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ABSTRACT 

The work re p o r t e d i n t h i s t h e s i s d e s c r i b e s the p r e p a r a t i o n and 

c h a r a c t e r i z a t i o n of homopolymers of v i n y l a c e t a t e , t r i f l u o r o e t h y l 

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

and h e x a f l u o r o i s o p r o p y l m e t h a c r y l a t e . 

Block copolymers o f v i n y l a c e t a t e w i t h the above monomers were 

prepared by the l i v i n g m a c r o r a d i c a l technique. The products were 

c h a r a c t e r i z e d by a combination of a n a l y s i s ; i n f r a r e d and n u c l e a r 

magnetic resonance spectroscopy; g e l permeation chromatography; 

s o l v e n t e x t r a c t i o n ; and o b s e r v a t i o n of bulk p h y s i c a l p r o p e r t i e s . 
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CHAPTER 1 

General I n t r o d u c t i o n and Background 
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1.1. I n t r o d u c t i o n 

The work t o be r e p o r t e d i n t h i s t h e s i s i s concerned w i t h t h e p r e p a r a t i o n 

o f b l o c k c o p o l y m e r s . When b l o c k copolymers a r e formed f r o m a p a i r o f 

monomers whose i n d i v i d u a l homopolymers have v e r y d i f f e r e n t p r o p e r t i e s t h e 

r e s u l t i n g copolymer o f t e n d i s p l a y s i n t e r e s t i n g p r o p e r t i e s . The main 

o b j e c t i v e o f t h e p r o j e c t , o f w h i c h t h i s t h e s i s forms p a r t , i s t h e s y n t h e s i s 

o f b l o c k c o polymers i n w h i c h t h e l a r g e s t b l o c k s a r e d e r i v e d f r o m c o n v e n t i o n a l 

monomers and t h e s e b l o c k s a r e c o n n e c t e d t o r e l a t i v e l y s h o r t segments o f 

f l u o r o c a r b o n m a t e r i a l s . I t i s hoped t h a t such m a t e r i a l s may show s p e c i f i c 

s u r f a c e s e g r e g a t i o n o f t h e f l u o r o c a r b o n b l o c k and t h a t t h e y may be c a p a b l e 

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

w i t h o u t t h e u s u a l a s s o c i a t e d p e n a l t y o f h i g h c o s t . 

The t h e s i s i s d i v i d e d i n t o f o u r c h a p t e r s . I n t h e r e m a i n d e r o f t h i s 

c h a p t e r t h e methods a v a i l a b l e f o r t h e s y n t h e s i s and c h a r a c t e r i z a t i o n o f 

b l o c k copolymers a r e r e v i e w e d ; and some o f t h e uses o f such m a t e r i a l s a r e 

n o t e d . The e x p e r i m e n t a l work c a r r i e d o u t i s r e c o r d e d i n Chapter 2. I n 

Chapter 3 t h e r e s u l t s o b t a i n e d and t h e i r i n t e r p r e t a t i o n a r e d i s c u s s e d , w h i l e 

i n Chapter 4 some c o n c l u s i o n s f r o m t h i s work a r e drawn and s u g g e s t i o n s f o r 

c o n t i n u a t i o n o f t h e p r o j e c t a r e made. 

Many d i f f e r e n t methods o f p r e p a r i n g b l o c k copolymers have been r e p o r t e d 

i n t h e l i t e r a t u r e , and i n t h e n e x t few s e c t i o n s t h e main t y p e s a r e r e v i e w e d , 

t h e i n f o r m a t i o n b e i n g o r g a n i z e d on a m e c h a n i s t i c b a s i s . 

1.2. The s y n t h e s i s o f b l o c k c o polymers v i a r a d i c a l mechanisms 

1 . 2 ( i ) P h o t o c h e m i c a l s y n t h e s i s 

S e l e c t i v e a b s o r p t i o n o f e l e c t r o m a g n e t i c r a d i a t i o n i n t h e v i s i b l e and 

u l t r a v i o l e t r e g i o n s can r e s u l t i n t h e r u p t u r e o f c h e m i c a l bonds and t h e 

f o r m a t i o n o f f r e e r a d i c a l s . P h o t o l y s i s o f polymers c o n t a i n i n g bonds w h i c h 

can absorb e l e c t r o m a g n e t i c r a d i a t i o n may l e a d t o t h e f o r m a t i o n o f f r e e 
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r a d i c a l s i t e s on t h e polymer backbone, and i f t h e i r r a d i a t i o n i s c a r r i e d 

o u t i n t h e presence o f a n o t h e r monomer b l o c k c o p o l y m e r i z a t i o n may r e s u l t . 

When none o f t h e bonds w i t h i n a system can be r u p t u r e d by r a d i a t i o n , 

p h o t o s e n s i t i z e r s may be used t o promote c o p o l y m e r i z a t i o n . 

The f i r s t method o f s y n t h e s i z i n g b l o c k copolymers r e p o r t e d i n t h e 
1,2 

l i t e r a t u r e i s t h a t o f B o l l a n d and M e l v i l l e . ' I n a s t u d y o f t h e p h o t o -

i n i t i a t i o n o f t h e vapor-phase p o l y m e r i z a t i o n o f monomers, a f i l m o f 

p o l y ( m e t h y l m e t h a c r y l a t e ) was d e p o s i t e d on t h e w a l l s o f an ev a c u a t e d r e a c t i o n 

v e s s e l , c h l o r o p r o p e n e was t h e n a d m i t t e d and r e a c t e d w i t h t h e u n t e r m i n a t e d 
3 4 

r a d i c a l s t o g i v e a b l o c k copolymer. H i c k s and M e l v i l l e ' s y n t h e s i z e d 

p o l y ( s t y r e n e - b - b u t y l a c r y l a t e ) u s i n g a " f l o w - m e t h o d " , p o l y m e r i z a t i o n o f b u t y l 

a c r y l a t e was i n i t i a t e d by u l t r a v i o l e t i r r a d i a t i o n as t h e monomer was f l o w i n g 

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

formed i n t h e c a p i l l a r y r e a c t e d w i t h t h e s t y r e n e t o y i e l d a b l o c k copolymer. 

P o l y ( s t y r e n e - b - a c r y l o n i t r i l e ) and p o l y ( n - b u t y l a c r y l a t e - b - 2 - v i n y l p y r i d i n e ) 

have a l s o been p r e p a r e d by t h i s p r o c e d u r e . ~* 

I r r a d i a t i o n o f p o l y ( v i n y l m e t h y l k e t o n e ) w i t h u l t r a v i o l e t l i g h t o f 

w a v e l e n g t h 313o8 l e a d s t o d e c o m p o s i t i o n o f t h e polymer by p h o t o l y t i c 

d e g r a d a t i o n a c c o r d i n g t o a scheme analogous t o t h a t f o r t h e d e c o m p o s i t i o n 

o f monomeric a l i p h a t i c k e t o n e s under i d e n t i c a l c o n d i t i o n s . 
hv A R-C-R R- + -CR 2R- + CO 

I I I I 
o o 

B l o c k c o p o l y m e r i z a t i o n can be i n i t i a t e d by t h e r e s u l t i n g m a c r o r a d i c a l s , 

p o l y ( v i n y l m e t h y l k e t o n e - b - m e t h y l m e t h a c r y l a t e ) has been s y n t h e s i z e d u s i n g 

t h i s t e c h n i q u e . 

B l o c k c o polymers a r e a l s o o b t a i n e d by p h o t o i n i t i a t i n g t h e p o l y m e r i z a t i o n 

o f a w a t e r - s o l u b l e monomer i n w h i c h an o i l - s o l u b l e monomer i s suspended. 

When t h e polymer r a d i c a l s g e n e r a t e d i n t h e aqueous phase d i f f u s e a c r o s s t h e 
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w a t e r - o i l i n t e r f a c e , t h e p o l y m e r i z a t i o n o f t h e second monomer i s i n i t i a t e d 

by t h e m a c r o r a d i c a l formed f r o m t h e f i r s t monomer; b l o c k c opolymers o f 

m e t h a c r y l i c a c i d w i t h s t y r e n e and v i n y l a c e t a t e have been p r e p a r e d i n t h i s 
7-9 

way. 

P h o t o p o l y m e r i z a t i o n o f a monomer i n t h e presence o f a p r e c i p i t a n t f o r 

t h e polymer y i e l d s o c c l u d e d r a d i c a l s w h i c h may be used t o i n i t i a t e t h e b l o c k 

c o p o l y m e r i z a t i o n o f a second monomer. Bamford e t a l . ^ s t u d i e d such o c c l u d e d 

r a d i c a l s o f v i n y l monomers, o b t a i n i n g e v i d e n c e f o r t h e i r e x i s t e n c e v i a 

r a d i c a l scavenger and e l e c t r o n p a r a m a g n e t i c resonance t e c h n i q u e s . 

1.2. ( i i ) S y n t h e s i s u s i n g h i g h e r energy i r r a d i a t i o n 

The t y p e s o f h i g h energy r a d i a t i o n w h i c h have been used t o i n i t i a t e f r e e 

r a d i c a l c h a i n r e a c t i o n s i n c l u d e a - p a r t i c l e s , 8-, y-, and X-rays. When 

o r g a n i c p o l y m e r s a re i r r a d i a t e d , s i m u l t a n e o u s c r o s s - l i n k i n g and d e g r a d a t i o n 

o f t h e c h a i n s o c c u r s . The o v e r a l l r e s u l t i s dependant upon t h e t y p e o f 

r a d i a t i o n , t h e t o t a l e nergy absorbed, t h e r a t e a t w h i c h e n e r g y i s absorbed, 

and t h e r a d i a t i o n s e n s i t i v i t y o f t h e m a t e r i a l s . Subsequent r e a c t i o n s o f t h e 

i n i t i a l l y g e n e r a t e d a c t i v e s p e c i e s a r e c h e m i c a l phenomena dependant upon 

v a r i a b l e s such as t e m p e r a t u r e , c o n c e n t r a t i o n , etc.''""'" I f t h e polymer i s 

i r r a d i a t e d i n t h e s o l i d s t a t e , t h e r a d i c a l formed can be t r a p p e d , a second 

monomer can be added w h i c h can d i f f u s e t o t h e r e a c t i v e s i t e s r e s u l t i n g i n 

th e p r e p a r a t i o n o f b l o c k c o p o l y m e r s . P o l y ( v i n y l a c e t a t e - b - m e t h y l 
12 

m e t h a c r y l a t e ) has been p r e p a r e d by e m u l s i o n p o l y m e r i z i n g v i n y l a c e t a t e 

under t h e i n f l u e n c e o f y - r a d i a t i o n ; t h e m a c r o r a d i c a l s t h u s formed can i n i t i a t e 

t h e p o l y m e r i z a t i o n o f t h e second monomer. Other b l o c k copolymers have a l s o 
13 

been s y n t h e s i z e d u s i n g t h i s t e c h n i q u e . 

1 . 2 . ( i i i ) S y n t h e s i s v i a m e c h a n i c a l d e g r a d a t i o n o f homopolymers 

Mechanochemical d e g r a d a t i o n o f polymers i s t h e r u p t u r e o f ca r b o n - c a r b o n 

bonds ( o r , l e s s f r e q u e n t l y , o f o t h e r bonds) by t h e a p p l i c a t i o n o f m e c h a n i c a l 
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f o r c e s . T h i s r e s u l t s i n t h e f o r m a t i o n o f p o l y m e r i c f r e e r a d i c a l s o r 

p o l y m e r i c i o n s by h o m o l y t i c o r h e t e r o l y t i c s c i s s i o n , r e s p e c t i v e l y . Mechano-

c h e m i c a l d e g r a d a t i o n i s t h e p r i m a r y d e g r a d a t i v e p r o c e s s t h a t o c c u r s d u r i n g 
14 

c o m a s t i c a t i o n o f two p o l y m e r s ; m a s t i c a t i o n o f a polymer i n t h e presence o f 

a monomer;^ u l t r a s o n i c d e g r a d a t i o n o f two p o l y m e r s i n s o l u t i o n a l t e r n a t i n g 
17 

f r e e z i n g and t h a w i n g o f polymer-monomer m i x t u r e s ; s h a k i n g and s t i r r i n g o f 
18 ^ 19 polymer-monomer systems; s w e l l i n g o f polymers w i t h monomers; mechano-

20 21 22 c h e m i c a l p e r o x i d a t i o n ; h i g h v o l t a g e d i s c h a r g e ; h e a t i n g and r o l l i n g ; 
23 24 25 v i b r a t i o n m i l l i n g ; b a l l m i l l i n g ; and m i c r o g r i n d i n g o f p o l y m e r s have a l l 

been used t o s y n t h e s i z e b l o c k c o p o l y m e r s . For example, b l o c k copolymers 
26 

o f s t y r e n e and m e t h y l m e t h a c r y l a t e have been produced by t h e u l t r a s o n i c 

d e g r a d a t i o n o f p o l y s t y r e n e i n t h e presence o f m e t h y l m e t h a c r y l a t e . P o l y 

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

speed c a u s i n g s c i s s i o n o f t h e p o l y e t h y l e n e o x i d e m o l e c u l e s w i t h t h e r e s u l t a n t 
27 

f o r m a t i o n o f p o l y ( e t h y l e n e o x i d e - b - m e t h y l m e t h a c r y l a t e ) . L i k e w i s e , 
p o l y ( v i n y l c h l o r i d e - b - m e t h y l m e t h a c r y l a t e ) has been s y n t h e s i z e d by s h e a r i n g 

2 8 
p o l y v i n y l c h l o r i d e i n t h e p resence o f m e t h y l m e t h a c r y l a t e monomer. A 

b l o c k copolymer i s one o f t h e p r o d u c t s o b t a i n e d when n a t u r a l r u b b e r i s 
29 

m i l l e d w i t h , m e t h y l m e t h a c r y l a t e . 

N a t u r a l r u b b e r and o t h e r p o l y i s o p r e n e s degrade d u r i n g m a s t i c a t i o n i n 

a i r w i t h t h e f o r m a t i o n o f p e r o x i d i c and h y d r o p e r o x i d i c g r o u p i n g s w h i c h can 
22 23 

be used i n t h e s y n t h e s i s o f b l o c k copolymers. ' 
Much work i n t h e mechanochemical d e g r a d a t i o n o f p o l y m e r s has been 

21 
done by Ceresa whose r e v i e w s h o u l d be c o n s u l t e d f o r f u r t h e r d e t a i l s . 

