t i o n  of butadiene i n  t h e  system was ind ica ted  by no f u r -  

t h e r  in t roduc t ion  of butadiene from con ta ine r  B .  A t  t h i s  poin t  

t h e  s o l u t i o n  was ready f o r  polymer iza t ion .  

A KEPCO ABC 1000 o r  a T r a n s i s t o r i z e d  Power Supply M 

4005 (power Designs Inc  . )  was used a s  a  cons tant  cu r ren t  sup- 

p l y  f o r  c u r r e n t s  of l e s s  o r  more than  25 rnA, r e s p e c t i v e l y .  

11.2.2 . SPONTANEOUS POLYMERIZATION. .......................... 
E s s e n t i a l l y  t h e  same appara tus  and procedures were 

used as be fo re .  The e l e c t r o d e s  had been removed, and t h e  reac-  

t i o n s  were n o t  carri .ed out under a  cons tant  pressure  of buta-  

d i e n e ,  Ins tead ,  t h e  s o l u t i o n  was s a t u r a t e d  a t  O•‹C, then  i s o l a -  

t e d  from t h e  system f o r  t h e  dura t ion  of t h e  experiment.   bout 
two minutes a f t e r  t h e  polymerizat ion temperature was a t t a i n e d  

t h e  s o l u t i o n  became t u r b i d ,  t h i s  t ime being taken a s  t h e  onset 

of polymerizat ion.  When s t y r e n e  was used i n s t e a d  of butadiene 

it was introduced by sy r inge  be fo re  degassing.  

11.2 .3. ISOLATION OF POLYMER. .................... 
A t  t h e  end of polymerizat ion,  performed e i t h e r  i n  

bulk o r  i n  s o l u t i o n ,  t h e  content  of t h e  c e l l  was poured i n t o  

a l a r g e  excess of methanol. Aqueous ammonia was added t o  bind 

t h e  s a l t  p resen t  i n  t h e  system, thus  al lowing a  s a l t  f r e e  po- 

lymer t o  be f i l t e r e d  o f f .  The polymer w a s  washed with an  ammo- 

n i a c a l  s o l u t i o n  of methanol, d r i e d  a t  t h e  room temperature un- 

d e r  vacuum i n  t h e  dark f o r  s e v e r a l  hours,  then  weighed. 

When t h e  s a l t  content  of t h e  polymer was followed t h e  



polymer iza t ion  wads s topped by c o n t a c t i n g  t h e  solutj-on w i t h  

a i r .  The polymer was i s o l a t e d  by f i l t r a t i n g  t h e  s o l i d  phase 

o f f  t h e  s o l u t i o n .  

11.3.1. ELEli/IKNTAL ANALYSIS. ------------------ 
Elemental  a n a l y s i s  of t h e  c o p o l y ~ e r s  f o r  carbon,  hydro- 

gen and n i t r o g e n  was c a r r i e d  o u t  on a  P e r ~ i n - E l m e r  Elemental  

Analyser ~240. A s  t h e  n i t r o g e n  c o n t e n t  i s  t h e  moot s e n s i t i v e  

t o  a composition change, t h e  composi-Lion of t h e  copolymer was 

c a l c u l a t e d  on t h i s  b a s i s .  By r epea t ed  a n a l y s e s  of t h e  same 

sample it was found t h a t  t h e  a c r y l o n i t r i l e  con ten t  u n c e r t a i n t y  

was +2$* 

11.3.2. NMR SPECTROSCOPY. --.,----.----------- 

NNR spec t roscopy  a n a l y s i s  of t h e  copolymers was performed a t  

room tempera ture  i n  d e u t e r a t e d  chloroform s o l u t i o n s  u s i n g  an 

a n a l y t i c a l  IWlR S p e c t r o x e t e r  A - 5 6 / 6 0 ~ .  Observed NMR s p e c t r a  of  

t h e  acrylon. l t r i3-e  ccpolymers w i t h  bu tad icne  2nd s t y r e n e  were 

compared w i t h  a s e r i e s  of  s p e c t r a  f o r  t h e  a l t e r n a t i n g  copoly- 

mers and. n o n - a l t e r n a t i n g  copolymers. 

The c a l i b r a t i o n  s p e c t r a  f o r  t h e  bu tad i ene -ac ry lon i t -  

r i l e  copolymers a r e  shown i n  F igure  9, and f o r  s ty rene -ae ry -  

l o n i t r i l e  copolymers i n  F i g u r e s  10 a n d  11. 

11.53. IR spmrilioscopv. --------------- 
IR spec t roscop ic  a n a l y s i s  of t h e  a c r y l o n i t r i l e - b u t a -  

d i m e  copol~ymers was c a r r i e d  ou t  on a Perkin--Elmer G r a t i n g  

J n f r a r e d  Spectrophotorneter 4 5'7 employing t h e  ECBr p r e s sed  d i s c  

tcchni-que . 
The c a l i b r a t i o n  s p e c t r a  of po lybutad ienes  w i t h  high 

t r a n s - l , 4 ,  cri s-l,l4 arid 1 , 2  ( v i n y l )  m i c r o s t r u c t u r e s  a r c  shown 

in F'igure 12.  



Figure  9 .  NMR SPECTRA OF BUTADIENE-ACRYLONITKILE COPOLYMERS 

(97)  

( A ,  B, D )  Prepared with f r e e  r a d i c a l  c a t a l y s t ;  

( c )  Prepared i n  t h e  presence of ZnC1, o r  e t h y l -  

aluminum s e s q u i c h l o r i d e .  

Copolymer composition BD/AN (mole r a t i o )  : 

( A )  78/22; ( B )  54/46; ( c )  50/50; (D) 43/57. 





Figure  1 0 .  NMR SPECTRA OF STYRENE-ACRYLONITRILE COPOLYMERS 

PREPARED WITH FREE RADICAL CATALYST. ( 97 ) . 
Copolymer composition S/AN (mole r a t i o )  : 

( A )  71/29; (B) 65/35; ( c )  45/55; ( D )  30/70. 





Figure 11. NMR SPECTRA OF ALTERNATING STYRENE-ACRYLONITRILE 

COPOLYMER PREPARED WITH ZnCI, . ( 97 ) . 
( A )  Spontaneous; ( B )  Benzoyl peroxide c a t a l y s i s .  





Figure  1 2 .  INFRARED SPECTRA OF POLYBUTADIENES (127) .  
( A )  High t r a n s  -1 ,4  a d d i t i o n .  

( B )  High 1 ,2  ( v i n y l )  a d d i t i o n .  

(c) High c i s - 1 , 4  a d d i t i o n .  
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11.3.4. VISCOSITY MEASUREMENTS. ...................... 
Approximately 0.2 t o  0 . 3  grams of copolymer were t r e -  

a t e d  i n  l e s s  than  25 m l  of t e t r ahydrofu ran .  Af ter  24 hours of 

a g i t a t i o n  t h e  heterogeneous mixture of polymer s o l u t i o n  and 

undissolved polymer was f i l t e r e d  and t h e  volume of t h e  homoge- 

neous s o l u t i o n  of polymer was brought t o  25 m l .  A 10 m l  por- 

t i o n  of t h e  s o l u t i o n  was used t o  determine t h e  concentrat ion 

of polymer i n  t h e  s o l u t i o n  by evapora t ing  t h e  so lvent  and wei- 

ghing t h e  remainder. Another 10 m l  p o r t i o n  w a s  u s ~ d  to d e t e r -  

mine t h e  v i s c o s i t y  of t h e  s o l u t i o n .  The viscosimetry measure- 

ments were c a r r i e d  out i n  an Ubbelohde d i l u t i o n  viscometer 

a l lowing measurements a t  a  s e r i e s  of concentrat ions by succes- 

s i v e  d i l u t i o n s  of t h e  s o l u t i o n .  The f low times were measured 

a t  f o u r  concent ra t ions  and t h e  i n t r i n s i c  v i s c o s i t y  ( l i m i t i n g  

v i s c o s i t y  number) was determined by t h e  graphica l  method p l o t -  

t i n g  t h e  s p e c i f i c  v i s c o s i t y  a g a i n s t  t h e  concentrat ion of so lu-  

t i o n ,  as developed by Huggins (126). 

where [q] i s  t h e  i n t r i n s i c  v i s c o s i t y ,  c  i s  t h e  concentrat ion 

of polymer, ?lsp i s  t h e  s p e c i f i c  v i s c o s i t y  given by t h e  

- - Tl - Tlo 
?"SP TO 

where q i s  t h e  v i s c o s i t y  of polymer s o l u t i o n  and qo i s  t h e  

v i s c o s i t y  of pure s o l v e n t .  

A s  t h e  flow time i s  l i n e a r l y  propor t ional  t o  t h e  v i s -  

c o s i t y ,  v i s c o s i t i e s  q  and qo can be replaced by flow times t 

and to , r e spec t ive ly ,  s o  t h a t  t h e  s p e c i f i c  v i s c o s i t y  i s  sim- 

p l y  c a l c u l a t e d  according t o  

DETERMINATION OF ZnC1, ON POLYMER. 

Zinc c h l o r i d e  was determined by t h e  t i t r a t i o n  with 



0.1M EDTA (disodium ethylenediamine t e t r a a c e t a t e )  u s i n g  Er io -  

chrome Black T as an  i n d i c a t o r  (128). 

When t h e  s o l i d  phase  had been i so la , t ed  by t h e  f i l t r a -  

t i o n  from t h e  l i q u i d  p o r t i o n  of  t h e  mixture t h e  a n a l y s i s  of 

t h e  l a t t e r  determined t h e  z inc  c h l o r i d e  uncomglexed on poly-  

mer. The s o l i d  phase was t h e n  washed wi th  a  methanol-ammonia 

s o l u t i o n  and t h e  r e s u l t i n g  l i q u i d  phase was analysed.  The po- 

lymer was d r i e d  a,nd weighed. Then it was d i sso lved  i n  t e t r a -  

hydrofuran and t h e  r e s u l t i n g  s o l u t i o n  was again  ana lysed .  The 

l a s t  two a n a l y s e s ,  when summed, d e t e ~ m i n e d  i h e  amount of z i n c  

c h l o r i d e  a- t tached t o  t h e  polymer. The t o t a l  amount of z inc  

c h l o r i d e  ( ZnC1, on copolymer p l u s  ZnCIT i n  s o l u t i o n )  was 

always found ve ry  c l o s e  t o  t h e  expected t h e o r e t i c a l  v a l u e  

giver, by t h e  c o n c e n t r a t i o n  of z inc  c h l o r i d e  employed i n  t h e  

exgeriment . 



E X P E R I M E N T A L  A N D  T H E O R E -  

T I C A L  R E S U L T S .  

$ 111.1. GEJVERAL STUDIES. 
f 

f 
$2 

The purpose of t h e  pre l iminary  experiments was t~ =re- 
3 pare  an a l t e r n a t i n g  copolymer, determine t h e  micros t ruc ture ,  

and show t h a t  t h e  a l t e r n a t i n g  e f f e c t  i s  a genera l  c h a r a c t e r i -  

s t i c  of t h e  butadiene-acrylonitrile-zinc ch lo r ide  polymeriza- 

t i o n  system. 

R e s u l t s .  ------------- 
Several  f e a t u r e s  of 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  mono- 

mer p a i r  made it s u i t a b l e  f o r  t h e s e  experiments.  The gaseous 

s t a t e  of butadiene enables  one t o  maintain a  constant  concent- 

r a t i o n  of t h i s  monomer dur ing  t h e  polymerization process .  The 

a,ppa.ratus descr ibed i n  t h e  experimental  s e c t i o n  was developed 

f o r  t h i s  purpose, and e f f e c t i v e l y  e l imina tes  t h e  in t roduc t ion  

of impur i t i e s  during t h e  a d d i t i o n  of increments of a  gaseous 

monomer. Also, it was i n t e r e s t i n g  t o  determine t h e  microstruc-  

t u r e  of butadiene u n i t s  i n  a  product obtained v i a  t h e  donor- 

accep to r  molecular complex polymerizat ion mechanism. 

A c r y l o n i t r i l e  was s e l e c t e d  a s  t h e  o the r  member of t h e  

monomer p a i r  because i t  appeared t o  be one of t h e  b e s t  repre-  

s e n t a t i v e s  of t h e  c l a s s  of accep to r  monomers. The same reason- 

i n g  l e d  t o  t h e  choice of z inc  c h l o r i d e  a s  t h e  complexing 

agen t .  

Electrochemical i n i t i a t i o n  was a t t r a c t i v e  i n  t h a t  it 
made p o s s i b l e  t h e  v a r i a t i o n  of t h e  r a t e  of i n i t i a t i o n  without 

a l t e r i n g  t h e  temperature,  and thus  without s h i f t i n g  t h e  equi- 

l i b r i a  p resen t  i n  t h e  many-component system. Whereas an inc re -  

a s e  i n  temperature enhances t h e  r e a c t i v i t y  of t h e  donor-acceP- 



t o r  complex, it would a l s o  l e a d  t o  a  decrease i n  i t s  concent- 

r a t i o n  (91,92,129) ,  and thus  reduce t h e  r a t e  of o v e r a l l  reac-  

t i o n .  These e f f e c t s  can be i n v e s t i g a t e d  s e p a r a t e l y  when e l e c -  

t ropolymer iza t ion  techniques a r e  employed. 

The experiments summarized i n  Table I11 demonstrate 

t h a t  it i s  poss ib le ,  us ing  e lec t ropolymer iza t ion  techniques,  

t o  prepare  a  pure a l t e r n a t i n g  copolymer from t h e  butadiene-  

a c r y l o n i t r i l e - z i n c  ch lo r ide  system. 

Table 111. Copolymer Formation i n  t h e  Presence of ZnC1,. 

Feed (d 
Current (MA) Polymer format ion  

PrN AN" B U ~  

- 20.0 1.3 0  None 

- 20.0 1.3 25 A l t e r n a t i n g  copolymer 

- 20.0 - 25 P o l y a c r y l o n i t r i l e  

20.0 - 1.3 25 None 

( a )  initial feed;  (b)Concent ra t ion  of butadiene was cons tan t .  
AN ( a c r y l o n i t r i l e )  ; PrN ( p r o p i o n i t r i l e )  ; BD (butadiene-1,3)  . 
Condit ions:  3.66 g  zncl,,  0.36 g  Z ~ ( O A C ) ~ ,  4 5 " ~ ~  60 minutes.  

No d e t e c t a b l e  polymer was formed without e lectrochemical  i n i -  

t i a t i o n .  When current  flowed through t h e  s o l u t i o n  a  white rub- 

bery product was formed . The s u b s t i t u t i o n  of p r o p i o n i t r i l e  f o r  

a c r y l o n i t r i l e  r e s u l t e d  i n  t h e  absence of any polymer forma- 

t i o n .  When a c r y l o n i t r i l e  was t h e  only monomer i n  t h e  system, 

t h e  product was a  white powdery polymer. The a l t e r n a t i n g  copo- 

lymer was i d e n t i f i e d  by t h e  fo l lowing procedures.  

( a )  Elemental a n a l y s i s  showed a  1 : 1  mole r a t i o  of a c r y l o n i t -  

r i l e  t o  butadiene u n i t s  i n  t h e  copolymer. 

( b )  A comparison of t h e  i n f r a r e d  spec t ra  of p o l y a c r y l o n i t r i l e  

and t h e  copolymer ( ~ i g .  13) c l e a r l y  i n d i c a t e s  t h e  presence of 

butadiene u n i t s  i n  t h e  polymer. The spec t ra  themselves do not  

confirm t h a t  t h e  butadiene u n i t s  a r e  a c t u a l l y  i n  a copolymer. 

A mixture of p o l y a c r y l o n i t r i l e  and polybutadiene would presu- 



mably y i e l d  a s i m i l a r  spectrum a s  t h a t  a sc r ibed  t o  t h e  copo- 

lymer (spectrum I ) .  However, t h e  f a c t  t h a t  butadiene does not 

homopolymerize i n  t h e  presence of p r o p i o n i t r i l e  excludes i t s  

homopolymerization i n  a c r y l o n i t r i l e  and leaves  t h e  format ion  

of a copolymer as t h e  only explanat ion  of t h e  presence of bu- 

t a d i e n e  u n i t s  i n  t h e  product .  The peak a t  966 cm-L i n d i c a t e s  

t h e  predominating 1 ,4 - t r ans  mic ros t ruc tu re  of butadiene u n i t s .  

( c a l i b r a t i o n  s p e c t r a  of polybutadienes have been shown i n  Figu- 

r e  1 2 ) .  

(c) The Iu'iIIi spectrum ( ~ i g .  i4) confirms t h e  presence of a co- 

polymer and i n d i c a t e s  an a l t e r n a t i n g  sequence of a c r y l o n i t r i l e  

and butadiene u n i t s  i n  t h e  copolymer cha ins .  According t o  t h e  

c a l i b r a t i o n  s p e c t r a  ( ~ i g .  9) f o r  a c r y l o n i t r i l e - b u t a d i e n e  copo- 

lymers, t h e  peak a t  7.7 r corresponds t o  a butadiene-acryloni-  

t r i l e  u n i t  sequence. There i s  no peak a t  7.9 I- corresponding 

t o  a butadiene-butadiene sequence. 

