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ABSTRACT 

C 

Prel iminary  c y c l i c  voltammetry of t h e  polymerizing 

systems s t u d i e d  was u s e f u l  i n  provid ing  t h e  o v e r a l l  cha rac te r -  

i s t i c s  of these  systems and t h e  information necessary  f o r  t h e  

a p p l i c a t i o n  of c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s .  However, 

t h e  use  of t h e s e  techniques t o  s tudy polymerizat ions i n i t i a t e d  

by r a d i c a l  anions met with only l i m i t e d  suceess .  

The s t y r e n e  - a c r y l o n i t r i l e  - z inc  bromide system was 

chosen f o r  a d e t a i l e d  s tudy of a donor accep to r  complex 

polymer iza t ion  i n i t i a t e d  by e l e c t r o l y s i s .  A t  t h e  cathode, 

t h i s  system was found t o  y i e l d  high molecular weight a l t e r n a t i n g  

copolymers under a wide range of cond i t ions .  Large a f t e r  

e f f e c t s  were observed and were shown t o  be due t o  a znO - Zn I1 

i n t e r a c t i o n  on t h e  e l ec t rodepos i t ed  z inc  metal  s u r f a c e .  The 

# z i n c  e f f e c t '  was found t o  be opera t ive  only i n  systems which 

conta ined  z inc  metal ,  a z inc  s a l t  and a monomer capable of 

complexing with t h e  s a l t .  Other metals with a dl e l e c t r o n i c  

s t r u c t u r e  were a l s o  a c t i v e .  A p o s s i b l e  i n i t i a t i n g  mechanism 

i s  discussed .  This mechanism s a t i s f a c t o r i l y  exp la ins  t h e  

molecular  weight dependence on conversion observed dur ing  

c u r r e n t  r e v e r s a l  s t u d i e s .  

A t  t h e  anode, a mixture of high molecular weight 

a l t e r n a t i n g  copolymer and low molecular weight polys tyrene  i s  

formed. Using tetrabutylammonium p e r c h l o r a t e  a s  suppor t ing  

(iii) 



e l e c t r o l y t e  , only low molecular weight a l t e r n a t i n g  copolymer 

i s  produced, under a  wide range of cond i t ions .  E l e c t r o l y t i c  

c o n t r o l  of t h e  reac-tion has been shown, and t h e  o v e r a l l  

a c t i v a t i o n  energy was found t o  be 5.3 kcal/mole. Under 

continuous e l e c t r o l y s i s  condi t ions ,  t h e  low molecular weights 

a r e  found t o  be independent of conversion and r a t e  of i n i t i a t i o n .  

However, monitoring t h e  molecular weight a s  a  func t ion  of a f t e r  

e f f e c t  t ime shows a s t eady  i n c r e a s e .  Poss ib le  i n i t i a t i o n  and 

te rminat  ion  mechanisms a r e  p o s t u l a t e d  t o  account f o r  t h e  

observat ions .  
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"Now l i s t e n  t o  the  r u l e  of the  l a s t  inch. The realm of 
the  l a s t  inch. The Job i s  almost f in ished,  the  goal  almost 
a t t a ined ,  everything poss ible  seems t o  have been achieved, every 
d i f f i c u l t y  overcome - and y e t  the  qua l i t y  i s  j u s t  not there .  The 
work needs more f i n i s h ,  perhaps f u r t h e r  research. I n  t h a t  
moment of weariness and s e l f - s a t i s f a c t i o n ,  t he  temptation i s  
g r e a t e s t  t o  give up, not  t o  s t r i v e  f o r  t he  peak of qua l i ty .  
That 's  'the realm of the  l a s t  inch - here the  work i s  very,very 
complex but i t ' s  a l s o  p a r t i c u l a r l y  valuable because i t ' s  done 
with the  most per fec t  means. The r u l e  of the  l a s t  inch i s  
simply t h i s  - not t o  leave undone. And not  t o  put  it off - 
because otherwise your mind loses  touch with t h a t  realm. And 
not t o  mind how much time you spend on it, because the  aim i s  
not t o  f i n i s h  the  job quickly but  t o  reach perfect ion.  I' 

Alexander Solzhenitsyn 
"The F i r s t  Circ le"  

( v i i )  
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I N T R O D U C T I O N .  

SOME GENERAL FEATURES OF COPOLYMERIZATION. 

IMPORTANCE OF COPOLYMERIZATION. - _ _ _  _ _ _ - _ _ _ -  
A chain polymerization process in which two monomers are 

simultaneously polymerized is termed a copolymerization and the 

product is a copolymer. Copolymerization is important from 

several considerations. Much of our knowledge of the react- 

ivities of monomers, radicals, carbonium ions and carbanions in 

chain polymerization arise from copolymerization studies. 

Copolymerization is also very important from the technological 

viewpoint. It greatly increases the ability of the polymer 

chemist to tailor-make a product with specifically desired 

properties by varying the nature and relative amounts of the 

two monomer units in the copolymer. A good example of the 

versatility of the copolymerization process is the case of 

polystyrene. Polystyrene is a brittle plastic with poor 

impact strength and solvent resistance, limiting its practical 

use. Copolymerization of styrene with acrylonitrile leads to 

increase in impact strength and solvent resistance while copoly- 

merization with butadiene leads to elastomeric properties. 

1.1.2. - TYPES - - - OF - COPOLYMERS. - - - 

There are four types of copolymers known; random, 



- 2 -  

i s t r i b u t i o n  of t h e  two monomers along t h e  chain. I n  a 

random copolymer, t h e  u n i t s  have a r e l a t i v e l y  random d i s t r i -  

but ion  along t h e  chain:-  

-AABBABBBAABBAABAAABABB--"" 

The a l t e r n a t i n g  copolymer conta ins  t h e  two monomer u n i t s  i n  

equimolar amounts i n  a r e g u l a r  a l t e r n a t i n g  sequence 

-ABABABABABABABABAB.-- 

The block and g r a f t  copolymers d i f f e r  from random and a l t e r -  

n a t i n g  i n  t h a t  t h e r e  a r e  long sequences of each monomer i n  t h e  

chain.  A block copolymer has  a l i n e a r  s t r u c t u r e ,  with one o r  

more long sequences of each monomer u n i t ,  

-AAAAAAAAAAABBBBBBBBT 

while a g r a f t  copolymer has  a branched s t r u c t u r e  with a back- 

bone of one monomer t o  which a r e  a t t ached  one o r  more s i d e  

chains of another  monomer 

-AAAAAA&AAAA- 

B~ 
B~ 
Ba, 

COPOLYMERIZATION EQUATION. 1 . l -3-  - - - - - - - - - - - - 

I n  most cases  t h e  composition of a copolymer i s  found 

t o  be d i f f e r e n t  from t h e  o r i g i n a l  comonomer feed  due t o  t h e  

d i f f e r e n t  tendencies  var ious  monomers have i n  undergoing copoly- 

merizat ion.  The r e l a t i v e  copolymerization tendencies  of  

I monomers bea r  l i t t l e  resemblance t o  t h e i r  r a t e s  of homopoly- 

mer iza t ion  (1). Some monomers, such a s  maleic  anhydride,  



they have l i t t l e  o r  no tendency t o  homopolymerize. 

The copolymerization equation was derived by Mayo and 

Lewis ( 2 )  and Alfrey and Goldfinger ( 3 ) ,  assuming t h a t  the  r a t e  

of add i t ion  of monomer t o  a growing chain depends only on the  

end group on the  chain. If monomers M1 and M2 y i e l d  M I *  and 

M2*,-then there  a r e  four  poss ible  propagation s t eps :  

The quant i ty  d[Ml ]/d[ M a ] ,  t he  copolymer composition, can then 

be r e l a t e d  t o  [M1] / [M2] ,  t he  monomer feed composition by the  

copolymerization equation: 

where r l  = k l l  a n d r 2  = k22 k12 - 
k21 

The monomer r e a c t i v i t y  r a t i o s ,  r l  and r2 a r e  important copoly- 

merization parameters representing the  preference of the  

propagating species t o  r eac t  with i t s  own monomer o r  the  o ther  

monomer . 
The copolymerization equation has been experimentally 

ve r i f i ed  i n  many comonomer systems. It i s  equally appl icable  

t o  r ad i ca l ,  ca t ion ic  and anionic chain copolymerizations, 

although the  r l  and r2 values f o r  any p a r t i c u l a r  comonomer p a i r  

can be qu i t e  d i f f e r e n t  depending on the  mode of i n i t i a t i o n .  



n u s ,  the  r l  and r2  values f o r  s tyrene ( M ~ )  and methyl 

rnethacrylate ( M ~ )  a r e  0.52 and 0.46 i n  r ad i ca l  copolymerization, 

10.5 and 0.1 i n  ca t ion ic  and 0.12 and 6.4 i n  anionic copoly- . 
merizat ion ( 4 ) .  Figure 1 shows how the  di f ferences  i n  r l  and 

r2 values, which depend on the  mode of i n i t i a t i o n ,  a f f e c t  the  

copolymer composition. 

I. 1 .4 .  TYPES OF COPOLYMERIZATION BEHAVIOUR. - - - - - _ - _ - - - - - - 

Copolymerization can be c l a s s i f i e d  i n t o  two main types 

based on whether the  product of t he  two monomer r a t i o s  r l r2  is  

un i ty  o r  l e s s  than unity.  When r l r2  = 1 the  copolymerization 

i s  termed i d e a l  and t h i s  means t h a t  the  two types of propagating 

species  MI* and M2* have the  same preference f o r  adding one or  

t h e  o ther  of the  two monomers. Most ion ic  copolymerizations 

1 a r e  character ized by t h i s  type of behaviour. In  the  general  
I 

case,  i . e .  r l>l  and r2<1 or  r l<l  and r21, one of the  monomers 

i s  more reac t ive  than the  other  towards the  propagating species 

and the  copolymer w i l l  t he re fore  contain a l a rge r  proport ion of 

t h e  more reac t ive  monomer. 

An important p r a c t i c a l  consequence of i d e a l  copoly- 

merizat ions i s  t h a t  it becomes progressively more d i f f i c u l t  t o  

produce copolymers containing appreciable amounts of both 

monomers a s  the  d i f ference  i n  r e a c t i v i t i e s  of t he  two monomers 

increases.  This can be seen i n  Figure 1. Thus copoly- 

merizat ion of an 8 0 ~ 2 0  methyl methacrylate: s tyrene feed r a t i o  

(by SnCll would y i e l d  a copolymer containing only 208 of methyl- 
I 

lmethacry l a t e .  



u re  1. INCREMENTAL COPOLYMER COMPOSITION A S  A FUNCTION 

O F  MONOMER F E E D  COMPOSITION FOR THE STYRENE ( M ~ ) -  
METHYL METHACRYLATE ( M ~ )  SYSTEM, POLYMERIZED BY 

C A T I O N I C  (snc14),  F R E E  RADICAL ( B Z ~ O ~ )  AND 

A N I O N I C  ( ~ a )  MECHANISMS (5 ) .  





When rl = r2 = 0, and k12, k21 f 0, the copolymerization 

is termed alternating. The two monomers will enter into the 

copolymer in equimolar amounts in a non-random, alternating 

arrangement. The -two types of propagating species prefer- 

entially add the other monomer. Many radical copolymerizations 

show an alternating tendency. 

Most comonomer systems lie between the two extremes of 

ideal and alternating copolymerization. As the rlr2 product I 

decreases from unity towards zero, there is an increase in I 
I 

alternating tendency. The range of behaviour can be seen in 

Figure 2. Of greater practical significance is the fact that 

a larger range of feed compositions will yield copolymers 

containing sizable amounts of both monomers. However when I 
I 

rlr2 is very small or zero, the alternating tendency is too I 
I 

great and the range of copolymer compositions which can be 

obtained is again limited. 

- e SCHEME. 1.1.5. Q - - - 

It is generally accepted that a general order of 

reactivity exists among monomers in copolymerization. Alfrey 

and Price (7) proposed a method of predicting monomer reactivity 

in copolymerization on the basis of polar and resonance factors 

of the monomer. 

In their Q-e scheme, Alfrey and Price proposed that 

the rate constant for a radical-monomer reaction, MI* with M2 

be written 

k12 = PiQ2 exp (-e1e2) 

where PI and Q2 relate to the reactivities of the radical M1 and 

the monomer MB,  respectively, and el and e2 are measures of the 



Figure 2 .  INCREMENTAL 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  r l /r2 
RATIOS ( 6 ) .  
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polarity of radical M1 and monomer M2. The P and Q terms 

primarily define resonance effects in the radical and monomer. 

assuming that the same e value applies to both a monomer 

and its radical, it is possible to write expressions for kll, 

k22 and kZ1 analogous to k12 above, and obtain the monomer 

reactivity ratios in the forms 

rl - - % exp(-el(el -e2)) 
Q2 

r2 - - 9~ exp(-e2(e2 -el)) 
Q1 I 

I 
I 

which correlate monomer-radical reactivity with the parameters ~ 

Qi,Qz,el and e2. 
~ 
I 

The Q-e scheme has many inherent deficiencies and at the I 
I 

best of times is semi-quantitative. Its main use is its ability 
I 

to give a general idea of the behaviour to be expected from a 

comonomer pair which has not been studied. 

I. 2. ALTERNATING COPOLYMERIZATION. 

It has been noted that as the rlr2 product for two 

monomers tends towards zero, there is an increasing tendency 

towards alternation. One can list monomers in order of their 

r1r2 values with other monomers in such a manner that the further 

apart two monomers are, the greater is their alternating tendency. 

This can be seen in Table I. The values in brackets after each 

monomer is the e value of that monomer. The tendency to 

alternate is seen to increase as the difference in polarity 

between two monomers increases. This polar effect thus gives 

rise to enhanced reactivities in certain monomer pairs and can 

be illustrated quite dramatically by the ease of copolymerization 



Table I. VALUES O F  rlr2 I N  RADICAL COPOLYMERIZATION (8) .  
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f monomers which show little or no tendency to homopolymerize. 

~hus maleic anhydride and diethyl fumarate do not homopoly- 

merize but will readily form alternating copolymers with electron 

donor qonomers such as styrene and isobutyl vinyl ether ( 9 ) .  

The enhancement of reactivity in radical reactions by 

polar effects has been explained in two ways. Bartlett and 

Nozaki postulated the formation of a molecular donor acceptor 

complex to explain the alternating tendency observed in ally1 

acetate - maleic anhydride copolymerizations (10). However, 

Walling and his coworkers (11,12) preferred to view the 

interaction as a transition-state phenomenon. They postulated 

that the electron donating or accepting properties of the 

monomer were important during interactions of the growing polymer 

radical. The selectivity leading to alternation was then based 

upon reaction of the polymer radical with the monomer which 

would give the most stable transition state. 

Recently there has been a great upsurge of interest both 

from the practical (13 - 16) and academic viewpoints (17 - 37) by 

a large number of workers in systems which yield alternating 

copolymers. Although much has been done, the detailed mechanism 

of these reactions is the subject of some controversy (45). 

Many workers believe that the copolymerization involves donor 

acceptor complexes. The argument centres around whether the 

donor acceptor complex can act as a unit and essentially homo- 

polymerize (~artlett and ~ozaki) or whether donor acceptor 

complex formation is only important at the chain end (Walling et 

a ) .  The leading proponent of the copolymerization of donor 

acceptor complex units is Gaylord (17) who has to date published 
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over forty papers in this field. While most workers are in 

agreement with Gaylord (21,28,30,33,37,39) a few, but of 

increasing number (18,25-27,40,43,46) prefer the chain end 

theory favoured by Zubov et al. (38). 

I. 3. DONOR-ACCEPTOR COMPLEXES IN ALTERNATING COPOLYMERIZATION. 

A number of excellent and up-to-date reviews have been 

written (17,26,38,41-44) by workers active in this field and it 

is therefore unnecessary to provide a comprehensive review here. 

In this in'troduction, the various features and characteristics 

of donor acceptor complex polymerizations will be briefly 

outlined. 

I. 3.1. PREPARATION OF ALTERNATING COPOLYMERS. - - - _ I - - _ _ _ - _ - - - - _ - 
Monomers having large e value separations (see Table I) 

are known to form donor acceptor complexes spontaneously and 

yield alternating copolymers on polymerization. Thus Tsuchida 

and Tomono (28) observed an alternating copolymerization between 

styrene (e = -0.8) and maleic anhydride (e = +2.25). In this 

system, donor-acceptor complexes were detected by U.V. and N.M.R. 

spectroscopy, The existence of donor acceptor complexes in 

polymerizing systems which yield alternating copolymers has also 

been shown for many other monomers (36,37,47-51). It has been 

noted that spontaneous formation of donor acceptor complexes 

occurs ik the e value separation is about 3.0 (52). This value 

can be correlated with the equilibrium constant K for the 

formation of donor acceptor complexes (30). Thus the larger 

the K value the greater the tendency for spontaneous alternating 

copolymerization. In most co-monomer systems, e is less than 
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three, and this leads to non-equimolar compositions and an 

increasing random configuration in the copolymer. 

The number of possible monomer combinations yielding 

alternating copolymers has been extended remarkably by the 

discovery that addition of Lewis acids to the comonomer feed 

results in a system which yields alternating copolymers. Zinc 

chloride (18,21,24,32,34,53-67) and aluminum sesquichlorides 

(16,19,31,53,57,68-81) have been the most frequently studied 

Lewis acids although others such as zinc bromide (82-87) and 

various alkyl aluminum chlorides (19,20,35,48,79,81,88-90) 

have also been found effective. 

These Lewis acids complex with the polar group of the 

acceptor monomer causing the delocalisation of electrons in 

the double bond, resulting in increased electrophilic character 

(64,65,91-93). The overall result is an increase in electron 

acceptor properties of the monomer, and this is reflected by an 

increase in the e value of the complexed monomer (18,43,62,65, 

94,115,116). The resultant increase in e value separation of 

the two monomers gives rise to an increase in alternating 

The complex between the acceptor monomer and Lewis acid 

is usually crystalline and easily isolated. Thus, for example, 

complexes between acrylonitrile and various transition and non- 

transition metal salts have been prepared and characterized by 

IR spectroscopy (92,199). It is characteristically observed 

that the CN stretching frequency of acrylonitrile is increased 

on complexation due to the large increase in the force constant 



upon coordina t ion  (92 ) . 
Although t h e  complexes between Lewis a c i d s  and acceptor  

monomer a r e  e a s i l y  i s o l a t e d  and de tec ted ,  t h e  s i t u a t i o n  f o r  donor 

acceptor  complexes between two monomers i s  much d i f f e r e n t .  I n  

favourable  cases  t h e  charge t r a n s f e r  complex i s  h igh ly  coloured,  

c r y s t a l l i n e  and i s o l a t a b l e .  However, i n  most s i t u a t i o n s ,  

spec t roscopic  techniques have t o  be used t o  d e t e c t  t h e  presence 

of a donor acceptor  complex between t h e  monomers, and t h e  s t r e n g t h  

of t h e  i n t e r a c t i o n  (equili .hrium c o n s t a n t ) .  

Thus, f o r  example, i n  t h e  case  of f u r a n  (donor monomer) 

and maleic anhydride (accep to r  monomer), t h e  spontaneous formation 

of a donor acceptor  complex was shown by U.V. and N.M.R. spectro-  

scopy (37). Thus, when a chloroform s o l u t i o n  of maleic  anhyd- 

r i d e  was added t o  a s o l u t i o n  of fu ran ,  t h e r e  appeared i n  t h e  

n e a r - u l t r a v i o l e t  spectrum of t h e  mixture a new and l a r g e  band 

a t  29l11p whose appearance and p o s i t i o n  was a t t r i b u t e d  t o  t h e  

format<on of a donor acceptor  complex (37). The i n t e r p r e t a t i o n  

of t h e s e  s p e c t r a  permi t ted  t h e  determinat ion of t h e  s t o i c h i o -  

met r ic  composition u s i n g  t h e  continuous v a r i a t i o n  method of 

Vosberg and Cooper (200) .  

It was found t h a t  t h e  maximum adsorp t ion  of t h e  new 

band appeared a t  a mole f r a c t i o n  of 0.5 i n  maleic  anhydride,  

s i g n i f y i n g  t h a t  t h e  donor acceptor  complex between maleic  

anhydride and f u r a n  has  a s to ichiometry  of 1:l. 

The equi l ibr ium cons tan t  of t h e  donor acceptor  complex 

was determined independently by NMR and W spectroscopy. I n  

t h e  NMR method, t h e  s h i f t  of t h e  acceptor  pro tons  ( s i n g l e t  of 

maleic anhydride)  was observed while  keeping t h e  acceptor  
I 



concentration constant and varying the donor concentration 

(with donor in large excess). Analysis of the spectra by the 

method of Hanna and Ashbaugh (201 ) yielded the equilibrium 

constant of complex formation. 

In the W spectroscopy technique, the donor concentration 

was similarly increased while the acceptor concentration was 

held constant. The absorbance at 29lW was recorded and the 

results analysed using the well known Benesi-Hildebrand 

method (202)- Comparison of the K values obtained by these 
eq 

two techniques showed excellent agreement (37 ) . 
1.3.2. CHARACTERISTICS OF 1:l ALTERNATING COPOLYMERIZATIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The addition of a Lewis acid to a comonomer system results 

in dramatic changes in the characteristics of the copolymerization. 

These can be listed as follows: 

(a) Composition of the Copolymer 

The copolymer product tends to have an equimolar alternating 

structui?e at all monomer feed ratios (16,17,20,31,34,37,79,95). 

The effect of the presence of a complexing agent on the 



copolymer composition is best illustrated by Figure 3 for the 

styrene - methylmethacrylate - ethylaluminum sesquichloride 

system (79). It can be seen that these copolymerizations in 

the presence of Lewis acids exhibit a high degree of select- 

ivity. This selectivity has been explained as being due to 

the formation of a donor acceptor complex between the two 

monomers which then behaves as a single entity or 'new 

monomer1 (IT,%). This 'new monomert then undergoes a 

homopolymerization which must result in a 1:l alternating 

copolymer at all feed ratios: 

A + Z K1 \ . 
ZA + D K p  \ - ( ZAD) 

new monomer 

(ZAD) + ~(ZAD) polmerization ( ZAD) 
polymer 

Where A and D are the acceptor and donor monomers respectively, 

and Z is the Lewis acid. It has been argued (43,95) that the 

propagating chain end is not a conventional radical or ionic 

species, since it does not add uncomplexed monomer, i. e., 

monomer in excess of the equimolar composition, although the 

monomer may be a normally reactive donor such as styrene or 

acceptor such as acrylonitrile. 