1 . 2 . ( i v ) S y n t h e s i s v i a r a d i c a l a t t a c k on macromolecules 

a) Chain t r a n s f e r r e a c t i o n on polymer backbones 

One o f t h e common r e a c t i o n s o f m a c r o r a d i c a l s i n an oxygen f r e e atmosphere 

i s c h a i n t r a n s f e r . Flory^° d e f i n e d c h a i n t r a n s f e r as a p r o c e s s i n w h i c h 

g r o w t h o f i n d i v i d u a l polymer m o l e c u l e s i s l i m i t e d b u t t h e number o f a c t i v e 
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c e n t r e s r emains unchanged. A m a c r o r a d i c a l a b s t r a c t s a hydrogen atom o r a 

r a d i c a l f r o m some o t h e r s u b s t a n c e t o y i e l d a t e r m i n a t e d polymer and a new 

r a d i c a l . T r a n s f e r c o n s t a n t s f o r p o l y m e r s can be o b t a i n e d f r o m d a t a on low 
31 

m o l e c u l a r w e i g h t compounds o f s i m i l a r s t r u c t u r e , assuming i d e n t i c a l 

r e a c t i v i t y t o w a r d s t h e a t t a c k i n g r a d i c a l . The v a l i d i t y o f t h i s assumption 

has been c o n f i r m e d by t r a n s f e r c o n s t a n t d e t e r m i n a t i o n s i n t h e p resence o f 
32 33 

o l i g o m e r s . ' Chain t r a n s f e r i s a f u n c t i o n o f e n v i r o n m e n t ; t h u s c h a i n 

t r a n s f e r c o n s t a n t s f o r w a t e r - i n s o l u b l e agents a r e s i m i l a r f o r b u l k and 

e m u l s i o n p o l y m e r i z a t i o n . However, s i n c e c h a i n t r a n s f e r i n e m u l s i o n 

p o l y m e r i z a t i o n o c c u r s p r i m a r i l y i n t h e m i s c e l l e s o r monomer s w o l l e n polymer 

p a r t i c l e s , c h a i n t r a n s f e r by w a t e r s o l u b l e agents i s l e s s e f f i c i e n t i n e m u l s i o n 

t h a n i n b u l k p o l y m e r i z a t i o n systems because t h e t r a n s f e r a gents r e s i d e l a r g e l y 

i n t h e aqueous phase. The mechanism o f t h e f o r m a t i o n o f m a c r o i n i t i a t o r s and 

t h e d i r e c t f o r m a t i o n o f b l o c k copolymers depends on t h e c h e m i c a l c h a r a c t e r 

o f t h e a c t i v e t e r m i n a l group i n t r o d u c e d i n t o t h e homopolymer b l o c k . Thus, 

b l o c k c o p o l y m e r i z a t i o n may be i n i t i a t e d by: 

1) T e r m i n a l h y d r o p e r o x i d e groups 

Homopolymer f r a g m e n t s c o n t a i n i n g t e r m i n a l h y d r o p e r o x i d e groups a r e 

o b t a i n e d by p o l y m e r i z i n g monomers i n t h e p resence o f d i h y d r o p e r o x i d e s under 

c o n d i t i o n s e n s u r i n g t h e h o m o l y t i c d e c o m p o s i t i o n o f o n l y one h y d r o p e r o x i d e 
34 35 

g r o u p , t o a v o i d t h e f o r m a t i o n o f an i n a c t i v e homopolymer. Molyneux 

s t u d i e d t h e f o r m a t i o n o f b l o c k copolymers o f s t y r e n e and m e t h y l m e t h a c r y l a t e by 

t h e r m a l l y p o l y m e r i z i n g s t y r e n e a t 70°C i n t h e p resence o f m - d i i s o p r o p y l 

benzene d i h y d r o p e r o x i d e t o g i v e p o l y s t y r e n e w i t h t e r m i n a l h y d r o p e r o x i d e 

g r o u p s . The b l o c k copolymer was p r e p a r e d by s u s p e n s i o n p o l y m e r i z a t i o n a t 

0-25°C i n t h e presence o f Fe^ i o n s and sodium p y r o p h o s p h a t e . 

P o l y v i n y l c h l o r i d e t e r m i n a t e d w i t h aldehyde groups has been c o n v e r t e d 

t o a h y d r o p e r o x i d e t e r m i n a t e d polymer by r e a c t i o n w i t h hydrogen p e r o x i d e , 

b l o c k copolymers were produ c e d by t h e a d d i t i o n o f s t y r e n e t o t h i s macro-
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i n i t i a t o r . 36 

2) T e r m i n a l p e r o x i d e groups 
37 38 

Smets ' and co-workers have r e p o r t e d t h e f o r m a t i o n o f p o l y ( s t y r e n e - b -

m e t h y l m e t h a c r y l a t e ) and p o l y ( v i n y l a c e t a t e - b - s t y r e n e ) by u s i n g p o l y m e r i c 

p h t h a l o y l p e r o x i d e as t h e i n i t i a t o r . 
O-

Monomer A i s p o l y m e r i z e d a t low t e m p e r a t u r e t o a low degree o f p o l y m e r i z a t i o n , 

t h u s i n c o r p o r a t i n g t h e i n i t i a t o r i n t o t h e polymer backbone; monomer A i s 

r e p l a c e d by monomer B, and t h e c o p o l y m e r i z a t i o n i s i n i t i a t e d by h e a t i n g . 

B l o c k copolymers formed i n t h i s manner are c o n t a m i n a t e d w i t h homopolymers. 

Anoth e r method f o r i n t r o d u c i n g t e r m i n a l p e r o x y groups i n t o homopolymeric 

b l o c k s i n v o l v e s t h e p o l y m e r i z a t i o n o f t h e monomer, s t y r e n e , i n t h e presence 
2+ 39 

o f t - b u t y l h y d r o p e r o x i d e and Cu i o n s . The d e c o m p o s i t i o n o f t - b u t y l 
2 + 

h y d r o p e r o x i d e i n t h e presence o f Cu i o n s l e a d s t o t h e f o r m a t i o n o f ( C H ^ ) 3 C 0 0 " 

and (CH^)^CO- r a d i c a l s , t h e f i r s t o f w h i c h , p r o b a b l y as a r e s u l t o f 

r e c o m b i n a t i o n w i t h t h e g r o w i n g p o l y s t y r e n e m a c r o r a d i c a l , forms a c t i v e t e r m i n a l 

p e r o x i d e groups c a p a b l e o f i n i t i a t i n g subsequent b l o c k c o p o l y m e r i z a t i o n . 
40 

Ceresa has p r e p a r e d b l o c k copolymers o f m e t h y l m e t h a c r y l a t e w i t h s t y r e n e 

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

presence o f oxygen, t h e r e b y i n c o r p o r a t i n g oxygen i n t h e po l y m e r , and t h e n 

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

second monomer. S i m i l a r l y , b l o c k copolymers o f c i s - 1 , 4 p o l y b u t a d i e n e and 

a c r y l o n i t r i l e have been p r e p a r e d by i n t r o d u c i n g p e r o x i d i c f u n c t i o n a l i t y i n t o 

t h e p o l y b u t a d i e n e by o z o n o l y s i s f o l l o w e d by h e a t i n g i n t h e presence o f 
41 

a c r y l o n i t r i l e . F i n a l l y , ot-w p e r o x y p o l y s t y r e n e , p r e p a r e d a n i o n i c a l l y u s i n g 
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l i t h i u m - n a p h t h a l e n e and t e r m i n a t e d w i t h carbon d i o x i d e y i e l d i n g c a r b o x y l i c 

groups w h i c h were t h e n c o n v e r t e d t o p e r o x y g r o u p s , has been used t o p r e p a r e 
42 

A-B-A t e r p o l y m e r s by p o l y m e r i z a t i o n w i t h a c r y l o n i t r i l e . 

3) T e r m i n a l amino groups 
43 

Bamford and White showed t h a t t o o b t a i n a b l o c k copolymer o f t h e A-B 

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

p r esence o f t r i e t h y l a m i n e ; c h a i n t r a n s f e r t a k e s p l a c e t h r o u g h t h e l a t t e r w i t h 

t h e f o r m a t i o n o f a compound o f t h e t y p e : 

•CH-
CH. 

COOCH, 
-CH-

CH. 

COOCH. 

N ( C H ) , 
j 2 5 2 

-CH 
I 
CH, 

T h i s p o l y m e r i c p r o d u c t was used as mac r o m o l e c u l a r c h a i n t r a n s f e r agent i n 

t h e h o m o p o l y m e r i z a t i o n o f t h e monomer under c o n d i t i o n s e n s u r i n g a h i g h degree 

o f c h a i n t r a n s f e r by t h e g r o w i n g r a d i c a l . P o l y ( m e t h y l m e t h a c r y l a t e - b - a c r y l o -

n i t r i l e ) was p r e p a r e d u s i n g t h i s method. 

4) T e r m i n a l groups c o n t a i n i n g h a l o g e n 

Homopolymeric b l o c k s w i t h t e r m i n a l h a l o g e n atoms absorb l i g h t o f wave-
o 

l e n g t h 2880-3 500A a r e r a i s e d t o an e x c i t e d s t a t e , and d i s s o c i a t e i n t o 

f r e e r e a c t i v e p o l y m e r i c r a d i c a l s w h i c h can be used as macromolecular 

i n i t i a t o r s i n b l o c k c o p o l y m e r i z a t i o n s . The macromo l e c u l a r h a l i d e s a r e 
44 

u s u a l l y p r e p a r e d by t h e t h e r m a l o r p h o t o l y t i c p o l y m e r i z a t i o n o f s t y r e n e o r 
45 

m e t h y l m e t h a c r y l a t e i n t h e presence o f CBr^ o r CBrCl^ w h i c h t e r m i n a t e t h e 

c h a i n by a c h a i n t r a n s f e r r e a c t i o n . I n the second s t a g e o f t h e s y n t h e s i s 

o f t h e b l o c k c opolymer, t h e m a c r o h a l i d e i s i r r a d i a t e d w i t h u l t r a v i o l e t l i g h t 

i n t h e presence o f a v i n y l monomer. B l o c k copolymer f o r m a t i o n by t h i s 
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46 47 method has a l s o been d e s c r i b e d by Bamford e t a l . and by Guyot e t a l . 

H y d r o p h i l i c b l o c k copolymers a r e o b t a i n e d by c o p o l y m e r i z i n g a c r y l i c a c i d 

i n t h e p r e s e n c e o f o r g a n i c bromine c o n t a i n i n g compounds w i t h t h r e e o r f o u r 

carbon atoms and t h r e e bromine atoms. The r e s u l t i n g b romine c o n t a i n i n g 

a c r y l i c a c i d homopolymer i s d i s s o l v e d i n an i n e r t aqueous medium w i t h 

a n o t h e r v i n y l monomer, f o r example a c r y l o n i t r i l e , and t h e m i x t u r e i s 
48 

i r r a d i a t e d w i t h u l t r a v i o l e t l i g h t t o g i v e t h e b l o c k copolymer. 

5) T e r m i n a l g r oups c o n t a i n i n g s u l p h u r 
45 46 

O r g a n i c compounds c o n t a i n i n g s u l p h u r atoms, ' w h i c h have t h e a b i l i t y 

t o undergo c h a i n t r a n s f e r r e a c t i o n s , may be used t o i n i t i a t e t h e 

p o l y m e r i z a t i o n o f t h e p r i m a r y monomer. B l o c k c o p o l y m e r i z a t i o n can be 

a c h i e v e d by i r r a d i a t i o n w i t h u l t r a v i o l e t l i g h t i n t h e p resence o f v i n y l 

monomers. B l o c k copolymers o f s t y r e n e w i t h m e t h y l methacrylate,^° and w i t h 

v i n y l acetate"'"'" have been p r e p a r e d by u s i n g t h i s t e c h n i q u e . 

6) T e r m i n a l groups c o n s i s t i n g o f a c i d h y d r a z i d e s 

A c r y l o n i t r i l e i s c a p a b l e o f u n d e r g o i n g p o l y m e r i z a t i o n i n t h e presence 

o f a redox system c o n s i s t i n g o f a c i d h y d r a z i d e s and F e ^ + i o n s . The 

p o l y m e r i z a t i o n o f a c r y l o n i t r i l e can be i n i t i a t e d i n analogous f a s h i o n by 

u s i n g p o l y m e r i c b l o c k s c o n t a i n i n g a c i d h y d r a z i d e s as t e r m i n a l g r o u p s . T h i s 

method has been used t o p r e p a r e b l o c k copolymers o f p o l y a m i n o t r i a z o l e w i t h 
52 

p o l y a c r o l e i n , t h e p r o d u c t e x h i b i t s a h i g h a f i n i t y f o r a c i d dyes. 

b) R a d i c a l a t t a c k on u n s a t u r a t e d p o l y m e r s 

Free r a d i c a l t r a n s f e r r e a c t i o n s w i t h u n s a t u r a t e d p o l y m e r s commonly 
33 

o c c u r t h r o u g h t h e a b s t r a c t i o n o f a l l y l i c hydrogen atoms. S c h u l z e t a l . 

s t u d i e d t h e f o r m a t i o n o f such resonance s t a b i l i z e d m a c r o r a d i c a l s . They used 

p o l y m e t h y l m e t h a c r y l a t e c o n t a i n i n g t e r m i n a l d o u b l e bonds o b t a i n e d f r o m 

t e r m i n a t i o n by d i s p r o p o r t i o n a t i o n . P o l y m e r i z a t i o n o f s t y r e n e i n t h e presence 
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of such a polymer lead to block copolymer formation, due to the p r e f e r r e d 

r e a c t i v i t y a t the chain ends. 

The mechanism of the formation of the s t a b i l i z e d m a c r o r a d i c a l , and 

f o r block copolymer formation are shown below. 

CH CH CH CH 
CH 3 CH / 3 

C CH H C \ + COOCH COOCH 

m 
n 

CH CH CH CH 2 
--,CH R CH CH C 2 + \ COOCH COOCH 

m 
n 

r CH I 3 R s t v r e n e CH C CH CH C CH 
COOCK COOCM 

m 

P 

1.2.(v) S y n t h e s i s v i a the l i v i n g m a c r o r a d i c a l technique 

R e l a t i v e l y l i t t l e r e s e a r c h has been c a r r i e d out on the s y n t h e s i s of 

block copolymers v i a s t a b l e m a c r o r a d i c a l s , although the a n i o n i c analogue 

of t h i s p rocess i s , of course, w e l l e s t a b l i s h e d . Under most circumstances 
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t e r m i n a t i o n predominates and the " l i v i n g m a c r o r a d i c a l technique" i s 

consequently not e a s i l y a p p l i e d . However, i t has been shown t h a t a polymer 

w i l l p r e c i p i t a t e as a c o i l e d m a c r o r a d i c a l under some circums t a n c e s and t h a t 

the p r e c i p i t a t e d m a c r o r a d i c a l has a r e l a t i v e l y long l i f e time. Many of the 

r a d i c a l chain ends are trapped w i t h i n the p r e c i p i t a t e d c o i l s , consequently 

i n h i b i t i n g t e r m i n a t i o n r e a c t i o n s . A second monomer which can d i f f u s e i n t o 

the p r e c i p i t a t e d m a c r o r a d i c a l c o i l may be introduced and under favo u r a b l e 

circumstances block copolymers may be formed. Some of the e a r l i e r work i n 

t h i s f i e l d has been r e f e r r e d to e a r l i e r (Bamford e t . a l . l o c . c i t . ) . 

Seymour and co-workers have e x t e n s i v e l y developed t h i s f i e l d and have 

e s t a b l i s h e d t h a t a polymer w i l l p r e c i p i t a t e as a c o i l e d m a c r o r a d i c a l when a 

monomer i s polymerized i n a s o l v e n t whose s o l u b i l i t y parameter d i f f e r s from 
53 

t h a t of the polymer by a t l e a s t 1.8 Hildebrand u n i t s (H). There must a l s o 

be a d i f f e r e n c e of a t l e a s t 1.8H but not more than 3.1H between the 
54 

s o l u b i l i t y parameters of the monomer and polymer. I n t r o d u c t i o n of the 

second monomer r e s u l t s i n block c o p o l y m e r i z a t i o n provided t h a t the c o i l e d 

m a c r o r a d i c a l i s s u f f i c i e n t l y swollen and consequently penetrated by the new 

monomer and/or s o l v e n t ; t h i s c o n d i t i o n i s met when the s o l u b i l i t y parameters 

of the m a c r o r a d i c a l and of the new monomer are s i m i l a r . F u r t h e r , macro-

r a d i c a l s are p r e s e n t as s t a t i s t i c a l c o i l s a t the t h e t a temperature and i t has 

been shown t h a t block copolymers may be produced by the a d d i t i o n of v i n y l 

monomers a t any temperature below the t h e t a temperature. The r a t e of block 

c o p o l y m e r i z a t i o n i n c r e a s e s as the r e a c t i o n temperature approaches the t h e t a 

temperature. 

S e v e r a l block copolymers have been prepared by the use of t h i s technique. 