Table IV shows t h e  e f f e c t  of t h e  degree of conversion 

on t h e  composition of t h e  copolymer and on t h e  molecular 

weight .  The composition i s  e s s e n t i a l l y  i n v a r i a n t  i n  t h e  con- 

ve r s ion  range fol lowed.  The l i m i t i n g  v i s c o s i t y  numbers inc rea -  

s e  with conversion.  

Table IV. Effec t  of Degree of Conversion on Composition of 

t h e  Product .  

Yield ( g )  Composition (mole-% AN)  [d ( d l / d  

Condit ions:  8.40 g zncl,, 20.0 g AN, 1.3 g BD, 4 5 0 ~ ~  25 m ~ .  
Concentrat ion of BD was kept  cons tan t .  

Table V demonstrates t h a t  t h e  copolymer composition 



Figure 13. INFRARED SPECTRA OF THE PRODUCTS. 

(I) copolymer, (11)~olyacr~lonitrile formed 
under same conditions. 





Figure 14. NMR 

D 

SPECTRUM OF THE PRODUCT. 





i s  a l s o  e s s e n t i a l l y  i n v a r i a n t  with t h e  change of the ZnC1, 

concen t ra t ion .  The s l i g h t  dev ia t ion  from 50% AN i s  within t h e  

range of t h e  experimental  e r r o r  of t h e  elemental a n a l y s i s .  

Table V .  Copolymer Composition a s  a Function of znCl2/AN 

Mole R a t i o .  

Z ~ C ~ , / A N  BD i n  feed  Composition 
(mole/mole ) (d (mole-% A N )  

Condit ions:  20.0 g AN, 0.15 g z ~ ( o A ~ ) ~ ,  25 mA, 45'C, 
60 minutes.  Concentration of BD was kept 
c o n s t a n t .  

The e f f e c t  of t h e  concent ra t ion  of butadiene i s  sum- 
marized i n  Table V I .  

Table V I .  Copolymer Composition a s  a Function of BD/AN 

Mole Ra t io .  

BD/AN Reaction t ime Composition ~ o n d i t  ions 
(mole/mole ) (minutes)  (mole-% A N )  

Conditions : 8.40 g ZnCl,, 20.0 g AN, 4 5 " ~ ~  25 mA. 
5.00 g ZnCl 12 .0   AN, 12.6 g 1,2-dichlo-  
roethane, 8 %  g benzene, 4 5 " ~ .  



I n  Tab1 e  VI, t h e  concent ra t ion  of butadiene was again  kept  

c o n s t a n t .  It i s  p o s s i b l e  t o  conclude t h a t  t h e  system ac ry lo -  

n i t r i l e ,  butadiene and z inc  ch lo r ide  y i e l d s  an a l t e r n a t i n g  co- 

polymer a t  low r a t i o s  of butadiene t o  a c r y l o n i t r i l e  such a s  

0.063 ( i n  bulk)  o r  0.105 ( i n  s o l u t i o n ) .  Fur ther  decrease of 

t h e  butadiene concent ra t ion  r e s u l t s  i n  t h e  formation of a non- 

equirnol a r  product .  

The r e a c t i o n  p r o f i l e  of t h e  e lec t ropolymer iza t ion  i s  

shown i n  Figure 1 5 .  With an excess of acryloni 'bri l-e and z h c  

c h l o r i d e  and cons tant  concent ra t ion  of butadiene,  t h e  r z t e  of' 

pol~ymerizat ion i s  essentia, lZp cons tant  i n  t h e  i n v e s t i g a t e d  

range of conversion. When e lec t ropolymer iza t ion  experiments 

were c a r ~ i e d  out aC d i f f e r e n t  r a t e s  of i n i t i a t i o n  (by  apply- 

i n g  d i f f e r e n t  c u r r e n t s )  and f o r  d i f f e r e n t  per iods of polymeri- 

za t ion ,  and t h e  y-ield of polymerizat ion was p l o t t e d  a g a i n s t  

t h e  c a l c o l a t e d  t o t a l  charge tra,nsfei0ed through t h e  s o l u t i o n ,  

t h e  g r a ~ i ?  (3'i.g. 16) i n d i c a t e d ' t h a t  t h e  t o t a l  number of f a r a -  

days de-l;ermines t h e  polymer y i e l d .  However, t k ~ e  ?-ate of i n i -  

t i a t i o n  has no e f f e c t  on t h e  copolymer composition, a s  i s  

shown i n  Tzblc V I I .  

Table VII. Copolymer Composi'tior, a s  a  Function of 

Rate of I n i t i a t j o n .  
-- 

Current ( n a )  Composition (mole-$ A N )  

Condit-Logs: 8.40 g ZnCI,, 20.0 g AN, 1 . j  g ED, 
4 5 O ~ .  Polymer y i e l d  was about 0.13 
grams i n  a l l  expcrimer1.t s . Concentra- 
t i o n  cjf B3 %as kept  cons tan t .  

The r e a c t i o n  p r o f i l e  of t h e  t;her71nsl pol.ymeriza - 
t l o n  carried. out w i t h  excess acrylonltr..il..e and zTnc c h l o r i d e  



Figure 15. COPOLYMER FORMATION AS A FUNCTION OF TIME. 

Conditions: 8.40 g ZnCl,, 20.0 g AN, 1.3 g BD, 
45"~, 25 mA. 





F i g u r e  16. COPOLYMER FORMATION AS A FUNCTION OF CHARGE 

TRANSFERED. 

Condi t ions  : 8.40 g ZnC12, 20.0 g AN, 1.3 g BDy 

4 5 " ~ ~  v a r i o u s  c u r r e n t s  and conver-  

s i o n s .  





Figure  17. "THE THERPTAI," COPOLYMER FOP&IATION AS A FUNCTION 
OF Trn. 

Conditions: 5.00.g ZnC12, 12.0 g Am, 1.4 g BD, 

12,5 g 1,2-dichloroethane, 45"~. 





i s  p resen ted  i n  Figure 17. I n  t h e s e  experiments t h e  concentra- 

t i o n  of butadiene was not  kept  cons tan t .  The s l i g h t  curvature  
of t h e  l i n e  is  presumably a r e s u l t  of t h e  consumption of buta-  
d iene  during t h e  r e a c t i o n .  (It  w a s  followed t o  30% conversion 
of butadiene)  . 
C o n c l u s i o n .  ------------------- 

The acrylonitrile-butadiene-zinc ch lo r ide  system has  
been found t o  y i e l d  an a l t e r n a t i n g  copolymer under var ious r e -  
act ioi i  coi idLt loi~s  aiid iiieans o r  i r l i t i a t i o n  . Elemen%al a n a l y s i s  

shows t h a t  t h e  mole r a t i o  of a c r y l o n i t r i l e  t o  butadiene u n i t s  

i n  t h e  polymer product i s  always 1 1  i r r e s p e c t i v e  of z inc  
c h l o r i d e  concent ra t ion ,  t h e  r a t e  of i n i t i a t i o n  and t h e  degree 

of conversion i n  t h e  range covered by t h e  experiments. 

The I F  spectrum i n d i c a t e s  unequivocal ly  t h e  presence 
of both a c r y l o n i t r i l e  and butadiene  u n i t s  i n  t h e  pol-ymer pro- 
duc t .  When t h i s  r e s u l t  i s  considered t o g e t h e r  with t h e  f a c t  

t h a t  no polybutadiene i s  formed i n  p r o p i o n i t r i l e  under t h e  

cond i t ions  employed, one may conclude t h a t  a c r y l o n i t r i l e  and 
butadiene  a r e  b u i l t  t o g e t h e r  i n  a copolymer. 

The NMR s p e c t r a l  a n a l y s i s  of t h e  copolymer i n d i c a t e s  
a n  a l t e r n a t i n g  s t r u c t u r e  i n  t h e  polymer chains .  The presence 

of t h e  a c r y l o n i t r i l e  -butadiene sequences, t h e  absence of t h e  

butadiene-butadiene sequences and t h e  equimolar composition 

l e a v e  an a l t e r n a t i n g  s t r u c t u r e  a s  t h e  only l o g i c a l  conclusion.  
The butadiene i n  t h e  product i s  predominantly t h e  

I , & - t r a n s  isomer. 
The c o n t r o l  of t h e  y i e l d  of polymerizat ion by t h e  

number of fa radays  passed through t h e  s o l u t i o n  demonstrates 

t h a t  e lec t rochemical  techniques can be employed t o  vary t h e  

r a t e  of r e a c t i o n  by varying t h e  r a t e  of i n i t i a t i o n .  

When a molecular complex between two monomers i s  t h e  



polymerizing e n t i t y ,  t h e  r a t e  of polymerizat ion i s  expected 

t o  reach a  maximum a t  t h e  h i g h e s t  concent ra t ion  of t h e  comp- 

l e x .  Thus, t h e  e f f e c t  of varying t h e  concentrat ions of the 
monomers may i n d i c a t e  t h a t  t h e  polymerizat ion proceeds via 
molecular complexes . 
R e s u l t s .  ------- I---...- 

The spontaneous polymerizat ion i n  1,2-dichloroethane 

y ie lded  t h e  r a t e  versus butadiene concent ra t ion  curve in  Fi@- 
m 18; There is s . 'af&itc x i  to tile incl.ease i n  t h e  raate 

of polymerizat ion.  The maximum r a t e  i s  achieved when the  buts- 
diene concentrat ion/zinc c h l o r i d e  concent ra t ion  r a t i o  i s  &yea- 

t e r  than  u n i t y .  Since only t h e  salt-complexed a c r y l o n i t r i l e  

can form molecular complexes with butadiene,  t h e  maximum of 
t h e  curve l i e s  i n  t h e  region of t h e  h ighes t  concentrat ion of 

t h e  b u t a d i e n e - a c r y l o n i t r i l e  molecular complexes . The f a c t  that 

t h e  product formed a t  very low concent ra t ions  of butadiene was 

no t  a  pure a l t e r n a t i n g  copolymer does not  a l t e r  these  conclu- 

s i o n s  . 
The curve cons t ruc ted  from t h e  e l e c t r o i n i t  i a  t ed  P O ~ Y -  

mer iza t ions  ( ~ i g .  19) a l s o  i n d i c a t e s  t h a t  t h e  r a t e  of p o l P e -  

r i z a t i o n  i s  l i m i t e d  and inc reases  with inc reas ing  complex 

concen t ra t ion .  

When t h e  r a t e  of polymerizat ion was followed as a fU' 

n c t i o n  of t h e  z inc  c h l o r i d e  concent ra t ion  t h e  curve s h o w  in 

Figure  20 w a s  observed. The region  of observat ion was restr ic-  

t e d  by t h e  s o l u b i l i t y  of t h e  s a l t  i n  a c r y l o n i t r i l e .  The r a t e  

inc reases  r a p i d l y  a t  low concent ra t ions  of z inc  c h l o r i d e .  

I n  t h e  concent ra t ion  e f f e c t  experiments, t h e  r a t e s  

polymerizat ion a r e  values averaged f o r  t h e  times of t h e  reac- 
t i o n s .  The r e a c t i o n  p r o f i l e s  of t h e  e l e c t r o i n i t i a t e d  ( ~ i g  15) 
and spontaneous ( ~ i g .  17) polymerizations have j u s t  i f  ied  this 

t r ea tmen t .  

C o n c l u s i o n .  ------------------- 
The polymerizat ion experiments with var ious amounts 



Figure 18. RATE OF, POLYMERIZATION AS A FUNCTION OF BUTA- 

DIENE CONCENTRATION. SPONTANEOUS REACTION. 

(oo)Calculated from total yield. 

(eo)~alculated from portion corresponding to 

1 :1 copolymer. 

Conditions: 5.00 g ZnC12, 12.0 g AN, 12.6 g DCE, 

8.8 g benzene, 45•‹C. 
(37 mmoles ZnCI2, 226 mmnles AN). 





Figure  19. RATE O F  P O L Y M E R I Z A T I O N  A S  A F U N C T I O N  O F  BUTA- 
D I E N E  CONCENTRATION.  E L E C T R O I N I T I A T E D  R E A C T I O N .  

( A )ca lcu la ted  f r o m  t o t a l  y i e l d .  

( A ) c a l c u l a t e d  f r o m  p o r t i o n  corresponding t o  

1:l c o p o l y m e r .  

C o n d i t i o n s  : 8.40 g ZnCI,, 20 -0 g AN, 4 5 " ~ ~  
25 mA. 
(62 m o l e s  ZnC12, 377 mmoles A N ) .  





Figure 2 0 .  R A T E  O F  P O L Y M E R I Z A T I O N  AS A F U N C T I O N  O F  Z n C 1 2  

CONCENTRATION.  

C o n d i t i o n s :  20.0 g AN, 1.3 g B D j  0.15 g Z ~ ( O A C ) ~ ,  

4 . 5 " ~ ~  25 mA. 

(377 mmoles AN,  24 mmoles BD). 





of butadiene have shown t h a t  t h e  r a t e  of polymerization i n c r e -  

a ses  i n i t i a l l y  with an increase  of butadiene and l e v e l s  o f f .  

This observat ion  i s  cons i s t en t  with t h e  concept of t h e  forma- 

t i o n  of a  complex between t h e  monomers and subsequent homopo- 

lymer iza t ion .  The r a t e  of polymerizat ion i s  a l s o  determined 

by t h e  amount of z inc  ch lo r ide  a v a i l a b l e  f o r  the  complex f o r -  

mation and by t h e  complex concen t ra t ion .  

When t h e  polymerization systems were prepared i n  t h e  

absence of so lvent  no product was formed unless  t h e  r e a c t i o n  

was i n i t i a t e d  by an e l e c t r i c  c u r r e n t .  The author  found t h a t  

a d d i t i o n  of 1 ,2-dichloroethane t o  t h e  acrylonitrile-butadiene- 

z inc  c h l o r i d e  system r e s u l t s  i n  a  spontaneous ( o r  thermal)  

format ion  of t h e  copolymer. It appeared t e c h n i c a l l y  f e a s i b l e  

t o  fo l low t h e  production of t h e  copolymer a s  a  func t ion  of t h e  

n a t u r e  and amount of s o l v e n t .  

R e s u l t s .  ------------- 
The r e s u l t s  of spontaneous and e l e c t r o i n i t i a t e d  poly-  

mer iza t ions  performed i n  bulk, 1 ,2-dichloroethane,  benzene and 

chlorobenzene a r e  summarized i n  Table VIII. Although no poly- 

mer was formed spontaneously when t h e  r e a c t i o n  was c a r r i e d  out 

i n  bulk,  t h e  a d d i t i o n  of a  small  amount of 1 ,2-dichloroethane 

r e s u l t e d  i n  a  r ap id  spontaneous polymerizat ion.  The r a t e  of 

t h e  copolymer formation increased  with a  d i l u t i o n  of t h e  poly- 

mer iza t ion  system. The same a c c e l e r a t i n g  e f f e c t  was observed 

when t h e  polymerizat ion process  w a s  i n i t i a t e d  by pass ing  e l e c -  

t r i c  c u r r e n t  through t h e  system. Elemental and NMR analyses  

showed no d i f f e r e n c e  i n  t h e  copolymer composition (49-514 A N )  

when compared with t h e  polymerizat ion without s o l v e n t .  NMR 

s p e c t r a  ind ica ted  an a l t e r n a t i n g  s t r u c t u r e  i n  every case .  

On t h e  o t h e r  hand, when benzene was used a s  a so lven t  

no change i n  t h e  polymerizat ion r a t e  was observed. Three d i f -  



Table VIII. Polymerization in Solvents. 

Solvent Acrylonitrile ~ield/~ime 
Solvent volume volume Current Rate 

(ml> ( m ~ )  ( g/rnin) (mdmin) 

None 0 25 0 0/300 0 

DCE 5 20 0 0.354/140 2 .5 
DCE 10 15 0 0 .160/62 2.6 

DCE 20 5 0 0 .169/19 6.9 
Ez J I; 20 u 6/90 2, n 

c1-BZ 18 7 o 0/90 o 

None 0 25 

DCE 5 
DCE 10 

DCE 20 

Bz 10 

( *   ate of spontaneous polymerization has been subtracted . 
Conditions: 5.00 g ZnC12, 1.3 g BD, 45'~. 
(DCE)~,~-dichloroethane, (Bz)benzene, (~1-Bz)chlorobenzene. 



f e r e n t  concent ra t ions  of benzene were t r i e d .  The content  of 
a c r y l o n i t r i l e  i n  t h e  copolymer was found t o  be i n  range 

49-544, and rJMR s p e c t r a  i n d i c a t e d  t h e  a l t e r n a t i n g  s t r u c t u r e .  
Exploratory experiments were performed with chlorobenzene. 

No spontaneous formation of polymer was observed and t h e  r a t e  

of e l e c t r o i n i t i a t e d  polymerizat ion w a s  no t  a f f e c t e d  by t h e  
presence of t h e  s o l v e n t .  