The selectivity argument seems to hold for most systems, 

but Yamashita (48) has found that in the spontaneous alternating 

copolymerization of p - dioxene and maleic anhydride in the 
presence of acrylonitrile, acrylonitrile is incorporated 



Figure 3. COPOLYMERIZATION OF METHYLMETHACRYLATE AND STYRENE. 

l o)  with ethylaluminum sesquichloride;  
--) rad ica l ;  
.....) cat ionic ;  

A ) anionic,  Na ca t a ly s t ;  (v) anionic,  BuLi 
ca t a ly s t .  
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(forming a terpolymer) despite the fact this monomer is inert 

to donor acceptor interaction with p - dioxene or maleic 
anhydride. 

(b) Rates of Copolymerization and Molecular Weight of 

Copolymer 

These systems are characterized by increased rates of 

polymerization as well as the formation of polymers with higher 

molecular weights than are formed in the absence of metal 

halides (17,95). Usually, the rate maximum occurs at 1:l feed 

ratios corresponding to the maximum concentration of donor 

acceptor complex (48,49,51,60,76,96-99,105) and in many cases 

the molecular weights also (48,60,76,96,97,99). 

Gaylord (68) has found, in the styrene-methylmethacrylate - 

~thylalwninwn sesquichloride case, that the initial stage of the 

reaction proceeds very rapidly followed by a second, slower stage. 

During the initial rapid stage the molecular weight of the 1;l 

alternating copolymer increases with conversion and then attains 

a maximum constant value in the second slower stage. The 

formation of a matrix or ordered array of complexes has been 

postulated to account for these observations (68,78). The 

rapid polymerization in the initial stage is considered to be 

the result of the formation of a matrix whose size is determined 

by the initial complex concentration (78,95). When the complex 

concentration decreases as a result of its conversion to 

copolymer, the rate of polymerization decreases. The diffusion 

of monomer molecules to the complexing agent bound to the 

copolymer chain results in the generation of new complexes on or 



chain transfer (28,49). 
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the immediate vicinity of the copolymer. The latter then 

acts as a template in the second stage of the polymerization, 

the molecular weight being constant and determined by the size 

of the template. 

Gaylord's matrix theory has been subject to some criticism 

recently (45). Although the existence of matrices or ordered 

arrays is not an unknown phenomenon, Gaylord has been unable to 

produce any physical evidence for their existence in his systems 

(45). In the styrene - methylmethacrylate - ethylaluminum 

sesquichloride case mentioned above, formation of matrices was 

postulated to account for the initial rate -increase and the 

steady increase in molecular weight to a constant value. In 

the styrene - acrylonitrile - ethylaluminum sesquichloride 

system also studied by Gaylord (76), the rate increases as 
I 

before, but the molecular weight is found to decrease to a 

constant value. It would appear difficult to explain both sets 

of these experimental results by matrices. 

(c) Chain Transfer 

Chain transfer agents active in conventional polymerizations 

have little or no effect in donor acceptor copolymerizations (28, 

43,95,100-102). It has been postulated that since normal chain 

transfer agents such as carbon tetrachloride have weak electron 

accepting or donating properties, they are therefore unable to 

complex with growing radicals (28). Thus it has been shown that 

addition of stronger donor or acceptor molecules can lead to 

I 



I. 3.3. CHARACTERIZATION OF 1 : 1 ALTERNATING COPOLYMERS. - - - - -  - - - - - _ - - - _ - - _ - _ _ -  

In general, IR spectra show no characteristics assignable 

to an alternating structure (42). Elemental analysis merely 

provides an indication of 1:l alternating behaviour. That a 

copolymer is found to have an equimolar composition by elemental 

analysis is not proof of an alternating structure since a random 

copolymer can be prepared from a monomer feed of the appropriate 

composition. However, if the composition of a copolymer is 

found to be 1:l regardless of the monomer feed composition, then 

the alternating effect is the ,only satisfactory explanation of 

the phenomenon. 

NMR techniques have been used as a method for distinguish- 

ing between equimolar random and alternating structures (32,34,35, 

60,62,63,79,80,103-108,126). m e  spectra of copolymers 

prepared in the presence of Lewis acids in most cases show 

definite differences from conventionally prepared copolymers of 

the same composition. Recent work by Schaefer (107) using high 

resolution pulsed carbon - 13 NMR indicates that this tool 

would have greater sensitivity to differences between alter- 

nating and random structures. 

In favourable cases, the presence of substituents on the 

monomers allows chemical treatment yielding direct evidence of 

the monomer sequence. For example, vinyl chloride - methyl- 

methacrylate copolymers prepared in the presence of ethyl aluminum 



Recently, equimolar alternating copolymers of styrene and methyl- 

methacrylate have been cyclized using polyphosphoric acid (109). 

The extent of cyclization was found to be 40$ compared with only 

10s for equimolar copolymers prepared in the absence of complex- 

ing agent. 

The recent use of thermal techniques (16,102,106) has 

indicated the possibilities of employing these methods to 

characterize alternating copolymers. 

I. 3.4. EVIDENCE FOR PARTICIPATION OF DONOR ACCEPTOR COMPLEXES - - - - - - - - - - - - - - - - - - - - - - - - 

IN ALTERNATING COPOLYMERIZATIONS. - - - - - - - - - - - - - - - -  

Although spontaneous formation of donor acceptor complexes 
I 

is known to occur in a small number of polymerizing systems which I 

yield alternating copolymers (28,36,37,47-51), there is less I 

1 evidence for their existence in systems which require Lewis 1'1 

)acids to give an alternating effect. Ikegami and Hirai (63) !I I 

reported Uel,T. evidence for a charge transfer complex in the 

styrene - acrylonitrile - zinc chloride system. N.M.R. and 

U.V. evidence shows the presence of a donor acceptor complex 

between complexed methylmethacrylate and butadiene (110). 

Similar evidence has been presented for the existence of donor 

I acceptor complexes in the styrene - methylmethacrylate - SnC14 and styrene - methacrylonitrile - SnC14 systems (111,112). 

However, in some systems which yield 1:l alternating copolymers, 

no evidence of donor acceptor complexes has been obtained (27, 
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43,113). Thus Uschold (27), using an extremely sensitive 

calorimetric technique czpable of detecting molecular complexes 

with formation constants was unable to detect any 

interaction between complexed acrylonitrile and 1-hexene. 

similarly, Hirooka (43) was unable to detect any complex 

between styrene and complexed methyl acrylate using U.V. and 

cryoscopic techniques. 

Most comonomer systems yielding alternating copolymers 

fall into this class of forming weak donor acceptor complexes. 

Gince these complexes are therefore in extremely low concen- 

trations, this would require them to have exceptionally high 

reactivity. It seems difficult to expect such high reactivity 

of a monomer complex whose bond is considered to be as weak as a , 

contact charge transfer interaction (25,43). Hence it could be 
1 

argued that the existence of molecular complexes in a reaction 
1 

system does not prove that they are intermediates through which I 

the reaction products are formed (25,37,114). 
I 

Many authors have cited the observed characteristic 

properties of Lewis acid catalysed and spontaneous alternating 

copolymerizations (section 1.3.2.) as being proof that donor 

acceptor molecular complexes are the polymerizing entity in 

these systems (21,28,30,33,39,95). However, some systems which 

ield 1:l alternating copolymers fail to show those very 

haracteristics. Thus a number of comonomer systems do not 

ield 1 :1 alternating copolymers at all feed ratios (24,28,49, 

5,63,70,71,75,76,94,117-120) and some systems do not give the 

1 
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pected rate and molecular weight maximum at 1:l feed ratios 
I 
I 

I 

The tendency towards formation of non-equimolar copolymers I 
I 

has been explained by Gaylord as being due to the existence of 

competing reactions or complex dissociation (55,70,71,120). 

mus in the polymerization of styrene with acrylonitrile in the 

presence of zinc chloride, a non-equimolar, high acrylonitrile 

copolymer accompanies the 1:l alternating copolymer when the 

polymerization is carried out at elevated temperatures or high 
I 
I 

conversions (55). 

Gaylord suggests that two kinds of donor - acceptor 
complexes exist in the solution: 

I 

ZA + A - Z M  

ZA + D ZAD 

Copolymerization of ZAA with ZAD would thus result in the 
I 

formation of a high A content copolymer. If ethylaluminum I 

sesquichloride is used instead of zinc chloride in this system, 
f 

the non-equimolar copolymer accompanying the alternating copolymer 

is found to be rich in styrene (70,120). In this case, 

dissaciation of the terminal complex is postulated to occur, 

this process giving rise to a conventional copolymerization of 

the donor and acceptor monomers: 

+ - + - 
-(DA)~D* + *A . . .Z -(DA)~D* *A ... z ,- 

i 
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I. 3.5. MECHANISM OF DONOR-ACCEPTOR COMPIEX POLYMERIZATION. - _ _ _ _  _ - _ _ _ _ _ _ _ _ _ _ _ _ _ -  
The mechanism through which donor acceptor complex 

polymerizations proceed i s  the  subject  of some controversy (45) .  

Most workers favour a propagation reac t ion  involving homo- 

polymerization of donor acceptor  complexes (21,28,30,33,37,39, 

95) ,  while o ther  workers p re fe r  the  chain end theory propounded 

by Zubov e t  a l .  (18,25-27,38,40,46). The i n i t i a t i o n  and 

termination mechanisms have received l i t t l e  a t t e n t i o n  but  they 

a re  general ly  considered t o  proceed along s imi la r  l i n e s ,  

i r respec t ive  of the  propagation mechanism. 

Thus, i n i t i a t i o n  i s  thought t o  occur i n  severa l  

possible ways, depending on the  conditions e.g. by d i r e c t  a t t ack  

of r ad i ca l  i n i t i a t o r  fragments (28,38), hydrogen abs t r ac t ion  from 

the  complex (95) o r  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 he  complex or  t o  a monomer and then t o  the  complex (122,123). 

Creation of exci ted s t a t e s  by the  decomposition of organic 

peroxides and azo compounds (124,125) could account f o r  t he  

unusual c a t a l y t i c  e f f e c t  of r ad i ca l  precursors t h a t  has been 

observed (45) .  The termination s t e p  i s  considered by Gaylord 

t o  be e i t h e r  monomolecular o r  bimolecular involving polymer- 

polymer o r  polymer - complex in t e r ac t ion  (95) .  

The major d i f ferences  of opinion i n  the  mechanism of 

donor acceptor complex polymerization centres  around the  propa- 

gat ion s tep .  Although it i s  general ly  agreed t h a t  the  propag- 

a t i o n  reac t ion  i s  r ad i ca l  in nature,  t he  exact d e t a i l s  of t he  

mechanism a re  not  agreed upon. Gaylord and others  bel ieve  

t h a t  propagation proceeds through the  homopolymerization of 



donor acceptor molecular complexes (sect ion 1.3.2.). The 

overal l  scheme f o r  the polymerization reaction i s  summarized 

below: 

D + ZA (ZAD)  

Catalyst - R 

R -  + (ZAD) - R - ( Z A D ) ~  

R - ( z A D ) -  + (ZAD), d R - (ZAD) ,+~ .  

2 R  - ( Z A D ) , + ~  l -------a P - P or  2P 

Zubov and other workers f e e l  t h a t  the  main argument 

against such a propagation s t ep  i s  the  very small concentrations 

of complexes t h a t  a re  known t o  e x i s t  in  these solutions.  

Zubov f e e l s  t h a t  the a l te rna t ing  e f f e c t  observed in 

these polymerizations can be explained by means of a mechanism 

involving the e f f e c t  of Lewis acids on the  propagation r a t e  

constants with complexed monomers and radicals  (24,38). In a 
? 

study of the  rad ica l  ~ o ~ o l y m e r i z a t i d n  of methylmethacrylate and 

various monomers i n  the presence of various Lewis acids ( ZnC12, 

A l C 1 3 ,  A1Br3 and A l ~ t , ~ l ) ,  it was found t h a t  the  copolymerizatiol 

behaviour could be s p l i t  i n to  two d i f fe rent  types (24 ) .  

( a )  When the comonomer (methyl acrylate ,  butyl  acry la te )  wasal 

able t o  form complexes with the complexing agent, the reac t iv i ty  

r a t ios  r l  and r2 both tended towards unity and the copolymer 

composition approached the monomer feed composition as the 

concentration of complexing agent was increased. These r e su l t s  

were explained by the following scheme. 



Thus the  monomer add i t ion  occurs by e l ec t ron  t r a n s f e r  through the  

metal atom i n  the  cyc l i c  t r a n s i t i o n  complex. The e f f ic iency  of 

t h i s  process i s  postulated t o  be higher than t h a t  of ordinary 

homolytic opening of the  double bond. (E .  S. R. s t ud i e s  of 

polymethyl methacrylate r ad i ca l s  complexed with metal ha l ides  

have been shown t o  d i f f e r  from uncomplexed polymethyl methacry- 

l a t e  r ad i ca l s  (64) .  The di f ference  i s  due t o  the  f a c t  t h a t  the  

e lec t ron  densi ty of t he  unpaired e lec t ron  on the  metal atom i s  

not zero.)  If t he  propagation occurs by t h i s  mechanism then the  

di f ferences  in the  r e l a t i v e  a c t i v i t i e s  of the  double bonds of the  

two monomers may disappear,  and thus t he  copolymerization 

becomes idea l  in nature.  

(b)  When the  comonomer (vinylidene chloride,  2,6 - dichloro- 

s tyrene,  p - chlorostyrene, s tyrene)  was unable t o  form a complex 

with t he  complexing agent, the  value of r l  e i t h e r  increased and 

passed through a maximum, o r  decreased throughout (depending on 

the  comonomer and/or t he  complexing agent)  a s  the  concentrat ion 

of the  Lewis ac id  was increased. The value of r2 was found 

t o  decrease in a l l  cases. 

It has been found t h a t  Lewis ac ids  a r e  more s t rongly  

bound t o  growing r ad i ca l s  than t o  the  corresponding monomers (64) .  



Thus var ia t ions  i n  r l  values a r e  d i r e c t  measures of t he  

r e a c t i v i t i e s  of the  complexed r ad i ca l s  with comonomers. An 

increase i n  r l  s i g n i f i e s  t h a t  the  r e a c t i v i t y  of a complexed 

r ad i ca l  i s  l e s s  than the  corresponding uncomplexed rad ica l .  

This behaviour was observed when comonomers of low donor 

s t reng th  (e.g. vinylidene chlor ide)  o r  l e s s  s t rong Lewis acids 

(e.g. ~ n c l , )  were used. With s t ronger  donor molecules (e.g. 

s tyrene)  o r  s t ronger  complexing agents (e.g.  A1c13),rl tends' 

t o  decrease with increasing concentrat ion of Lewis ac id ,  

s ignifying t h a t  the  complexed r ad i ca l  i s  more reac t ive  than 

the  uncomplexed rad ica l .  The steady decrease i n  r2 values 

as  the  concentrat ion of Lewis ac id  increases,  s i g n i f i e s  t h a t  

the  r e a c t i v i t y  of complexed monomer increases compared t o  pure 

monomer . 
?"nus the  copolymerization behaviour of comonomer 

systems having a wide range of e values can be s a t i s f a c t o r i l y  

explained by considering the  e f f e c t  of Lewis ac ids  on the  

propagation r a t e  constants .  

The increase i n  r e a c t i v i t y  of the  complexed over t he  

uncomplexed r ad i ca l  i s  explained a s  being due t o  t h e  g r e a t e r  

de loca l i sa t ion  of the  unpaired e lec t ron,  which thus decreases 

i t s  i d e a l  r ad i ca l  a c t i v i t y  (64) .  A t  the  same time, t he  

r ad i ca l  a t t a i n s  some ca t ion i c  character  t h a t  may enhance i t s  

r e a c t i v i t y  t o  the  other  monomer due t o  polar  e f f e c t s .  This 

polar  i n t e r ac t ion  can be viewed a s  a formation of a donor 

acceptor complex a t  the  chain end. 



1.3.6. - - - -  SUMMARY. 

It can be seen  from t h i s  review t h a t  d e s p i t e  t h e  f a c t  

t h a t  a l a r g e  amount of  work has been done i n  t h e  f i e l d  of  donor 

accep to r  complex polymerizat ions,  a g r e a t  dea l  of c o n f l i c t i n g  

evidence e x i s t s .  In any p a r t i c u l a r  system, t h e r e  e x i s t s  a 

d e l i c a t e  balance between f a c t o r s  such as e  value separa t ion ,  

complexing a b i l i t y  of t h e  Lewis ac id ,  temperature,  so lven t ,  and 

it i s  d i f f i c u l t  t o  make g e n e r a l i z a t i o n s .  

During a r e c e n t  panel  d i scuss ion  on a paper presented  

by Zubov (45) ,  t h e  s t a t e  of t h e  f i e l d  was e x c e l l e n t l y  summed up 

by Barnford:- 11 ....... we're  dea l ing  with a  wide v a r i e t y  of 

systems ........ t h e r e  may wel l  be many d i f f e r e n t  r e a c t i o n s  

and we s h a l l  g e t  ourse lves  i n t o  a  t e r r i b l e  t a n g l e ,  I th ink ,  i f  

we t r y  t o  push everything i n t o  one mechanism." 

I. 4. ELECTROINITIATED POLYMERIZATIONS. 

Polymerization r e a c t i o n s  a r e  i n i t i a t e d  by r e a c t i v e  

spec ies  such a s  f r e e  r a d i c a l s ,  carbanions o r  carbonium ions.  

These can be genera ted  v i a  s u i t a b l e  chemical processes  o r  by 

e l e c t r o l y s i s .  The f i e l d  of e l e c t r o i n i t i a t e d  polymerizations 

i s  f a i r l y  new and has been reviewed by a  number of workers 



(127-132). In t h i s  introduction,  a  b r i e f  survey of e l ec t ro -  

i n i t i a t e d  polymerizations w i l l  be given together  with a 

descr ip t ion  of t he  techniques used i n  t h i s  t he s i s .  

ELECTRODE REACTIONS. - - - - - - - - - -  

There i s  a  g r e a t  number of possible react ions  t h a t  can 

occur a t  an electrode.  A s u p e r f i c i a l l y  simple ove ra l l  r eac t ion  

may require  a  complex s e r i e s  of individual  s teps  a t  t he  electrode.  

Such f ac to r s  as  overpotent ia l  a t  an e lec t rode surface,  i n t e r -  

ac t ions  on the  e lec t rode mate r ia l  and d i f fus ion  from the  

e lec t rode a l l  can play important ro l e s  in the  determination of 

the  p a r t i c u l a r  products of an electrochemical transformation. 

Yamazaki (129) has c l a s s i f i e d  e lec t rode react ions  i n t o  two 

major types :  cathodic and anodic. The cathodic react ions  a r e  

c l a s s i f i e d  as  follows: 

A :  Generation of f r e e  r ad i ca l s  

+ 
i) H + e- -+ H* 

iii) Reduction of oxidizing agents (peroxides)  

H202 + e- --+ OH- + OHm 

ROOR + e- d RO- + ROO 

B: Generation of radical-anions 

i) Indi rec t  e l ec t ron  t r a n s f e r  t o  monomer 

+ Na + e- + Na 

Na + M -+ ~ a +  + M; 

ii) Direct  e l ec t ron  t r a n s f e r  t o  monomer 

M + e - 4  M' 



C: Formation of unstable monomer 

C13C- -C C i ,  + 2 ~ '  + 2e----f C1,C- 0 = C  C 1 2  

D: Formation of an ac t ive  c a t a l y s t  

i) Fe3+ + e - + ~ e ~ +  

Fe2+ + H 2 O 2 4  HO- + HOW + Fe3+ 

The anodic react ions ,  on the  other  hand, g ive  r i s e  t o  

oxidat ion products and a r e  c l a s s i f i e d  a s  fol lows:  

E: Formation of f r e e  r ad i ca l s  by t h e  Kolbe r eac t ion  

R-COO--+R-COO* + e----+~* + C02 + e- 

F: Formation of radical -cat ions  

i) ~ 1 0 , -  -+ ~ 1 0 , .  + e- 

C 1 O 4 *  + ~ 4 ~ 1 0 ;  + Mt 

ii) M ---, M? + e- 

G :  Ring opening polymerization a r i s i n g  from F (i) above. 

H:  Oxidative condensation polymerization 

F--+ e- + F* 

Fa + C6Hs + FH + C6H5* 

2 C 6 H 5 *  -+ C6H5-C6H5 

E l e c t r o l y t i c  i n i t i a t i o n  o f t en  implies a  s i g n i f i c a n t  

degree of control  over t he  r a t e  of t he  i n i t i a t i o n  react ion.  

This can be demonstrated by the  example of a  reduction-oxid- 

a t i o n  i n i t i a t o r  system, such a s  described by D i). The hydroxyl 

r a d i c a l s  produced by t h e  reac t ion  of hydrogen peroxide with 

fe r rous  ion i n i t i a t e  the  polymerization of a  v inyl  monomer. 

Taking advantage of e l e c t r o l y s i s ,  one may s t a r t  with an inact ive  

system composed of Fe3+ ions and H202 and produce the  required 

amount of ac t i ve  Fe2+ ions by the  e l e c t r o l y t i c  reduction. 



From t h i s  po in t  of view, t h e  e l e c t r o l y t i c  method possesses  a  

g r e a t  degree o f  f l e x i b i l i t y  as t o  the ins tantaneous  c o n t r o l  of 

i n i t i a t o r  concent ra t ion .  

It i s  imporf;ant t o  no te ,  t h a t  i n  most e lec t rochemical  

polymeriza-bns it i s  only t h e  i n i t i a t i n g  s t e p  t h a t  can be 

a f f e c t e d  by t h e  v a r i a t i o n  of e lec t rochemical  parameters.  