For example, block copolymers of v i n y l a c e t a t e and other v i n y l monomers have 
55 56 been produced i n poor s o l v e n t s , v i s c o u s good s o l v e n t s , and i n v i s c o u s 

57 

poor s o l v e n t s . T h i s technique was chosen f o r the work reported i n t h i s 

t h e s i s . 
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1.3. The s y n t h e s i s of block copolymers v i a i o n i c mechanisms 

1 . 3 . ( i ) Block copolymers v i a a n i o n i c p o l y m e r i z a t i o n 

A n i o n i c p o l y m e r i z a t i o n s , c a r r i e d out i n a p r o t i c s o l v e n t s , l e a d to the 

syntheses of " l i v i n g " polymers which c o n t a i n one or two o r g a n o m e t a l l i c s i t e s 
58 

per c h a i n which can promote p o l y m e r i z a t i o n or r e a c t w i t h v a r i o u s e l e c t r o -

p h i l i c f u n c t i o n s . The absence of spontaneous t e r m i n a t i o n r e a c t i o n s i s the 

f a c t o r which makes the use of the " l i v i n g " polymer technique p o s s i b l e f o r 

the p r e p a r a t i o n of block copolymers. L i v i n g polymers a r e g e n e r a l l y prepared 

by i n i t i a t i n g v i n y l monomer p o l y m e r i z a t i o n with a l k a l i metals or a l k a l i metal 

a l k y l s or a r y l s . G e n e r a l l y , block copolymers can be formed from " l i v i n g " 

polymers by: 

1) Simple a d d i t i o n of a monomer to a l i v i n g homopolymer 

' CH =CH 
A 

;C (CH, -CHf-n-1 

+P CH2=CH 

-CH. -CH 
I 
A 

(CH, -CHf- -fCH -CH)-P-1 -CH, -CH 
I 
B 

By adding more CH =CH an A-B-A t r i b l o c k or sandwich copolymer w i l l be 

formed. The order of monomer a d d i t i o n i s an important f a c t o r i n determining 

the formation of block copolymers by t h i s technique. P o l y s t y r y l anions w i l l 

i n i t i a t e the p o l y m e r i z a t i o n of methyl m e t h a c r y l a t e , but polymethyl meth-
59 

a c r y l a t e anions can not i n i t i a t e the p o l y m e r i z a t i o n of s t y r e n e . L i k e w i s e , 

l i v i n g p o l y s t y r e n e w i l l add to ethylene oxide to y i e l d a block copolymer, 
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but the al k o x i d e w i l l not add to s t y r e n e . Such r e a c t i v i t i e s have been 

r e l a t e d to Q-e v a l u e s ^ and suggest t h a t the r e a c t i o n of a l i v i n g polymer 

i s q u a l i t a t i v e l y r e l a t e d to the e v a l u e of the monomer from which i t i s 

formed. The anion of a monomer with a low e va l u e i n i t i a t e s the 

po l y m e r i z a t i o n of a monomer w i t h a higher e v a l u e , but not v i c e v e r s a . 

Minimization of t e r m i n a t i o n by i m p u r i t i e s and of c h a i n t r a n s f e r has 

l e a d to the s u c c e s s f u l s y n t h e s i s of block copolymers of styrene-butadiene 
6 2 

having up to seven s u c c e s s i v e increments. Monofunctional i n i t i a t o r s 

( b u t y l - l i t h i u m , cumyl-potassium,...) u s u a l l y l e a d to A-B block copolymers. 

T r i b l o c k copolymers can be prepared by using d i f u n c t i o n a l i n i t i a t o r s , monomer 

adds to both ends of the d i f u n c t i o n a l i n i t i a t o r g i v i n g doubly ended l i v i n g 

polymers. Addition of a second monomer y i e l d s a B-A-B t r i b l o c k copolymer. 

I n c e r t a i n c a s e s , block copolymers can be prepared by poly m e r i z i n g 

monomer mixtures. I n the b u t y l - l i t h i u m i n i t i a t e d p o l y m e r i z a t i o n of s t y r e n e 
6 3 

and butadiene i n hydrocarbon s o l u t i o n , a styrene-butadiene copolymer 
having predominant block c h a r a c t e r i s formed. The segments are not completely 

64 

pure and have been r e f e r r e d to as tapered b l o c k s . Although the homo-

p o l y m e r i z a t i o n r a t e of s t y r e n e i s much f a s t e r than t h a t of butadiene, the 

butadiene i s e s s e n t i a l l y a l l depleated before any of the s t y r e n e i s 

polymerized. The e x p l a n a t i o n u s u a l l y o f f e r e d f o r t h i s unusual behaviour i s 

t h a t the p o l y m e r i z a t i o n k i n e t i c s very s t r o n g l y favour the a d d i t i o n of poly-

s t y r y l anion to butadiene monomer r a t h e r than to s t y r e n e monomer. Polybuta-

d i e n y l anion a l s o adds to butadiene monomer more r a p i d l y than to s t y r e n e 
65 

monomer. 

An i n t e r e s t i n g case of block co p o l y m e r i z a t i o n formation was observed 

by O ' D r i s c o l l and T o b o l s k y ^ i n the l i t h i u m i n i t i a t e d c o p o l y m e r i z a t i o n of 

s t y r e n e and methyl me t h a c r y l a t e . I t was suggested t h a t i n i t i a t i o n o c c u r s by 

an e l e c t r o n t r a n s f e r from l i t h i u m to one of the monomers followed by growth 

a t both ends of the ion r a d i c a l . The methyl m e t h a c r y l a t e would add to the 
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a n i o n i c end, and an a l t e r n a t i n g copolymer would be formed on the r a d i c a l 

end. The r e l a t i v e l e n gths of the blocks would be determined by the r e l a t i v e 

r a t e s of r a d i c a l and a n i o n i c growth. 

2) Coupling of l i v i n g polymers 

Re a c t i o n s of " l i v i n g " polymers with m u l t i f u n c t i o n a l e l e c t r o p h i l e s were 
67 68 s t u d i e d by F i n a z et a l . and Rempp e t a l . They t r e a t e d d i c a r b a n i o n i c 

" l i v i n g " p o l y s t y r e n e , prepared with sodium-naphthalene i n i t i a t o r , w ith d i a c i d 

c h l o r i d e s , d i e s t e r s , or d i h a l o a l k a n e s . A poly-condensation r e a c t i o n occurs 

r e s u l t i n g i n a l a r g e molecular weight i n c r e a s e . The number of p o l y s t y r e n e 

b l o c k s j o i n e d together by t h i s method can be estimated from the molecular 

weight i n c r e a s e of the polymer. Block copolymers may a l s o be prepared by 
69 

coupling macroanions by d i f u n c t i o n a l h a l i d e s , b i s ( c h l o r o m e t h y l ) and 

b i s (bromomethyl) e t h e r , ̂ ° dibromobutane, ̂  a ,a' - d i c h l o r o - p - x y l e n e , 
72 73 phosgene, and d i v i n y l b e n z e n e . Block copolymers have a l s o been obtained 

74 

by the coupling of s t y r e n e macroanions w i t h THF macrocations. 

I n g e n e r a l , the t e r m i n a t i o n s t e p i n a n i o n i c p o l y m e r i z a t i o n i s e a s i e r 

to c o n t r o l than i n f r e e r a d i c a l s yntheses, so t h a t the p o s s i b i l i t i e s of 

commercial i o n i c s y n t h e s e s of block copolymers are very r e a l . The patent 

l i t e r a t u r e i s very r i c h i n a n i o n i c p o l y m e r i z a t i o n methods t h a t appear 

capable of being adapted to y i e l d i n g segmental block and g r a f t copolymers. 

Work i n the f i e l d of c o m m e r c i a l i z a t i o n of ethylene-propylene block copolymers 

has been c a r r i e d out by the Texas Eastman Company wi t h the i n t r o d u c t i o n of 
75 

" p o l y a l l o m e r s " , which are c r y s t a l l i n e block copolymers of ethylene and 

propylene, q u i t e d i f f e r e n t from the commercially a v a i l a b l e ethylene-propylene 

rubbers. 

A n i o n i c p o l y m e r i z a t i o n i s a l s o used to prepare s t e r e o - b l o c k copolymers 

c o n s i s t i n g of r e l a t i v e l y long segments with d i f f e r e n t s p a t i a l c o n f i g u r a t i o n s . 

For example, p o l y s t y r e n e having b l o c k s of i s o t a c t i c and a t a c t i c segments can 
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be formed u s i n g b u t y l - l i t h i u m as the i n i t i a t o r . The p o l y m e r i z a t i o n i s 

conducted i n hydrocarbon medium and the s t e r e o r e g u l a r i t y i s a l t e r e d by 

cycli.ng the p o l y m e r i z a t i o n temperature between -30°C and - 5 ° C . ^ 

1 . 3 . ( i i ) Block copolymers v i a c a t i o n i c p o l y m e r i z a t i o n 

S e v e r a l workers have claimed t h a t , under proper c o n d i t i o n s , " l i v i n g " 

c a t i o n i c polymers can be prepared, s i n c e the r a t e of s e l f - t e r m i n a t i o n 

i s v ery slow compared to the r a t e s of i n i t i a t i o n and propagation. The 

s h o r t l i f e time of macrocations may be prolonged by using high c o n c e n t r a t i o n s 

of s p e c i a l i n i t i a t o r s and, chain t r a n s f e r i s suppressed by using low 

solvent-monomer r a t i o s . 
77 

Bawn and co-workers showed t h a t triphenylcarbonium hexachloroantimonate 

i n i t i a t e s the c a t i o n i c p o l y m e r i z a t i o n of THF. They proved t h a t the p r o c e s s 

i n v o l v e s a proton t r a n s f e r followed by the formation of an oxonium ion 

which i s the a c t i v e s i t e i n the propagation: 

/ + ( C H I C SbCl ( C H j - X H + + 6 5' 3 

o o SbCl 

H SbCl 
+ + o SbCl 0 0 
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/ \ / \ 

> SbCl 
4-

x ( n - l ) O SbCl 
CH„CH_CH_CH_0 9 n 

O 
O 

The l a c k of t e r m i n a t i o n was demonstrated by thermodynamic s t u d i e s , by an 

i n c r e a s e i n the molecular weight of the product on monomer a d d i t i o n , and 
78 

through formation of block copolymers. 
79 

Kennedy and Melby re p o r t e d the p r e p a r a t i o n of block copolymers of 

s t y r e n e and i s o b u t y l e n e v i a a c a t i o n i c mechanism. A bromine terminated 

p o l y s t y r e n e oligomer was r e a c t e d w i t h i s o b u t y l e n e i n the presence of 
74 

diethylaluminium c h l o r i d e . Berger et a l . s y n t h e s i z e d a THF-styrene-THF 

block copolymer by coupling a d i a n i o n i c a l l y terminated p o l y s t y r e n e w i t h 

c a t i o n i c a l l y terminated polyTHF " l i v i n g " polymers. The d i a n i o n i c p o l y s t y r e n e 

was prepared i n THF s o l u t i o n using a-methylstyrene tetramer d i a n i o n as the 

i n i t i a t o r , and the c a t i o n i c THF polymer was s y n t h e s i z e d using Meerwein's 

c a t a l y s t , (C^H^)^OBF^, a t i c e - b a t h temperature f o r 2 hours, combination of 

the two oligomers gave the product. 
80 

Zimmerman cl a i m s the s y n t h e s i s of a styrene-THF-styrene block 

copolymer by the combination of a polyTHF oligomer with two c a t i o n i c end 

groups, polymerized v i a a " l i v i n g " c a t i o n i c p r o c e s s using t r i f l u o r o m e t h a n e 

s u l p h o n i c anhydride, (CY^SO^)^, as the i n i t i a t o r f o r 1-4 hours a t 25°C, 

with a monoionically terminated p o l y s t y r e n e , prepared v i a b u t y l - l i t h i u m 

i n i t i a t i o n . 



- 16 -

1.4. The s y n t h e s i s of block copolymers from c o o r d i n a t i o n c a t a l y s i s 

C o ordination c a t a l y s t s have been used i n the p r e p a r a t i o n of block 
81 

copolymers. A requirement i n the s y n t h e s i s of these polymers w i t h Z i e g l e r -

Natta type c a t a l y s t s i s t h a t the growing o l e f i n c h a i n be s u f f i c i e n t l y long 

8 2 

l i v e d so the copolymer can be formed by s e q u e n t i a l monomer a d d i t i o n . 

Coordination c a t a l y s t s based on the T i C l ^ - E t ^ A l C l system have been the most 

widely used. The p r e p a r a t i o n of block copolymers of propylene/4-methylpent-
83 . 84 . 85 1-ene, propylene/l-butene, and eth y l e n e / a - m e t h y l s t y r e n e , have been 

re p o r t e d . 

S t y r e n e - i s o b u t y l e n e block copolymers have been prepared by combining 

a n i o n i c and c o o r d i n a t i o n c a t a l y s i s mechanisms.^ L i v i n g p o l y s t y r y l - l i t h i u m 

was terminated with a,a'-dibromo-p-xylene , complexed w i t h t i t a n i u m t e t r a 

c h l o r i d e and r e a c t e d with i s o b u t y l e n e to y i e l d p o l y ( s t y r e n e - b - i s o b u t y l e n e ) 

having a 91.5-8.5 composition. 

1.5. The s y n t h e s i s of block copolymers v i a coupling or condensation 

r e a c t i o n s 

The i n t e r a c t i o n of f u n c t i o n a l l y terminated homopolymers i s a v e r s a t i l e 

method f o r pr e p a r i n g block copolymers. Only the intersegment l i n k a g e i s 

formed during these r e a c t i o n s . The preformed homopolymers can be prepared 

e i t h e r by step-growth r e a c t i o n s , i n which the end groups are a n a t u r a l 

consequence of the p o l y m e r i z a t i o n chemistry, 

f3 

( n +D H O - ^ C 5 H 4 ^ - C - ( C 6 V O H + n c i ^ c ^ f - s o ^ c ^ ^ - c i 
CH 3 

H-EO—tC H D ) ~ C — f C H . f - 0 — ( C H .*-SO f r H . H — 0-fC cH.)-C fC H f-OH 
P o 4 | p 6 4 p 6 4 2 p 6 4 n p 6 4 | p 6 4 

CH3- CH 3 

+2n NaCl 
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or by ap p r o p r i a t e a d d i t i o n s or r i n g opening p o l y m e r i z a t i o n s , i n which 

the end groups can be predetermined v i a i n i t i a t o r c h oice or by end capping. 
0 I I 

( C H J C 0 + HO—R—OH HO E-fCHj r C 0} R-^-OC-fCH f-rf-OH 
^ -> 2 5 2 5 x 

CH2=CH 

L i R L i + 

HO-CH -CH -

L i 

-CH2~CH-

CH -CH - + - L i 

(2) H + 

-CH -CH -OH 
2 2 

Us e f u l end groups other than hydroxyl i n c l u d e amines, i s o c y a n a t e s , a c i d 

h a l i d e s , s i l y l h a l i d e s , c a r b o x y l , t h i o l , and c e r t a i n e s t e r groups, the only 

major requirement i s t h a t they i n t e r a c t i n a h i g h l y e f f i c i e n t manner. 

Block copolymers with p e r f e c t l y a l t e r n a t i n g d i s t r i b u t i o n s a r e obtained 

when homopolymers bearing r e a c t i v e end groups are used. The l i t e r a t u r e 

c o n t a i n s many i l l u s t r a t i o n s , f o r example, polydecamethylene t e r e p h t h a l a t e w i t h 

hydroxyl end groups has been r e a c t e d w i t h polydecamethylene i s o p h t h a l a t e 
87 

having a c i d c h l o r i d e end groups to y i e l d a block copolymer. 

I n c o n t r a s t , block copolymers with l e s s c o n t r o l of segment sequence a r e 

obtained when two homopolymers with the same f u n c t i o n a l end groups a r e 

coupled v i a r e a c t i o n with a t h i r d component. An example of t h i s technique 

i s the coupling of hydroxyl terminated p o l y e t h y l e n e oxide and bis-phenol-A 

polycarbonate homopolymers by phosgene. 