C o n c l u s i o n .  ------------------- 
me y i e l d  of the a l t e rna t i r ?g  copolymzr In e i t h e r  

spontaneous o r  i n i t i a t e d  r e a c t i o n  i s  increased  remarkably when 

an  a l k y l  c h l o r i d e  i s  used as t h e  r e a c t i o n  medium. Comparison 

of t h e  experimental  r e s u l t s  obtained with dichloroethane and 

benzene i n d i c a t e s  t h a t  t h e  change i n  t h e  p o l a r i t y  of t h e  reac-  

t i o n  medium i s  no t  respons ib le  f o r  t h e  change i n  t h e  polymeri- 

z a t i o n  r a t e .  This i s  a l s o  concluded from t h e  experiments with 

benzene. The same polymerizat ion r a t e s  were found f o r  var ious  

ac ry lon i t r i l e /benzene  volume r a t i o s  . The presence of a c h l o r i -  

ne atom on so lven t  molecules i s  n o t  s u f f i c i e n t  f o r  a  so lven t  

t o  induce t h e  polymerizat ion,  a s  may be seen from t h e  i n e f f e c -  

t i v e n e s s  of chlorobenzene. The ch lo ro  d e r i v a t i v e s  of a l i p h a t i c  

hydrocarbons seem t o  be s p e c i f i c  i n  t h i s  ma t t e r .  No at tempt  t o  

r a t i o n a l i z e  t h e  observed a c c e l e r a t i o n  of t h e  r e a c t i o n  i s  made 

i n  t h i s  work. 

111.2.  KINETIC STUDIES. 

POLYMERIZATION AT LOW CONCENTRATION OF COMPLEXING 

A GENT. 

A low concent ra t ion  of one component i n  a r e a c t i o n  

g e n e r a l l y  s i m p l i f i e s  t h e  k i n e t i c s  desc r ib ing  t h e  p rocess .  The 

presence of many e q u i l i b r i a  i n  t h e  donor-acceptor complex po- 

lymer iza t ion  h inders  any a t tempt  t o  de r ive  a  r a t e  equat ion of 
b 



t h e  copolymer product ion .  The employment of a  low concentra- 
t i o n  of one of t h e  monomers o r  t h e  complexing agent i s  expec- 

t e d  t o  reduce t h e  d i f f i c u l t y .  The r e a c t i o n  p r o f i l e  of a  donor- 

accep to r  complex polymerizat ion,  c a r r i e d  out under t h i s  condi- 

t i o n ,  thus  appears t o  be of i n t e r e s t .  

R e s u l t s .  ------------- 
Theore t i ca l ly ,  any of t h e  t h r e e  r e a c t i o n  components 

can be used a t  a low concen t ra t ion .  In  p r a c t i s e ,  t h e  l i m i t e d  

s o i u b i i i i y  of z inc  ch lo r ide  i n  a c r y i o n i % r i i e  makes a  low con- 

c e n t r a t i o n  of t h e  s a l t  with an excess of t h e  monomers t h e  b e s t  

and most e a s i l y  a t t a i n e d  c a s e .  

Figure 21 shows t h e  y i e l d  of copolymer a s  a  func t ion  
of t ime when t h e  mole r a t i o s  of a c r y l o n i t r i l e  and butadiene t o  

z inc  c h l o r i d e  were 51 and 19, r e s p e c t i v e l y .  

Elemental a n a l y s i s  of t h e  products  showed 49-528 ac-  
r y l o n i t r i l e  u n i t s  through out t h e  polymerizat ion,  and NMR spe- 

c troscopy ind ica ted  t h e  a l t e r n a t i n g  s t r u c t u r e .  

S imi la r  r e a c t i o n  p r o f i l e s  have been observed a t  va- 
r i o u s  temperatures  and conditions, and w i l l  be shown i n  t h e  

appropr ia t e  p a r t s  of t h i s  work. 

C o n c l u s i o n .  ------------------- 
When a low concen t ra t ion  of z inc  ch lo r ide  i s  employed 

t h e  polymerizat ion curve i s  cha rac te r i zed  by a  high r a t e  a t  

t h e  beginning of polymer product ion,  followed by a much slower, 

cons tan t  r a t e  of polymerizat ion.  This observat ion sugges ts  

t h a t  t h e  rate' of polymerizat ion i s  determined by t h e  amount of 

z inc  c h l o r i d e  a v a i l a b l e  f o r  t h e  formation of t h e  complex b e t -  

ween t h e  s a l t  and t h e  monomers. A t  t h e  i n i t i a l  s t a g e  of poly- 

mer iza t ion  t h e  complex i s  being deple ted  and t h e  r a t e  decrea- 

s e s .  F i n a l l y ,  t h e  o r i g i n a l  complexes a r e  consumed and new ones 

a r e  formed from z inc  c h l o r i d e  molecules regenerated from t h e  

copolymer chains .  A t  t h i s  t ime, t h e  r a t e  of regenera t ion  of 

z i n c  c h l o r i d e  becomes a  r a t e  determining s t e p  and t h e  r a t e  of 



Figure 21 .  POLYMERIZATION AT LOW CONCENTRATION OF ZnC1,. 

Conditions:  3 . 8 7 ~ 1 0 - ~ m o l e / l  ZnCl,, 1 .98 mole/l AN, 

0.74 mole/l BDy 37 g DCEy 6 0 ' ~ .  





polymeriza"con i s  cons tant ,  t h e  monomers bejng I n  excess .  

When a  r e a c t i o n  scheme involv ing  complex formation and. 

t h e  complexing agent regenera t ion  i s  employed and t h e  concen- 

t r a t i o n  of one component i s  low, t h e  r e s u l t i n g  curve can be 

descr ibed by a  ~ i n e t i c  equat ion which r e l a t e s  t h e  copolymer 

y i e l d  t o  t ime. The de r iva t ion  of such an equation i s  t h e  sub- 

j e c t  of t h e  next  chapters .  

P u r p o s e .  ------------- 
The k i n e t i c  s t u d i e s  of donor-acceptor complex polyme- 

r i z a t i o n  publ ished so  f a r  has been focused mainly on t h e  

e f f e c t s  of concent ra t ion  on t h e  polymerization r a t e  and a,re 

descr ibed  5-13 chapter I. 6. The copolymer composition has 'been 

t r e a t e d  Kir let ical ly  i n  t h e  cases  when t h e  product i s  not 

s t r i c t l y  an a l t e r n a t i n g  copolymer (43,108,139). However, 

t h e r e  i s  a  complete l ack  of k i n e t i c  formulat ion l i n k i n g  t h e  

polymer y i e l d  w i t h  tiine o r  f o r  d e ~ c ~ i b i n g  t h e  polymerizat ion 

curves i n  terrns of k i n e t i c  parameters.  

The de r iva t ion  of t h e  ~ i n e t i c s  i s  based on a  scheme 

which Includ-es t h e  experimental ly  v e r i f i e d  e q u i l i b r i a  between 

t h e  complexing s a l t  and monomers, and a  s a l t  regenera t ion  

s t e p .  This scheme can be w r i t t e n  symbolically a s  fo l lows,  

recycled  

The fo? lowing Ss a, descri .ption of t h e  symbols u.sed. 

Z The f ~ > e e  c a t a l y s t  s a l t .  

A The acceptor  monomeP. 

D The donor rnoncmer . 



The adduct formed between t h e  acceptor  monomer, A ,  

and t h e  c a t a l y s t  s a l t ,  Z, of v a r i a b l e  s to ichiomet-  

ry ,  m .  
The donor-acceptor complex of t h e  s a l t  and both mo- 

nomers of v a r i a b l e  s toichiometry,  m .  
The ca ta lys t -con ta in ing  m a c r o ~ o l e c u l a r  product f o r -  

ned from t h e  polymerization of Z(AD)~ . 
The rnacrorfloleclalar product f ~ r m e d  a f t e r  t h e  regene- 

r a t i o n  of t h e  c a t a l y s t  from P,Z . 
rnacromolecuier pr0Guc-i; regardless  of' the  p rese -  

nce of t h e  c a t a l y s t .  

Equilibrium constant  def ined as  

me forward and backward r a t e  cons tants  f o r  t h e  

complex formation ZAm + mD -t Z(AD), . 
Rate cons tants  f o r  t h e  propagation and regenera t ion  

r e s c t i o n s ,  Z ( A D ) ~  +P,Z and PmZ -, mP+Z, r e s p e c t i v e l y .  

The concent ra t ion  of Z ( A D )  u n i t s  e x i s t i n g  as po- m 
lymer . 
The concent ra t ion  of c a t a l y s t - f r e e  AD u n i t s  ex i -  

s t i n g  a s  polymer. 

The t o t ~ l  concent ra t ion  of AD u n i t s  e x i s t i n g  a s  polymer, 

r ega rd less  of t h e  presence of c a t a l y s t  Z, i s  defined as 

CPtl = mrpmzl 4- [PI (12) 

It should 5e noted he re  t h a t  t h e  r a t e  constant ,  k  i s  a  com- 
P' 

p o s i t e  of t h e  t r u e  propagation constant  and t h e  r a t e  cons tant  
of the  i n i t i a t i o n  and te rminat ion  r e a c t i o n s .  It could a l s o  be 

a func t ion  of t h e  c a t a l y s t  ( e . g . ,  AIBN) concentrat ion,  o r  t h e  
number of photons passed i n  UV i n i t i a t i o n  o r  t h e  number of f a -  

r a d & ~ ~  passed i n  e l e c t r o l y t i c  i n i t i a t i o n .  The use of such an 

apparent  r a t e  cons tant ,  k  serves  t o  descr ibe  t h e  a c t u a l  mo- 
p' 

nomer-consurn:i:~g s t e p  3-l; t h i s  s t a g e  and i t s  i n t e r n a l  conplexi ty  



does no t  d e t r a c t  from t h e  v a l i d i t y  of t h e  scheme. 
The i n i t i a l  concent ra t ions  of t h e  components a r e ,  a t  

any t ime, def ined by the fol lowing conservat ion equa t ions .  

I n  o rde r  t o  so lve  t h i s  problem it i s  necessary t o  assume a 

f i r s t  o rde r  consumption of Z(AD) ,  it i s  

This y i e l d s  t h e  fol lowing expression f o r  t h e  concent ra t ion  of 

t h e  complex. 

Three d i f f e r e n t  extremes of r eac tan t  concent ra t ion  

make it p o s s i b l e  t o  eva lua te  i n t e g r a l s  of t h e  r a t e  expression 

i n  subsequent t r ea tmen t .  They a r e  a s  follows . 

It i s  now poss ib le  t o  t ake  each case (1,11,111) i n  

t u r n ,  perform t h e  necessary s u b s t i t u t i o n s  and evalua te  t h e  i n -  

t e g r a l  involved t o  f i n d  t h e  t o t a l  polymer y i e l d ,  Pt, a s  a fun- 

c t i o n  of t ime, t .  
The ze ro  order  case i s  so lub le  f o r  each of Cases I, 

I1 and 111 t o  give t h e  same answer: 



CPtI = m k t  
P 

This equat ion does no t  match t h e  r e a c t i o n  p r o f i l e  i n  F igure  21 .  

The f i r s t  order  case i s  solved f o r  each of t h e  concent ra t ion  
extremes i n  t h e  next  s t e p s .  

CASE I. 
I n  t h i s  system (low concent ra t ion  of Z r e l a t i v e  t o  A 

and D )  t h e  combination of equat ions (11) and ( 1 3 )  y i e l d s  t h e  
fo l lowing . 

Equation (17) becomes 

where ~ , C D I ;  
Q = 

The combination of equat ions (21)  and (22)  and rearrangement 

y i e l d  equat ion  (24) . 

which can be expressed as 



where = Q K ~ C A I ~  

(1 + K ~ C A I ~ ( I  + Q K ~ C A I :  ) 
I + K ~ C A I E  

I n  o rde r  t o  f i n d  C Z ( A D ) , ]  a s  a  funct ion  of only one v a r i a b l e  

( t i m e )  it i s  necessary t o  determine [P,z] a s  a  func t ion  of 

t ime .  The r a t e  of formation of PmZ is  

The s u b s t i t u t i o n  of [ z ( A D ) ~ ]  i n  equat ion (27)  by t h e  r i g h t  

hand s i d e  of equat ion (25)  y i e l d s  

Equation (28)  may be i n t e g r a t e d  ( s e e  Appendix 11) t o  give equ- 

a t i o n  ( 2 9 ) .  

where C1 = k R ~ Z I O  
P 

C 2 = k R + k r  
P 

Equation (25)  thus  becomes 

C1 [ z ( A D ) , ~  = R[Z]O - R -  + R - 1 exp(-c2t )  

C2 C2 

NOW, t a k i n g  i n t o  account equat ion ( 1 2 ) ,  t h e  r a t e  of polymer 

formation can be w r i t t e n  a s  



y i e l d s  equat ion (35)  . 

The combination of equat ions ( 3 2 )  and (35)  and separa t ion  of 

v a r i a b l e s  r e s u l t  i n  t h e  fo l lowing express ion .  

This may be i n t e g r a t e d  ( s e e  Appendix 

where t h e  boundary condi t ion  i s  t h a t  

and where n 

CASE 11. 

11) t o  

[Pt] = 0 when 

I n  t h i s  case ( t h e  donor monomer, D, i s  i n  low concen- 

t r a t i o n  r e l a t i v e  t o  t h e  acceptor  monomer, A ,  and t h e  complex- 

i n g  agent ,  Z )  equat ion (17) becomes 



- 85 - 

The s u b s t i t u t i o n  of equat ion (40) i n t o  equat ion ( 1 4 )  y i e l d s  

o r ,  with r e spec t  t o  equat ion (121, 

This can be solved when t h e  s to ich iomet r i c  constant  i s  u n i t y ,  

such t h a t  

or ,  i n  t h e  e x p l i c i t  form, 

s( CDlo - P t I )  
[ZAD] = l + S  

When t h i s  expression f o r  t h e  concentraation of ZAD i s  s u b s t i -  

t u t e d  i n t o  r a t e  equat ion (35) t h e  fol lowing differential equa- 

t i o n  i s  obta ined .  

This may be 

where C3 

r ewr i t t en  as 



Equation ( 4 7 )  may be i n t e g r a t e d  ( s e e  Appendix 11) (using t h e  

boundary cond i t ion  t h a t  CPt] = 0 when t = 0) t o  give 

CASE 111. 

I n  t h i s  case ( t h e  accep to r  monomer, A ,  i s  i n  low con- 

c e n t r a t i o n  r e l a t i v e  t o  t h e  donor monomer, D, and the  complex- 

i n g  agent ,  Z )  , t h e  combination of conservat ion equation (15)  
and equ i l ib r ium equat ion (11 ) y i e l d s  

Equation (51 ) becomes u s e f u l  f o r  f u r t h e r  de r iva t ion  only when 

m i s  u n i t y .  Then 

I n  combination with equat ion ( 2 2 )  t h i s  y i e l d s  

The s u b s t i t u t i o n  of equat ion (53)  i n t o  r a t e  equation (35)  g i -  

ves t h e  fol lowing d i f f e r e n t i a l  equat ion .  

dCPtI - 

- 
k p & [ ~ l  o - kpQ 

1 [Ptl d t  1+ + Q 1+ +Q 
Kof z l o  KO[ z l o  

This may be w r i t t e n  a s  
8 



where 

Equation ( 5 5 )  may be i n t e g r a t e d  ( s e e  Appendix 11) (when t h e  

boundary condi t ion  [Pt] = 0  when t = 0  a p p l i e s )  t o  g ive  

  his equat ion i s  analogous t o  equat ion ( 5 0 )  f o r  Case 11). 

The fol lowing t a b l e  summarizes t h e  var ious combina- 

t i o n s  of r e a c t i o n  condi t ions ,  s to ich iomet r i c  cons tants  and 

r e a c t i o n  orders  which have proved amenable t o  d i r e c t  s o l u t i o n  

a t  t h i s  s t a g e .  

Table IX.  Conditions f o r  which a  Kine t i c  Equation i s  Derived. 

[Pt] = f ( t )  when 

I 
[Ale 9 [Zlo Reaction order  = 1 , O  m = m  

[ D l 0  % [Z lo  

I1 [Ale 9 [Dlo Reaction order  = 1 , O  m = l  

CZIo % Dl0 

I11 [ D l 0  9 [Ale Reaction order  = 1 , O  m = l  

CZIo 9 C A I 0  

The presuppos i t ion  of a s teady s t a t e  of [ z ( A D ) , ~  , 
which can be a t t a i n e d ,  e  .g . ,  when 



allows the  imposi t ion of a f u r t h e r  s e t  of r e s t r i c t i o n s  on t h e  

k and kW1 r e l a t i o n  without des t roying  t h e  s t a t i o n a r y  s t a t e  
P 

concentrat ion of Z ( A D ) ,  . These a r e  t h a t  

It i s  i n s t r u c t i v e  t o  t e s t  t h e  e f f e c t  of these  r e s t r i c t i o n s  on 
J 1 t h e  previously der ived equat ions Tor. m e  tirr~e dependence of P t 

concent ra t ion .  

F i r s t l y ,  when r e l a t i o n s h i p s  (59)  and (60) a r e  conside-  

red,  (and when it i s  assumed t h a t  KO 9 1 ,  i . e .  K O [ A ] ; ) ~  when 

C A I o  i s  not  t o o  s m a l l ) ,  i n  Case I equat ion ( 3 7 )  can be sup- 

p l i e d  with new expressions f o r  cons tan t s  E, F and Cp . These 

a r e  derived from equat ion ( 2 3 ) ,  which i s  now s i m p l i f i e d  i n t o  

and equations ( 2 6 ) ,  (31), (38) and ( 3 9 ) .  Their f i n a l  forms a r e :  

S imi lar ly ,  i n  Cases I1 and 111 equat ions (49)  and ( 5 7 )  a r e  s i m -  

p l i f i e d  t o  



An important f e a t u r e  of t h e  new cons tants  i s  t h a t  they a r e  i n -  

dependent of k  . 
P 

Secondly, when r e l a t i o n s h i p s  (59)  and (61 ) a r e  consi-  

dered (and when it i s  assumed t h a t  KO 9 1, i .e . K O  CAI: 9 1 when 

[ A ] ~  i s  not  t o o  smal l )  then  f o r  Case I t h e  new values of E, F 

and Cg become 

ICl where K = - 
l k  - 1 

For Cases I1 and 111, t h e  cons tants  C4 and C6 become 

An important f e a t u r e  of t h e  new cons tants  i s  t h a t  they  depend 

on equi l ibr ium constant  K1. 