Under a  g i v e n  s e t  of condi t ions ,  a  r a d i c a l  polymerizat ion of 

s ty rene  w i l l  proceed by t h e  same mechanism r e g a r d l e s s  of 

whether it was i n i t i a t e d  by e l e c t r o l y s i s  o r  by a chemical 

i n i t i a t o r ,  provided t h a t  d i f f u s i o n  from t h e  su r face  of t h e  

e l e c t r o d e  i s  f a s t  enough and absorpt ion  e f f e c t s  a r e  n e g l i g i b l e .  

However, i f  t h e  two e l e c t r o d e s  a r e  no t  separa ted  and t h e  

s o l u t i o n  can move f r e e l y  from one e l e c t r o d e  t o  t h e  o t h e r ,  

products  formed a t  t h e  counter  e l e c t r o d e  may r e a c t  with t h e  

i n i t i a t i n g  spec ies  o r  with t h e  growing chains  (133-135). 

Such r e a c t i o n s  may cause t e rmina t ion  o r  cha in  t r a n s f e r .  

The choice of experimental  condi t ions  f o r  e l e c t r o -  

i n i t i a t e d  polymerizat ions i s  f r equen t ly  d i f f i c u l t  due t o  

contravening demands of t h e  e l e c t r o l y t i c  process  on one hand 

and t h e  polymerizat ion r e a c t i o n  on t h e  o the r .  S p e c i f i c a l l y ,  

a s  t h e  m a j o r i t y  of u s e f u l  polymers a r e  inso lub le  i n  aqueous 

systems, it i s  necessary t o  employ non-aqueous so lven t s  f o r  

polymerizat ion r e a c t i o n s .  This p laces  c o n s t r a i n t s  on e l e c t r o -  

chemical techniques.  Also, t h e  v i s c o s i t y  changes encountered 

during a  polymerizat ion a r e  f a r  g r e a t e r  than  those  encountered 

i n  organic  syn thes i s .  The r e s u l t a n t  e f f e c t  upon t h e  d i f f u s i o n ,  

migra t ion  and o t h e r  t r a n s p o r t  phenomena i s  o f t e n  i l l - d e f i n e d ,  



and i s  a  f e a t u r e  of e lec t rochemical  polymerization. 

I. 4.2.  TYPES OF ELECTROINITUTED STUDIES. - - - - -  - - - -  

Polymerization by e lec t rochemical  techniques may be ' s t u d i e d  from a v a r i e t y  of d i f f e r e n t  s t andpo in t s :  
' 

( a )  t h e  r a t e  of t h e  r e a c t i o n  may be c o n t r o l l e d  by programming 

t h e  current- t ime p r o f i l e .  Thus Funt and Yu (189) s t u d i e d  t h e  

homopolymerization of methylmethacrylate and found a l i n e a r  

dependence of  t h e  r a t e  of polymerizat ion on t h e  impressed 

cur ren t .  S imi la r  s t u d i e s  on t h e  e l e c t r o i n i t i a t e d  an ion ic  

polymerizations of methylmethacrylate (136) ,  a c r y l o n i t r i l e  (137), 

isoprene (138) and s t y r e n e  (139) showed s i m i l a r  r e l a t i o n s h i p s  

between r a t e  and app l i ed  cu r ren t .  Although e l e c t r o i n i t i a t e d  

c a t i o n i c  polymerizations have received f a r  l e s s  a t t e n t i o n ,  

d i r e c t  c u r r e n t  c o n t r o l  of  those  r e a c t i o n s  t h a t  have been s tud ied  

is a l s o  evident  (140-144) .  

( b )  t h e  molecular weight d i s t r i b u t i o n s  can be c o n t r o l l e d  

through v a r i a t i o n  of t h e  impressed cur ren t .  This c o n t r o l  i s  

poss ib le  only i n  l i v i n g 1  systems, t h e  pioneering work i n  which 

was done by Szwarc (145).  In t h e s e  systems, t h e  growing chain 

ends r e f e r r e d  t o  a s  " l i v i n g  ends" (LE) w i l l  n o t  te rminate  with 

one another  i n  a pure medium, and t h e r e f o r e  r e t a i n  t h e i r  

r e a c t i v i t y  i n d e f i n a t e l y .  The molecular weight i n  such 

polymerizations i s  simply g iven  by 

- 
DP = n[ MI/[: LEI 

where n i s  t h e  number of l i v i n g  ends pe r  polymer molecule. 

Funt and h i s  co-workers have app l i ed  e lec t rochemical  

techniques t o  produce polymers wi th  c o n t r o l l e d  molecular weight 



d i s t r i b u t i o n s  (135,146). This i s  achieved by producing a 

s p e c i f i e d  concent ra t ion  of l i v i n g  ends and conducting t h e  

polymerizat ion u n t i l  a  predetermined q u a n t i t y  of monomer has 

been polymerized. Current r e v e r s a l  t h e n  produces a  s t o i c h i o -  

m e t r i c  d e s t r u c t i o n  of growing ends u n t i l  t h e  l i v i n g  end 

concen t ra t ion  reaches a  new and lower value.  The polymer- 

i z a t i o n  i s  then  allowed t o  proceed u n t i l  a  second p o r t i o n  of 

monomer i s  consumed. 

A cyc l ing  technique has a l s o  been app l i ed  t o  produce 

polymer of high degree of moncdispersi ty  a s  we l l  a s  c o n t r o l l e d  

molecular  weight d i s t r i b u t i o n s  (147).  

( c )  t h e  i n i t i a t i o n  s t e p  can be c o n t r o l l e d  by s e l e c t i v e  

p o t e n t i a l  con t ro l .  This w i l l  be mentioned i n  t h e  s e c t i o n  

dea l ing  with c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s .  

I. 4.3. CYCLIC VOLTAMMETRY AND CONTROLLED POTENTIAL - - - - -  - - - - -  - - - - - - -  - - - -  

ELECTROLYSIS. - - - - - -  
I n  o rde r  t o  b r ing  about e l e c t r o l y t i c  r e a c t i o n s ,  a  dc 

vol tage ,  s u f f i c i e n t  t o  cause a c u r r e n t  t o  pass ,  i s  app l i ed  t o  

a c e l l  c o n s i s t i n g  of two e lec t rodes  i n  con tac t  with a s o l u t i o n  

of e l e c t r o a c t i v e  and i o n i c  spec ies .  E lec t rons  flow through 

t h e  e x t e r n a l  c i r c u i t  from t h e  anode t o  t h e  cathode. A t  t h e  

cathode su r face ,  e l e c t r o n s  a r e  t r a n s f e r r e d  t o  some e l e c t r o a c t i v e  

substance i n  s o l u t i o n ,  which i s  thereby reduced. The reverse  

occurs  a t  t h e  anode. 

The t o t a l  impressed vol tage ,  V, ac ross  t h e  e l e c t r o l y s i s  

c e l l  may be divided i n  t h e  fol lowing manner:- 

V = Ea + Ec + i R  

where Ea and Ec a r e  t h e  p o t e n t i a l s  of t h e  anode and cathode 



r e f e r r e d  t o  some re fe rence  e l e c t r o d e ,  R i s  t h e  r e s i s t a n c e  

of t h e  s o l u t i o n ,  and i i s  t h e  c u r r e n t  flowing through t h e  

c e l l .  I n  simple e l e c t r o l y s e s ,  e i t h e r  t h e  a p p l i e d  vo l t age  

V, o r  t h e  cu r ren t  i remains cons tan t  f o r  t h e  dura t ion  of t h e  

experiment. However, because t h e  e l e c t r o a c t i v e  substances 

a r e  removed by e l e c t r o l y s i s ,  t h e  s o l u t i o n  r e s i s t a n c e  and t h e  

p o t e n t i a l s  of t h e  anode and cathode may a l t e r  with t ime. 

To avoid t h i s ,  e l e c t r o l y s i s  may be performed a t  a c o n t r o l l e d  

e l e c t r o d e  p o t e n t i a l .  

Consider t h e  e l e c t r o l y t i c  reduct ion  o f  a g iven  

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

cathode. It may be determined, using voltammetric techniques 

such a s  c y c l i c  voltammetry, t h a t  t h e  requi red  reduc t ion  t akes  

p lace  when t h e  cathode i s  a t  some optimum p o t e n t i a l ,  Ec. 

The e s s e n t i a l  f e a t u r e  of e l e c t r o l y s i s  a t  c o n t r o l l e d  p o t e n t i a l  

i s  t h a t  t h e  e l e c t r o d e  p o t e n t i a l  i s  maintained a t  Ec, d e s p i t e  

changes i n  t h e  s o l u t i o n  composition and r e s i s t a n c e .  

By t h i s  means, t h e  r e a c t i o n  a t  t h e  cathode may be 

r e s t r i c t e d  t o  t h e  reduct ion  occurr ing  a t  p o t e n t i a l  Ec,  even 

i n  t h e  presence of o t h e r  spec ies  i n  s o l u t i o n  which a r e  reduced 

a t  more cathodic p o t e n t i a l s .  Thus, t h i s  process  i s  much 

more s e l e c t i v e  than  e l e c t r o l y s i s  a t  cons tan t  c u r r e n t  o r  

cons tant  vol tage.  

In  o rde r  t o  apply c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  

e f f e c t i v e l y ,  it i s  necessary t o  determine t h e  c u r r e n t - p o t e n t i a l  



r e l a t i onsh ip  f o r  the  system under study. Polarography a t  the  

dropping mercury e lec t rode i s  t he  best-known technique f o r  

f inding t h i s  information, but  the  use of t h i s  system i n  

organic solut ions  of high res i s tance  under conditions s imi l a r  

t o  those necessary f o r  anionic polymerizations r a i s e s  severe 

experimental problems. Of t he  poss ible  electrochemical 

methods f o r  examining organic react ions ,  cyc l ic  voltammetry 

a t  a platinum microelectrode seems the  most promising. 

Cyclic volta.mrnetry, which :i.s bas i ca l ly  cyc l i c  polar- 

ography i n  an uns t i r r ed  solut ion,  gives not  only the  reduction 

po ten t i a l  cha rac t e r i s t i c s  of the  system under study, but  a l s o  

gives information i n t o  the  poss ible  f a t e  of t h e  reduced species 

(148).  In uns t i r r ed  solut ion,  t he  products reduced during the  

forward sweep can be re-oxidised during the  reverse sweep. For 

a revers ib le  process, a symmetrical wave i s  obtained with a 

separa t ion between pos i t ive  and negative peaks of approximate- 
.? 

l y  59 mi l l i vo l t s .  However, when a rapid  chemical reac t ion  

such as  polymerization follows the  reduction cycle,  t h e  

corresponding reverse peak disappears. Thus by va r i a t i on  of 

the  sweep r a t e ,  the  k i n e t i c s  of secondary electrochemical 

react ions  can be studied. 

Thus a cyc l ic  voltammetry study of phenyl subs t i t u t ed  

ethylenes has shown t h a t  protonation and polymerization a r e  

competitive under c e r t a i n  conditions (149). Diphenylpicryl- 

hydrazyl, a substance of pa r t i cu l a r  i n t e r e s t  a s  an i n h i b i t o r  

i n  f r e e  r ad i ca l  polymerizations, has been s tudied by cyc l ic  

voltammetry (150). This substance shows four  revers ib le  



e l ec t ron  t r a n s f e r  s teps  i n  tetrahydrofuran.  The po ten t i a l  

dangers of using such inh ib i to r s ,  which a r e  themselves e l ec t ro -  

ac t i ve ,  i n  determining the  propagating species i n  e l ec t ro -  

i n i t i a t e d  polymerizations, was indicated from t h i s  study. 

Although the  app l ica t ion  of cyc l i c  voltammetry i n  

electropolymerizat ion s tud ies  has received l i t t l e  a t t en t ion ,  

t he  advantages of control led  po ten t i a l  e l e c t r o l y s i s  has been 

recognized. Thus Yamazaki e t  a l .  (190) conducted an exce l len t  

study of some t e n  monomers using polarography and control led  

p o t e n t i a l  e l ec t ro lys i s .  These workers obtained the  reduction 

po ten t i a l s  of the  t e n  monomers by polarographic means using 

dimethoxyethane as  solvent  and tetrabutylammonium perchlora te  

a s  e l ec t ro ly t e .  Results f o r  t h r ee  monomers a r e  shown i n  

Figure 4. Having found the  reduction po ten t i a l s ,  t he  

polymerization of each monomer was then conducted a t  the  

appropriate cathodic po ten t i a l  a t  which monomer alone could 

be reduced and the  e l e c t r o l y t e  not  af fected.  This then 

enabled the  authors t o  pos tu la te  d i r e c t  e l ec t ron  t r a n s f e r  t o  

t he  monomer a s  t he  i n i t i a t i o n  step.  Similar  mechanistic 

i n t e rp re t a t i ons  have been made by other  workers (137, 151-154). 

The p o t e n t i a l i t i e s  of t he  combined appl ica t ion  of 

control led  po ten t i a l  and polarographic techniques has been 

shown i n  a  number of recent  papers by Mengoli e t  a l .  (155-161). 

In these  s tud ies ,  r ad i ca l  anions o r  ca t ions  have been generated 

electrochemically by control led  po ten t i a l  e l e c t r o l y s i s  and t h e i r  

decay followed by polarographic techniques. The decay reac t ion  

involves e i t h e r  d i r e c t  e lec t ron  t r a n s f e r  t o  o r  from a  monomer 



Figure POLAROGRAMS O F  A C R Y L O N I T R I L X  , a -METHYLSTYRENE 

AND I S O P R E N E .  (190) 
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(156,158,160) o r  by hydrogen t r ans fe r  (155,157) with subsequent 

ionic polymerization of the  monomer. I n i t i a t i o n  of anionic 

polymerization by rad ica l  anions produced chemically i s  well 

known (145). However the electrochemical methods permit 

d i r ec t  control of the  concentration of ac t ive  species and the 

a b i l i t y  t o  continuously determine these species by polarographic 

techniques without a l t e r ing  the system during the reaction. 

I. 4.4. ELGCTROINITIATED _ _ _ _ _ _ _ _ _ _ C _ _ _ _ _ _ _ _ _ - -  COPOLYMERIZATION REACTIONS. E 
E1ec.troinitiated copolymerization reactions have 

& 
t received very l i t t l e  a t tent ion.  In f ac t ,  copolymerization has 
1 

been almost exclusively studied only as  a diagnostic technique 

f o r  the  determination of propagation mechanisms (133,134,136, 

137,152). In the only e l ec t ro in i t i a t ed  copolymerization study 

done u n t i l  recently, the  anionic copolymerization of styrene and 

methylmethacrylate was carr ied out (162). Recently, there  has 

been some i n t e r e s t  in the e l e c t r o i n i t i a t i o n  of donor acceptor 
9 

complex copolymerizations (83,84,86,87,163). Thus Phi l l ips  

e t  a l .  (84-87) studied the styrene - diethylfumarate (DEF) - 
zinc bromide system by e lec t ro lys is .  They found t h a t  a l t e rna t -  

, 
ing copolymers were obtained in the cathode compartment under 

a wide range of conditions. The s tudies  were carr ied out 

using very high currents,  and no e f f o r t  was made t o  control  the  

potent ia l .  Under these conditions it i s  extremely d i f f i c u l t  

t o  make any sensible conclusions regarding the i n i t i a t i o n  

mechanism. 

Comparison of photoini t ia t ion and e l e c t r o i n i t i a t i o n  

i n  t h i s  system showed de f in i t e  correla t ions  between product 
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y i e l d  and cumulative energy input.  On the  bas i s  of t h i s  and 

other  observations, the  authors postulated t h a t  i n  both e lec t ro -  

i n i t i a t i o n  and photoini t  i a t  ion, t he  f i rs t  s t e p  involved the  

formation of the  donor acceptor  complex between S t  and DEF. 

The system s tudied by Ph i l l i p s  e t  a l .  is  s imi l a r  t o  t he  

St-AN-zinc bromide system s tudied in t h i s  t he s i s .  However, 

the re  a r e  some very important d i f ferences  which makes d i r e c t  

comparison extremely misleading. This w i l l  be seen l a t e r  in 

the  t hes i s .  



11. E X P E R I M E N T A L  M E T H O D S .  

11.1. CHEMICALS AND THEIR PURIFICATION. 

11.1.1. - - - -  MONOMERS. 

A c r y l o n i t r i l e   athe he son), s ty rene  ( ~ a s t m a n )  and 

methylmethacrylate me at he son) were d r i e d  f o r  s e v e r a l  days over 

calcium hydride,  e l u t e d  through an alumina column and d i s t i l l e d  

a t  reduced pressure  on a spinning band column of  high e f f i c i e n c y ,  

t h e  c e n t r e  c u t  being used i n  a l l  experiments. 

11.1.2. SALTS AND EIBCTROLYTES. 
- - - A  - - - - - -  - 

Zinc ch lo r ide  ( ~ l l i e d  chemical) and z inc  bromide 

 i is her) were d r i e d  f o r  twenty-four hours a t  100°C i n  a  vacuum 

oven before  use.  

Tetrabutylammonium perch lo ra te  ( ~ a s t m a n )  was d r i e d  a t  

8 0 " ~  i n  a  vacuum oven. Other reagent  grade e l e c t r o l y t e s  were 

s i m i l a r l y  t r e a t e d .  

11.1.3. SOLVENTS. - - - -  

1,2  - dichloroethane  i is her c e r t i f i e d )  was d r i e d  over 

P2O5 f o r  a week before  d i s t i l l a t i o n .  The 70% cen t re  c u t  was 

used throughout. 

Tetrahydrofuran  a is her, His to log ica l  ~ r a d e )  was d r i e d  

over  CaH2 f o r  s e v e r a l  days and d i s t i l l e d  onto a  sodium mir ror .  

Repeated d i s t i l l a t i o n s  were c a r r i e d  out  u n t i l  t h e  sodium 

mi r ro r  remained i n t a c t .  

A c e t o n i t r i l e  ac is her) was d r i e d  over CaS04 f o r  

s e v e r a l  days, d i s t i l l e d  and s t o r e d  over molecular s i e v e  #4A. 
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t-Butyl chlor ide  ( ~ a s t m a n )  was d i s t i l l e d  p r i o r  t o  

use. 

A l l  o ther  chemicals employed i n  t h i s  work were reagent 

grade, and used without f u r t h e r  pur i f i ca t ion .  

,h 

i 11.2. ELECTRONIC EQUIPMENT. 
F 
f 
t Electrochemical work was ca r r i ed  out using a Princeton 
r 
2 

Applied Research #I70 Electrochemistry System ( P A R ) .  This 
I 
i instrument was capable of providing up t o  5 amps, and the  

maximum voltage output of gOV between the  working and counter 

e lec t rodes  was s u f f i c i e n t  f o r  work i n  the  high res i s tance  non- 

aqueous solvents  used here. Some of t he  i n i t i a l  cyc l i c  

voltammetry and control led  p o t e n t i a l  work was done using a 

Wenking RH po ten t io s t a t  i n  conjunction with a Hewlett-Packard 

3300A funct ion generator  which provided square, t r i angu la r ,  

s ine  and sawtooth s igna l s  with a frequency range from 0.01 Hz 

t o  10k Hz. 

Current r eve r sa l  experiments were ca r r i ed  out using the  

PAR s e t  f o r  constant current .  The s igna l  generator  supplied a 

square wave s igna l  of t he  required frequency and a l s o  ac t iva ted  

an e l ec t ron ic  re lay  which reversed the  d i r ec t ion  of the  current  

through the  c e l l .  

11.3, ELECTROLYSIS CELLS. 

The c e l l  used f o r  cyc l ic  voltammetry i s  shown i n  

Figure 5. The working e lec t rode consisted of t he  cross-  

sec t ion  of a  1/16 inch diameter platinum wire sealed i n  g lass .  

A simple s i l v e r  wire sheathed i n  a  g l a s s  c a p i l l a r y  proved 



Figure 5. CELL USED FOR CYCLIC VOLTAMMETRY. 



WRKING ELECTROOE 

COUNTER ELECTRODE 

TUNGSTEN /GLASS 

PLATINUM WIRE 
SEALED IN GLASS 

PLATINUM DISK 



- 39 - 
adequate as a  reference  e l e c t r o d e  (164,165). A d iv ided  c e l l  

which could be used f o r  c y c l i c  voltammetry and c o n t r o l l e d  

p o t e n t i a l  s t u d i e s  of t h e  same s o l u t i o n  i s  shown i n  Figure 6. 

Cycl ic  voltammetry work could be c a r r i e d  out  before  and during 

a  polymerizat ion by employing e l e c t r o d e s  2 ( c o u n t e r ) ,  4  (working) 

and 5  ( r e f e r e n c e ) .  Polymerization under c o n t r o l l e d  p o t e n t i a l  

e l e c t r o l y s i s  was e f f e c t e d  us ing  e l e c t r o d e s  1 ( c o u n t e r ) ,  2 (working) 

and 3 ( r e f e r e n c e ) .  In t h e  donor acceptor  experiments,  t h e  se t -up  

was l e s s  complicated. Only e l e c t r o d e s  1 ,2  and 3 were u t i l i z e d  

with e l e c t r o d e s  4 and 5 being completely absent .  The reference  

e l e c t r o d e  3 was e i t h e r  a s i l v e r  o r  platinum wire o r  a l t e r n a t i v e l y  

a demountable A ~ / A ~ +  r e fe rence  e l e c t r o d e  (166) .  The s i d e  arm 

arrangement provided ease  i n  handl ing s o l u t i o n s  a s  w e l l  a s  an  

e n t r y  p o r t  f o r  t h e  A ~ / A ~ +  r e fe rence  e l e c t r o d e  when used. The 

undivided c e l l  used i n  some experiments i s  shown i n  Figure 7. 

The two e l e c t r o d e s  a r e  1" square platinum (as i s  t h e  case f o r  

e l e c t r o d e s  1 and 2 in  Figure 6 )  sepa ra ted  by *". 
11 .4 .  POLYMERIZATION PROCEDURE. 

The i n i t i a l  c y c l i c  voltammetry and c o n t r o l l e d  p o t e n t i a l  

e l e c t r o l y s i s  experiments were c a r r i e d  out  under h igh  vacuum 

techniques.  Thus, f o r  example, background e l e c t r o l y t e  and 

s t i l b e n e  were evacuated overnight  before  i n t r o d u c t i o n  of so lven t  

(and monomer when requ i red)  by d i s t i l l a t i o n .  