I t i s a l s o p o s s i b l e to couple block copolymers themselves to a l t e r t h e i r 
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a r c h i t e c t u r e . A-B and A-B-A s t r u c t u r e s can be coupled to produce A-B-A 

o r -(A-B> systems, r e s p e c t i v e l y . An i l l u s t r a t i v e example i s the l i n e a r 
n 

coupling o f p o l y s t y r e n e - p o l y b u t a d i e n e , 

P o l y s t y r e n e P o l y b u t a d i e n y l anion 
CH CH CH CH=CH CH 

C0C1 

o P o l y s t y r e n e P o l y s t y r e n e 

Polybutadiene 

The s o - c a l l e d r a d i a l block copolymers are prepared by a s i m i l a r 

technique u s i n g a p o l y f u n c t i o n a l c oupling agent such as s i l i c o n t e t r a c h l o r i d e 

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

Because of i t s low g l a s s t r a n s i t i o n temperature, high gas p e r m e a b i l i t y , 

i n c o m p a t i b i l i t y with many or g a n i c polymers, and e x c e l l e n t r e s i s t a n c e to 

e l e v a t e d temperatures, the s i l o x a n e domain has been introduced i n t o many 

u , 88-90 block copolymers. 

A review of the p r e p a r a t i o n of s y n t h e t i c block copolymers by coupling 

and condensation r e a c t i o n s i s g i v e n by Noshay and McGrath i n t h e i r book 

"Block Copolymers". 

1.6. The s e p a r a t i o n and p u r i f i c a t i o n of block copolymers 

A l l polymer syntheses l e a d to the production of mixtures of molecules 

of d i f f e r e n t molecular weight. I n the syntheses of block copolymers l i s t e d 

above the a c t u a l product w i l l c o n s i s t of some block copolymer and some homo-

polymer ( s ) . There w i l l be a d i s t r i b u t i o n of molecular s i z e f o r both the 
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homopolymer(s) and the block sequences. To c h a r a c t e r i z e the r e a c t i o n 

completely i t i s u s u a l l y n e c e s s a r y to se p a r a t e the v a r i o u s components of 

the r e a c t i o n product, t h i s i s u s u a l l y done by methods based upon d i f f e r e n c e s 

i n s o l u b i l i t y . Although there are some g u i d e l i n e s f o r developing a 

se p a r a t i o n procedure each p a r t i c u l a r case has to be worked out by e s s e n t i a l l y 

e m p i r i c a l methods. The methods used s i n g l y or c o l l e c t i v e l y to ac h i e v e such 

s e p a r a t i o n s are d e s c r i b e d below. 

1 . 6 . ( i ) S e p a r a t i o n by p r e c i p i t a t i o n 

To employ p r e c i p i t a t i o n techniques a common s o l v e n t f o r a l l the s p e c i e s 

must be used, p r e f e r a b l y one which i s e f f e c t i v e a t ambient temperature. The 

p r e c i p i t a n t should be chosen so t h a t the p r e c i p i t a t i o n ranges of the homo-

polymers are as widely separated as p o s s i b l e , s i n c e the block copolymer w i l l 

probably be p r e c i p i t a t e d somewhere i n between these two ranges. There are 

two methods of s e p a r a t i o n by p r e c i p i t a t i o n ; 

1) F r a c t i o n a l p r e c i p i t a t i o n 

T h i s method i n v o l v e s the stepwise a d d i t i o n of nonsolvent to a s o l u t i o n 
38 39 

of the polymer mixture. ' The p r e c i p i t a t e d polymer f r a c t i o n s a r e 

i s o l a t e d and c h a r a c t e r i z e d 

I n a s o l u t i o n of homopolymers mixed w i t h a block copolymer the 

p r o g r e s s i v e a d d i t i o n of p r e c i p i t a n t f i r s t c o l l a p s e s the molecular c h a i n s of 

the l e a s t s o l u b l e polymer s p e c i e s , causing i t to p r e c i p i t a t e . As 

p r e c i p i t a t i o n c o n t i n u e s , the s o l u t i o n g e n e r a l l y develops a c h a r a c t e r i s t i c 

t u r b i d i t y due to the s c a t t e r i n g of l i g h t from the copolymer. The l e a s t 

s o l u b l e segments of the copolymer are p r e c i p i t a t e d and coagulated on a micro-

s c a l e but are r e t a i n e d i n apparent s o l u t i o n by the s o l v a t e d segments of the 

more s o l u b l e s p e c i e s . Such t u r b i d i t y may not be apparent i f the r e f r a c t i v e 

index of the swollen aggregate does not d i f f e r g r e a t l y from t h a t of the 

s o l u t i o n ; although the presence of a s t a b l e t u r b i d i t y i s an almost c e r t a i n 
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i n d i c a t i o n of the presence of a block copolymer f r a c t i o n . y 

2) S e l e c t i v e p r e c i p i t a t i o n 

T h i s i s a u s e f u l v a r i a n t of the g e n e r a l f r a c t i o n a l p r e c i p i t a t i o n 
37 38 

technique ' which i n v a r i a b l y g i v e s the " c l e a n e s t " s e p a r a t i o n . T h i s method 

i s more f r e q u e n t l y used when s o l v e n t - p r e c i p i t a n t systems from which o n l y one 

homopolymer can be p r e c i p i t a t e d a t each stage a r e employed, the copolymer and 

the other homopolymer remaining i n s o l u t i o n even when excess p r e c i p i t a n t i s 

added. Under these c o n d i t i o n s c o p r e c i p i t a t i o n can be avoided. 

1 . 6 ( i i ) S e p a r a t i o n by e x t r a c t i o n 

I n t h i s method the polymeric m a t e r i a l i s s u b j e c t e d to e x t r a c t i o n a t 

low or e l e v a t e d temperatures w i t h s u c c e s s i v e mixtures of nonsolvent and 

s o l v e n t c o n t a i n i n g i n c r e a s i n g f r a c t i o n s of the s o l v e n t component for the 

polymeric s p e c i e s . I f a s o l v e n t i s a v a i l a b l e t h a t d i s s o l v e s only one ki n d 

17 19 

of polymer from the mixture, s e l e c t i v e e x t r a c t i o n can be c a r r i e d out. ' 

A block copolymer r i c h i n one of the homopolymers may d i s s o l v e p a r t l y or 

wholly i n the s o l v e n t f o r t h a t polymer, and the copolymer can then be 

separated from the s o l u t i o n by a p r e c i p i t a t i o n technique. C o e x t r a c t i o n of 

the block copolymer i n v a r i a b l y r e s u l t s i n a n o n p r e c i p i t a b l e t u r b i d i t y , which 

may disappear when the s o l u t i o n i s heated but which reappears on c o o l i n g . 

T h i s e x t r a c t i o n of the block copolymer may not be apparent i f s e l e c t i v e 

e x t r a c t i o n i s c a r r i e d out i n a s o x h l e t apparatus u n l e s s the e x t r a c t i n g 

s o l v e n t i s cooled to room temperature. 

Se p a r a t i o n by e x t r a c t i o n i s e f f e c t i v e l y the r e v e r s e of the f r a c t i o n a l 

p r e c i p i t a t i o n procedure, but i t r e q u i r e s s m a l l e r q u a n t i t i e s of s o l v e n t s and 

nonsolvents than the p r e c i p i t a t i o n technique and i t i s more e a s i l y a p p l i e d to 

l a r g e s c a l e s e p a r a t i o n s . 
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1.7. C h a r a c t e r i z a t i o n of block copolymers 

During the p u r i f i c a t i o n of a block copolymer c o n s i d e r a b l e i n f o r m a t i o n 

can be obtained as to the probable s t r u c t u r e of the polymeric s p e c i e s p r e s e n t . 

For i n s t a n c e , the presence of homopolymeric f r a c t i o n s v i r t u a l l y e l i m i n a t e s 

the p o s s i b i l i t y of the copolymer f r a c t i o n being a simple random or r e g u l a r 

copolymer and suggests a block or g r a f t copolymer s t r u c t u r e . 

Many of the a n a l y t i c a l t o o l s used to e l u c i d a t e the s t r u c t u r e of homo-
91 

polymers can a l s o be used f o r the c h a r a c t e r i z a t i o n of block copolymers. 

However, no s i n g l e method i s capable of d e s c r i b i n g the nature of these macro-

molecules; but a combination of s e v e r a l methods, and a knowledge of the 

mechanism of p o l y m e r i z a t i o n , must be used i n c o n c e r t . 
92 

S e v e r a l authors have reported i n the l i t e r a t u r e t h a t elemental a n a l y s i s , 
93 94 i n f r a r e d and raman s p e c t r o s c o p i c , n u c l e a r magnetic resonance, and thermal 

95 96 g r a v i m e t r i c a n a l y s i s , as w e l l a s , c r y s t a l l o g r a p h i c s t u d i e s , f r a c t i o n a l 
97 98 p r e c i p i t a t i o n and e x t r a c t i o n by s e l e c t e d s o l v e n t s , s o l u t i o n t u r b i d i m e t r y , 

99 ICO d e n s i t y g r a d i e n t u l t r a c e n t r i f u g a t i o n , p y r o l y t i c gas chromatography, g e l 

permeation chromatography,''"0"'" o p t i c a l properties,"'" 0^ and p h y s i c a l t e s t s 
81 

r e l a t e d to mechanical p r o p e r t i e s have been used as a n a l y t i c a l techniques 

f o r block copolymer c h a r a c t e r i z a t i o n . However, i t i s not the i n t e n t i o n of 

the author to give here a d e t a i l e d d e s c r i p t i o n of a l l the a n a l y t i c a l 

t echniques a v a i l a b l e f o r the c h a r a c t e r i z a t i o n of block copolymers, but to 

p o i n t out those techniques t h a t can help i n the e l u c i d a t i o n of the segmental 

s t r u c t u r e of these complex macromolecules. Thus, the f i v e q u e s t i o n s t h a t 

need t o be answered i n c h a r a c t e r i s i n g the products of a block copolymerization, 

are used as s u b - t i t l e s f o r the s e c t i o n s below. 

1.7. ( i ) I s the product a block copolymer or a homopolymer blend? 

An important technique which has been used to d i f f e r e n t i a t e between a block 

copolymer and a homopolymer blend i s the s o l u b i l i t y behaviour of the polymeric 

products. S e q u e n t i a l e x t r a c t i o n w i t h s o l v e n t s s e l e c t i v e f o r each component, 
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of a homopolymeric mixture, r e s u l t s i n complete d i s s o l u t i o n of the blend, 

l e a v i n g no i n s o l u b l e r e s i d u e . E x t r a c t i o n of block copolymers r e s u l t s i n a 

d i s t r i b u t i o n of f r a c t i o n s of v a r y i n g compositions. Thus, an A-B block 

copolymer which i s comprised predominantly of segment A w i l l be s o l u b l e i n 

segment-A s e l e c t i v e s o l v e n t s . Another method used to d i f f e r e n t i a t e between 

block copolymers and homopolymer blends i s f i l m c l a r i t y , s i n c e the former 

produce t r a n s p a r e n t f i l m s because the domains of the d i f f e r e n t components are 

too s m a l l to s c a t t e r v i s i b l e l i g h t , and the l a t t e r form opaque f i l m s due to 

a h igh degree of l i g h t s c a t t e r i n g a t the i n t e r f a c e between the d i f f e r e n t 

phases. An e x c e p t i o n to the g e n e r a l i t y of t h i s technique occurs when the 

r e f r a c t i v e index of the two homopolymers are s i m i l a r ; a l s o the f i l m c l a r i t y 

t e s t may not d e t e c t minor amounts of homopolymer contamination. 

S o l u b i l i t y c o m p a t i b i l i t y i s a l s o used to d i f f e r e n t i a t e between block 

copolymers, which produce s i n g l e - p h a s e s o l u t i o n s , and homopolymer blends, 

which r e s u l t i n incompatible cloudy s o l u t i o n s t h a t e v e n t u a l l y s e p a r a t e i n t o 

two l i q u i d l a y e r s due to i n m i s c i b i l i t y phenomena. 

Molecular weight d i s t r i b u t i o n i s another t o o l i n the e l u c i d a t i o n of 

the answer s i n c e block copolymers, which r e p r e s e n t a s i n g l e chemical s p e c i e s , 

d i s p l a y single-mode behaviour and homopolymer blends are more l i k e l y to 

e x h i b i t bimodal c h a r a c t e r i s t i c s . D ensity g r a d i e n t u l t r a c e n t r i f u g a t i o n and 

g e l permeation chromatography are the techniques used to i n v e s t i g a t e t h i s 

phenomenon. F i n a l l y , c e r t a i n r h e o l o g i c a l t e s t s , such as melt v i s c o s i t y , can 

be used to d i f f e r e n t i a t e between block copolymers and homopolymer blends. 

1 . 7 . ( i i ) I s the product a block copolymer or a random copolymer? 

I n favourable cases i n f r a r e d spectroscopy and n u c l e a r magnetic resonance 

spectroscopy can be used to q u a n t i t a t i v e l y measure the d i s t r i b u t i o n of the 

sequence types; on the other hand, dynamic mechanical behaviour and 

d i f f e r e n t i a l scanning c a l o r i m e t r y can show the presence of the two-phase 
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morphology p r e s e n t i n most block copolymers. Block copolymers u s u a l l y 

d i s p l a y two s e p a r a t e g l a s s t r a n s i t i o n temperatures (Tg) c h a r a c t e r i s t i c of 

each segment, w h i l e random copolymers d i s p l a y only one Tg which l i e s i n 

between the Tg v a l u e s of the homopolymers. An exception o c c u r s when the 

segments of a block copolymer are mutually compatible and thus s i n g l e - p h a s e 

behaviour i s d i s p l a y e d . Morphological techniques such as t r a n s m i s s i o n 

e l e c t r o n microscopy, scanning e l e c t r o n microscopy and s m a l l - a n g l e X-ray 

s c a t t e r i n g are p a r t i c u l a r l y e f f e c t i v e . The homogeneous s i n g l e - p h a s e 

copolymer appears r e l a t i v e l y f e a t u r e l e s s , whereas i n block copolymers the 

c o e x i s t e n c e of two types of domains can u s u a l l y be detected with the a i d of 

s e l e c t i v e s t a i n i n g . Mechanical and r h e o l o g i c a l p r o p e r t i e s such as e l a s t i c 

r e covery and melt v i s c o s i t y , and i n p a r t i c u l a r l i g h t s c a t t e r i n g from s o l u t i o n 

can add i n f o r m a t i o n regarding the b l o c k - l i k e nature of a copolymer. 

Once i t has been e s t a b l i s h e d t h a t a macromolecule i s a block copolymer, 

the t h i r d q u e s t i o n f o l l o w s . 

1.7. ( i i i ) What i s the molecular s i z e of the block copolymer and i t s 

segments? 

Macromolecular s t r u c t u r a l c h a r a c t e r i s t i c s , such as molecular weight and 

molecular weight d i s t r i b u t i o n , can be i n v e s t i g a t e d by the use of those 

techniques t h a t are e s t a b l i s h e d for homopolymers; l i k e membrane and vapour 

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

permeation chromatography, and s o l u t i o n v iscometry. Much of the data 

obtained by these techniques can be analyzed i n the same way as t h a t f o r 

homopolymers, but i n t e r p r e t a t i o n a l u n c e r t a i n t i e s can occur w i t h s o l u t i o n 

l i g h t s c a t t e r i n g data i f a knowledge of the t r u e t h e t a c o n d i t i o n s f o r both 

segments i s l a c k i n g . Problems a l s o e x i s t i n the i n t e r p r e t a t i o n of GPC d a t a . 

Complete and e x c l u s i v e s e l e c t i v e degradation of one segment of the block 

copolymer which l e a v e s the other segment i n t a c t f o r subsequent a n a l y s i s i s 
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another method of studying the molecular s t r u c t u r e of the segments; the 

l i m i t a t i o n of t h i s method i s obvious and t h e r e f o r e i t can only be a p p l i e d to 

a s m a l l number of block copolymer systems. 