To complete t h e  k i n e t i c  cons idera t ions ,  i f  a  system 

e x i s t s  where t h e  two monomers, A and D, a r e  s u f f i c i e n t l y  reac-  

t i v e  t o  form a donor-acceptor complex without t h e  b e n e f i t  of a  

c a t a l y s t ,  then  t h e  foregoing scheme may be modified t o  t ake  

t h i s  i n t o  account .  

S imi la r  procedures may be used t o  der ive  t h e  y ie ld- t ime r e l a -  

t ionships  which w i l l  themselves be g r e a t l y  s i m p l i f i e d  . 



(1) The k i n e t i c s  cannot be solved f o r  a l l  cases .  For tuna te ly ,  

Case I , developed f o r  any value of m,  i s  t h e  most i n t e r e s t -  

i n g  system and may be solved f o r  a  f i r s t  order  r e a c t i o n  i n  
11  monomer If . 
( 2 )  The d e s i r e  t o  genera l i ze  t h e  k i n e t i c  scheme made necessary 
t h e  in t roduc t ion  of v a r i a b l e  s to ichiometry ,  m, i n  t h e  o r i g i n a l  

preequi l ibr ium 

Z + mA ZA m 

Cer ta in  Lewis bases,  a c r y l o n i t r i l e  f o r  example, i n t e r a c t  with 

c a t a l y s t  s a l t s ,  such a s  z inc  h a l i d e s  and alkylaluminum hal ides ,  

t o  form adducts of v a r i a b l e  composition.  These adducts  e q u i l i -  

b r a t e ,  each c o n t r i b u t i n g  t o  t h e  o v e r a l l  value of m, which can 

then  be i n t e r p r e t e d  a s  t h e  wei,ghted average of t h e  i n t e g r a l  

values f o r  t h e  d e s c r e t e  complexes. 

(3)  For those  cases  which can be solved,  two main d i v i s i o n s  

occur,  between Case I and Cases I1 and 111 t o g e t h e r .  This i s  

a consequence of t h e  r egenera t ion  of t h e  complexing sa l t .  

( 4 )  The necessary q u a l i f i c a t i o n  of t h e  s o l u t i o n  of t h e  i n t e g -  

r a t i o n  s t e p s ,  t h a t  a  p a i r  of t h e  r e a c t a n t s  had t o  be i n  excess 

over t h e  t h i r d  r e a c t a n t ,  appears  a t  f i r s t  t o  be an insurmoun- 

t a b l e  drawback t o  t h e  a n a l y s i s .  However, because of problems 

i n  d i s s o l v i n g  t h e  r e a c t a n t s  it i s  f r equen t ly  adv i sab le  t o  have 

t h i s  excess,  and i n  p r a c t i c e  t h e  q u a l i f i c a t i o n  does n o t  become 

l i m i t i n g .  A t  t h i s  po in t  t h e  p a r t i c u l a r  i n t e r e s t  inhe ren t  i n  

Case I becomes apparent .  For donor-acceptor complex polymeri- 

za t ions  us ing  h a l i d e s  a s  c a t a l y s t s ,  low c ~ ] ~  i s  an e a s i l y  

a t t a i n a b l e  and d e s i r a b l e  cond i t ion .  Thus, t h e  i n t e g r a t i o n  con- 

d i t i o n  i s  a  r e a l i s t i c  g o a l .  A glance a t  t h e  f i n a l  k i n e t i c  equ- 

a t i o n s  themselves w i l l  a l s o  i n d i c a t e  t h a t  Case I i s  t h e  only 

one which has t h e  polymer y i e l d  a s  a func t ion  of kr , t h e  ca- 

t a l y s t  regenera t ion  cons tan t .  

( 5 )  One admitted drawback i n  t h i s  o v e r a l l  a n a l y s i s  i s  t h e  f a c t  



t h a t  t h e  d i f f e r e n t i a l  equations were not  solved f o r  cases  

o t h e r  than  where t h e  r e a c t i o n  order  was u n i t y  ( o r  z e r o ) .  I n  
t h e  s t e a d y - s t a t e  t reatment  discussed he re  it i s ,  of course,  

q u i t e  p o s s i b l e  t o  envisage polymer systems where t h e  r e a c t i o n  

o rde r  i s  u n i t y .  

( 6 )  In t h e  case where kp 9 kml , it was deduced t h a t ,  i n  each 

Case (I,II and III), t h e  y i e l d  of polymer a s  a  funct ion  of ti- 
me was independent of k t h e  apparent r a t e  constant  of pro-  

p' 
paga t ion .  

It must be s t r e s s e d  t h a t  k i n  t h e  foregoing t r e a t -  
P  

ment i s  a funct ion ,  not  only of t h e  t r u e  r a t e  constant  of pro- 

pagat ion ,  but  a l s o  of t h e  i n i t i a t i o n  and te rminat ion  s t e p s .  

Whereas t h e  previous t reatment  was intended s o l e l y  

f o r  t h e  development of t h e  r a t e  equat ions,  next  chapters  d e a l  

with t h e  s u b j e c t  from a  more p r a c t i c a l  s t andpo in t .  This may 

be summarized a s  fo l lows.  ( A ) A ~  a p p r a i s a l  of t h e  equat ions 
themselves,  p a r t i c u l a r l y  with r e spec t  t o  t h e  e f f e c t  of changes 

i n  t h e  k i n e t i c  r a t e  parameters on t h e  ~ i e l d / ~ i m e  re la t ionsh ips .  
( B ) R ~  o u t l i n e  of methods of e x t r a c t i n g  u s e f u l  k i n e t i c  parame- 

t e r s  from experimental  d a t a .  

A ~ ~ r a i s a l  o f  t h e  K i n e t i c  E q u a -  -- - ............................................... ------ 
t i o n s .  --------- 

The various p o s s i b l e  combinations of r e a c t a n t  concen- 

t r a t i o n s  ( c a s e s  I, I1 and 111) w i l l  now be considered i n  seque- 

nce and t h e  e f f e c t s  of t h e  r a t e  parameters on t h e  ~ i e l d / ~ i m e  

r e l a t i o n s h i p  w i l l  be d iscussed .  

Case I .  

The polymer y i e l d  as a  func t ion  of time r e l a t i o n s h i p  

can be w r i t t e n  i n  genera l  a s  

The y i e l d  of polymer i s  t h e r e f o r e  determined by two time-de- 

pendent terms, a  l i n e a r  term and an exponent ial  term. The r e -  



l a t i v e  con t r ibu t ions  of t h e s e  terms appear t o  be governed by 

t h e  r a t i o  of kD, t h e  apparent  propagation constant ,  t o  kT, 

t h e  c a t a l y s t  regenera t ion  cons tan t .  This i s  shown i n  Figure 22. 

Curves 1 , 2  and 3 correspond t o  kr Bkp, k x k  and k r e k  
r P P'  

r e s p e c t i v e l y .  The shapes of t h e  curves a r e  independent of t h e  

r e l a t i v e  values of 
kl) 

and k-l except f o r  t h e  s p e c i a l  case 

when k % k-l. I n  t h i s  case,  k i s  not  r a t e  c o n t r o l l i n g  and 
P P - 

t h e  behaviour of t h e  system i s  determined by t h e  r e l a t i v e  ma- 

gni tudes  of kr and k l .  

I n  Figure 23, curves 1 through 3 have been construc-  

t e d  f o r  i n c r e a s i n g  r a t i o s  of k t o  kr ( k p > k r  i n  a l l  ca- 
P 

s e s )  . It should a l s o  be noted t h a t  a s  kr decreases,  t h e  i n -  

t e r c e p t  of t h e  ex t rapo la ted  l i n e a r  p o r t i o n  increases  t o  a li- 

mi t ing  value (curve  3 ) .  This value i s  i n  f a c t  m [ ~ l o  . 
Figure 24, aga in  when k % k,, demonstrates t h e  e f -  

P 
f e e t  of varying m, t h e  s to ich iomet r i c  cons tant ,  without a l -  

t e r i n g  kp/k, Curves 1,2 and 3 have values of m equal t o  

2 . O ,  1 .5  and 1 .O,  r e s p e c t i v e l y .  The i n t e r c e p t s  a r e  approxima- 

t e l y  p ropor t iona l  t o  t h e  m va lues .  

Cases I1 and 111. 

Because of t h e i r  s i m i l a r i t y ,  these  cases a r e  t r e a t e d  

t o g e t h e r .  The c a t a l y s t  and one of t h e  monomers a r e  i n  concen- 

t r a t i o n  excess over t h e  o t h e r  monomer. The d i r e c t  r e s u l t s  of 

t h i s  cond i t ion  i s  t h a t  t h e  f i n a l  k i n e t i c  equations (equat ions  

50 and 58)  a r e  independent of kr , t h e  c a t a l y s t  regenera t ion  

c o n s t a n t .  

Cptl = [ A I o ( I  - exp(-C6t))  ( case  111) (58) 

A p l o t  of y i e l d  of polymer aga ins t  time gives a smooth 

curve with a change i n  r a t e  depending on t h e  s t a r t i n g  concent- 

r a t i o n s  and t h e  r a t e  cons tant  k .  o ow ever, when k % kml t h e  
P P 

r a t e  becomes independent of k and depends p r imar i ly  upon kl). 
P 

This behaviour i s  shown i n  Figure 25. Curves 1 through 3 have 



Figure 22 .  DENONSTRATION O F  THE 

C u r v e  1 kr i. kp 

C u r v e  2 kr =kP 

C u r v e  3 kr  <k P 

kp/kr V A R I A T I O N .  CASE I .  





Figure  23. DEMONSTRATION OF THE kp/kr 

Curve 1 kr < k 
P 

Curve 2 kr 4 k 
P 

Curve' 3 kr<4: k 
P 

VARIATION.  CASE I. 





Figure  2 4 .  DEMONSTRATION O F  THE m V A R I A T I O N .  CASE I. 

Curve 1 m = 2 . 0  

Curve 2 m = 1.5 
Curve 3 m = 1.0 





Figure 25. DEMONSTRATION OF T H E  kp V A R I A T I O N .  CASE 11. 





been cons t ruc ted  f o r  decreas ing  values of k  . The curves tend,  
P 

a t  i n f i n i t e  t ime, t o  a  l i m i t i n g  value of polymer conversion, 

corresponding t o  [ D ] ~  i n  Case 11, and [A]O i n  Case 111. (This 

i s  n o t  shown, a s  such a  high conversion does not  uphold t h e  

cond i t ion  presupposed f o r  i n t e g r a t i o n  of t h e  r a t e  e q u a t i o n s ) .  

A f u r t h e r  p o i n t  t o  note  h e r e  i s  t h e  p o s s i b i l i t y ,  i n  an exper i -  
mental s i t u a t i o n ,  of m i s i n t e r p r e t i n g  r e s u l t s .  When k i s  low 

P 
(curve  3) t h e  curvature  i s  very s l i g h t  and a n a l y s i s  might sug- 
g e s t ,  erroneously,  a  s t r a i g h t  l i n e  f i t .  

It i s  again  s t r e s s e d  t h a t ,  from an experimental  p o i n t  

of view, Case I (low [ z ] ~ )  i s  t h e  most d e s i r a b l e  and a t t a i n a b -  

l e  s i t u a t i o n ,  p a r t i c u l a r l y  when inorganic  s a l t  c a t a l y s t s ( e . g . ,  

z inc  h a l i d e s )  a r e  being used .  This i s  due t o  t h e i r  l i m i t e d  so-  

l u b i l i t y  i n  t h e  systems used and t h e  very rapid ,  almost uncon- 

t r o l a b l e ,  r eac t ions  i n  t h e  presence of a  high concent ra t ion  of 

t h e  complexing agen t .  It might a l s o  be noted t h a t  a t  high [ z l o  
t h e  s o l u t i o n s  r a p i d l y  become very viscous,  presumably due t o  

a s s o c i a t i v e  i n t e r a c t i o n s  between polymer chains .  This e f f e c t  

i s  diminished a t  low [z]o ,  o r  a t  h igher  o v e r a l l  d i l u t i o n .  

 o ow ever, a t  high d i l u t i o n ,  t h e r e  i s  OKCe again a  s o l u b i l i t y  

problem with t h e  uncomplexed c a t a l y s t  when us ing  so lven t s  such 

a s  d ichloroe thane)  . 
O u t l i n e  o f  M e t h o d s  o f  E x t r a c t i n g  ............................................................... 
K i n e t i c  P a r a m e t e r s  f r o m  E x p e r i -  ............................................................. 
m e n t a l  D a t a .  ..................... 

The e x t r a c t i o n  of k i n e t i c  parameters from ~ i e l d / ~ i m e  

curves i s  a  simple process  involv ing  t h e  fol lowing major s t e p s .  

F i r s t ,  Case I condi t ions  a r e  considered.  

(1) Experimental curves a r e  found ( a t  a  given s e t  of tempera- 
t u r e ,  so lven t  and i n i t i a t o r  c o n d i t i o n s )  f o r  [pt] versus t a t  

var ious  values of [ D ] ~ ,  t h e  i n i t i a l  donor monomer concentra- 

t i o n ,  keeping [D]O B [ z ~ o .  

( 2 )  The curves a r e  then  analysed mathematically t o  provide t h e  
parameters E , F  and C 2 .  The a c t u a l  method of a n a l y s i s  p r e s e n t s  



some problems s i n c e  t h e  expression of [ P ~ ]  a s  a  func t ion  of t 
con ta ins  a. non-l inear  parameter, e x p ( - c 2 t ) .  T ~ i s  problem can 

be overcome however, us ing  one of t h e  fol lowing methods. 

( a )  Curve a n a l y s i s  may be accomplished by a r b i t r a r i l y  choosing 

a  va lue  f o r  t h e  non- l inear  parameter, C2, followed by l i n e a r  

least-squa,res  r eg ress ion  t o  f i n d  t h e  b e s t  C2, E and F. Another 

method i s  +GO expand t h e  exponent ia l  term a s  a  polynomial. and 

look f o r  the b e s t  f i t  by the l eas t - squares  technique. 

( b )  'fie preceeding method i s  genera l ly  a p p l i c a b l e .  However, i n  

the special case, :&en kP P kr ( s e e  ~ - & d ~ ~  26) it fLs poss ib le  

t o  g e t  good values of t h e  parameters E,F and C2 u s ing  a  two- 

p a r t  l i n e a r  l eas t - squares  r eg ress ion .  Values of t h e  s lope ,  E, 

and t h e  f i r s t  es t imate  of t h e  i n t e r c e p t ,  F', which ignores  t h e  

p o s s i b i l i t y  of an i n f l e c t i o n  p o i n t  Ln t h e  curved region,  a r e  

obta ined  from t h e  l i n e a r  p o r t i o n  ( h i @  t )  of t h e  curve.  Using 

t h e s e ,  it i s  p o s s i b l e  t o  ge t  a value f o r  Cg and a  f i n a l  value 

of F from t h e  shaded p a r t  of t h e  graph. This can be seen from 

equat ion (73) . 

A l i n e a r  l eas t - squares  t rea tment  w i l l  g ive a  s lope  of C2 and 

an. i n t e r c e p t  of logF.  

(3)  When E,  F and Cg have been found f o r  each value of C D ] ~ ,  
i.t i s  then  p o s s i b l e  t o  e x t r a c t  m, kr and k a s  d e t a i l e d  i n  

P  
t h e  fol lowing sequence of opera t ions  . 
( a )  Values of k R,  kr and m a r e  found by so lv ing  t h e  f o l l o -  

P 
wing t h r e e  simultaneous equat ions .  



Figure  26. ANALYSIS OF THE CURVE [Pt]= ~t + ~ ( 1  - exp(-Cpt)) 
WHEN kp 9 kr .  





Solu t ion  of equations (38),  (39)  and (31) gives 

( b )  Having values of k R f o r  each value of [ D l o  and knowing 
P 

m and k which a r e  constants ,  k can be found by t h e  f o l -  
P 

lowing procedure.  Equation (26)  i s  s i m p l i f i e d  t o  

on t h e  assumption that Ko[AIo  9 1. 

Now, 
k Q 

k R = P  
l + Q  

A f t e r  s u b s t i t u t i o n  f o r  Q from equation ( 2 3 )  and rearrangement, 

Thus, when p l o t t i n g  l /k  R aga ins t  1/[~]: , t h e  i n t e r c e p t  i s  

k - I  
P 

P 
I n  Case I1 (and s i m i l a r l y  Case 111) once again,  t h e  

curves of [Pt] aga ins t  t a r e  determined experimental ly  f o r  

d i f f e r e n t  [ D l 0  va lues .  A s t ra ight forward  l eas t - squares  analy-  

s i s  of each curve i s  performed t o  evalua te  C4 f o r  each [ D ] ~ .  