In t h e  donor acceptor  work, degassing techniques were 

employed. Thus, f o r  example, t h e  requi red  q u a n t i t i e s  of 

a c r y l o n i t r i l e  ( A N )  o r  methylmethacrylate (MMA) were mixid with 

d ichloroe thane  (DCE) i n  a  f l a s k .  



Figure 6. CELL USED FOR CYCLIC VOLTAMMETRY AND CONTROLLED 

POTENTIAL ELECTROLYSIS. 





Figure 7. UNDIVIDED CELL. 





Previously weighed z inc  bromide was then completely 
t 
r dissolved i n  t h i s  mixture and styrene (s t )  added. The 

r e su l t i ng  so lu t ion  was t r ans fe r r ed  t o  an e l e c t r o l y s i s  c e l l  

and degassed twice before placing i n  a control led  temperature 

bath. After  e l e c t r o l y s i s ,  the  contents of the  c e l l  were 

poured i n t o  a large  volume of methanol. The polymer was 

co l lec ted ,  washed with an ammoniacal so lu t ion  of methanol, 

d r ied  a t  room temperature i n  a vacuum oven, then weighed. 
0 

Polymerizations u n d e  r i r r ad i a t i on  a t  2537A were 

ca r r ied  out i n  quartz tubes using a c i r c u l a r  "Rayonet" 

Sr in ivasan-Gri f f i th  Photochemical reactor .  P r io r  t o  polymer- 

i z a t i o n  ni trogen was f lushed through the  system f o r  th ree  

minutes. 

11.5. POLYMER CHARACTERIZATION. 

(7 

11.5.1. ELEMENTAL ANALYSIS. - - - - - - - - -  
9 

Elemental Analysis of the  ~ 6 ~ o l y m e r s  f o r  carbon, 

hydrogen and ni t rogen was ca r r ied  out on a Perkin-Elmer 

Elemental Analyser ~ 2 4 0 .  The copolymer composition was 

calcula ted from the  ni t rogen content. 

11.5.2. I R  SPECTROSCOPY. - - - - - - -  

I R  spectroscopic ana lys i s  of t he  copolymers was 

ca r r ied  out on a Perkin-Elmer 457 Infrared Spectrophotometer 

employing the  KBr pressed d i sc  technique. A t yp i ca l  I R  

spectrum of a 50:50 copolymer of s tyrene - a c r y l o n i t r i l e  

prepared i n  the  presence and absence of a Lewis ac id ,  i s  seen 
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i n  Figure 8. A rapid method f o r  obtaining the  copolymer 

composition of a sample from i t s  I R  spectrum was devised. 

The method, s imi l a r  t o  t h a t  employed by Tazuke and Okamura (29) ,  

involved measuring the  a rea  under peaks c h a r a c t e r i s t i c  of both 

monomers. For s tyrene,  t h i s  was t he  1600 cm-I band whereas 

f o r  a c r y l o n i t r i l e ,  t he  2240 cm-l absorption was used. It 

t was found t h a t  g r ea t e r  accuracy was obtained by cu t t i ng  out  1 these  bands and Weighing them gravimetr ica l ly .  A number of 

St-AN copolymers of d i f f e r e n t  composition were prepared using 

! a f r e e  r ad i ca l  i n i t i a t o r  in the  absence of zinc hal ide .  A 
i 

k 
p l o t  of t h e  logarithm of t he  weight r a t i o s  of the  two character-  

i s t i c  bands agains t  the  copolymer composition determined by 

Elemental Analysis was found t o  be a l i n e a r  and i s  shown i n  

Figure 9. Comparison of r e s u l t s  obtained by the  two methods 

of copolymer ana lys i s  showed t h a t  the  I R  method was within Y$ of 

t he  r e s u l t s  obtained by elemental analys is .  

11.5.3. NMR SPFXTROSCOPY. - - - - - - -  

NMR spectroscopy of the  copolymers was performed a t  

room temperature in deuterated chloroform solut ions .  The 60 MHz 

spec t ra  were recorded on a Varian A-56/60~ instrument, the  100 MHz 

spec t r a  being obtained on a Varian XL-100 NMR Spectrometer. 

The observed NMR spec t ra  of the  copolymers were compared with a 

s e r i e s  of c a l i b r a t i o n  spect ra  of a l t e rna t ing  and non-al ternat ing 

copolymers. The c a l i b r a t i o n  spect ra  f o r  the  S t - A N  copolymers 

a r e  shown i n  Figures 10 and 11. 



Figure 8. IR SPECTRUM OF STYRENE - ACRYLONITRILE COPOLYMER. 

Prepared i n  the presence o r  absence of ZnBr2. 





Figure 9. CALIBRATION CURVE- FOR OBTAINING COPOLYMER 

COMPOSITION FROM IR SPECTRA. 
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Figure 10. NMR SPECTRA OF STYlU3NE - ACRYLONITRILE COPOLYMERS 

PREPARED WITH FREE-RADICAL CATALYST (126).  

Copolymer composition of  s ~ / A N  copolymer (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 

- (A) Spontaneous; (B) Benzoyl peroxide catalysed. 
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It should be mentioned here t h a t  NMR does not  provide 

d e f i n i t i v e  evidence f o r  a l t e r n a t i o n  i n  S t  - AN copolymers. 

From the  r l  and r2 values f o r  these  monomers, it i s  obvious 

t h a t  50:50 f r e e  r ad i ca l  copolymers (prepared i n  the  absence of 

Lewis ac ids )  a r e  s t rongly  a l t e rna t ing .  The NMR spec t ra  in 

Figures 10 and 11 ind ica te  t h a t  50:50 copolymers prepared with 

L e w i s  ac ids  have a s imi l a r  s t r u c t u r e  t o  50:50 f r e e  r ad i ca l  

copolymers. Hence NMR provides only an ind ica t ion  of a l t e r n a t -  

ion, and by no means a d e f i n i t e  proof. 

11.5.4. GEE PERMEATION CHROMATOGRAPHY. - - - - - - - - - - - - - - -  
Molecular weights and molecular weight d i s t r i b u t i o n s  

F 
I were measured on a Waters Associates Model 301A Chromatograph. 
b 

The s ty rage l  columns were ca l ib ra t ed  by a s e r i e s  of narrow 

molecular weight d i s t r i b u t i o n  polystyrene samples, supplied by 
- 
i Waters Associates. Samples containing approximately O.25g of 

--1 

polymer per  100 m l  of THF were used f o r  the  analys is .  A l l  

so lu t iohs  were f i l t e r e d  under pressure t o  remove impuri t ies  and 

undissolved polymer p a r t i c l e s .  Two m i l l i l i t r e s  of the  sample 

so lu t ion  was then used f o r  t he  M . W t .  determination. A t y p i c a l  

, chromatogram of a S t - A N  copolymer prepared i n  t he  presence of 

ZnBr2 i s  shown l a t e r  in t h i s  t h e s i s  ( ~ i g u r e  22). Comparison 

with a s tandard polystyrene sample demonstrates t he  t y p i c a l l y  

high molecular weights and broad d i s t r i bu t ions  of these  a l t e r n a t -  

ing copolymers. 
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111. R E S U L T S  A N D  D I S C U S S I O N .  

111.1. GENERAL STUDIES. 

111.1.1. CYCLIC VOLTAMMETRY AND CONTROLLED POTENTIAL - _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
ELECTROLYSIS. - - - - - -  

One of the initial aims of this thesis was to explore 

the possibilities of using cyclic voltammetry to follow some 

aspects of electropolymerization. Radical anions formed 

chemically are known to initiate anionic polymerizations 

reactions (145). It was thought advantageous to produce 

these radical anions electrochemically due to the ease by 

which their concentrations could be controlled and the 

possibilities of monitoring their reactions by cyclic volt- 

ammetry. From a large number of candidate compounds, nitro- 

benzene and trans stilbene were chosen for this study since 

both were found to undergo one electron reductions to form their 

corresponding radical anions and also, their reduction potentials 

seemed sufficiently separated from those of most monomers to 

allow a cyclic voltammetry study in the presence of these 

monomers. 

The cyclic voltammograms of stilbene and nitrobenzene 

in tetrabutylammoniwn perchlorate - TKF solution are shown in 

Figures 12 and 13. For the nitrobenzene wave and the first 

stilbene wave the separation between positive and negative peak 

potentials is 60mv. Also, a plot of the peak current height 

against the square root of the scan rate for these waves is 

I,, 11 ,  ' 8 /I 



Figure 12. CYCLIC VOLTAMMOGRAM OF STILl3ENE. 

St i lbene (1 .0mM) i n  0 . 1 M  Bu4NC104 - TXF solution.  
Pt wire reference. 

Scan rates 10,8,6,4,2,1 V / S ~ C .  





Figure 13. CYCLIC  VOLTAMMOGRAM OF NITROBENZENE. 

Nitrobenzene (0.61n.M) i n  0.1M Bu4NC104 - THF 
solut ion.  Pt wire reference. 

Scan r a t e s  10,8,6,4,2,1 V/sec. 





l i n e a r  ( ~ i g u r e  1 4 ) .  Both these  observations confirm t h a t  

- s t i l b e n e  and nitrobenzene undergo a revers ib le  one e lec t ron  

reduct ion t o  form t h e i r  corresponding r ad i ca l  anions (148). 

It should be noted t h a t  the  second reduction wave of s t i l bene ,  

corresponding t o  the  formation of the  dianion, has no re -  

oxidat ion wave. This s i g n i f i e s  t h a t  the  second reduction 

s t e p  i s  i r r e v e r s i b l e  i n  the  time sca l e  of the  sweep. 

The cyc l ic  voltammograms of the  two monomers methyl- 

methacrylate (MMA) and s tyrene (s t )  i n  tetrabutylarnmoniwn 

perchlora te  - THF so lu t ion  a r e  shown i n  Figures 15 and 16. 

In both cases, the  voltammograms show t h a t  the  reductions of 

t h e  two monomers proceed i r r eve r s ib ly ,  s ince  no re-oxidat ion 

peak appears on the  reverse scan. This has been explained 

as being due t o  protonation or  polymerization react ions ,  

depending on the  conditions (149). 

In order  t o  determine whether the  r ad i ca l  anions of 

s t i l b e n e  and nitrobenzene were capable of i n i t i a t i n g  the  

polymerizations of some monomers, so lu t ions  containing 

s t i l b e n e  ( o r  nitrobenzene) were e lec t ro lysed  a t  -2.2V ( o r  

- 1 . 2 ~ ) ,  with respect  t o  Pt wire reference,  t he  reduction 

p o t e n t i a l s  of these  compounds a s  determined by t h e i r  cyc l ic  

voltarnmograms, i n  the  presence of a monomer. 

In the  case of s t i l bene ,  the  monomers S t  and MMA were 

invest igated.  E lec t ro lys i s  i n  the  presence of S t  produced the  

c h a r a c t e r i s t i c  green colour of t he  s t i l bene  r ad i ca l  anion, but 

no polystyrene was i so l a t ed  on p rec ip i t a t i on  i n  methanol. 



Figure 14.  VARIATION OF PEAK CURRENT WITH THE SQUARE ROOT 

OF THE SCAN RATE. 

A - s t i l bene  ( f i r s t  wave) 
B - nitrobenzene 
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Figure 15. CYCLIC VOLTAMMOGRAM OF METHYLMETHACRYLATE. 

MM.A (lm~) in  0.1 M. Bu4NC104 - THF solut ion .  
P t  wire reference.  

Scan r a t e s  10,8,6,4,3,2,1.5,1 V/sec. 





Figure 16. CYCLIC VOLTAMMOGRAM OF STYRENE. 

S t  (ImM) i n  0.1 M Bu4NC104 - THF so lu t ion .  
P t  wire re ference .  

Scan r a t e s  10,8,6,4,3,2,1.5,1 V/sec. 
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This  i s  i n  accord with previous r e s u l t s  (149), and is  

a t t r i b u t e d  t o  proton a b s t r a c t i o n  from t h e  background e l e c t r o l y t e  

t o  t h e  r a d i c a l  anion. Although t h e  use of sodium t e t r a -  

phenylboron a s  background e l e c t r o l y t e  r e s u l t e d  i n  t h e  formation 

of polystyrene,  t h i s  s a l t  was u n s u i t a b l e  f o r  c y c l i c  voltammetry 

work due t o  i t s  e l e c t r o a c t i v i t y  i n  t h e  r eg ion  of i n t e r e s t .  

E l e c t r o l y s i s  of s t i l b e n e  i n  t h e  presence of MMA aga in  

produced t h e  c h a r a c t e r i s t i c  green  colour  of t h e  r a d i c a l  anion, 

and p r e c i p i t a t i o n  i n  methanal gave poly methylmethacrylate.  

No evidence f o r  t h e  incorpora t ion  of s t i l b e n e  i n t o  t h e  polymer 

was obtained,  even a t  2 : l  MMA: s t i l b e n e  feed  r a t i o s .  This i s  

t h e  f i r s t  repor ted  polymerizat ion of PIMA i n i t i a t e d  by t h e  

s t i l b e n e  r a d i c a l  anion c rea ted  e lec t rochemical ly .  A d e t a i l e d  

c y c l i c  voltammetry s tudy was again  thwarted due t o  i n t e r f e r e n c e  

by t h e  methylmethacrylate reduct ion  wave. This can be seen  i n  

Figure 17. Although t h e  two waves of s t i l b e n e  can be c l e a r l y  

d i s t ingu i shed ,  t h e i r  sharpness has  been l o s t  due t o  over l ap  with 

t h e  MMA wave. The most i n t e r e s t i n g  observat ion  t h a t  can be 

made from t h i s  voltammogram is  t h e  almost complete disappearance 

of t h e  re-oxida t ion  wave of s t i l b e n e .  This s i g n i f i e s  t h a t  

t h e  s t i l b e n e  r a d i c a l  anion has r eac ted  with MMA i n  t h e  t ime 

s c a l e  of t h e  sweep so  t h a t  no r a d i c a l  an ion  i s  a v a i l a b l e  f o r  

re -oxida t ion  during t h e  r eve r se  cycle .  

It should be mentioned a t  t h i s  s t a g e  t h a t  during t h e  

c y c l i c  voltammetric study of t h e  s t i l b e n e  - MMA system, 

p o t e n t i a l  d r i f t  problems were encountered. Thus i f  v o l t -  

ammograms were taken during a  polymerizat ion,  peak p o t e n t i a l s  



Figure 17. C Y C L I C  VOLTAMMOGRAM OF STILBENE I N  THE PRESENCE 

- OF METHYLMETHACRYLATE. 

St i lbene ( l m ~ )  and MMA (1m.M) i n  0.1M Bu4NC104 - 
THF solut ion.  Pt wire reference.  

Scan r a t e s  10,8,6,4,2,1 v/sec. 





use of t h i s  technique during a  polymerizatbn react ion.  

Although t h i s  d r i f t  was not  inves t igated fu r the r ,  the  problem 

most l i k e l y  o r ig ina tes  in the  unpoised nature of t he  reference 

e lec t rode  (168). 

In  t he  case of nitrobenzene, the  monomers S t ,  MMA and 

a c r y l o n i t r i l e  (AN)  were invest igated.  E l ec t ro lys i s  i n  the  

presence of S t  and MMA gave r i s e  t o  t he  c h a r a c t e r i s t i c  yellow- 

brown colour of the  nitrobenzene r ad i ca l  anion (167), but  no 

polymers were i so l a t ed  i n  e i t h e r  case. Cyclic voltammetry 

s tud i e s  of both these  systems showed t h a t  the  nitrobenzene 

wave was unaffected by the  presence of e i t h e r  monomer, i . e .  the  

voltammograms were merely superposi t ions of the  nitrobenzene 

and monomer waves, s ignifying no in t e r ac t ion  between the  n i t r o -  

benzene r a d i c a l  anion and the  monomers. This i s  i n  d i r e c t  

con t r a s t  t o  the  s t i l bene  - methylmethacrylate case. 

E l ec t ro lys i s  of nitrobenzene i n  the  presence of A N  

gave r i s e  t o  t he  production of small quan t i t i e s  of poly- 

a c r y l o n i t r i l e .  No cyc l ic  voltammetric study was ca r r ied  out 

i n  t h i s  system. Coincident with these  preliminary s tud ies ,  

Mengoli e t  a l .  (155) published work on the  i n i t i a t i o n  of the  

anionic  polymerization of a c r y l o n i t r i l e  by nitrobenzene r ad i ca l  

anions. Mengoli, who a l s o  found no in t e r ac t ion  between n i t r o -  

benzene r a d i c a l  anions and S t  o r  MMA, used an amperometric 

technique t o  follow the  decay of the  r ad i ca l  anion and concluded 

from h i s  work t h a t  the  i n i t i a t i o n  proceeded by hydrogen 

abs t r ac t ion  from a c r y l o n i t r i l e  : 



polymer 

The same s e t  of workers have carr ied out s imi la r  s tudies  using 

rad ica l  anions such as benzophenone (156), naphthalene (158) 

and n i t roan i l ine  (159) as i n i t i a t o r s  i n  vinyl polymerizations, 

Their s tudies  have shown the grea t  p o t e n t i a l i t i e s  of using 

electrochemical techniques i n  the study of some polymerization 

processes. 

In summary, the  following observations have been made: 

1) cycl ic  voltammetry is  a useful  too l  i n  the  preliminary 

invest igat ion of the  charac ter i s t ics  of a system, 
0 

2) of monomers can be effected a t  potent ia ls  

berow the  reduction potent ia ls  of the  monomers by formation 

of a rad ica l  anion a t  t h i s  lower potent ia l  which i s  capable 

of i n i t i a t i n g  the polymerization, 

3 )  in the polymerization of MMA i n i t i a t e d  by the s t i lbene  

rad ica l  anion, no evidence f o r  the incorporation of s t i lbene 

in to  the polymer was found even f o r  an i n i t i a l  M1 t o  M2 feed 

r a t i o  of 2 :1 MMA : s t i lbene.  This s ign i f i e s  t h a t  if t h i s  

i s  considered in terms of a copolymerization, r l  i s  extremely 

large while r2  i s  the expected zero. 

In t h e  copolymerization of styrene ( M ~ )  with s t i lbene  

(M*), the  r1 value was found t o  be 2.3 i n  the THF (169). The 
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above r e s u l t s  i n d i c a t e  t h a t  when M I  i s  methylmethacrylate,  t h e  

rl value i s  much l a r g e r  than  t h i s .  

111. 1.2. PRELIMINARY STUDIES ON DONOR ACCEPTOR C0MPL;EX 
- - - A  - - - - - -  - - - - - - - - - - - -  

POLYMERIZATIONS. - - - - - - - -  

The main o b j e c t i v e  of t h i s  t h e s i s  w a s  t o  s tudy some 

! donor acceptor  ( D A )  complex polymerizat ions us ing  e l e c t r o -  

chemical techniques.  I n i t i a l l y ,  s e v e r a l  d i f f e r e n t  monomer 

combinations were s e l e c t e d  a s  poss ib le  candidates  f o r  a more 

d e t a i l e d  study. These a r e  l i s t e d  i n  Table 11, t o g e t h e r  with 

t h e  condi t ions  used and t h e  pre l iminary  r e s u l t s  obtained upon 

e l e c t r o l y s i s .  

Monomer Combinations Tried and I n i t i a l  Resul t s  Obtained. 

Donor Acceptor Lewis Acid Solvent  Current Polymer obtained 

s t i l b e n e  MMA ZnBr wi th  o r  15mA polyMMA 
without  

s t  i l bene  A N  ZnBr I I 15m.A s m a l l  amount 

maleic with o r  of poly AN 

s t i l b e n e  anhydride without wi th  15mA no polymer 

MMA ZmC1, w i th  o r  15mA copolymer 
without  

A N  ZnBr 11 15mA copolymer 

The r e s u l t s  with s t i l b e n e  and maleic  anhydride were 

d isappoin t ing  i n  t h a t  no polymer was produced on e l e c t r o l y s i s .  

O f  t h e  f i v e  systems s tud ied ,  t h i s  monomer combination was t h e  

only one t o  g ive  r i s e  t o  a coloured s o l u t i o n  on mixing. The 

presence of such coloured s o l u t i o n s  i s  u s u a l l y  an  i n d i c a t i o n  of 
I 
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charge transfer complex formation (170). Thus the presence of 

a yellow colour was a strong indication that a copolymerization 

of stilbene and maleic anhydride would proceed on suitable 

initiation to form an alternating copolymer in a similar way 

to other reported lspontaneous~ systems (37). 

Despite numerous attempts to electrochemically initiate 

this system using various combinations of solvents and supporting 

electrolytes, no polymer was ever obtained. In double cells 

(anode and cathode compartments separated), the initial yellow 

solution underwent dramatic colour changes, ranging from green 

to red, depending on the conditions and the electrode compartment. 

Presumably a wide variety of side reactions were occurring in 

this system. 

Styrene - Methylmethacrylate System. - - - -  - - - _ _ _ - - - - - - 
Initial experiments were carried out in single cells 

(anode and cathode compartment not separated) using different 

electrode systems. The results are summarized in Table 111. 

TABU 111. 

Copolymerization of Styrene and Methylmethacrylate in the 

Presence of ZnC1,. 

Sample Yieldc in Anode/cathode Products obtained 
90mins , material 

SM 18 0.43g AI/A~ copolymer only 

SM 19 0.71g ~ t / ~ t  copolymer + large amount 
of polystyrene 

Conditions: MMA:St = 63:37; MMA:ZnC12 = 5:l; OOC, bulk, 15 mA. 
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Using a c e l l  i n  which the  e lec t rode compartments were 

divided by a s in t e r ed  g l a s s  d i s c ,  the  locus of the  polymerization 

was found t o  be exclusively a t  t he  anode f o r  times up t o  t h ree  

hours. For longer time periods, pure copolymer i n  the  cathode 
I B+ compartment accompanied the  polymer formed i n  the  anode. 

It can be seen from Table I11 t h a t  the  nature  of t he  

anode exe r t s  a profound e f f e c t  on the  type of product obtained. 