1 . 7 . ( i v ) What i s the d e t a i l e d molecular s t r u c t u r e of the block copolymer 

and i t s segments? 

A knowledge of the p o l y m e r i z a t i o n technique i s an advantage i n 

e l u c i d a t i n g the a r c h i t e c t u r e and p u r i t y of a block copolymer. E l a s t i c 

r e covery can be used to d i s t i n g u i s h between e l a s t o m e r i c A-B s t r u c t u r e s , which 

w i l l d i s p l a y poor e l a s t i c recovery p r o p e r t i e s , and A-B-A and -(A-B)^ s t r u c t u r e s 

which, due to the presence of a p h y s i c a l network, w i l l d i s p l a y good re c o v e r y 

p r o p e r t i e s . A l s o , t r i b l o c k and m u l t i b l o c k s t r u c t u r e s g e n e r a l l y d i s p l a y 

higher melt v i s c o s i t i e s than d i b l o c k s t r u c t u r e s , due to the p a r t i a l r e t e n t i o n 

of the p h y s i c a l network even i n the melt. 

Gel permeation chromatography and d e n s i t y g r a d i e n t u l t r a c e n t r i f u g a t i o n 

techniques can be used to d e t e c t i m p u r i t i e s , i f these d i f f e r s u f f i c i e n t l y i n 

e i t h e r molecular s i z e or d e n s i t y . The a n a l y t i c a l techniques used to 

e s t a b l i s h d e t a i l e d c h a i n s t r u c t u r e ( i . e . s t r u c t u r a l isomerism, g e o m e t r i c a l 

isomerism, and t a c t i c i t y of monomer placements) f o r homopolymers can e q u a l l y 

be a p p l i e d to block copolymers, although the i n t e r p r e t a t i o n of the data 

would u s u a l l y be more complicated than i s the case f o r the homopolymers. 

1.7.(v) What i s the supermolecular s t r u c t u r e of the block copolymer? 

The d i s t i n c t i v e behaviour of block copolymers as supermolecular 

s t r u c t u r e s r e s u l t s from the aggregation of l i k e segments to form complex 

morphological systems, which are comprised of two normally incompatible 

phases f o r c e d to c o e x i s t with each other. The t h r e e c r i t i c a l c h a r a c t e r i s t i c s 

of the segments on which microphase s e p a r a t i o n i s dependent a r e : 

a) Compositional d i s s i m i l a r i t y . Mutual i n c o m p a t i b i l i t y of the 

segments due to a p p r e c i a b l e d i f f e r e n c e s i n chemical composition leads to two-
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phase systems, while single-phase morphology r e s u l t s when the segments are 

compatible due t o s i m i l a r composition and/or short l e n g t h o f one segment. 

b) Molecular weight. I n amorphous block copolymers a p a i r of low 

molecular weight segments w i l l d i s p l a y two-phase behaviour only i f the 

d i f f e r e n t i a l s o l u b i l i t y parameter (A) value i s r e l a t i v e l y l a r g e , although 

two high molecular weight segments can produce two-phase systems even when the 

A values are small. A i s defined as the d i f f e r e n c e i n the s o l u b i l i t y 

parameters of the segments. 

c) C r y s t a l l i z a b i l i t y . This c h a r a c t e r i s t i c provides a new dimension, 

since c r y s t a l l i z a t i o n , by d e f i n i t i o n , i s a strong d r i v i n g f o r c e f o r phase 

separation even when the blocks are s i m i l a r i n chemical nature and low i n 

block molecular weight. 

The k i n d of morphology obtained from two-phase amorphous block copolymers 

depends upon the volume f r a c t i o n of segments A and B and on the method of 

syn t h e s i s . The major component w i l l u s u a l l y e x i s t as the continuous phase 

w i t h the minor component present as d i s c r e t e domains, which assume s p h e r i c a l 

shapes a t very low volume f r a c t i o n l e v e l s , r o d - l i k e forms a t higher l e v e l s , 

and l a m e l l a r s t r u c t u r e when the two phases are present i n nearly equivalent 

volume f r a c t i o n s , as shown below. The c a s t i n g of f i l m s from s e l e c t i v e 
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solvents i s a p a r t i c u l a r l y e f f e c t i v e method f o r c o n t r o l l i n g morphology. 

The f o l l o w i n g techniques can be used t o i n v e s t i g a t e the supermolecular 

s t r u c t u r e of block copolymers: 

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

measurements can detect the presence o f supermolecular s t r u c t u r e s but 

can not r e a d i l y d i s t i n g u i s h between morphological types. Transmission 

and scanning e l e c t r o n microscopy can reveal the shape and size o f domains 

on the surface of a block copolymer; before being examined some block 

copolymers must be exposed t o s e l e c t i v e s t a i n i n g procedures, due t o the 

low d i f f e r e n c e s i n the e l e c t r o n d e n s i t y of the segments. Wide- and s m a l l -

angle X-ray s c a t t e r i n g have been used t o study the morphology of c r y s t a l l i n e 

and amorphous block copolymers. The l a t e r technique i s also used to 

i n v e s t i g a t e interdomain spacing and subsurface morphological c h a r a c t e r i s t i c s . 

F i n a l l y , small-angle l i g h t s c a t t e r i n g and b i r e f r i n g e n c e have been used t o 

i d e n t i f y the sizes and shapes of domains. 

1.8. Uses and a p p l i c a t i o n s o f block copolymers. 

Block copolymers, apart from being s c i e n t i f i c a l l y i n t e r e s t i n g , are a 

new class o f m a t e r i a l s , several of which are now commercially a v a i l a b l e . 

Their main a p p l i c a t i o n s f a l l i n t o three c a t e g o r i e s , as f o l l o w s : 

( i ) Elastomers 

The f i r s t styrene-diene elastomeric block copolymers t o be o f f e r e d 

commercially were a styrene-butadiene d i b l o c k copolymers, produced by the 

P h i l l i p s Petroleum Co. under the trademark of Solprene. These f i n d uses 

i n molded and extruded mechanical goods, shoe products, adhesives, f l o o r 

t i l e foam, wire and cable, and a r t i f i c i a l l e a t h e r . 
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Th e two-phase block copolymer elastomers t h a t have been commercialized 

are of three s t r u c t u r a l types: 

a) Styrene-diene A-B-A block copolymers, f o r example, the 

Kratons o f S h e l l Chemical Co. The main a p p l i c a t i o n s o f these t r i b l o c k 

s t r u c t u r e s are as components f o r adhesives, l a t e x f i l m s , e l a s t i c f i l a m e n t s , 

caulkings and sealants, coatings, and i n j e c t i o n molding or e x t r u s i o n , as 

w e l l as t o form a l l o y s w i t h other m a t e r i a l s t o improve s p e c i f i c p r o p e r t i e s 

l i k e s t r e n g t h , toughness, and weather and ozone r e s i s t a n c e . 

b) Ester-ether -(A-Bf block copolymers, f o r example, the H y t r e l s 

of DuPont Co., which are based on the tetramethylene t e r e p h t h a l a t e -

tetramethylene oxide block copolymer s t r u c t u r e . These macromolecules are 

u s e f u l i n r o t a t i o n a l molding, powder coat i n g , i n j e c t i o n molding, and c a s t i n g 

a p p l i c a t i o n s . The p o l y e t h e r s o f t blocks provide the f l e x i b i l i t y by v i r t u e 

of t h e i r low glass t r a n s i t i o n temperatures, and the p o l y e s t e r hard blocks 

provide the p h y s i c a l c r o s s - l i n k i n g e f f e c t due t o t h e i r c r y s t a l l i z a b i l i t y . 

c) Urethane-ester -fA-B}- block copolymers, f o r example, the 

Estanes o f B.F. Goodrich Co. . Elastomeric polyurethane f i b r e s are 

c h a r a c t e r i z e d by a very high e l o n g a t i o n a t break, very low modulus, and 

high recovery from l a r g e deformations. The well-known Spandex elastomeric 

f i b r e s are also based on polyurethanes. 

A l l of the A-B-A and -(A-Bf commercial elastomeric block copolymers 

have a p h y s i c a l network s t r u c t u r e . The t h e r m o p l a s t i c elastomeric behavior 

of these m a t e r i a l s make them u s e f u l i n a v a r i e t y of a p p l i c a t i o n s l i s t e d below. 

1) Automotive; r e p l a c i n g the p l a s t i c i z e d v i n y l s used c u r r e n t l y i n 

i n t e r i o r f l e x i b l e a p p l i c a t i o n s . 

2) Mechanical goods; t h i s market includes a r t i c l e s such as f l e x i b l e 

couplings, O-rings, seals, gaskets, and extruded h y d r a u l i c and i n d u s t r i a l 

hoses. 
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3) E l e c t r i c a l and e l e c t r o n i c ; which include w i r e and cable i n s u l a t i o n 

and transformer encapsulation. 

4) Sealants, caulks, and adhesives; important advantages f o r these 

m a t e r i a l s over conventional adhesives are the a b i l i t y t o apply them e i t h e r 

v i a s o l u t i o n or melt techniques and t h e i r a b i l i t y t o subsequently develop 

high s t r e n g t h and recovery c h a r a c t e r i s t i c s w i t h o u t the need of a c u r i n g step. 

5) Footwear; the combination of melt p r o c e s s a b i l i t y , good elastomeric 

p r o p e r t i e s , high dynamic c o e f f i c i e n t of f r i c t i o n , and e x c e l l e n t abrasion 

r e s i s t a n c e make block copolymer elastomers e s p e c i a l l y a t t r a c t i v e f o r footwear 

a p p l i c a t i o n s . 

The t o t a l market f o r a l l thermoplastic elastomer m a t e r i a l s i n the 

mid-1980's i s p r e d i c t e d t o be one b i l l i o n pounds per year.^ - 0^ 

Elastomeric block copolymers can be economically f a b r i c a t e d i n t o end-use 

a r t i c l e s by processes s i m i l a r t o those used f o r t h e r m o p l a s t i c s , f o r example, 

i n j e c t i o n or blow molding, e x t r u s i o n , vacuum forming, and s o l u t i o n c a s t i n g . 

( i i ) Toughened th e r m o p l a s t i c r e s i n s 

The impact m o d i f i c a t i o n of a r i g i d but b r i t t l e polymer can be achieved 

by the production of block copolymers c o n t a i n i n g a high volume f r a c t i o n of 

a hard block and a minor concentration of a s o f t b l o c k . S t y r e n e - r i c h r e s i n s 

have been commercialized under the trade name KResins . These m a t e r i a l s are 

almost as tough as conventional rubber-modified polystyrene and have the 

advantage of o p t i c a l c l a r i t y due t o the small domain size of the p o l y -

butadiene phases, making them s u i t a b l e f o r many packaging a p p l i c a t i o n s . 

C r y s t a l l i n e block copolymers of propylene w i t h ethylene (and an ethylene-

propylene random copolymer) have been reported t o have several property 
81 

advantages over ethylene and propylene homopolymers. The most dramatic 

e f f e c t i s t h a t b r i t t l e n e s s temperature decreases and impact st r e n g t h 
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increases w i t h i n c r e a s i n g ethylene content. These m a t e r i a l s are used i n 

place of polypropylene homopolymer i n a p p l i c a t i o n s t h a t r e q u i r e improved 

toughness and t h a t can t o l e r a t e the somewhat lower modulus l e v e l s of the 

block copolymers, such as i n f a b r i c a t i n g c o n t a i n e r s , blow molding b o t t l e s , 

f i l m s , t u b b ing, wire coatings, paper coatings, and molded o b j e c t s i n general. 

They have also been claimed t o be u s e f u l as adhesives f o r bonding p o l y e t h y l e n e 

t o polypropylene. 

( i i i ) S u rfactants 

Block copolymers of ethylene oxide and propylene oxide have been 

commercial products f o r many years. A s e r i e s of these nonionic surface 

a c t i v e agents has been manufactured since 1957 under the trademark P l u r o n i c 

by the Wyandotte Chemical Corporation. The p r o p e r t i e s of these s u r f a c t a n t s 

make them u s e f u l i n a p p l i c a t i o n s r e q u i r i n g the e m u l s i f i c a t i o n o f aqueous and 

nonaqueous components and/or the w e t t i n g of substrate surfaces. 

Block copolymers o f siloxanes and alkylene ethers are widely used as 

s u r f a c t a n t a d d i t i v e s f o r urethane foams. When added a t the - 1 % l e v e l t o 

foam formu l a t i o n s they enable c e l l s i z e and u n i f o r m i t y t o be c o n t r o l l e d 

d u r i n g the foam-forming process. This i s because the alkylene ether 

segment i s so l u b l e i n the urethane m a t r i x , while the siloxane segment 

resides a t the gas-urethaneinterface. These copolymers are also claimed 

t o be u s e f u l i n f i b r e a n t i s t a t i c , antifoam, mold release, l u b r i c a n t , and 

w e t t i n g agent a p p l i c a t i o n s . 

The use of block copolymers i n the surface coatings area.in the 

production of new a l l o y s , t o enhance the performance of adhesives, and i n 

semipermeable membrane and biomedical areas are some of the conceivable new 

a p p l i c a t i o n s t h a t would take maximum advantage of t h e i r i n h e r e n t c a p a b i l i t i e s . 

The uses and a p p l i c a t i o n s described i n t h i s s e c t i o n are e x t e n s i v e l y 

documented i n the book "Block Copolymers", by Noshay and McGrath. 



CHAPTER 2 

Experimental 
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2.1. Monomer synthesis 

2 . 1 . ( i ) I n t r o d u c t i o n 

a) V i n y l acetate 

V i n y l acetate, CĤ COOCH:CĤ , was probably f i r s t synthesized by 
104 

Mi a s n i k o f f i n 1860, although he d i d not p u b l i s h any p h y s i c a l p r o p e r t y 

data at the time. Today most v i n y l acetate i s produced by processes which 

i n v o l v e the r e a c t i o n o f e i t h e r ethylene or acetylene w i t h a c e t i c acid."*" 0^ 

V i n y l acetate i s an important commercial m a t e r i a l and many a l t e r n a t i v e syn

theses have been r e p o r t e d . For example, the Celanese Corporation have a 

process i n v o l v i n g the r e a c t i o n of a c e t i c anhydride w i t h acetaldehyde t o 
106 

give e t h y l i d e n e d i a c e t a t e which i s p y r o l y t i c a l l y decomposed. 

(CH 3C0) 20 + CH3CH0 => CH3CH (0C0CH3) 2 * CH^COOCHiCH^ + CĤ COOH 

Amongst other methods of synthesis f o r v i n y l acetate are the r e a c t i o n o f 

ketene w i t h acetaldehyde, the p y r o l y s i s o f g l y c o l d i e s t e r s " 1 - 0 ^ and 
109 

dehydration o f the adduct between a c e t i c a c i d and ethylene oxide. 

V i n y l acetate i s a widely used monomer i n both homopolymerizations and 

copolymerizations. The homopolymer i s the precursor o f p o l y ( v i n y l alcohol) 

which i n i t s t u r n i s the parent of a la r g e range of important m a t e r i a l s . 