Equations (41) and (49)  a r e  then  combined and rearranged t o  

g ive  

Thus, a p l o t  of l/c4 a g a i n s t  ~/[zA la y i e l d s  an i n t e r c e p t  

of 1 ( [ z A ~ O  may be considered equivalent  t o  [A]O o r  [Zlo, 

whickrevkr i s  l e a s t ,  assuming t h a t  KO i s  l a rge ,  t h e  equi l ibr ium 

l y i n g  heav i ly  on t h e  r i g h t  hand s i  r1.e , 

The assumption was t a c i t l y  made In t h e  foregoing 

t rea tment  t h a t  v a r i a t i o n  of [ D ] ~  does no t  a f f e c t  any of t h e  

r a t e  c o n s t a n t s .  

P u r p o s e .  -'..--------...-- 
Tne m a t h e m t i c a l  s o l u t i o n  of t h e  equations der ived 

from t h e  foregoing k i n e t i c  scheme developed f o r  donor-accep- 

t o r  complex polymerizat ion was based on t h e  s teady s t a t e  assu-  

mption and t h e  a p p l i c a b i l i t y  of i n i t i a l  concentrat ions of two 

components over a  range of conversion. The l i m i t s  imposed on 

t h e  v a l i d i t y  of t h e  s o l u t i o n s  by t h e  approximations a r e  t o  be 

i n v e s t i g s t e d .  

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

The k b e t i c  scheme of t h e  o v e r a l l  process of t h e  f o r -  

mation of Z(AD) ,  and i t s  subsequent polymerization may be 

descri'bed p r e c i s e l y  m d  exac t ly  by t h e  fol1ov;ing s e t  of d i f f e -  

r e n t i a l  equat ions ( K O  and k-o fol low from KO = k d k - o  ) *  



By applying a  genera l  numerical method f o r  t h e  so lu -  

t i o n  of d i f f e r e n t i a l  equat ions (81-87), one can c a l c u l a t e  each 

concent ra t ion  v a r i a b l e  ( inc luding  copolymer concent ra t ion)  a s  

a  f u n c t i o n  of t ime f o r  a  given s e t  of r a t e  cons tants  and com- 

ponent concen t ra t ions .  A 4 th  order  Runge-Kutta method was used 

t o  provide t h e  numerical s o l u t i o n  t o  these  d i f f e r e n t i a l  equa- 
t i o n s .  

A comparison of t h e  "exact" so lu t ions  with those  ba- 

sed on t h e  approximations ( e q s .  37, 50, 58) demonstrates t h e  

v a l i d i t y  and u t i l i t y  of t h e  approximate k i n e t i c  equat ions .  

The f i r s t  s e c t i o n  of t h i s  chapter  dea ls  with s i t u a -  
t i o n s  i n  which t h e  r e l a t i o n s h i p s  

a r e  no t  s t r i c t l y  v a l i d .  This i s  t h e  case when t h e  i n i t i a l  con- 

c e n t r a t i o n s  of r e a c t a n t s  do no t  d i f f e r  s u f f i c i e n t l y  and/or 

when polymerizat ion proceeds t o  high conversion. 

The second s e c t i o n  examines t h e  a p p l i c a b i l i t y  of t h e  
equat ions  f o r  var ious  combinations of r a t e  cons tants ,  n o t  a l l  

of which s a t i s f y  t h e  s teady s t a t e  assumption ( e q .  1 6 ) .  



The graphs have been s c a l e d  s o  t h a t  the  time and con- 
c e n t r a t i o n  u n i t s  involved i n  t h e  r a t e  cons tants ,  and [A],  [D], 

[z] , e t c  . , a r e  a r b i t r a r y  but  un i f  o m .  

R e s u l t s .  ------------- 
Concentration V a r i a t i o n s .  ........................ 

One of t h e  b a s i c  assumptions f o r  t h e  de r iva t ion  of 

equat ions ( 3 7 ) ,  (50) and (58) w a s  v i r t u a l  constancy of con- 

c e n t r a t i o n  of two of t h e  components. Although v a l i d  a t  low con- 

vers ion ,  t h i s  approximation becomes u n s a t i s f a c t o r y  a t  h igh  con- 

ve r s ion .  Thus t h e  e f f e c t  of t h e  e x t e n t  of conversion on t h e  va- 

l i d i t y  of r e s u l t s  obtained by t h e  approximate treatment i s  of 

d i r e c t  i n t e r e s t ,  V a r i a t i o n  of t h e  r a t i o s  [ Z ] ~ / [ A ] ~  and 

C~IO/CDIO;  [ D ] o / [ A ~ o  and C ~ l o / [ z l o ;  CAIO/CDIO and [ ~ l o / [ ~ l o ;  
f o r  Cases I, I1 and 111, respec t ive ly ,  i s  a l s o  expected t o  

a f f e c t  t h e  constancy of [A], [D] and [z]  during polymeriza- 
t i o n .  

Because of t h e  s i m i l a r i t y  between Cases I1 and 111, 

only Cases I and I1 a r e  s t u d i e d .  The r e s u l t s  of Case I1 may be 

app l i ed  d i r e c ' t l y  t o  Case 111. 

The e f f e c t s  of changes i n  conversion and component 
concent ra t ion  r a t i o s  a r e  shown i n  Figures  27 and 28 f o r  t h e  

condi t ions  of Case I and Case 11, r e s p e c t i v e l y .  The r a t e  con- 

s t a n t s  used i n  t h e  s imula t ion  of t h e  curves were chosen t o  s a -  

t i s f y  t h e  s teady s t a t e  assumption and t h e r e f o r e  e l imina te  any 

d e v i a t i o n  due t o  t h e  l a t e  a t ta inment  of a  s teady s t a t e  complex 

concen t ra t ion .  The cons tants  a l s o  s a t i s f y  t h e  assumed rap id  

a t ta inment  of t h e  equi l ibr ium charac te r i zed  by KO,  and t h e  r a t e  

of regenera t ion  of t h e  complexing s a l t  slow compared t o  t h e  

r a t e  of polymerizat ion.  

The corresponding numerical da ta  f o r  curve 4 of Figu- 

r e  27 and curve 3 of Figure 28 a r e  presented  i n  Tables X and 

X I .  Table X f o r  Case I i n d i c a t e s  c l e a r l y  t h a t  t h e  l a r g e s t  

e r r o r  i n  t h e  approximated s o l u t i o n  i s  i n  t h e  non-l inear  por-  
t i o n  of t h e  curve .  The r e l a t i v e  e r r o r  i s  i n s i g n i f i c a n t  a f t e r  



Figure 27. VALIDITY TEST. EFFECT OF CONVERSION AND COMPONENT 

CONCENTRATIONS. CASE I .  

The dot ted  l i n e s  represent  t h e  approximated so lu -  

t i o n .  The s o l i d  l i n e s  represent  t h e  exact  so lu -  

t i o n .  

Curves 3. I z ] o / [ A ] ~  = 1/3 

2 ~ z l o / I ~ l o  = 1/5 

3 [ ~ l o / [ ~ l o  = 1/10 

4 C z l o / ~ ~ l o  = 1/20  

Calculated f o r :  CAI0  = 1, [ D ] ~  = 1, m = 1, 

k o = 8 , k  = 4 , k  = 0 . 4 , k  = 0 . 4 , k  =4, 
-0 1 -1 P 

kr = 0.004 





Figure 28 .  VALIDITY TEST. EFFECT OF CONVERSION AND COMPONENT 

CONCENTRATIONS. CASE 11. 

The do t t ed  l i n e s  represent  the  approximated so lu-  

t i o n .  The s o l i d  l i n e s  represent the  exact  so lu -  

t i o n .  

Curves 1 C D I ~ /  [A lo = 1/5 
2 [ D I ~ /  [A lo = 1/10 

3 [ D I ~ /  [A lo = 1/20 

4 C D ] ~ / [ A ~ ~  = 1/40 

Calculated f o r :  C A I ~  = 1, [ Z ~ O  = 1, m = 1, 





t h e  f i r s t  few percent  of conversion. I n  Case I1 t h e  e r r o r  dec- 

r eases  slowly during t h e  r e a c t i o n .  

Table X .  E f f e c t  of Conversion Under Case I Conditions of LOW 

Complexing Agent Concentration. 

Time Conversion of D . (%) Rela t ive  

exact approx . e r r o r  ( $ )  

Calculated f o r :  [ A ] O  = 1, [D]O =1, [ Z ] O  = 0.05, ko = 8, 
k =4, k1=0.4, k =O.4, k 4 ,  k -0.04, m = 1 .  

-0 - 1 P r 

Table X I .  E f fec t  of Conversion Under Case I1 Conditions of 

Low Donor Monomer Concentrat ion.  

Time Conversion of D ( 4 )  Re la t ive  

exact  approx . e r r o r  (4) 

200 93 -3 94.2 0.9 

Calcula ted  f o r :  [ A I ~  = 1, C D I ~  = 0.05, [ZIO = 1, ko = 8, 

k = 0.8, k = 0.02, kml = 0.02, k = 2, k = 0.0002, m = 1. 
-0 1 P r 



The e f f e c t s  of v a r i a t i o n  of r a t i o s  [ z ] o / [ A ] ~  and 

[ D ] ~ / [ A ] ~  a r e  a l s o  shown i n  Figures 27 and 28.  The l a r g e s t  
e r r o r  i s  generated ( a s  i l l u s t r a t e d  i n  Tables X and X I )  i n  t h e  

i n i t i a l  p o r t i o n  of t h e  curves.  Therefore, t h e  a p p l i c a b i l i t y  

of t h e  approximate equations i s  judged by t h e  goodness of fit  
i n  t h e  regions of low conversion. 

Table X I I .  Ef fec t  of Rat io [z]o/[A]o . 
- - - -  

i z i o i i ~ i o  Convers ion  cf D ( $ )  Eela t  Tve 
exact  approx . e r r o r  (4) 

:$: 5.1  7 - 3  44 .o 
4 - 9  6 .I 24.2 

1/10 4 - 9  5 .3  8 .I 
1/20 5 .oo 5 903 0.5 

Calcula ted  f o r :  [Ale = 1, [ D l o  = 1, k  = 8, k  = 4, 
0 -0 

kl = 0.4, kml = 0.4,  k  = 4, k  = 0.004, m = 1. 
P r 

Table X I I I .  E f fec t  of Ratio [D]o/[A]o . 

CDIO/L-A!O 
Conversion of D (4 ) - --- Rela t ive  

exact approx . e r r o r  (S ) 

115 9 - 9  10.8 9.8 
1/10 9.9 10.9 9 - 2  
1/20 10 .o 10 .g 8 . 9  
1/40 9.9 10 .9  8 . 7  

Calcula ted  f o r :  [Ale = 1, [ z ] ~  = 1, ko = 8, k  = 0.8,  
-0 

k = 0.02, k = 0.02,  k = 2 ,  k = 0 . 0 0 0 2 ,  m =  1.  1 -1 P  r 

The r e s u l t s  f o r  Case I i n  Tables X and X I 1  a r e  q u i t e  

s a t i s f a c t o r y .  The r a t i o  [ z ] ~ / [ A ] ~  = 1/15 provides a  dev ia t ion  

below t h e  e r r o r  l i m i t  r e s u l t i n g  from experimental u n c e r t a i n t y .  

A t  h igher  r a t i o s  of [ z ] ~  t o  [Ale o r  under t h e  condi t ions  

of Case I1 t h e  dev ia t ion  is  above acceptable  l i m i t s .  Fortuna- 

t e l y ,  t h i s  i s  a r e f l e c t i o n  of t h e  choice of t h e  value f o r  

I kl ( =  k  - = k / l o  i n  Case I, and k  / l o0  i n  Case 11. I f  P P 
1 h i g h e r  r a t i o s  a r e  encountered t h e  r e l a t i v e  e r r o r  i s  much l e s s .  



For example, an inc rease  of k  /kl ( =  kp/k-l ) from 100 t o  
P 

1000 i s  accompanied by a  decrease i n  t h e  r e l a t i v e  e r r o r  from 

11.2% t o  1.8% . 
One can thus  conclude t h a t  t h e  degree of conversion 

of t h e  donor monomer i s  not  c r i t i c a l  and, i n  Case I, a  low 

concent ra t ion  of complexing agent necessary f o r  a  good fit  i s  

e a s i l y  a t t a i n a b l e .  

Assumption of Steady S t a t e  Conditions.  ..................................... 
The o t h e r  fundamental assumption r e f l e c t e d  i n  t h e  app- 

roximate equat ions i s  t h a t  a  s teady s t a t e  complex concentra- 

t i o n  i s  a t t a i n e d  and t h a t  t h e  concent ra t ion  i s  given by equa- 

t i o n  (17) .  
The approximate and exact  s o l u t i o n s  have been simula- 

t e d  and compared f o r  t h e  fol lowing combinations of r a t e  cons- 

t a n t s  ( L  and S a r e  l a r g e  and small  numbers, r e spec t ive ly ) .  

Although o t h e r  parameters may inf luence  t h e  r a t e  of 

r e a c t i o n ,  t h e s e  t h r e e  r a t e  cons tants  a r e  s u f f i c i e n t  t o  de f ine  

t h e  a t ta inment  of t h e  s teady s t a t e .  It would have been d e s i -  

r a b l e  t o  ~ e r f o r m  t h e  s imula t ions  with a l l  o the r  parameters 

c o n s t a n t .  Sca l ing  problems, however, forced  t h e  adoption of 

t h e  fol lowing uniform cond i t ions .  

ko ' k - o ~  k -0 > kl, kr < k P o r  k1 ( smal l e r  one),  

q  = 1, m =  1. 

Phys ica l ly  t h i s  corresponds t o  having [ZA,] determined by a 

f a s t  pre-equi l ibr ium k 
Z + mA to ZA, 

k 
-0 



where t h e  regenera t ion  s t e p  i s  never f a s t e r  than the  polymeri- 

z a t i o n  s t e p .  The s imulat ions were performed f o r  f i r s t  order  

r e a c t i o n .  A f a c t o r  of 100 was used f o r  L/S. 

Simulated curves a r e  presented i n  Figures 29-31. Com- 

b i n a t i o n s  1, 2 and 3 (F'ig. 29, l i n e s  1-1, 1-11; 2-1, 2-11; 

3-1, 5-11; r e s p e c t i v e l y )  s a t i s f y  t h e  s teady s t a t e  condi t ion,  
and t h e  approximated and exact so lu t ions  a r e  i n  good accord .  

Although t h e  conversion region covered by l i n e s  3-1 and 3-11 
i s  smal l ,  t h e  c a l c u l a t i o n s  i n d i c a t e  good agreement, a s  a non- 

s t eady  s t a t e  phenomenon would have been ind ica ted  a t  t h e  be- 

ginning of t h e  polymerizat ion.  S imi lar ly ,  a  good f i t  i s  found 

f o r  t h e  f o u r t h  combination of r a t e  constants ,  t h e  f a s t  p r e -  

equ i l ib r ium condi t ion  ( l i n e s  4 - 1  and 4-11). 
However, f o r  t h e  non-steady s t a t e  condi t ions 5, 6 and 

7 ( ~ i g .  30, l i n e s  5-1 and 5-11 o r  6-1 and 6-11; F ig .  31, l i n e s  

7-1 and 7-11) a discrepancy i s  evident a t  low conversion. 

Not a l l  of t h e  seven combinations a r e  n e c e s s a r i l y  
r e a l i s t i c .  For example, t h e  equi l ibr ium constant  K1 = kl/kml 
i s  equal  t o  0.062 l/mole f o r  t h e  system s t y r e n e - a c r y l o n i t r i l e -  

z i n c  c h l o r i d e  system ( 5 2 )  . This excludes cons idera t ion  of 

Icl b kl and t h e r e f o r e  l i m i t s  a t t e n t i o n  t o  t h e  s teady s t a t e  
combinations 1 t o  4 and t h e  non-steady s t a t e  case 5  f o r  such 

systems . 
C o n c l u s i o n .  ------------------- 

The a n a l y s i s  showed t h a t  t h e  degree of conversion 

was n o t  c r i t i c a l  and t h e  percent  e r r o r  i n  t h e  y i e l d  was high-  
e s t  a t  low conversions.  

I n  t h e  case of low concent ra t ion  of t h e  cornplexing 

agent ,  t h e  concent ra t ion  condi t ions  necessary f o r  a good ag- 
reement a r e  e a s i l y  a t t a i n a b l e .  The k i n e t i c  equat ion may be 

a p p l i e d  a t  s teady s t a t e  a s  wel l  a s  non-steady s t a t e  complex 
concent rat ions  . 

I When t h e  concent ra t ion  of e i t h e r  monomer i s  low, t h e  
; 

necessary  excess of t h e  o t h e r  two components may be imprac t i -  

I 



k AND k . 1 -1 P 

The dot ted  l i n e s  represent the approximated so -  

l u t i o n .  The s o l i d  l i n e s  represent t h e  exact  so- 
l u t  i o n .  

Curves 1-1, 2-1, 3-1, 4-1 : 

[Z], = [ ~ ] o / 2 0  = [ D ] o / ~ o  
Curves 1-11, 2-11, 3-11, 4-11 : 

[D]o = [ ~ ] o / 2 0  = [ Z ] O / ~ O  

Curves 1-1, 1-11: kl = k - 1 / 1 0 ~  = k / l o 0  
P 

2-1, 2-11: k = k-l 1 
= kP/lO0 

3-1, 3-11; kl = k - 1/100 = k P 
1 -11 : kl/lOO = k - 1/100 = k P 





Figure 30. VALIDITY TEST. EFFECT OF RELATIVE MAGNITUDES OF 

k AND kp. 1 -1 

The dotted l i n e s  represent  the  approximate so- 
l u t i o n .  m e  s o l i d  l i n e s  represent t he  exact so- 

l u t i o n .  