Thus, using a platinum anode, copolymer together  with l a rge  

amounts of polystyrene i s  formed (low molecular weight, 

approximately 5 0 0 0 ) ~  whereas with an aluminum anode only pure 

m copolymer i s  obtained (although small amounts of polystyrene 

i s  observed a t  higher degrees of conversion).  

Gel permeation chromatographs of SM 18 and S M  19 

c l e a r l y  demonstrate t he  e f f e c t  of e lec t rode mate r ia l  on the  

product d i s t r i b u t i o n  ( ~ i g u r e  18). The high molecular weight 

copolymer, i n  the  mi l l ion  region, i s  i n  d i r e c t  con t ras t  t o  the  1 ( ( I  i 
much lower molecular weights obtained i n  t h e  absence of Lewis 

acids.  

The reason f o r  the  d i f ferences  between Pt and A1 anodes 

i n  t h i s  system i s  not  understood. Further  work i n  t h i s  system I 

I 
was l imi ted t o  using aluminum electrodes.  

11 

Experiments were ca r r ied  out t o  determine the  degree of 

e l e c t r o l y t i c  control ,  i f  any. The r e s u l t s ,  shown i n  Figure 19, 

demonstrate the  l i n e a r  dependence of copolymer y i e l d  on the  

amount of current  passed. A l l  samples were shaken i n  cyclohexane 

t o  dissolve any extraneous polystyrene produced. 



Figure 18. G E L  PERMEATION CHROMATOGRAM. 
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Figure 19. INFLUENCE O F  ELSCTROLYSIS TIME ON COPOLYMER Y D L D .  

O°C, 15d. 
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IR s p e c t r a  of t h e  copolymers showed t h e  presence of both  

monomers i n  t h e  copolymer, b u t  demonstrated no d i f f e r e n c e s  

from copolymers prepared i n  t h e  absence of Lewis Acids. 

Elemental ana lyses  ind ica ted  t h a t  t h e s e  copolymers were high 

i n  MMA content ,  conta in ing  approximately 605 of t h i s  monomer. 

A t y p i c a l  NMR spectrum, shown i n  Figure 20, i s  similar t o  

t h a t  obtained by Ikegami and H i r a i  (63) f o r  a copolymer 

conta in ing  67,; MMA prepared i n  t h e  presence of ZnCl,, b u t  

d i f f e r s  from t h e  spectrum obtained by Hirooka (79)  f o r  a 

50:50 copolymer prepared i n  t h e  presence of A 1 E t 1 , 5 C 1 1 , 5 .  

Styrene - A c r y l o n i t r i l e  system. - - - -  - - -  

Using c e l l s  i n  which t h e  e l ec t rode  compartments were 

separa ted ,  it was found t h a t  polymer was formed i n  both  

compartments. The cathode y i e l d  was f a r  i n  excess  of t h e  

anode y i e l d ,  i n  d i r e c t  c o n t r a s t  with t h e  s ty rene  - methyl- 

methacrylate  case.  This can be seen i n  Table IT. The 

extremely low c u r r e n t  e f f i c i e n c i e s  obtained in  t h e s e  systems 

i s  a l s o  evident  from t h e  da ta .  

TABU3 rv. 
Comparison of Cathode and Anode Copolymer Yields .  

Elec t rode  No F.passed a $ conversion Faradaic  y i e l d "  
Compartment l o 3  l o 4  

cathode 2.4 8.5 2.92 

anode 2.4 0.5 0.17 

Conditions:  0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE; o 0 C ,  Pt  e l ec t rodes .  
a based on S t  
b assuming a molecular weight of 1 x lo6 .  



Figure 20.  60 MHz NMR SPECTRUM OF THE PRODUCT. 





At the cathode, only pure copolymer was obtained whereas 

copolymer and polystyrene was obtained at the anode, similar 

to the styrene - methylmethacrylate system. The effect of 

anode electrode material was investigated and the results 

are shown in Table V. 

TABU V. 

Effect of Anode Electrode Material on Composition of the 

Product in the Styrene - Acrylonitrile System. 

Anode 
material Products obtained polystyrene/ $AN in 

copolymer copolymer 

A1 polystyrene + copolymer -4:l 51.0 

Pt polystyrene + copolymer -4:l 50.0 

Conditions: 0.26 moles AN, 0.053 moles St; A n :  ZnBr2 = 14:l; 
25 ml DCE, 15 mA for 2 hours. 

It can be seen that the product composition is similar irrespect- 

ive of the nature of the anode material. This is again in 

contrast to the styrene - methylmethacrylate system. 

Elemental analyses of cathode copolymers revealed that 

their compositions were 50:50. This was also found for the 

copolymer fractions in the anode products. 

The three major differences between the St - MMA system 

and the St - AN system can be summarized as follows:- 

(a) yield of cathode copolymer in St - AN case % yield of 

cathode copolymer in St - MMA case. 

(b) change from Pt to A1 anode causes change in relative 

I l l ,  
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product composition i n  S t  - MMA case but  not i n  S t  - AN 

case. 

( c )  cathode and anode copolymers have a 1 : 1 composition i n  

the  S t  - AN case, but  have high MMA content i n  t he  S t  - 

f MMA case. 

! From these r e s u l t s  the  s tyrene - a c r y l o n i t r i l e  system 

a t  the  cathode seemed the  most a t t r a c t i v e  f o r  f u r t h e r  de t a i l ed  

s tud ies .  

111.2. STYRENE - A C R Y L O N I T R I G  SYSTEM. 

111.2.1. _ _ _ _ _ _ _ _ _ _ - -  GENERAL CHARACTERISTICS. 

Introduction 

The cen t ra l  purpose of t h i s  t h e s i s  was t o  inves t iga te  

the  f e a s i b i l i t y  of electrochemical i n i t i a t i o n  of donor acceptor 

complex polymerizations and t o  compare the  r e s u l t s  with those 

obtained by conventional i n i t i a t i o n  techniques. Since e lec t ro -  

i n i t i a t i o n  provides a means of varying the  i n i t i a t i o n  r a t e  a,t a. 

constant temperature, the  technique may be p a r t i c u l a r l y  usefu l  

i n  donor acceptor systems s ince  any de l i ca t e  temperature - 

equilibrium balance can remain undisturbed. 

Controlled po ten t i a l  e l e c t r o l y s i s  was employed during 

t h i s  study, more reproduc ib i l i ty  being obtained r e l a t i v e  t o  

control led current  experiments. A poss ible  reason f o r  t h i s  

i r reproduc ib i l i ty  w i l l  be given l a t e r .  In a l l  experiments, 

except where noted, the  anode and cathode compartments were 

separated by s in te red  discs .  



Resu l t s  and Discussion 

The experiments summarized i n  Table V I  demonstrate 

t h a t  1:l copolymers a r e  produced over a wide range of i n i t i a l  

f e e d  r a t i o s .  

TABU V I .  

E f f e c t  of Monomer Feed Rat io  on Copolymer Composition. 

AN/% i n  f eed  $AN i n  copolymer 

83 : 17 50.8 

50 : 5oa 52.2 

35 : 65a 51.0 

Conditions : S t  + AN = 0.31 moles, ZnBr2 = 0.019 moles 
DCE = 25 ml; O°C, 0.72 x I O - ~ F .  
a - polymer inso lub le  i n  r e a c t i o n  s o l u t i o n .  

The a l t e r n a t i n g  c h a r a c t e r  of t h e  polymer was i d e n t i f i e d  

by t h e  following procedures;  

( a )  Elemental and IR analyses  showed a 1:l mole r a t i o  of S t  

t o  AN i n  t h e  copolymers. 

(b) The IR s p e c t r a  of  t h e  copolymers, i d e n t i c a l  t o  t h e  spectrum 

of Figure 8, showed t h e  presence of both  S t  and AN u n i t s  i n  

copolymer. 

( c )  The NMR spectrum (Figure  21) confirms t h e  presence of t h e  

copolymer and comparison with t h e  c a l i b r a t i o n  s p e c t r a  

(F igures  10 and l l ) ,  i n d i c a t e s  an a l t e r n a t i n g  sequence of 

A N  and S t  u n i t s .  

Due t o  t h e  completely homogeneous n a t u r e  of t h e  polymerizations 

c a r r i e d  out  a t  83:17 AN:St feeds ,  a l l  f u r t h e r  work was c a r r i e d  



Figure 21. 100 MHz NMR SPECTRUM OF THE COPOLYMER. 





ou t  a t  t h i s  feed  r a t i o .  

Table V I I  shows t h e  e f f e c t  of t h e  degree of conversion 

on t h e  copolymer composition and l i m i t i n g  v i s c o s i t y .  

TABLE V I I .  

E f f e c t  of Degree of Conversion on Composition and Limiting 

Viscos i ty .  

Time Faradays $ Conversion a %AN in 
Yield ( g )  (mini) l o 3  copolymer (7 lbdl/g 

Con .d i t ions  : 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE; 2 5 O C ,  c o n t r o l l e d  p o t e n t i a l .  
a - based on S t .  

I 

b - THF, 30°C. 

The composition i s  e s s e n t i a l l y  i n v a r i a n t  with conversion and t h e r e  

i s  no c o r r e l a t i o n  between t h e  l i m i t i n g  v i s c o s i t y  and e x t e n t  of 

t h e  r eac t ion .  

The high l i m i t i n g  v i s c o s i t i e s  a r e  c h a r a c t e r i s t i c  of  

t h e s e  donor acceptor  complex systems. The g e l  permeation 

chromatograms (G.P.C.) of these  polymers exh ib i t ed  very broad 

molecular weight d i s t r i b u t i o n s ,  a s  can be seen i n  Figure 22. 

I n  many cases  it was n o t  poss ib le  t o  o b t a i n  accura te  peak 

',I I,,," 

!I,., 

molecular weights of t h e s e  copolymers s i n c e  t h e  upper l i m i t s  of 

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



Figure 22. GPC MOLECULAR WEIGHT DISTRIBUTION OF THE COPOLYMER. 

--- S t  - A N  copolymer 

- Styrene s tandard  #61970 

MVI 2.145 x l o 6  ; Mn 1.78 x l o 6  





sample of polystyrene (waters X6I.970, peak molecular weight 

1,987,000) available to us, calculation of molecular weight 

being quite sensitive to calibration in this region. 

It was observed during these and other experiments 

that the viscosity of the reaction medium became unusually 

high at fairly low conversions (of the order of 8%)) and the 

solutions took on a 'pearly blue' appearance. These observ- 

ations may be indicative of intermolecular association which 

is known to exist in zinc chloride - methylmethacrylate 

solutions (171). 

Table VIII demonstrates that the copolymer composition 

is also invariant with change in ZnBr2 concentration for high 

AN: ZnBr2 mole ratios. 

TABU VIII. 

Copolymer Composition as a Function of A N / Z ~ B ~ ~  Mole Ratio. 

AN/Z~B~ 2 $AN in copolper 
mole/mole ' I  

18 I 
I 

10:l 50.5 

Conditions: 0.26 moles AN, 0.053 moles St, 25ml DCR; 2 5 " ~ ~  
controlled potential electrolysis. All samples 
correspond to approx. 6% conversion w.r.t. St. 

The variation of copolymer composition as a function of 
I 

rate of initiation was investigated by applying different currents 

(controlled current experiments), the total amount of charge 
I 

I 
I 

passed being the same in each experiment. The results are 



given i n  Table I X .  

TABU2 I X .  

Copolymer Composition a s  a  Function of Rate of I n i t i a t i o n .  

Current ( m ~ )  %AN i n  copolymer 

Conditions : 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE; 25OC, 0.72 x I o - ~ F  passed. 

It can be seen t h a t  t he  r a t e  of i n i t i a t i o n  does not a f f e c t  t he  

copolymer composition. 

The reac t ion  p r o f i l e  of a  t y p i c a l  run a t  control led  

p o t e n t i a l  i s  given in Figure 23 (data  from Table VII) . Use of 

an ~ g / ~ g +  reference e lec t rode yielded i d e n t i c a l  r e s u l t s  t o  a  Pt 

wire reference,  thereby jus t i fy ing  the  l a . t t e r l s  use i n  these  

systems. Blank so lu t ions  y ie lded neg l ig ib le  polymer under 

these  conditions. Thus the  polymer y i e l d  i s  a  funct ion of t he  

number of Faradays passed through the  solut ion.  Replotting the  

data  i n  Figure 23 a s  a  funct ion of the  square roo t  of t he  amount 

of Faradays passed y i e ld s  Figure 24. 

Cyclic Voltammetry Studies.  - - - - - - - - - - - - -  
It has already been shown t h a t  cyc l ic  voltammetry i s  

a usefu l  technique i n  the  preliminary inves t iga t ion  of t he  

c h a r a c t e r i s t i c s  of a  system. Coupled with the  methods of 

control led  po ten t i a l  e l e c t r o l y s i s ,  cyc l i c  voltammetry enables 



Figure 23. COPOLYMER FORMATION A S  A F U N C T I O N  O F  THE NUME3R 

O F  FARADAYS PASSED. 

Pt w i r e  reference (f rom T a b l e  VII) 

o ~ g / ~ g +  reference 





Figure 2'1. DEPENDENCE O F  RATE O F  P O L Y M E R I Z A T I O N  ON THE 

SQUARE ROOT O F  T H E  CHARGE PASSED.  
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t h e  polymer chemist t o  decide t h e  most l i k e l y  i n i t i a t i o n  s t e p  

i n  a polymerization r e a c t i o n  (190). 

Figure 25 shows a  c y c l i c  voltammogram of t h e  AN - 

ZnBr2 system i n  dichloroethane so lven t  using TBAP as support-  

ing e l e c t r o l y t e .  The background curve shows t h e  same system 

i n  t h e  absence of ZnBr2. It can be s e e n t h a t  t h e  a d d i t i o n  of 

ZnBr2 g ives  r i s e  t o  a  f a i r l y  complex voltammogram. Since 

c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  was employed i n  t h i s  t h e s i s ,  

only t h e  f i r s t  reduct ion  wave i s  of i n t e r e s t  here .  Thus a 

c y c l i c  voltammogram of t h e  f i r s t  wave only ( ~ i g u r e  26) shows 

t h a t  t h e  re-oxida t ion  peak B i s  assoc ia ted  with reduct ion  

peak A ,  A voltammogram of t h i s  system i n  t h e  absence of AN 

i s  seen i n  Figure 27. Comparison wi th  Figure 26 conclus ive ly  

shows t h a t  t h e  f i r s t  wave i n  t h i s  system i s  a s s o c i a t e d  with 

t h e  reduct ion  of ~ n ( 1 1 )  t o  ~ n ( 0 ) .  Formation of  z i n c  meta l  on 

t h e  working e l e c t r o d e  i s  a  p o s s i b l e  explanat ion  f o r  t h e  very 

l a r g e  ox ida t ion  wave B compared t o  reduct ion  wave A. Asym- 

m e t r i c  peaks due t o  adsorp t ion  o r  f i l m  e f f e c t s  on t h e  e l e c t r o d e  

su r face  a r e  q u i t e  common i n  voltammetry s t u d i e s ,  b u t  a r e  n o t  

c l e a r l y  understood (148) .  

It should be noted t h a t  a l l  con t ro l l ed  p o t e n t i a l  work 

was c a r r i e d  out a t  p o t e n t i a l s  corresponding t o  t h i s  f i r s t  

reduct  ion  wave. 

Conclusions. 

The s ty rene  - a c r y l o n i t r i l e  - z inc  bromide 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  



Figure 25. CYCLIC VOLTAMMOGRAM O F  THE AN - Z n B r 2  SYSTEM. 

in 0 . 1 M  B u 4  N C 1 0 4  - DCE. 
+ Z n B r 2  ( l m ~ )  i n  0 . 1 M  B u 4 N C 1 0 4  - DCE. 

Scan r a t e  100 m ~ / s e c .  





Figure 26. CYCLIC VOLTAMMOGRAM OF THE FIRST REDUCTION STEP 

I N  THE AN - ZnBr2 SYSTEM. 

AN (lm~) + ~ n ~ r ~ ( 1 m . M )  i n  0.1M Bu4NC104 - DCE. 

Scan r a t e  100 mv/sec. 

Figure 27. CYCLIC VOLTAMMOGRAM OF ZnBr2. 

Saturated s o l u t i o n  of ZnBr2 i n  0.1M Bu4NC104 - DCE. 

Scan r a t e  100 mv/sec. 
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react ion conditions. Thus elemental and I R  analyses show 

t h a t  the  copolymers contain 50% of each monomer i r r e spec t ive  

of degree of conversion, z inc  bromide concentration and r a t e  of 

i n i t i a t i o n .  Although NMR spec t ra  only ind ica te  an a l t e r n a t i n g  

s t ruc tu re ,  proof i s  obtained from the  independence of copolymer 

composition on the  comonomer feed r a t i o .  

The polymerization apparently proceeds a t  a r a t e  

dependent on the  square root  of the  amount of charge passed, 

compatible wl th  a process of second order  termination and f i r s t  

order i n i t i a t i o n .  However, the  Faradaic dependence i s  made 

more complex by the  observation of " a f t e r  e f f e c t s "  i n  t h i s  

system. 

111.2.2. AFTER EFFECT. - - - - - -  
Introduction. 

Free r ad i ca l  polymerizations conducted under the  

influence of e l e c t r o l y t i c  current  usual ly  s top  on the  cessat ion 

of current  and resume when current  i s  passed again (189). 

However, some workers have observed a f t e r  e f f e c t s  in f r e e  

r ad i ca l  polymerizations manifested by continued r a t e s  of 

copolymerization a f t e r  t he  current  has been stopped (172-174). 

The system present ly  under s t u d y  was invest igated f o r  the  

appearance of such a f t e r  e f f ec t s .  

Results. 

Figure 28 shows the  very large  a f t e r  e f f e c t s  t h a t  a r e  

obtained i n  t h i s  system i n  the  presence o r  absence of a solvent .  

Thus 5.0 x Faradays were passed i n  90 minutes, t he  current  

switched o f f ,  and the  ~ o s t  polymerization followed as a function 



Figure 28. AFTER EFFECT I N  BULK AND I N  SOLVENT. 

Conditions : 

Curve A 0.52 moles AN, 0.106 moles st,  0.038 
moles ZnBr2. 

Curve B 0.26 moles AN, 0.053 moles S t ,  0.019 
moles ZnBr2, 25 m l  DCE. 

O°C, 5.0 x I o - ~ F  passed i n  90 minutes at 
c o n t r o l l e d  p o t e n t i a l .  
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of time. The magnitude of t h e  a f t e r  e f f e c t  can be seen on 

comparing i t s  r e a c t i o n  p r o f i l e  t o  t h a t  of a  r e a c t i o n  c a r r i e d  

out  under t h e  same condi t ions  but  with continuous e l e c t r o l y s i s .  

This i s  shown i n  Figure 29. 

It can again  be seen  t h a t  t h e  a f t e r  e f f e c t  i s  q u i t e  

l a r g e  and not  much d i f f e r e n t  from experiments employing 
k continuous e l e c t r o l y s i s .  It sould  be poin ted  out  t h a t  a t  O ° C ,  

no polymer was formed a f t e r  40 hours i n  t h e  absence of e l e c t r o l -  

y s i s .  

The f a c t  t h a t  t h e  a f t e r  e f f e c t  i s  no t  lowered i n  t h e  

s i n g l e  c e l l  may s i g n i f y  t h a t  t h e  propagating spec ies  i n  t h e  

anode and cathode compartments a r e  of a  s i m i l a r  na tu re .  This 

f u r t h e r  suggests  t h a t  t h e  e n t i t y  must be r a d i c a l  i n  n a t u r e  

s i n c e  anions and ca t ions  c rea ted  a t  t h e  cathode and anode, 

r e s p e c t i v e l y ,  would a n n h i l i a t e  each o the r ,  a s  has been observed 

i n  some ins tances  (133,135). The v a l i d i t y  of t h i s  proposal  w i l l  

be i n v e s t i g a t e d  l a t e r .  

The e f f e c t s  of var ious  i n i t i a l  passages of c u r r e n t  

followed by polymerization f o r  5  hours a r e  shown i n  Figure 30. 

The minimum pulse  f o r  d e t e c t a b l e  post-polymerizat ion was found 

t o  be 5 x ~ o - ~ F .  An important observa t ion  was made during 

t h e s e  experiments i n  t h a t  no t r a c e  of z inc  metal  was seen  on 

t h e  cathode when t h e  pulse  was 2.5 x lom5F. A l l  o t h e r  runs i n  

t h i s  experiment gave varying amounts of z inc  on t h e  cathode 

depending on t h e  magnitude of  t h e  pulse.  The importance of t h i s  

observa t ion  w i l l  become obvious l a t e r .  



- Figure 29. COMPARISON OF AFTER EFFECT AND CONTINUOUS 

ELiECTROLYSIS . 
o  Continuous e l e c t r o l y s i s .  

E l e c t r o l y s i s  stopped a f t e r  80 mins. 

A Af te r  e f f e c t  i n  an undivided c e l l ,  
e l e c t r o l y s i s  stopped a f t e r  80 mins. 

O°C, c o n t r o l l e d  p o t e n t i a l ,  condi t ions  
i d e n t i c a l  t o  those  f o r  curve B, Figure 28. 





Figure 30. EFFECT OF INITIAL PASSAGES OF CURRENT. 

4.0 x 1 0 - 4 ~  

2 . 0 x i 0 - 4 ~  

A I . O ~ I O - ~ F  

A 0 . 5 x 1 0 - ~ ~  

= o . ~ ~ x ~ o - ~ F  

Conditions same as f o r  Figure 29, 





F o r t h e  sake of comparison, t h i s  system was invest igated 

f o r  t he  presence of a  U.V. a f t e r  e f f e c t .  The so lu t ion  w a s  
0 

subjected t o  2537 A l i g h t  f o r  th ree  minutes, the  lamp switched 

off  and the  y i e l d  determined as  a  function of time a s  before. 

The r e s u l t s  a r e  p lo t ted  i n  Figure 31. It i s  c l e a r  t h a t  the  

a f t e r  e f f e c t  observed i n  the  electrochemical s i t u a t i o n  has no 

counterpart  i n  the  U.V. case. 

Discussion. 