There i s a very extensive l i t e r a t u r e concerning the synthesis and a p p l i c a t i o n s 

of v i n y l acetate; see, f o r example, Encyclopaedia o f Polymeric Science and 

Technology, 15, 531-677, (1977). 

b) F l u o r i n a t e d a l k y l a c r y l a t e s and methacrylates 

F l u o r o a l k y l methacrylate esters were prepared by Crawford and Slanley 

by r e a c t i n g primary or secondary saturated alcohols c o n t a i n i n g 2, 3, or 4 

carbon atoms and 1 or more f l u o r i n e atoms w i t h methacrylic a c i d , i t s 

anhydride, a c i d c h l o r i d e or methyl ester i n the presence o f an i n h i b i t o r . 
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Thus, t r i f l u o r o e t h y l methacrylate (TFEM) was made by r e f l u x i n g 2,2,2-

t r i f l u o r o e t h a n o l w i t h m e t h a c r y l i c c h l o r i d e i n the presence of p y r o g a l l o l f o r 

3 hours at 80-90°C. A l b r e c h t 1 1 1 prepared 1 , 1 - d i h y d r o p e r f l u o r o b u t y l 

a c r y l a t e using a mixture o f a c r y l i c a c i d and p e r f l u o r o a c e t i c anhydride w i t h 
112 

the f l u o r o a l c o h o l . Codding and co-workers reported t h a t d i r e c t e s t e r -

i f i c a t i o n o f a f l u o r i n a t e d a l c o h o l using a c r y l i c a c i d , i n the presence o f 

stro n g acids, was i m p r a c t i c a l due t o the low r e a c t i v i t y o f the f l u o r o a l c o h o l s 

used. I n the same paper a more u s e f u l procedure was described i n v o l v i n g the 

r e a c t i o n of f l u o r i n a t e d alcohols w i t h a c r y l y l c h l o r i d e . 

CH2:CHC0C1 + R̂ CĤ OH > CH2:CHCOOCH2Rf 

A side r e a c t i o n r e s u l t i n g i n the formation of 1 , 1 - d i h y d r o p e r f l u o r o a l k y l 

3-chloropropionate esters was minimized by heating the a c r y l y l c h l o r i d e t o 

the desire d r e a c t i o n temperature before a d d i t i o n o f the a l c o h o l . Halpern 
113 

and Karo also reported the synthesis o f t r i f l u o r o e t h y l a c r y l a t e (TFEA) 

by r e a c t i n g t r i f l u o r o e t h a n o l w i t h a c r y l y l c h l o r i d e i n the presence of 

t r i e t h y l a m i n e . Hexafluoroisopropyl a c r y l a t e and methacrylate (HFPA,HFPM) 
114 

were prepared by Hollander and Woolf by r e f l u x i n g a mixture of the 

f l u o r o a l c o h o l w i t h a c r y l y l and me t h a c r y l y l c h l o r i d e s f o r 12 hours and then 

adding p y r i d i n e and heating f o r a f u r t h e r 5 hours at 70-100°C. Karo and 

K l i n e , i n a patent,"'""'"^ described the p r e p a r a t i o n o f TFEA by r e a c t i n g 

t r i f l u o r o e t h a n o l w i t h a c r y l i c a c i d complexed or d i s s o l v e d i n polyphosphoric 

a c i d using phenothiazine as i n h i b i t o r . A d i f f e r e n t approach t o the synthesis 

of f l u o r i n a t e d a c r y l i c e sters involves the r e a c t i o n of a p e r f l u o r o a l k o x i d e 

(a perfluoroketone - metal f l u o r i d e adduct) w i t h an appropriate a c i d c h l o r i d e . 
CH2:CHC0C1 

( C „ ) 9 C 0 + K F - (CF 7)CFCTK + > CH2:CHCOOCF(CF3)2 
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Such p e r f l u o r o a l k o x i d e s have also been used t o introduce f l u o r o a l k y l groups 

i n t o a c r y l i c e sters by n u c l e o p h i l i c displacement o f bromide, f o r example, 

from oj-bromo e s t e r s . 

The polymers obtained from f l u o r o a c r y l i c e s t e r s are not produced i n 

high tonnage as i s the case f o r v i n y l acetate; nevertheless the low surface 

energies e x h i b i t e d by these m a t e r i a l s have been e x p l o i t e d i n several a p p l i 

c a t i o n s . P o l y ( f l u o r o a l k y l a c r y l a t e s ) have been used i n surface treatments 
117 1 1 8 

of f a b r i c s , l e a t h e r s and paper products t o impart o i l and water r e s i s t a n c e . 
During the 1 9 5 0 ' s these m a t e r i a l s were i n t e n s i v e l y i n v e s t i g a t e d as p o t e n t i a l 

1 1 2 1 1 9 - 1 2 1 

s o l v e n t r e s i s t a n t elastomers, ' and although m a t e r i a l s w i t h many o f 

the p r o p e r t i e s r e q u i r e d (low Tg, solvent resistance) were obtained t h e i r 

l i m i t e d thermal and h y d r o l y t i c s t a b i l i t y prevented t h e i r development as u s e f u l 

commercial m a t e r i a l s . Another important disadvantage o f these m a t e r i a l s i s 

t h e i r r e l a t i v e l y high cost; as a consequence they tend t o f i n d use i n 

a p p l i c a t i o n s where trace amounts have a s i g n i f i c a n t e f f e c t on the performance, 

a t y p i c a l example i s the a d d i t i o n of 0 . 0 0 1 —» 6% f l u o r o a l k y l (methyl) a c r y l a t e 
122 

polymers t o some shampoos as an a i d t o r a p i d h a i r d r y i n g . Fluoropolymers 

are o f t e n b i o l o g i c a l l y i n e r t m a t e r i a l s and t h i s has lead t o a p p l i c a t i o n s 
1 2 3 

such as the use o f copolymers o f f l u o r o a c r y l i c monomers i n d e n t a l r e s t o r a t i v e s . 

2 . 1 . ( i i ) Experimental 

a) M a t e r i a l s 

A c r y l i c a c i d s t a b i l i s e d w i t h 20 p.p.m. hydroquinone monomethyl ether 

and m e t h a c r y l i c a c i d i n h i b i t e d w i t h 1000 p.p.m. hydroquinone and 250 p.p.m. 

hydroquinone monomethyl ether ( A l d r i c h Chemical Co. L t d . ) , benzoyl c h l o r i d e 

( A l d r i c h Chemical Co. L t d . ) , hydroquinone (B.D.H. Chemicals L t d . ) , and 

2 , 2 , 2 - t r i f l u o r o e t h a n o l and 1,1,1,3,3,3-hexafluoropropan-2-ol ( B r i s t o l Organics 

Ltd.) were obtained from the manufacturers and used w i t h o u t f u r t h e r p u r i f i c a t i o n . 
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b) Synthesis 

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

a c r y l a t e s and methacrylates was the one described by Codding and co-workers 

t h a t i s , r e a c t i n g a c r y l y l or met h a c r y l y l c h l o r i d e w i t h the f l u o r o a l c o h o l s , 

as summarized below: 

PhCOCl + CH 2=C(Y)COOH * PhCOOH + CH 2==C (Y) C0C1 

CH 2==C(Y)C0C1 + RfCH2OH > CH 2==C (Y) COOCH2Rf + HCl 

where Y i s H i n the case o f a c r y l a t e s , and ~CH f o r methacrylates. 

I n p r a c t i c e , i t was found most convenient t o use the a c i d c h l o r i d e s 

immediately a f t e r synthesis; a standard procedure was adopted which i s given 

below f o r the case of 2 , 2 , 2 - t r i f l u o r o e t h y l a c r y l a t e . The d e t a i l s f o r the 

syntheses of the other monomers are recorded i n t a b l e 2.1. 

The apparatus used consisted of two r e a c t i o n f l a s k s . The f i r s t 

( 500c.c; 2 necked) was f i t t e d w i t h a n i t r o g e n i n l e t and a f r a c t i o n a t i n g 

column (20 cms. long; 1 cm. i n t e r n a l diameter, containing glass h e l i c e s ) . 

This was connected t o the second f l a s k (500c.c; 3 necked) v i a the column 

by a s t i l l head and condenser. The remaining necks of the f l a s k were f i t t e d 

w i t h a r e f l u x condenser w i t h a n i t r o g e n i n l e t , and a pressure e q u i l i b r a t e d 

dropping f u n n e l , connected t o a dry n i t r o g e n supply. The e n t i r e apparatus 

was oven d r i e d a t 140°C f o r two hours and then assembled hot w h i l s t purging 

w i t h dry n i t r o g e n . A c r y l i c acid (108g.; 1.5 moles) and benzoyl c h l o r i d e 

(315 g.; 2.25 moles) were introduced i n t o the two necked f l a s k . A small 

q u a n t i t y of hydroquinone (about 1.24 g.) was placed i n the r e c e i v i n g f l a s k 

t o act as i n h i b i t o r . The mixture i n the f l a s k was heated by e l e c t r i c mantle 

and a c r y l y l c h l o r i d e was d i s t i l l e d ( b . p t . 76°) and condensed i n t o the second 

r e a c t i o n vessel. When no more aci d c h l o r i d e d i s t i l l e d , the condensing 
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system was removed from the three necked f l a s k and the neck sealed w i t h a 

pr e v i o u s l y d r i e d thermometer w e l l and thermometer. The a c r y l y l c h l o r i d e 

was heated t o 60° C using an e l e c t r i c mantle before 2 , 2 , 2 - t r i f l u o r o e t h a n o l 

(150 g.; 1.5 moles) was added r a p i d l y . The mixture was r e f l u x e d f o r 15h 

hours a t 75°C, the hydrogen c h l o r i d e evolved being removed i n the n i t r o g e n 

sweep. The contents of the f l a s k included the desired f l u o r i n a t e d a c r y l a t 

together w i t h excess a l c o h o l (as demonstrated by both i n f r a r e d and g l c 

a n a l y s i s ) . The l a t t e r was removed by washing thoroughly w i t h 6x200 cm^ 

a l i q u o t s of deionised water. The a c r y l a t e was d r i e d (MgSO^) and d i s t i l l e d 

( Spaltrohr concentric tube f r a c t i o n a t i n g column, HMS 500, 75 t h e o r e t i c a l 

p l a t e s ) . The f r a c t i o n d i s t i l l i n g a t 47.00-47.25°C a t 126.5 mm.Hg was 

c o l l e c t e d a t a r e f l u x r a t i o of 10:1 and examined by g l c (column A a t 100°C) 

and i n f r a r e d spectroscopy. Some f r a c t i o n s obtained from the d i s t i l l a t i o n 

were p u r i f i e d by p r e p a r a t i v e g l c (column A). 

The monomers thus formed were stored a t -25°C over hydroquinone 

i n h i b i t o r . 

c) C h a r a c t e r i z a t i o n 

i ) G a s - l i q u i d chromatography 

A n a l y t i c a l gas chromatography using a Pye Series 104 Chromatograph, 

i n c o r p o r a t i n g a d i - n - d e c y l p h t h a l a t e / c e l i t e (1/2) column, a flame i o n i z a t i o n 

d e t e c t o r , and a Honeywell p r e c i s i o n i n t e g r a t o r i n d i c a t e d t h a t the products 

obtained were s i n g l e compounds w i t h a p u r i t y £ 99.99% 

i i ) Spectroscopy 

A l l the monomers are known m a t e r i a l s and the mass and i n f r a r e d spectra 

displayed were i d e n t i c a l w i t h those of au t h e n t i c samples. 
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i i i ) E lemental a n a l y s i s 

The elemental a n a l y s e s , t a b l e 2.2., were s a t i s f a c t o r y . 

T a b l e 2.2. 

1 

Monomer E l e m e n t C a l c u l a t e d F o u n d 

2 , 2 , 2 - t r i f l u o r o e t h y l 
a c r y l a t e 

C a r b o n 
H y d r o g e n 
Oxygen 
F l u o r i n e 

38.97 3 9 . 2 0 
3.27 3.48 

20.77 20.47 
36.99 36.85 

2 , 2 , 2 - t r i f l u o r o e t h y l 
m e t h a c r y l a t e 

C a r b o n 
H y d r o g e n 
Oxygen 
F l u o r i n e 

4 2 .86 4 3 . 0 1 
4.17 4.54 

19.05 1 8 . 8 5 
33.93 3 3 . 6 0 

1 , 1 , 1 , 3 , 3 , 3 - h e x a f l u o r o -
i s o p r o p y l a c r y l a t e 

C a r b o n 
H y d r o g e n 
Oxygen 
F l u o r i n e 

3 2 . 43 32.14 
1 . 80 1.79 ! 

1 
14.41 14.47 
5 1 . 3 5 51 . 60 

1 , 1 , 1 , 3 , 3 , 3 - h e x a f l u o r o -
i s o p r o p y l m e t h a c r y l a t e 

C a r b o n 
H y d r o g e n 
Oxygen 
F l u o r i n e 

35.59 35.62 
2.54 2.28 

13.56 13.67 
4 8 . 3 0 4 8 . 4 3 
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2.2. Polymer Synthesis 

2 . 2 . ( i ) I n t r o d u c t i o n 

Homopolymerizations and copolymerizations o f the monomers described i n 

the previous s e c t i o n have been the subject of several i n v e s t i g a t i o n s ; b u l k , 

s o l u t i o n , and emulsion techniques have been used. 

I n t h i s work the synthesis of block copolymers was the o b j e c t i v e and as 

described i n Chapter 1 the chosen route was v i a the " l i v i n g " macroradical 

technique i n i t i a l l y suggested by Swarc and developed by Seymour and co

workers . 

A number of l i m i t a t i o n s have been e s t a b l i s h e d by Seymour and h i s group 

f o r the a p p l i c a t i o n of t h i s technique. The e s s e n t i a l features of the method 

are as f o l l o w s : the r a d i c a l p o l y m e r i z a t i o n o f the f i r s t monomer i s conducted 

i n a poor and/or a viscous solvent and when the molecular weight of the 

growing chain exceeds a p a r t i c u l a r value the l i v i n g polymer r a d i c a l p r e c i p i 

t a t e s from s o l u t i o n . This f i r s t stage of the process i s c a r r i e d on u n t i l 

most ( i d e a l l y a l l ) of the monomer and the r a d i c a l i n i t i a t o r have been con

sumed. The monomer f o r the second block i s now introduced and provided t h a t 

i t can penetrate the c o i l of the p r e c i p i t a t e d macroradical the p o l y m e r i z a t i o n 

process can continue using the macroradical as the i n i t i a t o r f o r t h i s second 

stage. There are c l e a r l y a number of problems which can prevent the 

successful a p p l i c a t i o n of t h i s method. I n the f i r s t stage i t i s important t o 

avoid a l l t e r m i n a t i o n r e a c t i o n s , i n as f a r as t h i s i s p o s s i b l e . Solvents 

must be chosen f o r which t r a n s f e r t o solvent i s l i m i t e d and i m p u r i t i e s which 

can act as chain t r a n s f e r or t e r m i n a t i o n agents must be r i g o r o u s l y excluded. 

I t i s also important t h a t t r a n s f e r t o monomer should not be s i g n i f i c a n t i n 

e i t h e r stage of the process. I f these c o n d i t i o n s are met block copolymer 

synthesis w i l l predominate and only small amounts of homopolymers w i l l be 

produced. 
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I n e a r l i e r work on the formation of block copolymers from p r e c i p i t a t e d 

v i n y l acetate macroradicals t e r t i a r y - b u t a n o l and cyclohexane were chosen 

as good and poor solvents r e s p e c t i v e l y because of t h e i r low chain t r a n s f e r 
124 

r e a c t i v i t y w i t h v i n y l acetate macroradicals. I n t h i s work cyclohexane 

has been the solvent used predominantly and some polymerizations have been 

conducted i n t e r t i a r y - b u t a n o l f o r comparison purposes. We also aimed t o 

produce polymers w i t h a sh o r t f l u o r o a c r y l a t e block attached t o v i n y l acetate 

blocks of d i f f e r e n t l e n g t h s , those macroradicals produced i n the poor s o l v e n t 

(cyclohexane) should be s i g n i f i c a n t l y smaller than those produced i n the 

viscous good solvent ( t e r t i a r y - b u t a n o l ) . 