Curves 5-1) 6-1 : [Z]O = [ ~ ] ~ / 2 0  = [ D ] o / ~ o  

Curves 5-11, 6-11: [D]O = [ A ] o / ~ o  = C Z ] O / ~ ~  

Curves 5-1, 5-11 : k = kml = k 1 P 





Figure  31. VALIDITY TEST. EFFECT OF RELATIVE MAGNITUDES OF 

k AND k . 1 -1 P 

The dot ted  l i n e s  represent  t h e  approximated so-  
l u t i o n .  The s o l i d  l i n e s  represent  the  exact so-  
l u t i o n .  

Curve 7-1 : [z]~ = [ ~ ] ~ / 2 0  = [Dlo/20 

Curve 7-11 : [ D ] ~  = [ A ] ~ / ~ o  = [z10/20 

Curves 7-1, 7-11 : kl/lOO = k-l = k d l 0 0  







I n  o rde r  t o  d i f f e r e n t i a t e  between these  two p o s s i b i -  

l i t i e s  polymerizat ions were performed a t  t h e  same current  with 

two d i f f e r e n t  e l e c t r o d e  su r face  a r e a s  of 6 .4 cm2 and 3.6 cm2. 

However, a s  i s  evident  from Figure 32, t h e  su r face  a rea  has  no 

e f f e c t  on t h e  l i m i t i n g  y i e l d ,  thus  i n d i c a t i n g  t h a t  t h e  process  
was not  d i f f u s i o n  c o n t r o l l e d  i n  t h e  range of cur rent  d e n s i t i e s  

G d e r  i n v e s t i g a t i o n .  This l e a d s  t o  t h e  conclusion t h a t  t h e  r a -  

t e  of polymerizat ion becomes independent of t h e  cu r r sn t  a s  t h e  

r e s u l t  of t h e  r a t e  determining s t e p  involved i n  t h e  formation 

of a  charge t r a n s f e r  complex. Since k i s  a  funct ion  of t h e  
P  

r a t e  of i n i t i a t i o n  and t h e r e f o r e  of t h e  cu r ren t  appl ied,  it i s  

equiva lent  t o  s t a t i n g  t h a t  t h e  r a t e  of polymerization becomes 

independent of t h e  apparent  r a t e  constant  of polymerization. 

C o n c l u s i o n .  ------------------- 
A d e f i n i t e  l i m i t a t i o n  t o  t h e  r a t e  of polymerization 

i s  observed when t h e  r a t e  of i n i t i a t i o n  i s  increased.  It was 

shown t h a t  t h i s  e f f e c t  was n o t  due t o  d i f f u s i o n  cont ro l  of t h e  

r a t e  of i n i t i a t i o n .  This observat ion  i s  i n  accord with t h e  

t h e o r e t i c a l  p r e d i c t i o n  derived from t h e  k i n e t i c s  formulated i n  

t h i s  work f o r  t h e  donor-acceptor complex polymerizat ion.  

Generally,  t h e  observat ion  of a  r a t e  determining s t e p  

i n  a  r e a c t i o n  i n d i c a t e s  t h e  presence of two o r  more d e s c r e t e  

r e a c t i o n  s t e p s .  I n  t h e  case of polymerization it suggests  that  

t h e  ind iv idua l  monomers a r e  no t  t h e  e n t i t i e s  undergoing t h e  

polymerizat ion process .  According t o  t h e  t h e o r i e s  of conven- 

t i o n a l  f r e e  r a d i c a l  and i o n i c  chain  polymerizations,  t h e  r a t e  

of polymerizat ion always inc reases  with t h e  r a t e  of i n i t i a t i o n  

( t o  var ious  powers ) . However, when t h e  polymerizing e n t i t y  i s  
11  formed i n  s i t u " ,  then  t h e  r a t e  of production of t h i s  complex 

monomer may l i m i t  t h e  r a t e  of polymerizat ion.  With reference  

t o  t h e  system s tud ied ,  t h e  l i m i t e d  r a t e  of polymerization j u s -  

t i f i e s  t h e  in t roduc t ion  of p r e - e q u i l i b r i a  i n t o  t h e  r e a c t i o n  

scheme of donor-acceptor complex polymerizat ion.  



Figure  32. COPOLYMER Y I E L D  AS A FUNCTION OF A P P L I E D  CURRENT. 

( 0 )  Electrode surface a r e a  6.4 cm2. 
( A )  Electrode s u r f a c e  a r e a  3.6 cm2. 

Concii-tiom r 3 -00 g Z n C l , ,  24.0 g AN, 1.7' g BD, 

45"~, 30 minutes.  





111.2.5.  APPLICATION OF THE KINETICS . DETERMINATION OF Z I N C  

CHLORIDE DISTRIBUTION AND EVALUATION OF KINETIC 

PARAKETERS I N  THE STYRENE-ACRYLONITRILE- ZnCl, I N  

DICHLOROETHANE SYSTEM. ..................... 
P u r p o s e .  
-----------I- 

It was shown e a r l i e r  i n  t h i s  work t h a t  an experimen- 

t a l  curve descr ibed by equat ion (37) could be analysed t o  f i n d  

cons tan t s  E, F and C 2 .  The simultaneous s o l u t i o n  of equat ions 

(383 ,  ( 3 9 )  and (31) y i e l d s  k i n e t i c  parameters k  R, m and kr .  
P 

( s e e  chap te r  "0u t l ine  of Methods of Ext rac t ing  Kinet ic  Parame- 

t e r s  from Experimental Dataa") .  

An a l t e r n a t e  method of determining k R and kr employs 
P 

t h e  fol lowing equation (de r ived  i n  chapter  111.2.2.  ) with 
C1 

and C2 given by equations ( 3 0 )  and (51) .  

The f i r s t  method r e q u i r e s  t h e  fol lowing of polymer 

y i e l d  as a  funct ion  of t ime.  The a l t e r n a t e  method requ i res  t h e  

determinat ion of t h e  d i s t r i b u t i o n  of t h e  complexing s a l t  b e t -  

ween t h e  polymer and t h e  s o l u t i o n  a s  a funct ion  of t ime.  The 

independent evaluat ions of t h e  k i n e t i c  cons tants  by both me- 

thods,  and t h e  comparison of t h e  values obtained could support  

o r  disprove t h e  o v e r a l l  r e a c t i o n  scheme proposed and used a s  

a b a s i s  f o r  t h e  k i n e t i c s .  

It was es t ab l i shed  by elemental  a n a l y s i s  and M t h a t  

t h e  product a t  t h e  h ighes t  conversion s tudied  ( 1 4 %  of t h e  l e a s t  

monomer) was an a l t e r n a t i n g  copolymer. When t h e  copolymer com- 

p o s i t i o n  ca lcu la ted  f o r  convent ional  f r e e  r a d i c a l  polymeriza- 

t i o n  w a s  35% AN t h e  a c t u a l  product contained 47% A N .  The NMR 
spectrum of t h e  copolymer i s  shown i n  Figure 33. It i n d i c a t e s  

t h e  a l t e r n a t i n g  s t r u c t u r e  of' t h e  product ( c f .  F igs .  10 and 11). 



Figure 33. NMR SPECTRUM OF THE PRODUCT. 





Figure 34* [P,z] AND [pt1 A S  FUNCTIONS OF TIME. 

me s o l i d  l i n e s  were cal-culated from the expe- 
rimental points  . 





Figure 34 shows t h e  copolymer y i e l d  and t h e  amount 

of z i n c  ch lo r ide  a s s o c i a t e d  with t h e  copolymer a s  funct ions  

of t ime.  (The s o l i d  l i n e s  were c a l c u l a t e d  from t h e  experimen- 

t a l  p o i n t s  us ing  equat ions (37) and ( 2 9 ) ) .  
As p red ic ted  by t h e  r e a c t i o n  scheme, t h e  r a t e  of po- 

lymer iza t ion  becmes  cons tant  when t h e  amount of z inc  ch lo r ide  

a s s o c i a t e d  with t h e  copolymer a t t a i n s  a constant  va lue .  This 

value i s  7 . lxl0-%ole/ l ,  s l i g h t l y  below t h e  t o t a l  z inc  chlo- 

r i d e  concen t ra t ion ,  7 . 7 4 ~ 1 0 - ~ m o l e / l .  

From equat ion (29)  it i s  c l e a r  t h a t  c1/c2 may be 
determined from t h e  l i m i t i n g  concen t ra t ion  of t h e  z inc  chlo-  

r i d e  a s s o c i a t e d  with t h e  copolymer. One of t h e  cons tants ,  C2, 

may be determined from a  p l o t  of l o g ( l - ( ~ ~ / ~ ~ )  [ P ~ Z ] )  versus 

t ime f o r  t h e  non- l inear  i n i t i a l  p o r t i o n  of t h e  curve.  Knowing 

C1 and C2, t h e  cons tants  k  R and kr can be evalua ted .  
P  

The values of t h e  cons tan t s  a s  determined from t h e  
I I Copolymer y i e l d "  curve and from t h e  "znc12 on copolymer" 

curve,  a r e  as fo l lows.  (The c a l c u l a t i o n  and i n t e r p r e t a t i o n  of 

t h e  u n c e r t a i n t i e s  a r e  explained i n  Appendix 111). 

From t h e  "~opolymer  y i e l d "  curve : 

E = 2.3x10-~mole/ l  min 

k  R = (3.1 f 0.8)xl0-~min- '  
P 

(The l i m i t  of e r r o r  5  . ~ x l O - ~ )  

m = (2 .4  f 1.3) (The l i m i t  of e r r o r  10)  

k  r = ( I  f 1 4 ) x l o - ~ m i n - ~  (The l i m i t  of e r r o r  6 3 x 1 0 ~ ~ )  

I t  From t h e  ZnC12 on copolymer" curve : 

c1 = 3.6x10-~mole/l  min 

cg = 5 . 1 x 1 0 - ~ m i n - ~  

k R = ( 4 . 6  f ~ . l ) x l ~ - ~ m i n - l  
P 

(The l i m i t  of e r r o r  0 . 7 ~ 1 0 - ~ )  



-4 -1 k  = ( 4 . 5  f 1.4)x10 min r (The l i m i t  of e r r o r  1 2 x 1 0 - ~ )  

The huge uncer t a in ty  i n  t h e  value of k  determined 

f r o x  t h e  "~opolymer y ie ld"  curve prevents  a  r e a l i s t i c  compari- 

son of t h e  f i g u r e s  f o r  t h e  cons tants  of regenera t ion  of z i n c  

c h l o r i d e .  On t h e  other  hand, t h e  e r r o r s  a s soc ia ted  with k  R 
P 

al low a reasonable conparison of t h e  two va lues .  The proximi- 
11 t y  of t h e  r e s u l t  obtained from t h e  Copolymer y i e l d f '  curve t o  

t h a t  obtained from the  l1znc1, on copolymer" curve i n d i c a t e s  

t h e  v a l i d i t y  o s  t h e  o v e r a l l  r e a c t i o n  scheme. 

When t h e  u n c e r t a i n t i e s  c a l c u l a t e d  i n  both methods of 

determinat ion of t h e  k i n e t i c  parameters a r e  compared, t h e  s e -  

cond method based on t h e  d i s t r i b u t i o n  of z inc  ch lo r ide  appears  

t o  be f a r  more p r e c i s e .  (This i s  a  consequence of t h e  s m a l l e r  

number of mathematical opera t ions  l ead ing  from experimental  

d a t a  t o  t h e  k i n e t i c  parameters)  . Tflerefore, t h e  determinat ion 

of t h e  d i s t r i b u t i o n  of t h e  complexing agent i s  an a l t e r n a t e  

rou te  t o  t h e  evalua t ion  of k  R and kr .  
P  

C o n c l u s i o n .  ------------------- 
The two approaches t o  t h e  evalua t ion  of t h e  k i n e t i c  

parameter k R provided reasonable r e s u l t s  and lend  some sup- 
P  

p o r t  t o  t h e  o v e r a l l  r eac t ion  scheme proposed. There i s  s t r o n g  

evidence f o r  t h e  regenera t ion  of t h e  complexing s a l t  from t h e  

polymer i n  t h e  time dependence of t h e  d i s t r i b u t i o n  of t h e  sa l t  

between t h e  polymer and s o l u t i o n .  Die concent ra t ion  of t h e  

z inc  ch lo r ide  ' a s s o c i a t e d  with t h e  copolymer follows from equ- 

a t i o n  (29). As time inc reases  t h e  exponent ial  t e r n  becomes 

l e s s  s i g n i f i c a n t  and t h e  equat ion approaches 

[P,Z ] = c1/c2 = cons tant  

A cons tant  concent ra t ion  of s a l t  a s s o c i a t e d  with t h e  copolymer 

i n d i c a t e s  a  constant  concent ra t ion  of s a l t  i n  s o l u t i o n  a v a i -  

l a b l e  f o r  complexation and subsequent polymerizat ion.  The t ime 

correspondence of t h e  a t ta inment  of a  constant  amount of t h e  

z i n c  c h l o r i d e  as soc ia ted  with t h e  copolymer, and a  cons tan t  



r a t e  of polymerizat ion i s  an i n d i c a t i o n  t h a t  t h e  regenera t ion  

s t e p  i s  indeed t h e  process respons ib le  f o r  t h e  cons tant  r a t e  

of polymerizat ion a t t a i n e d  a f t e r  t h e  i n i t i a l  s t a g e  of reac-  

t i o n .  The a n a l y t i c a l  da ta  probably represent  t h e  f i r s t  d i r e c t  

proof of t h e  regenera t ion  of t h e  complexing agen t .  

111.2 .6 .  APPLICATION OF THE KINETICS. EVALUATION OF KINETIC .................................................. 
PARAMETERS FOR THE BUTADIENE-ACRYLONITRILE-ZnC1 

I N  DICHLOROETHANE SYSTEM. ........................ 
P u r p o s e .  ------------- 

The purpose of t h i s  work was t o  i n v e s t i g a t e  t h e  spon- 

taneous o r  thermal polymerization of t h e  system defined above 

S.n t h e  absence of any a d d i t i o n a l  source of f r e e  r a d i c a l s ,  and 

t o  eva lua te  k i n e t i c  parameters over a  range of temperatures .  

R e s u l t s .  ------------- 
Polymerizations were c a r r i e d  out a t  35", 45" and 6 0 " ~ .  

Below 35•‹C t h e  r e a c t i o n  r a t e  was inconvenient ly low; above 

60 " C  t h e  copolymer produced i s  no t  s t r i c t l y  a l t e r n a t i n g .  

The r e a c t i o n  p r o f i l e s  of t h e  polymerizations a r e  

shown i n  Figure 35. (The s o l i d  l i n e s  have been c a l c u l a t e d  from 

t h e  experimental  po in t s  us ing  equat ion  (37) ) . The f e a t u r e s  

common t o  t h e s e  curves a r e  an i n i t i a l l y  s t e e p  region,  c o r r e s -  

ponding t o  a f a s t  r eac t ion ,  and a subsequent l i n e a r  p o r t i o n  of 

much smal l e r  s l o p e .  The l a t t e r  corresponds t o  a  s t a g e  i n  which 

t h e  r a t e  of polymerizat ion i s  r e s t r i c t e d  by t h e  r a t e  of rege-  

n e r a t i o n  of z i n c  c h l o r i d e .  The 3 5 " ~  curve corresponds t o  a  
I f  non-steady s t a t e  of monomer" concen t ra t ion .  This case has  

been p red ic ted  and analysed ( s e e  chap te r  111.2.3.) and it has 

been found t h a t  t h e  curve can be used t o  evalua te  k i n e t i c  pa- 

rameters .  

The numerical r e s u l t s  a r e  summarized i n  Table X I V .  

Only t h e  experimental  po in t s ,  and no t  t h e  c a l c u l a t e d  curves,  

have been used i n  t h e  c a l c u l a t i o n s .  



Figure  35. COPOLYMER YIELD AS A FUNCTION OF TIME AT VARIOUS 

TEMPERATURES. 

Curve 1 35•‹C 

2 45•‹C 

3 60•‹c  

Conditions : ZnCl, ( 1 . 4 7 ~ 1 0 - ~ m o l e s ) ,  

AN ( ~ ~ . ~ X ~ O - ~ I T I O ~ ~ S ) ,  

BD ( 3 3 . 5 ~ 1 0 - ~ r n o l e s ) ,  DCE (37 .0  g ) .  

The s o l i d  l i n e s  were c a l c u l a t e d  from t h e  expe- 

r imental  p o i n t s .  
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Table X I V .  Kinet ic  Parameters a t  Various Temperatures. 

Temperature ( "C ) 

- 3 5 45 60 

I n  order  t o  be able  t o  judge t h e  r e l i a b i l i t y  of t h e  

f i g u r e s  i n  Table XIV t h e  u n c e r t a i n t i e s  i n  k R, m and kr were 
P 

evaluated i n  a form of the  probable e r r o r s  ( s e e  Appendix 111). 