An a f t e r  e f f ec t ,  o r  post  polymerization, manifests 

i t s e l f  i n  continued r a t e s  of polymerization a f t e r  i n i t i a t i o n  

ha,s ceased. It has been observed i n  a  number of systems both 

photochemical (191) and electrochemical (141) .  

Electrochemica.1 i n i t i a t i o n  may produce an ac t ive  

compound o r  an ac t iva ted  monomer which can continue t o  polymerize 

without the  a.dditiona1 passage of current .  Such i s  the  case 

i n  the  1 l i v ing '  polymerizations conducted under anionic conditions 

(135,152,192). Al ternat ively ,  t he  passage of current  can 

generate an i n i t i a t o r  o r  c a t a l y s t  which i s  s t a b l e  i n  t he  react ion 

medium. This i s  postulated t o  occur i n  some ca t ion i c  systems 

(133,141). A t h i r d  p o s s i b i l i t y  i s  the  existence of a  type of 

g e l  e f f e c t  which e f f ec t ive ly  reduces the  r a t e  of termination. 

Gel e f f e c t s  a r e  caused by an increase i n  v i scos i ty  of the  

medium and a l s o  by the  existance of trapped polyradicals  ( 5 ) .  

In these  cases the  rad ica l s  can be considered t o  be 'p ro tec ted1  

s ince  the , i r  e f f ec t ive  l i f e t imes  a.re increased considerably (193). 

In the  present  system protected r ad i ca l s  could a r i s e  

from de loca l iza t ion  of the  e lec t rons  i n  the  A N  moiety by the  



Figure 31. U.V. AFTER EFFECT. 

Conditions; 

0.52 moles AN, 0.106 moles St, 0.038 moles ZnBr2, 
50 ml DCE. 25'C, U.V. la.mp on for 3 minutes. 
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associated ZnBr2 (24). However, these protected radicals 

should give rise to an after effect irrespective of their mode 

of formation. The absence of a U.V. after effect is evidence 

against such an explanation. 

It has already been noted that these polymerizing 

solutions have abnormally high viscosities at fairly low 

conversions. This and the 1 pearly blue' colour observed may 

be indicative of microgel particles similar to those found by 

Zubov (194) for the polymerization of allyl acetate in the 

presence of ZnC1,. Trapped polyradicals in such a microgel 

is thought to give rise to the observed after effect in the 

anodic polymerization of methylmethacrylate (174). However, 

this argument does not account for the after effect in the 

present situation since polymerization under U.V. conditions 

a.lso gives rise to highly viscous and pearly blue solutions 

at low conversions, and no after effect is found in this case. 

The possibility of existence of ' living' anionic species 
in the present situation is highly unlikely. Rigorous 

purification techniques are needed to observe this type of 

polymerization, the living anions being extremely sensitive to 

impurities such as water. In the system under study these 

purification techniques were not employed and indeed, polymer- 

ization has been found to occur with essential undiminished 

rates in the presence of added water (175). 

The most likely explanation of the after effect is the 

electrochemical generation of an initiator or catalyst which is 



s t a b l e  i n  the  react ion medium but  which cannot be formed 

photo ly t ica l ly .  This u n i t  o r  c a t a l y s t  i s  then capable of 

i n i t i a t i n g  the  polymerization i n  some way. The present  

s i t u a t i o n  i s  s imi la r  t o  the  ca t ion ic  polymerization of 

i sobutyl  v inyl  e ther  (141)  i n  which very small current  pulses 

(of  the  order of PF) were used t o  i n i t i a t e  an extremely f a s t  

polymerization. In t h i s  case cyc l ic  voltammetry s tud ies  

indicated t h a t  an i n i t i a t i n g  substance was being generated 

a t  t he  e lec t rode surface. This i n i t i a t i n g  substance was 

postulated t o  a r i s e  from the  oxidat ion of the  supporting 

e l e c t r o l y t e  (sodium tetraphenylboride)  i n  one of two 

poss ible  ways : 

(i) 
- 

B F ~  -e BF4. 

( i i )  SH + BF4* 4 So +HF + BF3 

It was considered l i k e l y  t h a t  e i t h e r  BF4* o r  the  HF/BF~ ca ta lys t /  

cocata lys t  p a i r  could i n i t i a t e  the  ca t ion ic  polymerization. 

In the  styrene - a c r y l o n i t r i l e  - ZnBr2 case considered 

here,  a  s imi la r  type of process must be occurring. Cyclic 

voltammetry measurements have shown t h a t  a t  the  po ten t i a l s  

employed i n  the  e l e c t r o l y s i s  of these  solut ions ,  the  only 

process t h a t  can occur i s  the  reduction of zn2+ t o  z inc  metal. 

This and the  observation t h a t  polymer i s  produced only when 

zinc i s  deposited on the  cathode suggests t h a t  zinc metal i n  

some way causes the  a f t e r  e f f ec t .  

Two exploratory experiments were ca r r i ed  out t o  confirm 

t h i s  postula t ion.  The f i r s t  involved the  use of a  c e l l  normally 
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used f o r  cyc l ic  voltammetry ( ~ i g u r e  5 ) ,  two 1" square platinum 

elect rodes  replacing the  t h ree  e lec t rode set-up. The so lu t ion  

f 
L was e lect rolysed f o r  a  shor t  period of time a f t e r  which the  

current  was switched off  and the  c e l l  t ipped s o  t h a t  the  

e lec t rodes  no longer made contact  with the  solut ion.  The 

r e s u l t s  were compared with those i n  which the  c e l l  was not  

t ipped,  and a re  given i n  Table X. 

TABU X. Effect  of Cell  Tipping. 

Cel l  Tipped Cell  Not Tipped 

Yield polymer ( g )  (1) 0.2113 0.39g 

Conditions: 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2 

25 m l  DCE. 
4 

4 x I o - ~ F  passed then l e f t  f o r  5* hours a t  0°C. 

It ca.n-%e seen t h a t  the  a f t e r  e f f e c t  y i e l d  i s  ma,rkedly reduced 

on removing the  e lec t rodes  from the  so lu t ion  a f t e r  ele c t r o l y s i s  . 
A second experiment involved p l a t i ng  out  zinc metal from 

an a c e t o n i t r i l e / ~ n ~ r ~  solut ion.  The z inc  coated e lec t rode was 

then removed, washed with DCE and f i n a l l y  placed i n t o  a . s o l u t i o n  

of AN ,St,ZnBr2 in DCE (usual  proport ions)  and l e f t  a f t e r  degassing, 

at 0°C f o r  5 hours. Prec ip i ta t ion  of polymer a f t e r  t h i s  time 

period s ign i f i ed  the  presence of a  t r u e ' z i n c  e f f e c t ' .  A s  a  

f i n a l  confirmation of the  existence of t h i s  e f f e c t ,  experiments 

were performed i n  the  absence of e l e c t r o l y s i s  but  with zinc dust 

added. The e f f e c t  of d i f f e r e n t  amounts of added zinc on the  
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y i e l d  of copolymer produced i s  seen i n  Figure 32. It can be 

seen t h a t  t he  polymer y i e l d  increases with the  amount of zinc 

dust  added, up t o  a l imi t ing  amount. The polymers obtained 

were examined i n  the  usual  way ( I. R. , N.M. R. , G.  P. C.  ) and 

found t o  be i den t i ca l  i n  every way t o  the  polymers formed 

under e l e c t r o l y s i s  conditions i n  the  cathode. 

Thus it has been conclusively shown t h a t  zinc metal i s  

involved i n  producing the  l a rge  a , f t e r  e f f e c t s  observed i n  the  

St-AN system. Even more surpr i s ing  i s  t he  f a c t  t h a t  zinc dust  

can i n i t i a t e  o r  ca ta lyse  t he  polymerization, This ' z i n c  e f f e c t '  

i s  t o t a l l y  unexpected and cons t i tu tes  anove l  but  extremely 

in t e r e s t i ng  ca , ta ly t ic  o r  i n i t i a t i n g  system deserving f u r t h e r  

study. 

111.2.3. Z I N C  EFFECT. 

Introduction. 

Metals a r e  known t o  catalyse various chemical react ions ,  

including polymerizations (176). However zinc metal i s  regarded 

as being f a i r l y  i n e r t  and an extensive l i t e r a t u r e  survey has 

revealed t h a t  very l i t t l e  i f  a,ny work has been done using t h i s  

metal a s  a  ca, ta , lyt ic  surface.  Only two repor t s  of polymerizations 

i n  t he  presence of zinc metal have been found (177,178). The 

observation of a polymerization i n  the  presence of z inc  dust  i s  

there fore  of g rea t  syn the t ic  i n t e r e s t .  

A s  f a r  as t h i s  t h e s i s  i s  concerned t h e  main quest ion i s  

whether the  polymerization i s  a heterogeneous surface reac t ion  

and whether zinc i s  ac t ing  a s  an i n i t i a t o r  i n  some fashion. A 

second quest ion concerns whether t h i s  process is  s p e c i f i c  t o  



Figure 32. EFFECT OF Z I N C  DUST. 

Conditions:  

0.26 moles AN,  0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE; O°C, 5* hours. 
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donor acceptor  type systems or  whether it i s  of more general  

app l i cab i l i t y .  A s e r i e s  of experiments were designed i n  an 

attempt t o  answer these  and other  important questions. 

Results and Discussion. 

The amount of z inc  deposited on the  cathode during a 
t 

i control led  po ten t i a l  run was compared with the  t o t a l  number of 

Faradays passed. The r e s u l t s  obtained a r e  shown i n  Table X I .  

TABU X I .  Comparison of Amount of Zinc Deposited and the  

Number of Faradays Passed. 

# F passed x l o 3  W t .  Zn Theoret ical  max. 
deposited (mg) W t .  of ~ n ( m g )  

Conditions: 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE; O°C. 

It can be seen t h a t  the  amount of zinc deposited i s  s l i g h t l y  l e s s  

than the  amount of Faradays passed. E lec t ro lys i s  of impuri t ies  

may account f o r  the  observed di f ferences .  Thus almost t he  

e n t i r e  Faradaic process involves the  deposi t  ion of z inc  metal, 

a conclusion already reached from the  cyc l ic  voltammetry work. 

A rough comparison between the  e f f e c t s  of e l ec t ro -  

deposited zinc and added zinc dust was made. Thus 12 mg zinc 

metal was deposited by passing 4 x Io-*F of e l e c t r i c i t y .  The 

amount of polymer obtained a f t e r  standing a t  0°C f o r  5% hours 

was compared with t h a t  obtained f o r  t he  add i t ion  of 13 mg Zn 



dust  t o  an i d e n t i c a l  solut ion.  The r e s u l t s  a r e  shown i n  

Table X I I .  

TABLE X I I .  Copolymer Yield a s  a  Function of Type of Zinc 

Metal. 

Type of Zinc Weight Zinc (mg) Yield copolymer(g)* 

Electrodeposited 12 0.39 

Zn dust  13 0.01 
- 

* Data from Table X and Figure 32. 

Hence electrodeposi ted zinc gives a much l a rge r  e f f e c t  than a 

s imi la r  quant i ty  of zinc dust.  The reasons f o r  t h i s  w i l l  be 

discussed l a t e r .  

The e f f e c t  of add i t ion  of polymerization inh ib i to r s  

such a s  diphenylpicrylhydrazyl (DPPH) and Hydroquinone (HQ) t o  

polymerizations using z inc  dust  was studied.  The r e s u l t s  a r e  

given i n  Table X I I I .  I 

TABLE X I I I .  Effect  of DPPH and HQ. 

DPPH/ AN 
(mule r a t i o )  

HQJAN 
(mole r a t i o )  Yield copolymer(g) 

t r a c e  

0.01 

no polymer 

no polymer 

0.47 
0.44 

Conditions: 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE, 250 rng zinc dust;  25OC f o r  3 hours. 



It i s  obvious from these  r e s u l t s  t h a t  the  polymeriz- 

a t i o n  reac t ion  i n  the  presence of zinc dust proceeds by a 

r a d i c a l  mechanism. It can be in fe r red  from t h i s  t h a t  i n  

t he  electrodeposi ted zinc case, t he  propagation i s  s imi l a r ly  

r ad i ca l  i n  nature. This conclusion i s  i n  accord with t he  

e a r l i e r  postula t ion,  based on a f t e r  e f f e c t  r e s u l t s  obtained i n  

a s ing l e  c e l l ,  t h a t  a r ad i ca l  propagation i s  the  most l i k e l y  

p o s s i b i l i t y  f o r  both compartments ( ~ i g u r e  29).  - 
Other Metals. - - - - - -  

A number of o ther  metals were studied t o  determine 

whether the  ' z inc  e f f e c t '  was spec i f i c  t o  z inc  o r  whether it 

was a more general  phenomenon. The metals used were in the  

form of powders o r  f i l i n g s .  The r e s u l t s  obtained a r e  given 

i n  Table XIV. 

TABU XTV. Effect  of Other Metals. 

Metal Polymerization 
Yes No Yield ( g )  

Conditions: 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
25 m l  DCE, 250 mg metal; O°C, 5* hours. 
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It i s  obvious t h a t  t h e  e f f e c t  i s  no t  r e s t r i c t e d  t o  z inc  al though 

t h i s  metal  g ives  by fa r  t h e  l a r g e s t  e f f e c t .  What i s  more 

s u r p r i s i n g  i s  t h a t  metals  known f o r  t h e i r  c a t a l y t i c  p r o p e r t i e s  

1 ( e .g .  C o , ~ i )  e x e r t  a b s o l u t e l y  no e f f e c t  i n  t h i s  system under 

t h e  condi t ions  used. It should a l s o  be noted t h a t  t h e  metals  

which do g ive  t h e  e f f e c t  a l l  have d l0  e l e c t r o n i c  s t r u c t u r e s .  

Other Monomer Systems. - - - - - - - - - - -  
I n  an at tempt  t o  a s c e r t a i n  t h e  g e n e r a l i t y  of t h e  z inc  

e f f e c t ,  a number of monomers and comonomer p a i r s  were s t u d i e d  

under a v a r i e t y  of experimental  cond i t ions .  The r e s u l t s  a r e  

given i n  Tables XV and X V I .  

TABLE XV. Other Comonomer Pairs.  

System ZnBr2 Zn " Yield Copolymer 
(moles-moles ) (moles ) (mg) ( g >  

S t  - MMA 

(0.053 - 0.21) 

St i lbene-maleic  

anhydrideC 

(0 .1  - 0 . 4 )  
S t  - die thyl fwnara te  d 

(0.082 - 0.082) 

Conditions:  50 m l  t o t a l  volume of s o l u t i o n ,  DCE so lvent ;  
0°C f o r  5% hours .  

a mixture of copolymer (0.095g) and polys tyrene  
(0.021g).  

b polystyrene only.  

c 4 5 O C  f o r  5% hours.  

d 25°C f o r  2  hours; s o l u t i o n  made up t o  30 m l  
with abso lu te  MeOH (no DCE p r e s e n t ) .  



TABLE XVI. Use of One Monomer a t  40°c. 

Monomer ZnBr ZnO DCE CH3CN Time Polymer Yield 
(moles) (moles) (mg) ( m l )  ( m l )  (hours)  ( g )  

AN 0.019 250 30 5 0.07 - 

MMA 0.025 250 - - 18 0.19 

(0.20) - 250 - - 18 - 

0.025 - - - 18 - 



The important results contained in these two Tables can 

be summarized as follows: 

(a) When copolymerization occurs, it occurs only when both 

ZnO and ZnBr2 are present. In the stilbene - maleic anhydride 
case, no polymer is formed under all conditions. However, 

ZnBr2 is only sparingly soluble in this system. 

(b) The zinc effect is not specific to donor acceptor systems. 

- This is evident from the homopolymerization data in Table XVI. 

However, it is again noted that homopolymerization occurs only 

when zinc and zinc halide is present. In the styrene case, the 

polystyrene observed in DCE probably arises from a cationic 

contribution due to ZnBr2 (179). Thus changing from a good 

cationic solvent (DCE) to a poor one (acetonitrile) eliminates 

the formation of polystyrene. It is also important to note that 

no polystyrene was formed using acetonitrile despite the fact that 

2n2+ ions are present in the solution. In other words, only 

systems in which a monomer can complex with a zinc salt are 

capable of exhibiting the zinc effect. 

It could be argued in the copolymerization cases, that 

the reason copolymer formation is observed only in the presence 

of ZnBr2 is simply due to the large rate accelerations that are 

observed on the addition of zinc halides. In other words, 

ZnBr2 may not be necessary for the zinc effect. This argument 

can be settled by studying the styrene - acrylonitrile system 
at a higher temperature in the absence of ZnBr2. In this 

situation, there is no rate acceleration due to ZnBr2 and use 



of higher temperatures should increase the propagation rate 

sufficiently enough to observe polymer formation in the time 

scale of the experiment. The results obtained are given in 

Table XVII. 

TABU XVII. Zinc Effect in the Absence of Zinc Bromide. 

Styrene Acrylonitrile Zn O DCE Copolymer 
(moles ) (moles ) (mg Yield 

trace 

trace 

trace 

trace 

Conditions: 40°c for 4 hours. 

The fact that traces of polymer are obtained indicates 

that polymer formation is proceeding. It can be seen that the 

addition of zinc metal alone has no effect in this system. 

These results prove conclusively that ZnBr2 is necessary for 

the observation of the 'zinc effect1. It should be mentioned 

at this point that other zinc halides - zinc chloride and zinc 
fluoride - were also used in this study with similar results, 
signifying that the type of halide is not important. 

The results of F'urukawa and Fueno (177) should be 

mentioned. These workers observed the homopolymerization of a 

number of monomers in a heterogeneous mixture of various metals 

and organic chlorides. For methyl methacrylate 



( a )  The metals  Mg, Fe, Zn, A 1  and Sb were used i n  conjunct ion 

w i t h  var ious  organic  h a l i d e s  such as t -bu ty lch lo r ide ,  a- 

chloromethylnaphthalene, chloroform. When Se, Pb, Cu, T i ,  B i  

o r  C r  was used as a component of t h e  c a t a l y s t  mixture,  no 

polymer w a s  obtained.  It w a s  found t h a t  z inc  metal  i n  t h e  

presence of t - b u t y l  ch lo r ide  gave t h e  optimum y i e l d  of polymer. 

The polymer y i e l d  w a s  found t o  i n c r e a s e  with inc rease  i n  t h e  

amount of  z inc added up t o  a l i m i t i n g  quan t i ty ,  similar t o  t h e  

r e s u l t s  obtained i n  t h e  p resen t  s tudy ( ~ i g u r e  3 2 ) .  

( b )  Molecular weights of t h e  polymers were low and independent 

of conversion except i n  t h e  case of Mg, f o r  which t h e  molecular 

weight w a s  found t o  inc rease  with t ime.  Hydroquinone was found 

t o  have no e f f e c t  on t h e  r e a c t i o n .  

For s ty rene ,  Fe and T i  i n  t h e  presence of var ious  

organic  h a l i d e s  were found t o  be t h e  most e f f e c t i v e  meta ls .  

However, only very low molecular weight products were obtained 

with t h i s  monomer. Other monomers used i n  t h i s  study, methyl 

a c r y l a t e ,  a c r y l o n i t r i l e  and v i n y l  a c e t a t e  were found t o  polymer- 

i z e  only i n  t h e  presence of z inc  meta l  and var ious  h a l i d e s .  

Furukawa expla ins  t h e s e  observat ions  by p o s t u l a t i n g  t h e  

i n  s i t u  formation of Grignard type compounds capable of i n i t i a t i n g  

polymerizat ion.  Thus t h e  meta l  i s  considered t o  i n t e r a c t  wi th  

t h e  organic  h a l i d e  t o  produce a Grignard compound which then 

adds monomer by a n  an ion ic  mechanism: 



CH2CHY + 
RCH~EHY *MX R C H ~ C H Y C H ~ C ~ .  *MX + polymer 

The experimental conditions used by Furukawa are similar 

to those used in the present study, the only difference being 

that ZnBr2 was not used by the Japanese workers. However 

dichloroethane was employed for much of the work reported here 

and there is a possibility that this solvent could interact with 

zinc to produce an initiator similar to those proposed by 

Furukawa. This possibility was investigated by a series of 

experiments. 

The use of t-butyl chloride instead of DCE in the St-AN 

system gave the results shown in Table XVIII. 

TABLE XVIII. Use of t-Butyl Chloride. 

ZnBr2 
(moles ) 

Copolymer Yield 
(65) 

Conditions: 0.26 moles AN, 0.053 moles St, 25 ml t-butyl 
chloride.; 

a 25OC, not degassed. Reaction over in a few 
seconds. 

b O°C for 5% hours, degassed. 



F 
The polymerization in the presence of Zn and ZnBr2 proceeded 

very rapidly. Addition of Zn dust to a non-degassed solution 

containing AN, St and ZnBr2 caused immediate coagulation of 

the dust, and the resulting sticky mass sank to the bottom of 

the reaction vessel. Extraction of the polymer using THF gave 

a copolymer which analysed as 1:l alternating, but which had a 

low molecular weight (around 50,000). This is in contrast to 

the extremely high molecular weights that are normally observed 

in these systems. 

The results in Table XVIII again indicate the necessity 

of both Zn and ZnBr2 for the observation of the effect, under 

the conditions employed in the work reported in this thesis. 

It should be noted that Furukawa employed temperatures of 60'~ for 

very long time periods (between 5 and 45 hours). Under these 

conditions, polymerization in the present system may occur in 

the absence of ZnBr2. The important conclusion, however, is 

that a mechanism similar to that postulated by Furukawa is not 

operative here, and is not the cause of the after effect. This 

conclusion has been confirmed by the previously reported 

observations of an after effect in the absence of solvent 

(Figure 28) and polymerization in the presence of Zn dust in 

the absence of solvent  a able XVI). 
Conclusions 

The results reported to date on the zinc effect can be 

summarized as follows: 



(a) electrodeposition of zinc constitutes the entire 

Faradaic process at the controlled potentials used in this 

study . 
(b) electrodeposited zinc is much more efficient than zinc 

dust in the polymerization reaction. 

(c) propagation in the presence of zinc metal proceeds by 

a radical mechanism. 

(dl other metals having a dl0 electronic structure are 

capable of giving the effect. 

(4 the effect is restricted to systems which contain a 

monomer capable of forming a complex with a zinc halide. 