The p e n e t r a t i o n o f the second monomer i n t o the macroradical c o i l r e q u i r e s 

t h a t the d i f f e r e n c e between the s o l u b i l i t y paramenters o f the macroradical 

and the monomer must not be greater than 3.1H u n i t s . The s o l u b i l i t y para

meter f o r p o l y ( v i n y l acetate) i s 9.4H and consequently the f l u o r o a l k y l monomers 

should have s o l u b i l i t y parameter values l y i n g between 12.5 and 6.3H u n i t s . 
125 

The a c t u a l values have been c a l c u l a t e d by Strange, and are t a b u l a t e d 

below. 

Monomer 6 

2 , 2 , 2 - t r i f l u o r o e t h y l a c r y l a t e 8.06 

2 , 2 , 2 - t r i f l u o r o e t h y l methacrylate 7.94 

1,1,1,3,3,3-hexafluoroisopropyl 7.27 
a c r y l a t e 

1,1,1,3,3,3-hexafluoroisopropyl 7.10 
methacrylate 

As was mentioned i n chapter 1 (section 1.2.(v)) temperature of r e a c t i o n 

i s also an important determinant o f success or f a i l u r e i n t h i s method of 

making block copolymers. 
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With the foregoing considerations i n mind the synthesis of block 

copolymers using v i n y l acetate macroradicals and f l u o r o a l k y l a c r y l a t e s 

was tempted as described below. 

2 . 2 . ( i i ) Experimental 

a) M a t e r i a l s 

V i n y l a c e t a t e , i n h i b i t e d w i t h 4p.p.m. hydroquinone and 3COp.p.m. 

diphenylamine, was obtained from A l d r i c h Chemicals Co. The monomer was 

p u r i f i e d by d r y i n g i t o v e r n i g h t over MgSO^ and then f r a c t i o n a l l y d i s t i l l e d 

under an atmosphere of dry n i t r o g e n . The f r a c t i o n b . p t . 72.5°C was c o l l e c t e d 

and stored over a c t i v a t e d molecular sieve (4A) under n i t r o g e n a t -25°C 

u n t i l r e q u i r e d . 

The f l u o r o a l k y l a c r y l a t e and methacrylate monomers were prepared as 

described i n the previous s e c t i o n , and used w i t h o u t f u r t h e r p u r i f i c a t i o n . 

Cyclohexane (analar was r e f l u x e d over sodium and then f r a c t i o n a l l y 

d i s t i l l e d under an atmosphere of dry n i t r o g e n ; the f r a c t i o n d i s t i l l i n g 

between 80.6 and 80.8°C was c o l l e c t e d . 

T e r t i a r y butanol obtained from Kock-Light Laboratories was r e f l u x e d 

over lime f o r 4h hours and then f r a c t i o n a l l y d i s t i l l e d under an atmosphere 

of n i t r o g e n . The f r a c t i o n b . p t . 82.0°C was c o l l e c t e d and used as r e q u i r e d . 

2 , 2 1 - a - A z o - b i s - i s o b u t y r o n i t r i l e (AIBN), obtained from B.D.H. Chemicals 

L t d . was r e c r y s t a l l i z e d twice from methanol (maximum temperature 35°C), 

f i l t e r e d , d r i e d under vacuum (0.005 mm. Hg; 8 hours) and stored i n a sealed 

container a t -25°C. 

b) Homopolymer p r e p a r a t i o n and i s o l a t i o n 

The p o l y m e r i z a t i o n o f v i n y l acetate w i l l be described; the technique 

used was the same f o r a l l other homopolymer syntheses; the exact amounts 

of chemicals used are recorded i n t a b l e 2.3. 
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The apparatus consisted of a round-bottomed flask (500 c.c; 2 necked) 

containing a magnetic s t i r r e r and attached to a conventional vacuum l i n e 

via a condenser. The glassware was oven dried at 140°C overnight, 

assembled hot and allowed to cool under vacuum; the system was then l e t down 

to an atmosphere of dry nitrogen. 190 g. of solvent, 0.6 g. of AIBN and 

about 10 g. of monomer were introduced i n the reaction flask against a 

counter-current of dry nitrogen. The reactants were degassed by at least 

f i v e freeze and thaw cycles, to remove any traces of dissolved oxygen, 

and then heated i n an o i l bath at 50°C while being s t i r r e d slowly under an 

atmosphere of dry nitrogen for 96 hours. At t h i s stage about 1 c.c. of 

MeOH (analar) was introduced i n the reaction flask to quench the precipitated 

l i v i n g macroradicals. 

The bulk of the solvent was decanted and the polymeric products were 

recovered by dissolving i n acetone,transferring to a wide necked fl a s k , 

and evaporating the solvent using a rotary evaporator. The polymer was 

then dried under vacuum (0.01 mm. Hg.) at room temperature for at least 

96 hours. Yields of the precipitated products are recorded i n table 2.3. 

c) Block copolymer preparation and recovery of the products 

Vinyl acetate was polymerized as explained i n the l a s t section for 

96 hours and then f l u o r o a l k y l acrylates and methacrylates (see table 2.4. 

for amounts of reactants) were vacuum transferred i n t o the reaction flask 

and allowed to react under an atmosphere of dry nitrogen f o r a further 96 

hours while being heated by an o i l bath at 50°C, and s t i r r e d slowly. The 

macroradicals were quenched with 1 c.c. of MeOH (analar) and the recovery 

procedure for the polymeric products was the same as that described for the 

homopolymers. Yields of the precipitated products are recorded i n table 

2.4. 

The characterization of these products is described i n the next chapter. 
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Table 2.3. 

Run 
Number 

Monomer 
grs. moles 

I n i t i a t o r 
grs. moles. 

Solvent 
grms. 

Temp. 
Duration 

f 
Yield 

1 
v i n y l acetate 

9.78 0.1137 

AIBN 

0.5909 0.0O36 

t-Butanol 

190 

50°C 

96 hours 
89.8% 

2 
v i n y l acetate 

9.78 0.1137 

AIBN 

0.6059 0.0036 

t-Butanol 

190 

50°C 

96 hours 
89.0% 

3 
v i n y l acetate 

9.78 O.H37 

AIBN 

0.16225 0.00098 
C- C6 H12 

190 

50°C 

96 hours 
95.0% 

4 
v i n y l acetate 

9.78 0.1137 

AIBN 

0.3012 0.00183 
C- C6 H12 

190 

50°C 

96 hours 
93.0% 

5 
v i n y l acetate 

10.25 0.119 

AIBN 

0.5991 0.00365 
C" C6 H12 

190 

50°C 

96 hours 
85.0% 

6 
v i n y l acetate 

10.25 0.119 

AIBN 

0.6047 0.0O368 
C- C6 H12 

190 

50°C 

96 hours 
91.0% 

7 
TFEA 

10.114 0.0656 

AIBN 

0.6064 0.0O369 
C- C6 H12 

190 

50°C 

96 hours 
92.3% 

8 
TFEM 

9.37 0.0557 

AIBN 

0.33135 0.002018 
C" C6 H12 

190 

50°C 

96 hours 
96.7% 

9 
HFPA 

9.54 0.0429 

AIBN 

0.2346 0.001428 
C" C6 H12 

190 

50°C 

96 hours 
78.9% 

10 
HFPM 

10.368 0.0439 

AIBN 

0.6045 0.00368 

C- C6 H12 
190 

50°C 

96 hours 
68.0% 

11 
HFPM 

10.368 0.0439 

AIBN 

0.6011 0.0O366 

t-Butanol 

190 

50°C 

96 hours 
79 .0% 
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Table 2.4. 

Run 
Number 

Monomer 1 
moles 

Monomer 2 
moles 

I n i t i a t o r 
moles 

Solvent 
grms. 

Temp. j 
Yield 

Duration 
12 

Vac 

.11905 

TFEA 

.00737 

AIBN 

.0036 

C" C6 H12 
190 

50°C 

192 hours 
90.53% 

13 
Vac 

.11905 

TFEA 

.01978 

AIBN 

.0036 

C" C6 H12 
190 

50°C 

192 hours 
93.26% 

14 
Vac 

.11905 

TFEA 

.03975 

AIBN 

.0036 

C- C6 H12 
190 

50°C 

192 hours 
92.88% 

15 
Vac 

.11905 

TFEM 

.007 34 

AIBN 

.0036 

C" C6 H12 
190 

50°C 

192 hours 
91.11% 

16 
Vac 

.11905 

TFEM 

.01451 

AIBN 

.0036 

C- C6 H12 
190 

50°C 

192 hours 
88.01% 

17 
Vac 

.11905 

TFEM 

.01331 

AIBN 

.0036 

C- C6 H12 
190 

60°C 

192 hours 
85.66% 

18 
Vac 

.11905 

TFEM 

.00782 

AIBN 

.0036 

C- C6 H12 
190 

76°C 

192 hours 
59.06% 

19 
Vac 

.11905 

TFEM 

.02891 

AIBN 

.0036 
C" C6 H12 

190 

50°C 

192 hours 
95.05% 

20 
Vac 

.11905 

HFPA 

.00740 

AIBN 

.0036 
C- C6 H12 

190 

50°C 

192 hours 
87.05% 

21 
Vac 

.11905 

HFPA 

.01500 

AIBN 

.0036 

C- C6 H12 
190 

50°C 

192 hours 
81.87% 

22 
Vac 

.11905 

HFPA 

.03025 

AIBN 

.0036 

C- C6 H12 
190 

50°C 

192 hours 
94.23% 

23 
Vac 

.11905 

HFPM 

.00716 

AIBN 

.0036 
C- C6 H12 

190 

50°C 

192 hours 
85.29% 

24 
Vac 

.23268 

HFPM 

.03102 

AIBN 

.007 3 
C" C6 H12 

3 80 

50°C 

192 hours 
84.20% 

25 
Vac 

.23268 

HFPM 

.07775 

AIBN 

.0073 
C- C6 H12 

380 

50°C 

192 hours 
83.56% 

26 
Vac 

.23268 

HFPM 

.02499 

AIBN 

.0072 

t-butanol 

380 

50°C 

192 hours 
83.44% 

27 
Vac 

.23268 

HFPM 

.08334 

AIBN 

.007 3 

t-butanol 

380 

50°C 

192 hours 
82 . 37% 



CHAPTER 3 

Characterization of Polymeric Products 
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3.1. Introduction 
The materials produced i n t h i s work displayed bulk physical properties 

varying from dry white powders to sticky elastomeric products. The 

objectives of the investigation described i n t h i s chapter were to establish 

the compositions of the products and i n par t i c u l a r whether the expected 

block copolymers had been formed. The methods used i n the investigation 
1 19 

were: elemental analysis; i n f r a r e d , H and F n.m.r. spectroscopy; 

solvent extraction; gel permeation chromatography; and f i l m opacity. These 

methods used i n combination provide convincing evidence that the route 

selected for the synthesis gives a viable method of producing block 

copolymers. 

3.2. Elemental analysis 

A l l elemental analyses were obtained through the Departmental service. 

Carbon, hydrogen, and nitrogen values were obtained by combustion analysis. 

Fluorine values were obtained using the potassium fusion method which 

depends on determining KF by ion exchange. The molar composition of 

copolymers can be determined from the elemental analyses figures, and i n 

t h i s case the use of carbon,hydrogen and fl u o r i n e values should i n theory 

produce an i n t e r n a l l y consistent set of determinations. The error on the 

small hydrogen value means that compositions determined from percentage of 

hydrogen are unli k e l y to be accurate. In p r i n c i p l e , agreement between the 

compositions determined from the larger carbon and fl u o r i n e values should 

be reasonably good. In practice, t h i s was not the case, take as an example 

a copolymer between v i n y l acetate and t r i f l u o r o e t h y l methacrylate, 

4CH CH> 4CH 
CH 

OCOCH _ I 3 COOCĤ CF 
I 2 
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I t i s s t r a i g h t forward exercise to calculate molar incorporation r a t i o s , 

that i s a:b, from the elemental analysis figures. For a t y p i c a l product 

the measured values for carbon, hydrogen and f l u o r i n e percentage are shown 

below together with the computed incorporation r a t i o . 

C % - 52.15 

H % - 6.97 

F % - 13.57 

a : b 

1 : 4.96 

1 : 812 

1 : 2.93 

As expected the hydrogen figure d i f f e r s widely from the other two. 

However, i t i s clear that the use of elemental analysis requires extremely 

accurate composition determination i f a useful measure of incorporation 

ratios i s to be obtained. 

I t should be emphasized that these discrepancies do not r e f l e c t the 

competence of the analyst, but rather point to the l i m i t a t i o n of t h i s method. 

Very small variations from the correct figure for the elemental composition 

re s u l t i n quite wide variations i n the calculated incorporation r a t i o and 

the presence of minor impurities, such as traces of solvent or, for low 

molecular weight materials, i n i t i a t o r fragments completely invalidate the 

procedure. Nevertheless where compositions vary over a range of values 

the trend w i l l be revealed by v a r i a t i o n in the elemental analysis figures. 

Another reason for caution when using elemental analyses figures stems 

from the fact that the n i t r i l e i n i t i a t o r residues w i l l be determined as 

" f l u o r i d e " i n the potassium fusion method. In practice, for both 

homopolymers and copolymers agreement between calculated and measured 

elemental analysis figures were usually wit h i n the error l i m i t s of the 

method for carbon and hydrogen, whereas fluor i n e figures were almost 

invariably too high. 
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Elemental analysis figures are recorded were appropriate throughout 

the remainder of the chapter. 

3.3. Infrared spectroscopy 

Since a l l the polymers involved i n t h i s work could be cast as films from 

acetone i t was a st r a i g h t forward matter to record t h e i r infrared spectra. 

There was no requirement for solvent or mulling agents and consequently no 

complications to the int e r p r e t a t i o n of the spectra. 

For the homopolymers comparison of monomer and polymer spectra showed 

the expected trends. For example, on polymerization of v i n y l acetate the 

stretching v i b r a t i o n of the carbon-carbon double bond at 1644 cm ^ i n the 

monomer i s not found i n the polymer, and the monomer carbonyl band at 1760 cm 

is s h i f t e d to 17 40 cm ^ i n the polymer, which i s consistent with the change 

in i t s environment. The infrared spectrum of poly (vin y l acetate) has 
126 127 

been the subject of several studies ' and, in p a r t i c u l a r , bands at 

1090 cm ^ and 1125 cm ^ have been associated with respectively syndiotactic 

and atactic sequences. In the homopolymers produced i n t h i s work a band 

at 1125 cm was always v i s i b l e , but no s i g n i f i c a n t absorption at 1090 cm ̂  

was seen; thus, as expected, the po l y ( v i n y l acetate) produced i s at a c t i c ; 

t h i s i s also consistent with i t s s o l u b i l i t y behaviour since syndiotactic 

p o l y ( v i n y l acetate) i s insoluble i n acetone. 

The fluoroacrylate homopolymers showed similar trends, a l l the monomers 

displayed carbo n-carbon double bond stretching frequencies at 1640 cm ^ which 

were not present i n the polymers. The ester carbonyls i n a l l these polymers 

were found at frequencies 10 to 20 cm ^ higher than the monomer ester 

carbonyls, which i s consistent with the loss of conjugation on polymerization. 

A l l spectra showed the expected C-H and C-F absorptions. 

The infrared spectra of the monomers and homopolymers have been recorded 
, 123,125 , , , previously, and are not repeated here. Since the spectra of 
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pol y ( v i n y l acetate) and the fluorinated acrylate esters d i f f e r s i g n i f i c a n t l y , 

infrared spectroscopy can be used for q u a l i t a t i v e analysis of the composition 

of samples (see Section 3.5.). 

1 19 3.4. H and F N.M.R. spectroscopy 

N.m.r. spectroscopy has been widely used f o r the quantitative 

determination of the composition of copolymers, and investigation of the 

det a i l s of structure. In t h i s work t h i s technique was used i n an attempt 

to provide evidence for the "blockiness" of the polymers synthesized as we l l 

as to determine the monomer incorporation r a t i o s . The spectra of homopolymers 

were also recorded as part of t h e i r characterization and as reference data 

for copolymer studies. The spectra were obtained through the Departmental 

service, which uses a Brucker HX90E modified f o r FT operation. 
19 

I t has ureviously been demonstrated that the F n.m.r. chemical s h i f t 

i s sensitive to the environment of the fluorinated group i n copolymers. 