The e r r o r  a n a l y s i s  ind ica tes  an acceptable  r e l i a b i l i t y  f o r  k R 
P 

and perhaps m .  However, t h e  e r r o r  i n  kr i s  unduly g r e a t .  I n  

o rde r  t o  have obtained a reasonable value f o r  kr t h e  d i f f e r e n -  

ce  ( C  -k R )  should not  have been smaller  than  t h e  e r r o r s  i n  
2 P 

t h e s e  q u a n t i t i e s .  This was not t h e  case .  

C o n c l u s i o n .  ------------------- 
The k i n e t i c  treatment adopted was used t o  accomodate 

t h e  experimental  da ta  within t h e  framework of t h e  r a t e  cons- 

t a n t s  and e q u i l i b r i a  assigned t o  t h e  polymerizat ion.  The d a t a  

have been analysed t o  y i e l d  parameter m, t h e  complex r a t e  con- 

s t a n t  k R, and t h e  regenerat ion constant  k r .  
P 

The s to ichiometr ic  f a c t o r  m increases  with decreas ing  

temperature.  The value 4 corresponds t o  oc tahedra l  coordina- 

t i o n  of t h e  z inc  ca t ion  with two ~ 1 -  and f o u r  AN l i g a n d s  i n  

t h e  complex ( 9 0 ) .  A t  a high temperature m approaches t h e  l i m i -  
t i n g  value 1. 

The product k R does no t  show a d i s t i n c t  temperature 
P 

dependence. However, both k and R a r e  complex cons tan t s  and 
P 

t h e  temperature e f f e c t  may be cancel led ,  o r  reduced enough t o  



be cance l l ed  wi th in  t h e  experimental  e r r o r .  
The regenera t ion  cons tan t s  kr were evaluated,  but  t h e  

experimental  u n c e r t a i n t y  met under t h e  condi t ions  employed was 

t o o  l a r g e  f o r  u s e f u l  q u a n t i t a t i v e  assesment of t h e  regenera- 

t i o n  r a t e  f o r  t h e  system s t u d i e d .  



IV. S U M M A K Y  A N D D I S C U S S I O N .  

I n  general ,  polymerizations involving donor-acceptor 

complexes may be descr ibed by t h e  fol lowing scheme. 

Acceptor monomer ( A )  4- Donor monomer ( D )  -+ + 

Donor-Acceptor complex ( A D )  + Polymeric product 

If t h e  donor-acceptor p a i r  does not  spontaneously form such 
I I an  AD complex, then  t h e  formation of t h e  l a t t e r  may be c a t a -  

lyzed"  by t h e  a d d i t i o n  of a  Lewis a c i d  t o  t h e  monomer p a i r .  

I n  t h i s  case,  t h e  acceptor  monomer forms an adduct with t h e  

Lewis a c i d  a s  fo l lows.  

Lewis a c i d  ( 2 )  4- A z ZA 

The adduct ZA may be an e n t i t y  of s u f f i c i e n t  e l e c t r o p o s i t i v i -  

t y  t o  a t t r a c t  a donor monomer and form t h e  donor-acceptor 

complex. As a consequence of t h e  r e a c t i o n  mechanism, t h e  r e -  
s u l t i n g  product i s  always an  a l t e r n a t i n g  copolymer. 

I n  t h i s  work, 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  z inc  chlo-  

r i d e  system was employed t o  s tudy t h i s  type  of polymer iza t ion .  

From t h e  a b i l i t y  of r e l a t e d  systems t o  produce polymeric pro-  

duct ,  and elemental  and s p e c t r a l  ana lyses ,  it was determined 

t h a t  t h e  product of acrylonitrile-butadiene-ZnC12 system was 

a pure a l t e r n a t i n g  copolymer. Various r e a c t i o n  condi t ions  and 

means of i n i t i a t i o n  had no e f f e c t  on t h e  product composition.  

I n  t h i s  manner it was demonstrated t h a t  t h i s  system may be 

used as a  r e p r e s e n t a t i v e  f o r  d e t a i l e d  s t u d i e s  of donor-accep- 

t o r  complex polymerizat ion.  The e f f e c t  of monomer concentra-  

t i o n  on t h e  r a t e  of t h e  r e a c t i o n  i n d i c a t e s  t h a t  polymerizat ion 

proceeds v i a  molecular complexes. The r a t e  of polymerizat ion 
w a s  found t o  be g r e a t e s t  a t  t h e  maximum complex concen t ra t ion .  

The r a t e  of copolymer formation was found t o  be r e -  

markably increased  by t h e  a d d i t i o n  of ch lo r ina ted  a l i p h a t i c  



hydrocarbons . ~ l t h o u g h  no simple explanation of t h e  e f f e c t  was 
found, t h e  change of t h e  p o l a r i t y  of  t he  r eac t ion  medium was 

d e f i n i t e l y  excluded a s  a  f a c t o r  responsible f o r  t h e  r a t e  acce-  
l e r a t i o n .  A s  f a r  a s  t h e  butadiene-acry10nitrile-znc12 system 

i s  concerned, t h e  chloroderivat ives  of a l i p h a t i c  hydrocarbons 

Seem t o  be s p e c i f i c  i n  t h i s  matter ,  Polymerization induced by 
a  so lven t  was reported (46) f o r  the styrene-maleic anhydride 

system; only so lven t s  with a  l a b i l e  hydrogen ( p-cymene, cume- 

n e )  induced t h e  formation of the  a l t e r n a t i n g  copolymer. It w a s  
suggested t h a t  t h e  polymerization was " i n i t i a t e d "  by t h e  a b s t -  
r a c t i o n  of hydrogen from t h e  a-posit ion of cumene by t h e  char-  

ge t r a n s f e r  complex of s tyrene  and maleic anhydride.  This view 
i s  i n  accord with t h e  acce le ra t ing  e f f e c t  of t h e  d ichloroe tha-  

ne . The negat ive  induct ive  e f f e c t  ( electron-withdrawing ) of 

t h e  ch lo r ine  a c t i v a t e s  t h e  hydrogen atoms and t h e  proton i s  

r e a d i l y  e x t r a c t e d .  On the  o the r  hand, benzene is  i n e f f e c t i v e .  
I n  t h e  case of chlorobenzene, t h e  negative induct ive  e f f e c t  
of t h e  ch lo r ine  atom i s  opposed by t h e  p o s i t i v e  mesomeric 

e f f e c t  (e lec t ron-supply ing) ,  t h e  ne t  electron-withdrawing 
e f f e c t  being much l e s s  than i n  a  molecule of t h e  d ichloroe tha-  

ne .  Thus, t h e  aromatic c h l o r o d e r i v a t i ~ e  i s  a l s o  i n e f f e c t i v e .  

When t h e  b~tadi~n~-~~r~lonitrile-ZnC12 system with 
a low concent ra t ion  of z inc  chlor ide  and an excess of t h e  mo- 

nomers i s  polymerized, t h e  yeaction p r o f i l e  i s  cha rac te r i zed  

by a two-region curve; t h e  i n i t i a l l y  high r a t e  decreases  and 
i s  i n v a r i a n t  i n  t h e  second region .  Such a  curve can be desc r i -  

bed by a  k i n e t i c  equat ion which r e l a t e s  t h e  copolymer y i e l d  t o  
t ime .  The de r iva t ion  of t h i s  equation has been a main theore-  

t i c a l  achievement of t h i s  work. ~t was based on t h e  following 
scheme. 



The i n i t i a l l y  formed complex between t h e  acceptor  monomer and 

t h e  complexing agent  r e a c t s  f u r t h e r  with t h e  donor monomer t o  

y i e l d  a  donor-acceptor complex. This i s  t h e  e n t i t y  which un- 
dergoes polymerizat ion.  The Complexing agent  is  regenerated 
from t h e  polymer and p a r t i c i p a t e s  i n  a  new reac t ion  cyc le .  

The f i n a l  k i n e t i c  equat ion desc r ib ing  t h e  polymer f o r -  

mation i n  t h e  presence of an excess of t h e  monomers and f i r s t  

order  consumption of t h e  complex was found t o  be 

where E, F  and C2 a r e  complex c o n s t a n t s .  A t  h igh t t h e  expo- 

n e n t i a l  term i s  n e g l i g i b l e  and t h e  expression becomes an equ- 

a t i o n  of a s t r a i g h t  l i n e .  

Because t h e  k i n e t i c  equat ion was derived under ce r -  
t a i n  assumptions ( t h e  s t eady  s t a t e  of t h e  complex concentra- 

t i o n ,  and t h e  constancy of t h e  concent ra t ion  of t h e  monomers 

throughout t h e  polymer iza t ion)  it w a s  necessary t o  t e s t  i t s  

v a l i d i t y  under var ious cond i t ions .  This was done by comparying 

t h e  approximate equat ion with t h e  exact  s o l u t i o n  found by 

means of t h e  Runge-Kutta numerical  method. A good agreement 

between t h e  approximate and exact  methods was found over a  

reasonable conversion.The k i n e t i c  equat ions der ived f o r  t h e  

low concent ra t ion  of e i t h e r  monomer, 

(low C A I )  

where C4 and C6 a r e  complex cons tan t s ,  bea r  t h e  disadvantage 
of being v a l i d  only f o r  m = 1. For tunate ly ,  t h e s e  concent- 

r a t i o n  condi t ions  a r e  of l i t t l e ,  i f  any, importance with r e s -  

p e c t  t o  t h e  s o l u b i l i t y  problems, high r a t e  of polymerization, 

v i s c o s i t y  of s o l u t i o n ,  e t c  ., which may be met when t h e  comp- 

l e x i n g  s a l t  i s  i n  an excess over a  monomer. The most p r a c t i c a l  

and most f r e q u e n t l y  used condi t ions  a r e  those  with a  low con- 

c e n t r a t i o n  of t h e  complexing agen t .  For t h i s  case (Case I )  t h e  



k i n e t i c s  has  been derived f o r  a l l  m .  Also, a  polymerizat ion 

curve of such a system can always be analysed t o  y i e l d  t h e  

k i n e t i c  parameters i r r e s p e c t i v e  of r e l a t i v e  values of t h e  r a -  

t e  cons tan t s  of t h e  s i n g l e  r e a c t i o n  s t eps ,  e i t h e r  s a t i s f y i n g  

o r  not  s a t i s f y i n g  t h e  presupposed s teady s t a t e  concent ra t ion  

of t h e  complex. 

The equat ions r e l a t i n g  t h e  polymer y i e l d  t o  t ime were 

der ived f o r  zero  and f i r s t  order  reac t ions  only.  A zero  order  

r e a c t i o n  was e l iminated  by t h e  observation of a  non- l inea r  

dependence of [Pt] on t ime.  It i s  f e a s i b l e  t o  envisage reac-  

t i o n  schemes which l e a d  t o  t h e  f i r s t  order consumption of 

Z(AD), The l a t e s t  approach t o  t h e  charge t r a n s f e r  complex po- 

lymer iza t ion  conceives t h e  i n i t i a t i o n  s t e p  a s  t h e  a c t i v a t i o n  

of a  complex from t h e  ground s t a t e  t o  an exc i t ed  s t a t e  with a 

h igh  c o n t r i b u t i o n  from t h e  i o n i c  s t r u c t u r e  -AD+ . The l a t t e r  

may i n i t i a t e  a  chain a d d i t i o n  reac t ion  leading  t o  a  copolymer. 

I n  t h e  presence of an organic  peroxide or  an azo compound, t h e  

i n i t i a t i o n  has been p o s t u l a t e d  t o  be an energy t r a n s f e r  from 

t h e  e x c i t e d  spec ies  generated i n  t h e  decomposition of t h e  

organic  compounds (116-119) t o  a charge t r a n s f e r  complex (114,  
1 1 5 ) .  The p r i n c i p a l  processes  can be described a s  fo l lows.  

Thermal o r  photochemical i n i t i a t i o n  : 

I n i t i a t i o n  by an organic  compound : 

kd I 4 R* 
k i  

(91)  

R* + Z ( A D )  - R + Z(AD);  m (92 

I f  r e a c t i o n  (91)  i s  t h e  r a t e  determining s t e p  i n  t h e  i n i t i a -  

t i o n  process ,  t h e  r a t e  of i n i t i a t i o n  i s  

R~ = ki[r] (93)  

where ki = kdf . f being an e f f i c i e n c y  f a c t o r .  



If r e a c t i o n  (92)  i s  t h e  r a t e  determining s t e p  i n  t h e  i n i t i a -  

t i o n  process ,  t h e  r a t e  of i n i t i a t i o n  i s  

where ki = k j f  . 
The propagat ion s t e p  i s  t h e  r eac t ion  of an a c t i v a t e d  chain-  

end with a  monomer. 

The t e rmina t ion  can proceed by s e v e r a l  means. The hydrogen 

t r a n s f e r  mechanism ( 4 4 )  suggests monomolecular te rminat ion ,  

bimolecular  te rminat ion  by polymer-polymer i n t e r a c t i o n ,  o r  

bimolecular  te rminat ion  by polymer-complex i n t e r a c t i o n .  They 

may be expressed schematical ly  a s  fo l lows.  

From t h e  s teady s t a t e  approximation it follows t h a t  Ri = R t 

where a and 6 a r e  r eac t ion  orders  with r e spec t  t o  Z ( A D ) ~  
and Z(AD) ,  , r e spec t ive ly ,  i n  t h e  te rminat ion  r e a c t i o n .  



The r a t e  of polymerization can be : w i t t e n  a s  

The f  ollowlng combinat ions of t h e  i n i t i a t i o n ,  propagat ion and 

te rminat ion  s t e p s  l ead  t o  a  f i r s t  order  r eac t ion  with r e spec t  

t o  complex Z(AD), 

( a j  I n i t l a t i o n  ( g o j ,  propagation (96) ,  terminati.on. ( 1 0 2 ) .  

(b) I n i t i a t i o n  (93), propagat5.m ( 9 6 ) ,  te rminat ion  (100) .  

( c )  I n i t i a t i o n  ( 94),  propagatton ( 9 6 ) ,  te rminat ion  (102) . 

I n  o t h e r  words, when t h e  r eac t ion  orders  of Z(AD) ,  i n  t h e  

i - n i t i a t i o n  and te rminat ion  s t eps  a r e  t h e  same t h e  o v e r a l l  r e -  

a c t i o n  order  with respect  t o  the  complex Is u n i t y .  

To confirm o r  a% l e a s t  support  t h e  r eac t ion  scheme 

cmnploying t h e  p r e - e q u i l i b r i a  , polymerization of t h e  complex 

and. t h e  regenerat ion of t h e  cornplexing agent ,  two parameters 

involved i n  the  sche~1.e were followed independently: t h e  con- 

c e n t r a t i o n s  of t h e  f i n a l  product Pt and t h e  in termedia te  P,Z. 
? l ~ c  t j  iue Cullctions of i;hese a r e  described by d i f f e r e n t  equa- 



t i o n s  which o f f e r  two independent methods f o r  t h e  evalua t ion  

of k i n e t i c  parameters.  A comparison of t h e  magnitudes of k  R 
P 

y ie lded  an accord i n d i c a t i n g  t h e  v a l i d i t y  of t h e  k i n e t i c  

scheme employed i n  t h e  d e r i v a t i o n  of t h e  time func t ions .  

A proof of t h e  regenera t ion  s t e p  i n  t h e  scheme has 

emerged from t h e  observed l i m i t i n g  value of t h e  zinc ch lo r ide  

a s s o c i a t e d  with t h e  polymer. This i s  apparent ly t h e  f i r s t  ex- 

per imental  demonstration of t h e  regenera t ion  of t h e  complex- 

i n g  agent i n  a  donor-acceptor complex polymerization. 

The observed p la teau  on t h e  curve ~ a t e / ~ u r r e n t  i s  

a l s o  i n  agreement with t h e  t h e o r e t i c a l  p r e d i c t i o n  which f o l -  

lowed from t h e  k i n e t i c s .  It w a s  der ived t h a t  a  l i m i t i n g  r a t e  

of polymerizat ion should be achieved when t h e  apparent r a t e  

cons tant  k  i s  l a r g e .  Because k i s  a  complex constant  r e f l e -  
P P 

c t i n g  t h e  i n i t i a t i o n ,  propagat ion and te rminat ion  s t e p s ,  a  va- 

r i a t i o n  of t h e  cu r ren t  was used t o  a l t e r  k . The exis tence  of 
P 

a r a t e  determining s t e p  i s  genera l  f o r  two- and many-step 

schemes. When a  product i s  an a l t e r n a t i n g  copolymer it con- 

' f i r m s  t h a t  it was produced by a  homopolymerization of a  com- 

p lex  between t h e  two monomers formed p r i o r  t o  t h e  polymeriza- 

t i o n .  I n  o t h e r  words, t h e  observat ion of a  l i m i t i n g  r a t e  of 

polymerizat ion j u s t i f i e s  t h e  employment of t h e  p r e - e q u i l i b r i a ,  

cha rac te r i zed  by KO and K1 . Thus, while t h e  d i s t r i b u t i o n  of 

z inc  ch lo r ide  i n  t h e  polymerizat ion system confirmed t h e  p a r t  

of t h e  scheme subsequent t o  t h e  polymerizat ion s t e p ,  t h e  l i m i t  

i n  t h e  r a t e  of polymerization confirmed t h e  p a r t  of t h e  scheme 

preceeding t h e  polymerization s t e p .  Therefore, with t h e  excep- 

t i o n  of t h e  r eac t ion  order  i n  t h e  complex polymerization, t h e  
11 whole p ropos i t ion  including t h e  p r i o r  formation of monomer" 

11 i n  t h e  p r e - e q u i l i b r i a ,  polymerizat ion of t h e  monomer", and 

t h e  s a l t  regenera t ion  a f t e r  t h e  "monomer" i s  polymerized, has  
I 

been supported experimental ly .  
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APPENDIX I 

Systems Reported to Yield Alternating Copolymers. 