(f) the effect occurs only when both zinc and a zinc halide 

are present. 

(63) the effect is not caused by a zinc-organic halide 

interaction. 

From the point of view of this thesis, the most signifi- 

cant observation is the necessity for both Zn and ZnBr2 to give 

the 'zinc effect1. This indicates that the polymerization is 

not a simple catalytic effect on the zinc surface, but rather 

an initiation involving the ~n(0) - ~n(11) couple. If such an 

interaction occurs, then a possible initiating species would be 

a znl cation formed in the electron exchange reaction 

the ions perhaps being held at the zinc surface by an ionic 

bond (180). Since such electron exchange reactions are most 



l i k e l y  t o  occur a t  surface defects ,  t h i s  would expla in  t he  

much higher e f f ic iency  of e lec t rodeposi ted  zinc over zinc 

dust ,  the  former containing a much l a r g e r  concentrat ion of surface 

defects .  Also, zinc dust  i s  more l i k e l y  t o  contain impuri t ies  

such as  oxide layers ,  whereas e lec t rodeposi ted  zinc i s  uncon- 

taminated. 

Although znl species have been shown t o  e x i s t  i n  fused 

melts (181), t h e i r  exis tence  would be d i f f i c u l t  t o  prove in the  

present  system. However t h e  pos tu la t ion  of t h e i r  existence 

i s  not  without some meri t .  Recent work by Matlack and Breslow 

(182) has shown t h a t  ethylene can be polymerized by a combin- 

a t i o n  of t i tanium and t i tanium t r i ch lo r ide .  These workers 

pos tu la te  the  i n  s i t u  formation of Ti(11) s ince  ne i the r  

component i s  ac t i ve  alone. The formation of polyethylene i n  

the  presence of t i tanium dichlor ide  lends support f o r  t h i s  

hypothesis.  Thus t he  formation of zn(1)  from ~ n ( o )  and zn(11) 
* 

could be occurring i n  a s imi l a r  way t o  t he  formation of ~i(11) 

from T i ( 1 )  and ~ i ( 1 1 1 ) .  Also, r e s u l t s  from current  r eve r sa l  

experiments t o  be reported l a t e r  i n  t h i s  t h e s i s  a r e  cons i s ten t  

with the  postula ted  formation of a ~ n ( 1 )  species.  

Although the  formation of a lky l  zinc compounds s imi l a r  

t o  those postula ted  by F'urukawa (177) i s  l i k e l y  t o  occur, t h e i r  

pa r t i c ipa t ion  i n  the  present  system under the  condit ions 

employed has been shown t o  be negl ig ible .  

Thus zinc,  present  as  zinc dust  o r  formed electrochemically,  

i n t e r a c t s  with a z inc  ha l ide  t o  produce a polymerization i n i t i a t -  

ing system. The e f f e c t  i s  general ,  and i s  operat ive in a l l  
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systems which s a t i s f y  the  c r i t e r i a  summarized above. It i s  

postulated t h a t  t he  i n i t i a t i n g  species may be a  znl ca t i on  

I1 formed by an e lec t ron  exchange reac t ion  between znO and Zn . 
A proposed mechanism f o r  the  donor acceptor  complex copoly- 

merization of s tyrene and a c r y l o n i t r i l e  i n  terms of t he  z inc  

e f f e c t  w i l l  be given i n  a  l a t e r  sect ion.  

111.2.4. RELATED STUDIES. 
- - - A M - - -  

Current Reversal Experiments. - - -  - - - - - - - - - -  
Donor acceptor complex polymerizations a r e  character ized 

by the  formation of very high molecular weight copolymers even 

i n  t he  presence of conventional chain t r a n s f e r  agents.  It has 

been mentioned previously t h a t  the  use of electrochemical 

techniques ( s p e c i f i c a l l y  current  r eve r sa l )  has met with a  g rea t  

deal  of success i n  control l ing t h e  M. W t .  d i s t r i b u t i o n  (135,146, 

147). Thus experiments employing current  reversa l  techniques 

were attempted i n  the  styrene - a c r y l o n i t r i l e  system t o  t e s t  

the f e a s i b i l i t y  of using such techniques t o  control  t he  molecular 

w i g h t  of copolymers produced in donor acceptor  type systems. 

P i l o t  experiments revealed t h a t  M. W t .  con t ro l  was 

poss ible  i f  current  r eve r sa l  was ca r r ied  out within a well 

defined time range. Thus i f  the  period of the  square wave was 

var ied  between approximately 0.1 seconds and 3 seconds, molecular 

weight reduction was observed. Current reversa l  outs ide  t h i s  

range e i t h e r  gave no polymer (c0.1 sec.)  o r  normal high M . W t .  

copolymer (>3 sec . ) .  

Several experiments were ca r r ied  out employing d i f f e r e n t  

periods f o r  various times of polymerization. The copolymers 



elemental and N. M. R. analysis. The peak molecular weights 

i 
I 

were measured by gel permeation chromatography and were found 

to increase with conversion as shown in Figure 33. This is 

an extremely surprising and totally unexpected result. From 

Table X I X  it is evident that there is no relationship between 

peak molecular weight and period. 

TABLE XIX. Dependence of Molecular Weight on Period. i - 

Period(sec) Peak M.Wt.x %~onversion(~t) 

- - - - - - - 

Data from Figure 33. 

The explanation of such a molecular weight profile is 

very difficult. An increase in molecular weight with conversion 

usually signifies the presence of a long lived radical or a 

living system. Both these possibilities have been ruled out 

previously when attempting to explain the after effect. The 

conclusion reached at that time, which was subsequently shown to 

be correct, was that zinc metal was responsible for the after 

effect. It is therefore quite probable that zinc is also 

giving rise to these unexpected observations in some way. It 

should be noted that at the end of each experiment, a small 

amount of zinc metal was observed on both electrodes. This 

would not be expected if oxidation and reduction of zinc were 



F i u r e  33. DEPENDENCE OF MOLECUUR WEIGHT ON CONVERSION. 

Conditions : 0.26 moles AN, 0.053 moles st, 
0.019 moles ZnBr2, 25ml DCE, 25O~.  

Period: 8 2.0 see. 

o 1 . 5 s e c .  

A 1 . 0 s e c .  

A 0.5 sec. 

0.25 sec. 





the only electrochemical process occurring. 

An attempt at rationalizing the above observations in 

terms of the zinc effect will be discussed later in this thesis. 

Polymerization in the Absence of Zinc Metal. - - -  - - - -  - - - - - - - - - -  - - -  

The work reported thus far in this thesis concerns the 

initiation of an alternating copolymerization by a ~n(0) - Zn (11) 
couple at the cathode. Although initiation of polymerization 

by metals created electrochemically is not new, the metals in 

question (e.g. sodium) are unstable in the reaction medium, 

and react immediately with monomer (137,192). The present 

system involves a completely different situation in which the 

metal formed is quite stable in the reacting medium. It would 

be of interest to ascertain whether donor acceptor systems were 

susceptible to more 'conventional' electroinitiation reactions 

at the cathode. Thus the copolymerization of styrene and 

acrylonitrile was attempted electrochemically in situations 

where zinc metal would not be formed. The Lewis acids used, 

AlC13 and CoC12, were chosen so that even if the corresponding 

metals were plated out during electrolysis, they would have no 

effect on the polymerization  a able XTV). Electrolysis of 

monomer solutions containing these salts were found to yield 

copolymers which were extremely high in acrylonitrile content, 

in both cases. The reason for these results is not fully 

understood. It is generally believed that there exists an 

optimiwn'acidity of metal halide for the observation of an 

alternating copolymerization and that Lewis acids can be too 

strong or too weak in some cases (43). This may be the case 



i n  t h e  present  s i t ua t ion .  The use ofc ther  s a l t s  t o  f u r t h e r  

t h i s  inves t iga t ion  met with l i t t l e  success due t o  t he  poor 

s o l u b i l i t y  and complexing a b i l i t y  of these  s a l t s .  

A second p o s s i b i l i t y  of removing t h e  e f f e c t  of zinc 

metal while re ta in ing  t h e  same reac t ion  conditions was t o  use 

a mercury cathode i n  place of platinum. Any zinc p la ted  out 

from ZnBr2 would dissolve i n  the  mercury thereby hopefully 

removing it from the  e lec t rode surface.  The r e s u l t s  obtained 

i n  t h i s  study a re  shown i n  Figure 34. The r e s u l t s  show the  

f a i l u r e  of t h i s  method in el iminating the  zinc e f f ec t .  The 
* 

blank runs a r e  high, presumably due t o  t he  e f f e c t  of mercury 

metal i t s e l f  i n  t h i s  system. The a f t e r  e f f e c t  i s  again not  

much d i f f e r e n t  from continuous e l e c t r o l y s i s  suggesting the  

pa r t i c ipa t ion  of zinc. It was found t h a t  the  y i e l d  of polymer 

was not  a f fec ted  by the  amount of mercury used f o r  the  cathode, 

s ignifying t h a t  again a surface reac t ion  i s  occurring. Thus 

the  presence of small quan t i t i e s  of zinc a t  t he  mercury surface  

( i . e .  a z inc  amalgam) i s  s u f f i c i e n t  t o  give t he  l a rge  a f t e r  

e f f e c t  observed. Although these  experiments did not  produce 

the  r e s u l t s  hoped f o r ,  they do provide f u r t h e r  evidence f o r  the  

existance of t he  zinc e f f e c t .  

P h i l l i p s  e t  a l .  (84-87) a r e  the  only other  group t o  publish 

work on e l e c t r o i n i t i a t e d  donor acceptor s tudies .  The styrene - 
diethylfumarate (DEF) - zinc bromide system was s tudied by these  

workers. Copolymer was found exclusively a t  the  cathode and 

t h e  copolymer composition was invar ian t  with the  degree of 

conversion, e l e c t r o i n i t i a t i o n  r a t e  and monomer feed r a t i o .  



Figure 34. REACTION PROFILE USING Hg CATHODE. 

Conditions : 0.26 moles AN, 0.053 moles S t ,  
0.019 moles ZnBr2, 25 m l  DCE. 25"C, constant  
current .  

constant current ,  20 mA 

o a f t e r  e f f e c t ,  current  switched off  a f t e r  
60 mi,. 

A blank 





However no work was done t o  examine the  poss ible  e f f e c t s  of 

zinc metal on t h i s  system. Since the  present  study has shown 

t h a t  an a l t e rna t ing  copolymer between S t  and DEF i s  produced i n  

the  presence of added zinc dust   a able XV),  t h i s  might suggest 

the  pa r t i c ipa t ion  of zinc metal i n  the  e l e c t r o i n i t i a t i o n  case 

a lso .  An experiment was carr ie  d out under P h i l l i p s ' s  

conditions using an applied current  of 25 mA. After  twenty 

hours of e l e c t r o l y s i s  a  small amount of polymer was prec ip i ta ted .  

Also, it was noted t h a t  very l i t t l e  z inc  metal was e l ec t ro -  

deposited on the  cathode, i n  sharp con t ras t  t o  t he  S t - A N  case 

reported here. However, it should be remembered t h a t  in the  

S t - A N  case only a small amount of e lec t rodeposi ted  z inc  was 

required t o  give polymer formation. Hence the  f a c t  t h a t  only 

small amounts t o  zinc a r e  deposited i s  not  an argument aga ins t  

t he  absence of a  ' z inc  e f f e c t '  here. 

The very low current  e f f i c i e n c i e s  observed coupled with 

t he  high current  dens i t i e s  employed i n  P h i l l i p s ' s  s t ud i e s  suggest 

t h a t  o ther  e lec t rode react ions  a r e  occurring which give  r i s e  t o  

t r a n s i e n t  species incapable of i n i t i a t i n g  polymerization. It 

i s  qu i t e  possible t h a t  zinc plays no p a r t  i n  t h i s  react ion.  

The reproduc ib i l i ty  of the  k i n e t i c  r e s u l t s  obtained (84,86,87) 

and the  d e f i n i t e  p a r a l l e l s  shown between the  photochemical and 

electrochemical i n i t i a t e d  systems (87) seem t o  ind ica te  the  non- 

pa r t i c ipa t ion  of zinc i n  t h i s  system. If t h i s  i s  so, then it 

cons t i t u t e s  the  f i r s t  ' r e a l '  e l e c t r o i n i t i a t e d  donor acceptor  

complex polymerization a t  the  cathode. However the  observat- 

ion of an a f t e r  e f f ec t  i n  t h i s  system (86) ,  which was reported 



and subsequently ignored, together  with the  e f f e c t  of zinc 

metal on the  polymerization ( repor ted i n  t h i s  t h e s i s ) ,  suggests 

t he  need f o r  f u r t h e r  work t o  determine the  exact ro l e ,  i f  any, 

of z inc  in the  St-DEF copolymerization. 

Introduction. 

I n i t i a t i o n  of a l t e rna t ing  copolymerizations a t  the  

cathode has been shown t o  be due t o  the  presence of z inc  metal. 

Attempts t o  e l e c t r o i n i t i a t e  the  donor acceptor copolymerization 

of s tyrene - a c r y l o n i t r i l e  by more d i r e c t  methods have so  far 

f a i l e d .  Studies of t h i s  system show t h a t  polymer i s  a l s o  

obtained a t  t he  anode. It was found t h a t  the  y i e ld s  were 

much l e s s  than the  cathode case, and the  r e su l t i ng  polymer was 

a mixture of 1 : 1 a l t e r n a t i n g  copolymer and polystyrene. 

However the  f a c t  t h a t  no zinc metal i s  present  i n  these  anode 

so lu t ions  would ind ica te  t h a t  a more d i r e c t  e l e c t r o i n i t i a t i o n  

reac t ion  i s  occurring. 

Also, work has shown t h a t  the  polymerization character-  

i s t i c s  a r e  considerably a l t e r e d  in the  presence of t he  supporting 

e l e c t r o l y t e  tetrabutylamrnoniwn perchlora te  (TBAP) in t h e  follow- 

ing manner : 

( a )  the  t o t a l  y i e l d  of polymer i s  g r e a t l y  increased. 

( b )  only pure copolymer i s  obtained i . e .  t he re  i s  no 

polystyrene present .  

( c )  the  molecular weights of t he  copolymers a r e  low. 

On the  bas i s  of the  above observations, it was decided 

t o  make a b r i e f  study of t he  copolymer iza t i~n  reac t ion  in the  
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presence of TBAP, a t  the  anode. 

Results.  

On e lec t ro lys ing  these  TBAP solut ions ,  the  anode 

compartment was found t o  develop a yellow colour while the  

cathode remained colour less .  

The reac t ion  p r o f i l e  under d i f f e r e n t  applied currents  

i s  seen i n  Figure 35. E l e c t r o l y t i c  control  of the  polymer- 

i z a t i o n  i s  evident from these  r e s u l t s .  

The polymers  obtained from t he  above s e r i e s  of 

experiments were analysed with the  following r e s u l t s :  

( a )  I . R .  spect ra  of t he  yellowish polymers revealed the  

presence of both S t  and A N  groups, a s  well  a s  a new band a t  

1670 cm'l. 

( b )  I . R .  and elemental analyses indicated a 50:50 copolymer 

composition. .$ 

( c )  N.M.R. spec t ra  indicated the  a l t e rna t ing  character  of 
r 

t he  copolymers. 

( d )  g e l  permeation chromatograms revealed t h a t  t h e  molecular 

weights of these  polymers were subs t an t i a l l y  lower than those 

obtained a t  the  anode i n  the  absence of TBAP. The d i s t r i bu t ions  

were wide with peak molecular weights being i n  the  50,000 region. 

( e )  the  molecular weights were independent of conversion and 

r a t e  of i n i t i a t i o n .  

Table XX shows t h a t  the  copolymer composition i s  50:50 

i r r e spec t ive  of the  i n i t i a l  comonomer feed r a t i o .  



Figure 35. INFLUENCE OF CURRENT ON POLYMER FORMATION. 

Conditions : 0.26 moles AN, 0.053 moles S t ,  ' 

0.019 moles ZnBr2, 0.005 moles TBAP, 25 m l  DCE, 
O0C.  





TABLE XX. Copolymer Composition a s  a Function of I n i t i a l  

Feed Ratio. 

AN:St in feed $ AN i n  copolymer 

Conditions : AN + S t  = 0.31 moles, ZnBr2 = 0.019 moles, 0.005 moles 
TBAP, 25 m l  DCE; o 0 C ,  10mA f o r  30 minutes. 

a polymer insoluble  i n  reac t ion  solut ion.  

The r e s u l t s  of varying the  temperature a t  a constant appl ied  

current  a r e  shown i n  Figure 36. 

An Arrhenius p l o t ,  shown i n  Figure 37, i s  obtained i f  

t h e  slopes of t he  l i n e s  i n  Figure 36 a r e  p lo t t ed  aga ins t  the  
4 

rec iproca l  of t h e  temperature. From t h i s  graph, t he  ove ra l l  

a c t  ivasion energy f o r  the  polymerization, Ea, i s  found t o  be 

Table X X I  demonstrates t h e  exis tence  of  an a f t e r  e f f e c t  

i n  t h i s  system. 

TABLE X X I .  After Ef fec t  in the  Presence of TBAP. 

Sample After  e f f e c t  time 
(minutes) Yield anode ( g )  

SAN 123a 

SAN 126a 

SAN 127a 

SAN 125a 

t r a c e  

0.11 

Conditions : 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
0.005 moles TBAP, 25 m l  DCE, O°C, 20mA f o r  40 mins. 



Figure 36. EFFECT OF TEMPERATURE AT A CONSTANT APPLIED 

CURRENT. 

Conditions : 0.26 moles AN, 0.053 moles S t ,  0.019 
moles ZnBr2, 0.005 moles TBAP, 25 m l  DCE, 20mA. 

A 25°C 

o 15°C 

0°C 





Figure 37. ARRHENIUS PLOT. 
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Ddring the  a f t e r  e f fec t ,  it was observed t h a t  the  

yellow colour i n i t i a l l y  present in the  anode disappeared 

with time. 

It i S obvious t h a t  the  charac ter i s t ics  of the present 

system i s  very s imilar  t o  the cathode s i tua t ion  previously 

studied. The existence of an a f t e r  e f fec t  i s  again indicative 

of the  generation of an ac t ive  species which subsequently 

in te rac t s  with monomer. In t h i s  case there  i s  no zinc 

present and the s i tua t ion  closely resembles other anodic 

polymerizations i n  which TBAP i s  involved, and which give r i s e  

t o  a f t e r  e f fec t s  (140-142,195,196). The most important 

difference between the  copolymers produced here and those 

obtained i n  the cathode, i s  the low molecular weights i n  the 

present study. This aspect was studied fur ther  i n  an attempt 

a t  e lucidat ing the nature of the act ive species responsible 

f o r  the  i n i t i a t i o n  of the  polymerization. 

Molecular Weight Studies. - - - _ _ - - - - _ 
The molecular weights of copolymers produced i n  the 

cathode compartment remain unchanged when the polymerization i s  

carr ied out in the presence of TBAP. The molecular weights of 

copolymers formed i n  the anode are  invariant  t o  change i n  the 

nature of the cation of the perchlorate s a l t .  These observations 
- 

s ignify t h a t  ne i ther  the  anion C104 nor the nature of the  

cation R ~ N +  i s  responsible f o r  the  lowering of the  molecular 

weight of the  copolymers produced in  the  anode compartment. 

Since t h i s  e lec t ro ly te  i s  the  only new addit ion t o  the system, 
- 

it suggests t h a t  the  oxidation product of C104 is  in  some way 
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responsible f o r  the  molecular weight reduction. The increased 

y i e ld s  t h a t  a r e  obtained when t h i s  s a l t  i s  used a l s o  suggests 

r t h a t  t h i s  same species i n i t i a t e s  the  polymerization. 
1 

The molecular weights of the  polymers produced a s  a 

funct ion of time i n  the  a f t e r  e f f e c t  were studied.  The r e s u l t s  

can be seen i n  Figure 38. 

SAN 120a shows the  M.Wt.  d i s t r i b u t i o n  of a t y p i c a l  

polymer produced under continuous e l e c t r o l y s i s .  It can be 

seen t h a t  a s  the  a f t e r  e f f e c t  time increases,  t he  M.Wt.  

approaches the  values obtained on e lec t ro lys ing  i n  the  absence 

of TBAP. 

Although the  M . W t .  of anode copolymers a r e  low, high 

M . W t .  polymers a r e  obtained i n  t he  cathode i n  the  presence or  

absence of TBAP. The e f f e c t  of conducting the  polymerization 

in a s ing l e  c e l l  (anode and cathode compartments not  separa ted)  

was invest igated.  The r e s u l t s  a r e  shown i n  Figure 39. The 

peak molecular weight i s  35,000. It i s  apparent t h a t  very 

l i t t l e  high M. W t .  copolymer i s  produced under these  circumstances. 

This implies t h a t  the  species responsible f o r  terminating the  

anode polymerization i s  a l s o  e f f ec t ive  i n  doing so  f o r  the  

cathode polymer ( t h e  polymer y i e l d  i s  g rea t e r  than t h a t  expected 

f o r  an anode process occurring t o  the  exclusion of a cathode 

^process and vice versa) .  This observation again lends support 

t o  the  pos tu la t ion  t h a t  the  cathode and anode propagating species 

a r e  s imi l a r  i n  nature. 

Several  o ther  supporting e l e c t r o l y t e s  primari ly of t he  

form TBAX were used t o  inves t iga te  the  e f f e c t  of d i f f e r e n t  anions. 



Figure 38. M0L;ECULAR WEIGHT O F  AFTER EFFECT COPOLYMERS. a 

S A N  120a 

- * * * . * *  S A N  126a 

-.-.-.-. SAN 1 2 7 a  

------- SAN 125a 

a refer  t o  T a b l e  XXI. 





Figure POLYMER PRODUCED I N  S I N G L E  CELL. 





If oxidat ion of the  perchlora te  anion generates the  i n i t i a t i n g  

and terminating species,  then one would expect l a rge  di f ferences  

i n  M . W t .  and polymerization behaviour on changing the  anion of 

the  background e l ec t ro ly t e .  The r e s u l t s  obtained a r e  given 

in  Table X X I I .  