('The polymerizations were initiated by radical initiators, W 
irradiation, electrochemically or thermally) . 

Donor Acceptor Compl. agent Ref r . 
1,3-butadiene acrylonitrile ethylaluminum %54 

sesquichloride 

zncI2 38,54,55 

A ~ E ~ c ~ ~ / v o c ~ ~  94,95 
z~c~,/voc~~ 74 
s ~ c ~ ~ / v o c ~ ~  74 
A I C ~ ~ / V O C ~ ~  74 

ethyl methacrylate ethylaluminum 69 
sesquichloride 

e thylaluminum 69 
sesquibromide 

is o-butylaluminum 69 
sesquibromide 

maleic anhydride - 131,137 

methyl methacrylate AlEtzCl 69 
ethylaluminum 69 
sesquichloride 

AlEtC12 69 
A ~ E ~ c ~ J V O C ~ ~  96 

n-butyl vinyl. maleic anhydride - 27 
ether 

i-butyl vinyl - 27 
ether 

t -butyl vinyl - 27 
ether 

cyclopentene acrylonitrile e thylaluminum 47 
sesquichloride 

methyl acrylate 47 
p-dioxene maleic anhydride - 24 

divinyl ether Cl-maleic anhydride - 29 



Donor Acceptor Compl. agent Refr . 
ethyl vinyl chlorotrifluoro- - 41 
ether ethylene 

ethylene methyl acrylat e ethylaluminum 39 
sesauichloride 

furan maleic anhydride - 26 
indene methyl acrylat e ethylaluminum 135 

sesquichloride 

methyl methacrylate 135 

isoprene acrylonitrile 38,54 

znc12 34,38,54,55 

ethyl methacrylate ethylaluminum 69 
sesauichloride 

e thylaluminum 
sesauibromide 

methyl methacrylate ZnC12 35 
5-methylene maleic anhydride - 36 
bicyclo 
j2,2,1)-2-heptene 

a-methyl styrene acrylonitrile ethylaluminum 59,60,66 
sesquichloride 

8-cyanoacrolein - 25 

methacrylonitrile ethylaluminum 57,60 
sesquichloride 

8 -i -propenyl maleic anhydride - 132 
naphthalene 

propylene acrylonitrile A1EtC12 39,58 

ethylaluminum 58 
sesquichloride 

ethylaluminum 58 
sesquibromide 

methyl acrylate A1EtC12 39 
methyl vinyl ketone 77 

A1MeC12 77 
styrene acrylonitrile ethylaluminum 39,57,62 

sesquichloride 65,66 



Donor Acceptor Compl. agent Refr . 
styrene acrylonitrile ZnBr2 71973 

MgC12 -6~20 34 
NiC12 .6~20 34 

a-C1 acrylonitrile ethylaluminum 57,70 
sesauichloride 

methacrolein 56 
methyl acrylate ethylaluminum 39 

sesquichloride 

methacrslonitrile 60 
methyl methacrylate AlEt3 78 

ethylaluminum 39,42,45 
sesquichloride 57,63,67 

68,133 

vinyl chloride acrylonitrile A1EtC12 61~75~76 
ethylaluminum 61 
sesquichloride 

AlEt2Cl 61 
methyl methacrylate A ~ E ~ c ~ ~ / v o c ~ ~  93,134 

vinylidene acrylonitrile e thylalwninum 64 
chloride sesquichloride 

A1EtC12 64 



APPENDIX 11 

Solut ions  of Some I n t e g r a l s .  

(2) By = adx + b ex*(-cx)dx 

Sdy = a[& + b[exp(-ex)& C- 

b y = ax + - (1 - exp (-cx) ) 
C 
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APPENDIX 111 

Error  Calcula t ions  . 

Outl ine  of t h e  Ca lcu la t ions .  ........................... 
The e r r o r  c a l c u l a t i o n s  were performed according t o  

t h e  p a t t e r n  s e t  by Shoemaker and Garland i n  " ~ x p e r i m e n t s  i n  

Phys ica l   hemi is try", McGraw-Hill Book Com-p . , New York, 1967, 
p .  30-35. 

Two kinds of u n c e r t a i n t i e s  were c a l c u l a t e d .  

(1) The l i m i t  of e r r o r ,  X ( F ) ,  by t h e  propagat ion-of-error  

t rea tment ,  which determines a  maximum poss ib le  e r r o r  i n  a  

quan t i ty ,  and i s  given by 

( 2 )  The probable e r r o r ,  Q, def ined  a s  a q u a n t i t y  with such 

a value t h a t  t h e  p r o b a b i l i t y  t h a t  t h e  magnitude of an e r r o r  

w i l l  be l e s s  than  Q i s  equal  t o  t h e  p r o b a b i l i t y  t h a t  it w i l l  

exceed Qj was c a l c u l a t e d  us ing  t h e  r e l a t i o n s h i p  

For t h i s  purpose, t h e  l i m i t  of e r r o r ,  1, was ca lcu la ted  by 

a  t rea tment  which t akes  i n t o  cons ide ra t ion  t h e  p r o b a b i l i t y  

t h a t  when s e v e r a l  va r i ab les  a r e  involved t h e  e r r o r s  may 

cancel  one ano the r .  

When a  g raph ica l  method of determining t h e  l i m i t  of 

e r r o r  was employed, it was based on t h e  drawing of a  r ec tan -  

g l e  with width 21 (x i )  and h e i g h t  21 ( Y i )  around each expe- 

r imenta l  po in t  ( x i J y i ) .  The e r r o r  i n  measuring t h e  r e a c t i o n  



t ime t was n e g l i g i b l e  and accordingly t r e a t e d  a s  zero .  me li- 
n i t  of e r r o r  i n  t h e  polymer y i e l d  was est imated from t h e  polg- 

meriza t ion  experiments c a r r i e d  out under i d e n t i c a l  condi t ions,  

which yielded : 3. .481 g, 1.497 g  and 1.422 g. From t h e s e  t h e  

s tandard  e r r o r  ( o r  est imated s tandard  devia , t ion)  was c a l c ~ z l a -  

ted. and found t o  be 2 . 6 4  . Alkhough t h r e e  po in t s  a r e  t o o  few 

t o  c a l c u l a t e  t he  s tandard  e r r o r ,  t h i s  value was accepted a s  it 
i s  ia a,greement wlth t h e  u s u s l  u n c e r t a i n t i e s  i n  polymerization 

experiments . - lne  iirrlils ur el.r."r. i i i  s lope  E: and Li?terzept I?' of 

t h e  polymerizat ion curves were determined g raph ica l ly .  From 

X(E) and h ( F 1  ), t h e  e r r o r  l i m i t  i n  t h e  ex t rapo la ted  y i e l d  Pex 

 as determined according t o  equat ion (Al) and 

The l i m i t  of' e r r o r  i n  t h e  ( [Pex] - [ P ~ ] )  term i s  

' k e  maxim.um e r r o r  i n  l o g (  [Pe:;] - rpt 3) i s  given by 

By p l o t t i n g   log([^^^] - [P,]) versus time, t h e  l i m i t s  of 
u 

e r r o r s  i n  parameters F and C2 were determined g r a p h i c a l l y .  

The u n c e r t a i n t y  i n  t h e  s lope  provides t h e  u ~ c e r t a i n t y  i n  

cons tant  C g .  'iTe u n c e r t a i n t y  i n  t h e  i n t e r c e p t  y i e l d s  t h e  un- 

c e r t a i n t y  5-n 1 ogF. The l a t t e r  wa,s subsequently used i n  

Frorn equat ions (74), (75)  and ('76), t h e  t o t a l  d i f f e r e n t i a l s  

were derived. and transformed t o  t h e  e r r o r  limit express ions :  



When t h e  k i n e t i c  parameters were evaluated from a 
I1  ZnC12 on copolymer versus t ime" curve, t h e  l i m i t s  of e r r o r s  

were c a l c u l a t e d  i n  t h e  fo l lowing manner. The l a s t  f i v e  p o i n t s  

on t h e  corresponding curve i n  Figure 34 (supposedly l y i n g  on 

a p l a t e a u )  were used t o  determine t h e  maximum p o s s i b l e  e r r o r  
I l i n  t h e  ZnC12 on copolymer" v a l u e s .  It i s  

X (  [ P ~ z ]  ) = 2xl0-'mole/l = 2.8% 

This i s  a l s o  t h e  l i m i t  of e r r o r  of c1/c2, a s  fol lows from 

equat ion  (29)  . 
h(c1/c2) = 2 x l 0 - ~ m o l e / l  = 2.8$ 

Also from equat ion ( 2 9 ) ,  t h e  e r r o r  l i m i t  i n  cons tant  Cp i s  



Since C1 = (C1/C2)C2 , t h e  l i m i t  of e r r o r  i n  cons tant  

i s  given by 

h(C1)  = C* h(cl/cg) + h ( ~  2 1 2  ) C  / C  ( ~ 1 2 )  

For k R = C 1 / [ ~ l o  , t h e  l i m i t  of e r r o r  i s  
P  

For kr = C -k R , t h e  e r r o r  l i m i t  was c a l c u l a t e d  from 
2  P  

Calcula t ions  f o r  Chapter 111.2 .5 .  ................................. 
The u n c e r t a i n t i e s  i n  t h e  component q u a n t i t i e s  were: 

h(znC12) = f 0.005 g 

X ( A N )  = 2 0.2 ml 

 STY) = 2 0.2 ml 

~ ( D C E )  = f 0.5 m l  
These gave A (  [z]o)  = 2 . l x l ~ - ~ m o l e / l  

The g raph ica l  method y ie lded  

X ( E )  = 4x l0 -~mole / l  min 

X ( F I )  = 1.5xl0-~mo1.e/l 

Cons iquen t ly ,  

A (  [pex I )  = 16.6x10-~mo1.e/l ( f o r  t = 400 min) 

h([Pex]- [ P ~ ] )  = 19.4x10-~mole/ l  ( f o r  t = 400 min) 

X ( ~ ~ ~ ( [ P ~ , ] - [ P ~ I ) )  = 0.56 ( f o r  t = 400 min) 

= 12% ( f o r  any t )  
X (  c2) = 1.08x1.0-~min-~ 

X(F)  = 6 .0x l0 -~mole / l  

The fol lowing values were used t o  c a l c u l a t e  X ( k p ~ ) ,  h (m)  

and h ( k r ) .  

E = 2 . ~ 2 1 ~ 1 0 - ~ r n o l e / l  min 

F = 1 . 7 2 7 ~ 1 0 - ~ r n o l e / l  



The probable e r r o r s ,  $, were determined as  fo l lows.  Equation 

( ~ 3 )  was used i n s t e a d  of equat ion ( ~ 1 )  i n  a l l  numerical c a l -  
' c u l a t i o n s .  The r e s u l t s  obtained a r e :  

h ( [pex l )  = 15.lxl0-'moie/l ( f o r  t = 400 min) 

x([P,,] - Cptl) = 1 5 . 4 x 1 0 ~ ~ m o l e / l  ( f o r  t = 400 min) 

X ( l o g ( C ~ ~ , ]  - C P ~ ] ) )  = 0.28 ( f o r  t = 400 min) 
= 9.6% ( f o r  any t )  

X ( c2) = 0 . 8 7 ~ 1 . 0 - ~ m i n - ~  

X ( F )  = 4.8x10-~mole/ l  

Now, with t h e  new h ( F )  anf X ( C 2 ) ,  t h e  fol lowing values were 
c a l c u l a t e d  f o r  t h e  l i m i t s  of e r r o r .  



Using equat ion  (A2),  t h e  probable e r r o r s  were c a l c u l a t e d  t o  

be : 

~ ( k  R )  = 0 . 8 x 1 0 - ~ m i n - ~  
P 

~ ( m )  = - 1.3 

~ ( k , )  = 1 . 4 x l O - ~ m i n - ~  

The l i m i t s  of e r r o r  i n  k R and kr determined from t h e  
11 

P 
ZnC1, on copolymer" curve were c a l c u l a t e d  us ing  equat ions 

( A l l )  t o  ( ~ 1 4 )  and 

t = 200 minutes 

C P,ZI = 4 .6xl0-~mole/1 

C ZI = 7.74~10-*mo1e/1 

C 7 = 3 .6x1 0 -'lrnol e / l  min 

Consequently, 

X(cl)  = 5 .1~10-3  2 . 0 ~ 1 0 - 3  + 7 . 1 ~ 1 0 - ~  5 . 2 ~ ~ 1 0 - ~  

= 4.7 jx10-~mole / l  min 



The probable e r r o r s ,  Q, were determined us ing  equa- 

t i o n s  ( ~ 2 )  and ( ~ 3 ) .  The c a l c u l a t i o n s  y ie lded  

-4 2  A(c,) = l ( 6 . 6 0 ~ 1 0  ) ( 3 . 9 7 ~ 1 0  
-1 )2  -1 2 + ( 2 . 0 3 ~ 1 0  ) 

-3 2  1/2 ( I  . 2 8 ~ 1 0  ) 3 
= 3 . 7 x 1 0 - ~ m i n - ~  

-3 2  -2 2 -4 2  1/2' X(c1) = 1 ( 5 . 1 ~ 1 0 - ~ ) ~  (2x10 ) + ( 7 . 1 ~ 1 0  ) ( 3 . 7 ~ 1 0  ) 3 
= 2  . 8 2 ~ 1 0 - ~ m o l e / l  min 

-5 2 -2 2 -3 2 1/2 x ( ~ _ R )  = 112 .92~  ( 2 . 8 2 ~ 1 0  ) + ( 6 . 0 1 ~ 1 0  ) ( 2 . 1 ~ 1 0  ) 3 
r -4 -1 

= 3 . 8 5 ~ 1 0  min 

~ ( k  R )  = 1 . 0 1 x 1 0 - ~ m i n - ~  
P  

-4 -1 g ( k r )  = 1 . 4 0 ~ 1 0  rnin 

Calcula t ions  f o r  C h a ~ t e r  111 . 2 .6 .  .................... ------------ 
The curve f o r  4 5 " ~  was s e l e c t e d  a s  a  r e p r e s e n t a t i v e  of a l l  t h e  

t h r e e  curves .  It was assumed t h a t  t h e  l i m i t s  of e r r o r ,  when 

expressed as percentages,  were s i m i l a r  f o r  a l l  t h e  t h r e e  ex- 

per imenta l  s e r i e s .  This g r e a t l y  reduced t h e  c a l c u l a t i o n s .  

The u n c e r t a i n t i e s  i n  t h e  component q u a n t i t i e s  were : 

X(znc12) = f 0.005 g 

1 (AN) = + 0.2 m l  

~ ( B D )  = f I. = + 0.016 g 
X ( D C E )  = f  0 . 5 m l  

These values y ie lded  x ( [z] 0 )  = 1 . 6 6 ~ 1 0 - ~ m o l e / l  

The g raph ica l  method of determining t h e  l i m i t s  of e r r o r  i n  t h e  

i n t e r c e p t  and s lope  gave 

X ( E )  = 2 . 5 ~ 1 0 - ~ m o l e / l  min 

x ( F ~ )  = 1 . ~ x l ~ - ~ m o l e / l  



Hence, 

[pex I) = 11 . l x l ~ - ~ m o l e / l  ( f o r  t - 50 min) 

['ex I - [pt 1)  = 1 2 . 4 ~ 1 0 - ~ m o l e / l  ( f o r  t = 50 min) 

log(CPexI - P t l ) )  = 0.30 ( f o r  t = 50 min) 
= 9% ( f o r  any t )  

The fo l lowing values were used t o  c a l c u l a t e  x ( ~ , R ) ,  ~ ( m )  
I 

and X(kr) 
E = 4 . ~ x ~ ~ - ~ r n o ~ e / ~  min 

F = 8.8x10-~rnole/l 

C2 = 1 . 5 x 1 0 - ~ m i n - ~  
L-2 lo = 3.868x1.0-~mole/l 

X ( E )  
-6 

= 2 . 5 ~ 1 0  mole/l min 

The probable e r r o r s  were determined by employing equat ions 

( ~ 2 )  and ( ~ 3 ) .  The r e s u l t s  a r e  . a s  fo l lows.  

( [ P I )  = 1 .10xl0-~mole / l  ( f o r  t = 50 min) 

X (  [peX] - [ P ~ ] )  = 1 . 1 2 ~ 1 0 - ~ m o l e / l  ( f o r  t = 50 min) 

X(log([PexI - [ p t ] ) )  = 0.27 ( f o r  t = 50 min) 
= 8$ ( f o r  any t )  



Now, with the new values for X ( C2 ) and X (F) , the limits of 
error were found to be: 

From equation (A2), 

When these figures are expressed as the percentages of the 

corresponding constants and the same percent error is assumed 

for the kinetic parameters evaluated at 35•‹C and 60•‹c, the 

probable errors are found to be : 

At temperature 35"C, 

~ ( k  R) = 0.53xlo-~rnin-~ 
P 

~t temperature 6o0c, 
~ ( k  R) = 0.68x10-*min-~ 

P 
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