TABU3 X X I I .  Use of Other Supporting Elec t ro ly tes .  

E lec t ro ly te  Polymer 
Formation M. W t .  

- - . - - - - - -- - - -- 

TBA 'bromide t r a c e  - 
TBA iodide - - 
TBA t e t r a f  luoroborate - - 
Na tetraphenylboron Yes >1.0 x l o 6  

Conditions: 0.26 moles AN, 0.053 moles S t ,  0.019 moles ZnBr2, 
0.005 moles e l ec t ro ly t e ,  25 m l  DCE; O°C, 15 rnA 
f o r .  5 hours. 

It i s  obvious t h a t  lowering of t he  molecular weight i s  a property 
f 

s p e c i f i c  t o  perchlorate.  These r e s u l t s  w i l l  be discussed more 

f u l l y  l a t e r  i n  t h i s  t he s i s .  

111.4. MECHANISTIC ASPECTS. 

The propagation mechanism of donor-acceptor complex 

polymerizations has been the  sub jec t  of many publicat ions.  

Although much controversy e x i s t s  over the  exact  d e t a i l s  of such 

a mechanism, it i s  general ly  accepted t h a t  these  react ions  proceed 

through r ad i ca l  intermediates in most cases. The existence of 

donor acceptor complexes i n  many of these  systems i s  beyond 

question. However, proof of t h e i r  pa r t i c ipa t ion  in a l t e rna t ing  

copolymerization react ions  i s  not  a t  a l l  conclusive. 



I n i t i a t i o n  and termination react ions  i n  these  systems 

have received l i t t l e  a t t en t ion .  Thus, f o r  example, the  exact 

r o l e  of f r e e  r ad i ca l  i n i t i a t o r s  such a s  AIBN i s  not  f u l l y  

understood a t  t h i s  time. In t h i s  sec t ion  of t h e  t h e s i s ,  

poss ible  i n i t i a t i o n  and termination mechanisms f o r  the  poly- 

merizations conducted under e l e c t r o l y s i s  w i l l  be discussed. 

Cathode. - - - -  

It has been conclusively shown t h a t  polymerization a t  

the  cathode involves zinc metal. The observation t h a t  ( a )  the  

copolymer y i e l d  i s  increased with amount of zinc added and (b )  

a small amount of electrodeposi ted zinc gives a l a rge  e f f e c t  

ind ica tes  t h a t  the  con t ro l l ing  f a c t o r  i n  t h i s  e f f e c t  i s  surface 

area.  In  the  electrodeposi ted case, the  ac t ive  surface  a r ea  

i s  much l a rge r  than i n  the  zinc dust case. If the  amount of 

surface  i s  important then a k i n e t i c  study of t h i s  e f f e c t  

during continuous e l e c t r o l y s i s  becomes impossible f o r  t h e  

following reasons. 

I n i t i a l l y  a  monolayer of zinc i s  deposited which can 

i n t e r a c t  with complexed monomer. Simultaneously, more zinc i s  

deposited forming jagged microcrys ta l l i t es  which grow outwards 

i n t o  t he  solut ion,  ensuring a continuous f r e s h  supply of new 

surface.  However some of the  zinc surface  w i l l  be lpoisonedl 

by polymer, and t h i s  1poisoningl w i l l  become more severe a s  the  

so lu t ion  v i scos i ty  increases.  Polymer w i l l  tend t o  envelop the  

ac t ive  zinc surface so t h a t  the  polymerization becomes d i f fus ion  

control led.  It i s  evident t h a t  t h i s  s i t u a t i o n  i s  r ad i ca l ly  

d i f f e r e n t  from cases involving electrochemical generat ion of an 



a c t i v e  spec ies  which i s  consumed ins tantaneous ly  by r e a c t i o n  

with monomer. These systems a r e  we l l  documented and have been 

analysed k i n e t i c a l l y  (140-142). 

A poss ib le  scheme f o r  t h e  i n i t i a t i o n  r e a c t  ion i n  t h e  

presence of z inc  can be w r i t t e n  a s  fo l lows: -  

Thus z inc  metal  i n t e r a c t s  with z inc  bromide (complexed t o  

a c r y l o n i t r i l e )  t o  form a monopositive z i n c  spec ies .  Conjug- 

a t i o n  of M through t h e  z i n c  h a l i d e  f a c i l i t a t e s  t h e  formation 

of a r a d i c a l  anion monomer e n t i t y  which then  propagates through 

t h e  r a d i c a l  end ( i n h i b i t o r  s t u d i e s ) .  Whether t h e  propagat ion 

involves p a r t i c i p a t i o n  of donor acceptor  complexes o r  merely 

consecut ive a d d i t i o n  of monomer u n i t s ,  has no t  been e l u c i d a t e d  

from t h e  present  work. 

The r e s u l t s  obtained from t h e  cu r ren t  r e v e r s a l  experiments 

can a l s o  be explained i n  terms of t h e  above mechanism. Although 

a scheme can be worked out  t o  genera te  a b i r a d i c a l  propagating 

spec ies  OM* which could poss ib ly  account f o r  t h e  inc rease  i n  

molecular weight with conversion, it i s  d i f f i c u l t  t o  see  why a 

b i r a d i c a l  e n t i t y  would i n i t i a l l y  g ive  r i s e  t o  a low molecular 

weight polymer whereas a very high M . W t .  product i s  obtained 

immediately f o r  t h e  monoradical polymerization case.  



If we consider t h a t  the  observed M . W t .  dependence i s  a 

manifestat ion of t h e  zinc e f f e c t ,  then it i s  poss ible  t o  explain 

t h e  phenomenon i n  terms of the  mechanism already postulated.  

A stepwise process i s  envisaged and i s  out l ined i n  Figure 40. 

Since the  polymer chain, X u n i t s  long a t  t h e  end of Step 2, i s  

s t i l l  i n  t he  e lec t rode v i c i n i t y  (and poss ibly  bonded t o  the  

z inc  sur face) ,  Step 3 can involve t h i s  same chain s o  t h a t ,  a t  

the  end of Step 4,  the  polymer chain i s  now 2 X  u n i t s  i n  length. 

This scheme would therefore account f o r  t h e  observed increase 

i n  M. W t .  with conversion. 

The whole mechanistic argument hinges on the  e lec t ron  
I1 t r a n s f e r  s t e p  between znO and Zn . Whether t h i s  ac tua l ly  

occurs o r  not  i s  a  matter  of  some conjecture. However, the  

znO - znI1 in t e r ac t ion  i n  these  systems i s  beyond question, and 

e l ec t ron  t r a n s f e r  react ions  from e l ec t rop la t ed  zinc,  containing 

a large ,  amount of defects ,  t o  a  znl' e n t i t y ,  i s  a  very l i k e l y  
9 

p o s s i b i l i t y  (180).  

Anode. - - -  

In  t he  absence of supporting e l e c t r o l y t e ,  small amounts 

of a l t e r n a t i n g  copolymer together  with pure low molecular weight 

polystyrene areformed a t  t he  anode. Hence the  following 

i n i t i a t i o n  mechanisms a r e  poss ible  : 

1. Direct  e lec t ron  t r a n s f e r  from monomer t o  the  e lec t rode 
- 

M -e 4 ~f 

2. Ind i rec t  e l ec t ron  t r a n s f e r  v i a  ~ r -  

~ r -  + M j B r  - Me o r  HBr + M e  



- 
Figure 40. POSTULATED MECMNISM TO ACCOUNT FOR CURRENT 

- 

REVERSAL RESULTS. 



STEP I Cathodic Cycle 

Zinc is deposited on cathode 

ANI I 
PROPAGATION 

(AN I - St ), 

a- transfer 

Zn metal surface //- 
STEP 2 Anodic Cycle 

Cathode now becomes anode 

- 
(AN-St 1, ( AN-St ), (AN- St), 

7 -.1111) 

I II I I 
Zn 

I *  
Z n  Zn 

Zn metal surface 

STEP 3+4 Repeat of Steps 1+2 

(AN- St 1, - (AN -St I,, 
I I 



3 .  Direct  o r  i nd i r ec t  e lec t ron  t r a n s f e r  from styrene 

s t  -e- + st? 

~ r -  + S t  4 B r  - S t *  o r  HBr + St .  

4. Lewis ac id  catalysed ca t ion ic  polymerization of styrene. 

The presence of ZnBra i n  a ca t ion ic  supporting medium 

such a s  DCE suggests t h a t  mechanism 4 i s  t he  most l i k e l y  t o  

account f o r  the  presence of polystyrene a t  the  anode. Since 

work on t h i s  p a r t i c u l a r  system was ca r r ied  out a t  control led  

cathodic po ten t i a l s ,  it i s  d i f f i c u l t  t o  d i f f e r e n t i a t e  between 

mechanisms 1 and 2 f o r  the  i n i t i a t i o n  of the  copolymerization 

react ion.  Unfortunately, cyc l ic  voltammograms observed during 

anodic sweeps were f a i r l y  f ea tu re l e s s  and d i f f i c u l t  t o  i n t e rp re t ,  

and there fore  did not  a i d  i n  t h i s  d i f f e r en t i a t i on .  It should 

be commented here t h a t  a s imi la r  s i t u a t i o n  i s  bel ieved t o  e x i s t  

i n  the  anodic polymerization of s tyrene and methylmethacrylate. 

It has been mentioned previously t h a t  it i s  unl ikely  

t h a t  t he  copolymerization i n  e i t h e r  t he  anode or  cathode proceeds 

ion ica l ly ,  due t o  the  conditions employed i n  t h i s  study. Further- 

more, s i ng l e  c e l l  experiments have indicated t h a t  the  propagating 

species i n  t he  anode and cathode compartments a r e  i den t i ca l .  

Since the  cathode reac t ion  i s  known t o  propagate 

r ad i ca l ly ,  we may pos tu la te  t h a t  t he  polymerization proceeds 

s imi l a r ly  i n  the  anode. Again, t h i s  work makes no conclusions 

regarding the  pa r t i c ipa t ion  of donor acceptor complexes i n  the  

propagation s tep .  Similarly,  it i s  d i f f i c u l t  t o  make any 

d e f i n i t e  conclusions concerning the  termination mechanism. 

In the  presence of TBAP, no polystyrene i s  obtained and 



t he  molecular weight of t he  copolymer formed i s  found t o  be 

low. It i s  not  obvious a t  t h i s  time why the  polymerization 

of s tyrene i s  inh ib i ted  by the  presence of TBAP. In f a c t ,  

t he  e l e c t r o l y s i s  products of the  perchlora te  ion is  thought t o  

i n i t i a t e  the  ca t ion ic  polymerization of s tyrene (140). The 

complete absence of polymerization would seem t o  ind ica te  the  

existence of considerable t r a n s f e r  processes. 

Polymerizations occurring i n  the  anode compartment i n  

t he  presence of TBAP have been postula ted  t o  occur e i t h e r  by 

d i r e c t  oxidat ion of the  monomers t o  r ad i ca l  ca t ions  o r  i nd i r ec t ly  

through the  formation of C104. r ad i ca l s  (140,142,196). In the  

present  s i t u a t i o n  the  l a t t e r  p o s s i b i l i t y  seems most l i k e l y  due 

t o  the  complete change i n  c h a r a c t e r i s t i c s  of the  polymerization 

i n  t he  presence of TBAP. 

Although C104- r ad i ca l s  have been postula ted  by most 

workers as being poss ible  i n i t i a t i n g  species,  the re  i s  now 
* 

evidence t h a t  i n  f a c t  lower oxides of chlorine,  such as chlorine 

dioxide C102, a r e  responsible f o r  t he  i n i t i a t i o n .  The E. S .R .  

spectrum of r ad i ca l s  formed during t h e  electrochemical oxidation 

of perchlora tes  was f i rs t  assigned t o  t he  C104* r ad i ca l  by Maki 

and Geske (183). Subsequent work has revealed t h a t  the  spectrum 

ac tua l ly  corresponds t o  an extremely long l i ved  C102 r a d i c a l  

(184,185). The yellow colour obtained on e l e c t r o l y s i s  of these  

TBAP so lu t ions  has a l s o  been a t t r i b u t e d  t o  t he  formation of 

C102 and possibly o ther  decomposition products of t he  unstable 

perchlora te  r ad i ca l  (184,186,187). 
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?"nus i n  the  present  system, the  i n i t i a t i o n  reac t ion  i s  

envisaged as  follows : - 

The propagation reac t ion  i s  thought t o  proceed i n  a  fashion 

s imi l a r  t o  t h a t  i n  the  absence of TBAP. The main di f ference  

between the  present  s i t u a t i o n  and the  former (absence of TBAP) 

i s  the  low molecular weights t h a t  a r e  obtained, s ignifying an 

extremely e f f i c i e n t  termination react ion.  Although t r a n s f e r  

t o  supporting e l e c t r o l y t e  i s  the  most l i k e l y  poss ib i l i t y ,  it i s  

not  operat ive here due t o  ( a )  the high M . W t .  products t h a t  a r e  

obtained i n  the  cathode i n  the  presence of e l e c t r o l y t e  and 

(b )  the  observation of an increase i n  M . W t .  with time during 

the  a f t e r  e f f e c t .  A s  f a r  as  the  l a t t e r  observation i s  concerned, 

one would not expect an increase i n  M . W t .  i f  t r a n s f e r  t o  

e l e c t r o l y t e  were occurring, due t o  the  l a rge  excess of t h i s  s a l t  

i n  the  system. Also, t he  f a c t  t h a t  only low M . W t .  polymer i s  

obtained when TBAP is  used i n  a s ing le  c e l l ,  ins tead of the  

expected high and low M . W t .  products, ind ica tes  t h a t  the  products 

of the  anode oxidat ion a l s o  i n t e r a c t  with the  cathode propagating 

species.  

It i s  possible t h a t  acids such a s  HC104 and HC102, 

produced from C104* and C10,- by hydrogen abst ract ion,  give r i s e  

t o  ca t ion ic  polymerizations a s  has been postulated i n  some cases 
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(140,142,196-198). Although a c a t i o n i c  process  could account 

f o r  t h e  increase  i n  M . W t .  wi th time i n  t h e  a f t e r  e f f e c t  (197), 

it would no t  exp la in  why t h e  M . W t .  i s  low and i n v a r i a n t  with 

t ime under continuous e l e c t r o l y s i s .  

The r e s u l t s  obtained i n  t h e  presence of TBAP can be 

explained i f  it i s  pos tu la ted  t h a t  t h e  products respons ib le  

f o r  t h e  i n i t i a t i o n  r e a c t i o n  a r e  a l s o  involved i n  t h e  te rminat ion  

i n  some way. Let us  assume t h a t  t h e  C102 r a d i c a l  i n i t i a t e s  and - 
te rminates  t h e  polymerization. Under continuous e l e c t r o l y s i s  

enough r a d i c a l s  e x i s t  i n  s o l u t i o n  t o  te rminate  t h e  polymerizat ion 

and g i v e  r i s e  t o  low M . W t .  polymer. When t h e  c u r r e n t  i s  

switched o f f  during t h e  a f t e r  e f f e c t  experiments, i n i t i a t i o n  

occurs as previously.  However, te rminat ion  now becomes l e s s  

f r equen t  due t o  consumption of C102. The polymer i s  t h e r e f o r e  

allowed t o  grow t o  h igher  and h igher  molecular weights before  

t e rmina t ion  and even tua l ly  t h e  s t a g e  i s  reached when t h e  polymer 

has a molecular weight comparable t o  those polymers obtained i n  

t h e  absence of TBAP. This q u a l i t a t i v e  p i c t u r e  i s  borne out  by 

t h e  a f t e r  e f f e c t  r e s u l t s  obtained and shown i n  Figure 38. 

An experiment was attempted t o  t e s t  t h e  v a l i d i t y  of t h e  

above pos tu la t ion .  Since a l l  experiments previous ly  r epor ted  

in t h i s  t h e s i s  were c a r r i e d  out  a t  c o n t r o l l e d  cathode p o t e n t i a l ,  

no c o n t r o l  over t h e  anode e l e c t r o d e  process was maintained. 

Hence a number of poss ib le  i n i t i a t i o n  mechanisms a r e  p o s s i b l e  

a t  t h e  anode e.g.  d i r e c t  e l e c t r o n  t r a n s f e r  from monomer, oxid- 
- 

a t i o n  of C104 e t c . .  In t h e  presence of TBAP, t h e  r e s u l t s  



reported show t h a t  the  oxidat ion of perchlorate i s  the  most 

important s tep.  This is  not t o  say t h a t  o ther  processes,  which 

occur i n  the  absence of TBAP, a r e  not occurring simultaneously. 

If now the  anode po ten t i a l  i s  control led,  it might be possible 

t o  observe the  po ten t i a l  region i n  which there  is  a change i n  

the  predominating mechanism. Thus a t  low anode po ten t i a l s ,  i n  
- 

which l i t t l e  o r  no C104 is  oxidised, one would expect t he  

polymerization t o  occur by a mechanism s imi l a r  t o  t h a t  in the  

absence of TBAP, y ie ld ing a high M . W t .  polymer. A s  the  anode 
- 

potentia ' l  .i s gra,dual:l y i r ~ c r e ~ ~ s  6:tl pos i t ive ly ,  C104 ions begin 

t o  be oxidised. On the  bas i s  of the  above postula t ion,  one 

would expect a decrease i n  M. W t .  with increase i n  anode po ten t ia l .  

The r e s u l t s  of a control led anode experiment a r e  shown 

i n  Figure 41. Although it i s  d i f f i c u l t  t o  make d e f i n i t e  

conclusions from the  l imi ted data shown i n  Figure 41 ,  the  M.Wt.  

decrease does provide some evidence i n  favour of t h e  proposed 

mechangm. 

It i s  perhaps not necessary t o  invoke a change i n  

i n i t i a t i o n  mechanism. In f a c t ,  the  above r e s u l t s  a r e  explicable 

merely by postula t ing the  electrochemical generat ion of a t r a n s f e r  

agent a t  the  anode. Thus i n i t i a t i o n  can proceed i n  a s imi l a r  

way t o  t he  s i t u a t i o n  in the  absence of TBAP. A decomposition 
- 

product ( o r  products) of C104 would then a c t  as  a t r a n s f e r  

agent,  and give r i s e  t o  t he  observed M . W t .  behaviour. It i s  

obvious t h a t  more work, a t  control led anode po ten t i a l s ,  needs t o  

be done i n  t h i s  system. 

The exact d e t a i l s  of the  termination mechanism a r e  not 

understood. The presence of a new band a t  1670 cm-I may be 



. 
Figure 41. MOLECULAR WEIGHT AS A FUNCTION OF ANODE POTENTIAL. 



PEAK MOLECULAR WEIGHT ~100"  



ind ica t ive  of a  >C=N- group (137,188) . The observation t h a t  

the  i n t ens i ty  of t h i s  band decreases with increase i n  a f t e r  

e f f e c t  time implies t h a t  t h i s  group a r i s e s  only from a termin- 

a t i o n  react ion.  A mechanism s imi l a r  t o  t h a t  proposed by 

Grassie (188) may be operat ive i n  the  present  s i t ua t ion .  

The lack of polymer formation on using o ther  t e t r abu ty l -  

ammonium s a l t s  indicate  t h a t  the  primary r ad i ca l s  formed a r e  

incapable of i n i t i a t i o n  due t o  predominant s ide  reac t ions  such 

as dimerization and hydrogen abst ract ion.  The use of sodium 

tetraphenylboride yielded high M. W t .  copolymers a t  t he  anode. 

If the  t e t ra f luorobora te  anion i s  oxidised a t  t he  anode thus,  
- 

P ~ , B -  - e  - Ph,B+Ph* 

it i s  unl ikely  t h a t  e i t h e r  of the  oxidat ion products would be 

capable of i n i t i a t i o n .  Hence, s ince  the  anode p o t e n t i a l  i s  not  

control led ,  polymerization w i l l  occur by a  mechanism similar t o  

t h a t  occurring i n  t he  absence of t h i s  e l ec t ro ly t e .  



IV. S U M M A R Y .  

The work discussed in this thesis deals with the 

application of electrochemical techniques to the study of some 

polymerization processes. The use of cyclic voltammetry has 

been shown to give the overall characteristics of a number of 

systems and has provided the information needed for controlled 

potential studies. 

The application of electrochemical techniques to donor 

acceptor systems provided some interesting and unexpected 

results. At the cathode, a novel zinc - zinc halide initiating 

system was generated on the electrodeposition of zinc. The 

same effect was obtained on using zinc dust, and showed that 

this cathodic process was identical to a non-electrochemical 

situation. The generality of this zinc effect' and the 

simplicity of the experimental set-up indicates possible 

industrial applications. 

Current reversal experiments demonstrated th,e inherent 

advantages of using electrochemical techniques to control 

molecular weight. The closest parallel to this in convent- 

ional polymerizations is the addition of a chain transfer agent, 

which can act as an additional complicating feature in donor 

acceptor systems. 

The anodic polymerizations in the presence of TBAP were 

shown to be similar to previously repor.ted reactions in the 

presence of this salt. The molecular weight behaviour observed 

during the after effect was found to be the only anomolous 

feature in this study. 
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It i s  obvious from t h i s  work t h a t  before  d e t a i l e d  

k i n e t i c  and o t h e r  e lec t rochemical  s t u d i e s  can be c a r r i e d  out  

on donor acceptor  systems a t  t h e  cathode, a method of e l imin-  

a t i n g  t h e  z inc  e f f e c t  must be found. A more extens ive  s tudy 

of a l t e r n a t i v e  Lewis Acids o r  t h e  use  of more favourable  

so lven t s  would seem t o  be a l o g i c a l  s t a r t i n g  po in t .  A l t e r -  

n a t i v e l y ,  t h e  cathode can be ignored and a t t e n t i o n  focused on 

t h e  anode. From t h e  pre l iminary  r e s u l t s  r epor ted  he re ,  t h e  

anode compartment seems l e s s  complex than  t h e  cathode. The 

s i m i l a r i t y  t o  previous ly  repor ted  anodic polymerizat ions i n  

t h e  presence of TBAP i n d i c a t e s  t h a t  f u r t h e r  d e t a i l e d  s t u d i e s  

would be r e l a t i v e l y  s t r a igh t fo rward  and f r u i t f u l .  
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