Thus, Strange has shown that for poly(hexafluoroisopropyl methacrylate) and 
19 

poly(methyl methacrylate-b-hexafluoroisopropyl methacrylate) the F n.m.r. 
chemical s h i f t s are the same whereas for a random copolymer of the same two 

19 125 monomers the F signal i s shifted downfield by 0.56 p.p.m. For the 
19 

polymers prepared i n t h i s work the F n.m.r. signals f o r homopolymers and 

copolymers were single sharp resonances and were observed at the same chemical 

s h i f t (72.89- O.Ol p.p.m. downfield from i n t e r n a l CFCl^ i n CDCl^ solution, 

for hexafluoroisopropyl methacrylate). This i s evidence which i s consistent 

with the proposal that the fluorinated monomer residues occur as homogeneous 

blocks and not as random copolymers with v i n y l acetate; although t h i s evidence 

by i t s e l f i s not the basis for an unambiguous structure assignment i t does 

provide support for the conclusions drawn from other items of evidence. 

The "*~H n.m.r. spectra were not p a r t i c u l a r l y well resolved and generally 

appeared as broad bands which often overlapped each other. However, f o r a l l 
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the copolymerization attempts i t was possible to i d e n t i f y reasonably well 

resolved resonances which were associated with specific monomer features. 

These are l i s t e d i n figure 3.1. below. 

Figure 3.1. ''"H n.m.r. parameters for copolymers. ^ 

Copolymer type 

-(CH, 

~ 1 . 4'.9 

C0OCH(CF 3) 2 OCOCĤ  / ' 3 . -CHf-| (CH CH> ; 
: 2:0 , 1 5:7 

2.0 -1.8 

I I •fCH. 

•2.1 

COOCH(CF3) 

I 
CH„ 

.7 
1.6 

I I I 
COOCH_2CF3 

-(CH2 CH> 

-2.0 -1.8 
'.5 

IV -(CH, 
COOCH „CF_. I - 2 3 

-c—4-
CH„ 

2.0 

(i) as solutions in CDCl3 shifts in p.p.m. from internal IMS. 
Approximate values (~) estimated from overlapping broad signals. 

Monomer incorporation r a t i o s were calculated from the integrated 

i n t e n s i t i e s of the signals associated with the protons underlined i n the 

structures drawn i n figure 3.1. These were compared with the incorporation 

r a t i o s calculated from elemental analysis figures, and the results for a 
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representative set of samples are recorded i n table 3.1. The conclusion 

to be drawn from the data presented i n Table 3.1. i s cle a r l y that agreement 

between the various methods of determining monomer incorporation i s almost 

Table 3.1. Monomer imcorporation r a t i o s 

Monomer incorporation r a t i o s 
Copolymer Run (vi n y l acetate : comonomer) 

type Run 
LH n .m. r. C % H % F % 

I 21 3 : 1 6 : 1 10 : 1 2 : 1 

I 22 6 : 1 2 1 111 : 1 2 : 1 

I I 25 9 : 1 3 1 9 : 1 3 : 1 

I I 27 10 : 1 10 1 110 : 1 4 : 1 

I I I 14 2 : 1 3 1 11 : 1 

I I I 13 7 : 1 2 1 85 : 1 

IV 16 lO : 1 15 1 12 : 1 4 : 1 

IV 19 6 : 1 5 1 812 : 1 3 : 1 

(for experimental d e t a i l s on the runs see table 2.4.) 

non^existant. The problems associated with calculations based on elemental 

analysis have been discussed e a r l i e r . The question which remains i s which, 

i f any, of these values i s r e l i a b l e . I n theory the ''"H n.m.r. approach ought 

to give a satisfactory r e s u l t but i t depends on -the accuracy with which the 

integration can be made and t h i s i n i t s turn depends on the sharpness of the 

signals and the flatness and electronic noise level of the base l i n e . The 

spectra obtained were far from id e a l , the base lines were usually quite 
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"noisy" and often not f l a t , also the signals observed were broad and 

deciding the point at which the signal associated with a p a r t i c u l a r peak 

emerged from the background noise was not easy. I t was not possible to 

carry out i n t e r n a l checks on the consistency of the n.m.r. method because 

of considerable overlapping of resonances. Thus, the results of ''"H n.m.r. 

analysis can only be said to be i n q u a l i t a t i v e agreement with e a r l i e r 

assignments. 

3.5. Solvent extraction and solution behaviour 

Poly(vinyl acetate) and the poly(fluoroacrylates) have d i f f e r e n t 

s o l u b i l i t y characteristics, thus the fluorinated polymers are a l l soluble 

i n d i e t h y l ether whereas p o l y ( v i n y l acetate) i s not. There are other 

solvents which are exclusive to one kind of homopolymer, for example, 

po l y ( v i n y l acetate) dissolves i n methanol whereas the fluorinated meth-

acrylates do not. Such sharp differences i n s o l u b i l i t y allowed the 

p o s s i b i l i t y of separation by extraction. In t h i s work, d i e t h y l ether was 

used, c h i e f l y because of i t s low v o l a t i l i t y and easy removal from samples 

by evaporation under vacuum. 

As a t y p i c a l example, consider the material produced in experiment 21, 

table 2.4. When the product of t h i s attempted synthesis of a p o l y ( v i n y l 

acetate-b-hexafluoroisopropyl acrylate) was extracted with cold ether 82% 

of the material was dissolved. The residue was extracted i n a soxhlet 

apparatus for a week giving a further 15% of extractable material, and a 

residue (3%) which was not dissolved even after a further week of continuous 

ether extract ion. The infrared spectra of the raw product from experiment 21, 

the two fractions extracted with d i e t h y l ether and the insoluble residue are 

shown i n figure 3.2. In t h i s p a r t i c u l a r case, the carbonyl frequencies 

of the v i n y l acetate and hexafluoroisopropyl acrylate residues are quite 

d i s t i n c t at 1740 and 1780 cm 1 respectively. Examination of the spectra 
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F i g u r e 3.2. I n f r a r e d s p e c t r a of s o l v e n t e x t r a c t e d f r a c t i o n s 

from b1ock c o o o l y m e r i z a t i o n run 21, t a b l e 2.4. 

I I I ! 

B 

u 
I 1 i I i i I i I I 

4000 3500 3000 2500 2000 1800 1600 U0O 1200 1000 800 600 
WAVE NUMBER lcm-l) 

A. Raw p r o d u c t 
B. M a t e r i a l e x t r a c t e d w i t h c o l d e t h e r (82%) 
C. M a t e r i a l s o x h l e t e x t r a c t e d w i t h e t h e r f o r one week (15%) 
D. N o n - e x t r a c t a b l e r e s i d u e a f t e r two weeks of s o x h l e t e x t r a c t i o n 

w i t h e t h e r (3%) 
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i n figure 3.2. shows that the fr a c t i o n extracted with cold ether (B) 

contains a s i g n i f i c a n t l y higher proportion of the fluoroacrylate residue 

than the raw material (A). Fraction C obtained by extracting for one 

week also clearly contains some fluoroacrylate residue as the carbonyl 

absorption has a s i g n i f i c a n t shoulder at 1780 cm . Absorptions assigned 

to C-F bonds are v i s i b l e i n the spectra of samples A and B at 1290, 1205 

and 1110 cm ^, these bands are less evident i n sample C and not detectable 

i n sample D. The non-extractable residue (D) has a spectrum corresponding 

to v i r t u a l l y pure p o l y ( v i n y l acetate) with no trace of fluoroacrylate. This 

case i s p a r t i c u l a r l y clear, for other block copolymer samples the separation 

of the carbonyl frequencies i s not so clearly marked but the same trends were 

observed. 

The elemental analyses of samples A, B and C are presented i n table 

3.2. and confirm the trends seen i n the infrared spectra. Although the 

Table 3.2. Elemental analysis for samples A, B, and C (figure 3.2) 

OCOCH .. COOCH(CF )„ 
-(CHa CH> 4CHn CHf 

2 a 2 

Sample C % H % F % 
a : b 

from C % 
T i o l a r r a t i o 
from H % from F % 

A 48.93 5.89 28.0 6 : 1 8 : 1 2 : 1 

B 43. 85 4.49 2.5 : 1 3 : 1 

C 53.23 7.37 2.0 21 : 1 37 : 1 64 : 1 

monomer incorporation r a t i o s calculated from the elemental analysis figures 

for C, H and F are, as expected, not i n t e r n a l l y consistent the general trend 

supports the conclusions drawn from the infrared spectroscopic analysis. 
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19 

i t s F n.m.r. spectrum showed no trace of f l u o r i n e , even on prolonged 

accumulation. 

A number of conclusions can be drawn from the above data: 

( i ) I t i s clear that there i s some homopoly(vinyl acetate) present 

i n the products from the block copolymerization attempts. This i s not 

unexpected since there w i l l i nevitably have been some termination of the 

v i n y l acetate macroradicals. In the example presented above the amount 

of homopoly(vinyl acetate) i s of the order of 3%. In the other experiments 

where cyclohexane was used as solvent the amount varied between 3 and 8%. 

( i i ) These extractions do not establish whether or not there i s any 

homofluoroacrylate polymer present. In the case discussed the homopolymer 

( i f present) would have been extracted i n f r a c t i o n B. Fraction C, on the 

other hand, i s almost c e r t a i n l y block copolymer since i t contains a 

substantial amount of v i n y l acetate residues which are insoluble i n ether 

and only a small proportion of fluoroacrylates. 

( i i i ) Similar trends were found for the polymeric materials obtained 

from block copolymerization attempts (see table 2.4.). That i s to say that 

using ether as the extraction solvent spectra similar to those i n figure 3.2. 

were obtained. 

When carbon tetrachloride was used as the extracting solvent p o l y ( v i n y l 

acetate) r i c h polymeric species dissolved f i r s t and a f t e r three weeks of 

extraction residues of less than 5% of the o r i g i n a l material remained i n the 

soxhlet thimble. Although these residues were fluoroacrylate r i c h materials 

t h e i r infrared spectra always contained carbonyl bands at 1740 cm"1 t y p i c a l 

of p o l y ( v i n y l acetate). Thus i t seems unlikely that any homopolymers were 

produced from the fluorinated monomers, either by transfer or by i n i t i a t i o n 

with AIBN residues. 
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An unusual case of solution behaviour was observed when the product of 

polymerization 27 (table 2.4.) was dissolved i n acetone, two d i s t i n c t layers 

were formed. The top layer contained p o l y ( v i n y l acetate) r i c h polymer and 

the bottom layer poly(hexafluoroisopropyl methacrylate) r i c h polymer, as 

indicated by infrared and elemental analysis. Although t h i s type of solution 

behaviour i s usually associated with homopolymer blends rather than copolymers, 

the analysis of the contents of the two layers indicates quite unambiguously 

that they contained both monomer residues. This block copolymerization was 

one of only two carried out using t-butanol as solvent and i n t h i s case i t 

i s expected that there w i l l be a s i g n i f i c a n t l y higher proportion of homopoly 
124 

(viny l acetate). To quote Seymour, "while most of the products produced 

i n t e r t . butanol was dead polymer, some stable v i n y l acetate macroradicals 

were present because of the gel e f f e c t i n the viscous solution of p o l y ( v i n y l 

acetate) i n t h i s good solvent". The data on which the above quotation i s 

based together with the results obtained probably indicate that the product 

from experiment 27 contained a substantial amount of poly (vinyl acetate) 

homopolymer and some block copolymer. The homopolymer and part of the block 

copolymer with very short fluoromethacrylate blocks segregating in t o one 

layer and the block copolymer with long fluorinated sequences forming the 

other layer. This point was not followed up and t e r t . butanol was used as 

solvent for only two copolymerization experiments and some test runs with 

pure v i n y l acetate and hexafluoroisopropyl methacrylate monomers. 

3.6. Gel permeation chromatography (GPC) 

Gel permeation chromatography i s a technique for separating molecules 
128 

according to t h e i r hydrodynamic volume. Polymers in d i l u t e solution exist 

as s t a t i s t i c a l c o i l s , the size of the c o i l being determined predominantly by 

a combination of chain s t i f f n e s s , polymer-polymer and polymer-solvent 

interactions. The average c o i l size for a polymer of a pa r t i c u l a r 
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molecular weight i n a specific solvent i s i t s hydrodynamic volume. In 

practice a p a r t i c u l a r polymer solution w i l l consist of a d i s t r i b u t i o n of 

c o i l s of d i f f e r e n t hydrodynamic volumes. The p r i n c i p l e of GPC i s that the 

polymer solution i s passed through a chromatography column which sorts the 

constituents according to t h e i r hydrodynamic volumes, the largest c o i l s 

emerging f i r s t . The columns are usually packed with a stationary phase 

of porous gel p a r t i c l e s of d i f f e r e n t sizes, these packings are usually 

prepared from a cross-linked styrene-divinyl benzene copolymer. The 

apparatus consists of solvent pumping equipment, an in j e c t o r system and a 

device for detecting the emerging sample, a variety of experimental 

configurations are possible. In the work reported i n t h i s section the 

equipment used was made available by Dr. A.F.Johnson, at Bradford University. 

This consisted of a Waters Associates High Speed Liquid Chromatograph using 

a loop i n j e c t i o n system, three gpc columns (PLgel) i n series, and a 

r e f r a c t i v e index detector. The experimental procedures consisted of 

preparing an approximately 1 % solution of the polymer i n THF, t h i s solution 

was f i l t e r e d through a M i l l i p o r e f i l t e r to remove any particulate matter 

and then injected (using the loop system) int o the solvent stream. The 

solvent stream i s s p l i t i n t o two, one stream i s used as reference i n the 

detector system and the other carries the sample through the gpc columns and 

detector. The output from the instrument consists of a curve plotted on a 

potentiometric recorder, and t y p i c a l examples for p o l y ( v i n y l acetate) homopoly

mers are shown i n figure 3.3. The highest molecular weight components 

emerging f i r s t . 

To obtain molecular weight information from the gpc data i t i s necessary 

to calibrate the apparatus and t h i s had already been done for the columns 

and solvent system used using a series of samples of polystyrene of narrow 

molecular weight d i s t r i b u t i o n . The molecular weights for the c a l i b r a t i o n 

samples had been measured by absolute methods, Mw by l i g h t scattering and 
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F i g u r e 3.3. GPC curves f o r p o l y ( v i n y l a c e t a t e ) homopolymers 
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Mn by osmometry. 

The hydrodynamic volume i s d e f i n e d as the product of the i n t r i n i s c 

v i s c o s i t y (n) and the molecular weight, and the i n t r i n s i c v i s c o s i t y i s 

r e l a t e d to the molecular weight by the Mark-Houwink equation, 

a 
n = K-M 

m u l t i p l y i n g each s i d e by M, 

(n)-M = K-M ( a + 1 ) 

f o r any e l u t i o n volume the hydrodynamic volumes w i l l be e q u i v a l e n t 

and so the molecular weights of an unknown polymer (2) can be r e l a t e d to 

t h a t of a w e l l c h a r a c t e r i z e d r e f e r e n c e polymer (1) by the f o l l o w i n g 

r e l a t i o n s h i p : 

(nĴ -M^ = ( n ) 2

- M 2 b v d e f i n i t i o n 

„. M ( a . +1) _ „ M (a +1) 
K 1 " M 1 1 V M 2 2 

i . e . ( a 1 + l ) l o g l^-M = ( a
2

+ 1 ) l o g K 2 * M 2 

( a 2 + l ) l o g M 2 = (a +1) l o g + l o g ( K ^ / l ^ ) (1) 

t h u s by c a l i b r a t i n g w i t h p o l y m e r 1 i t i s p o s s i b l e t o o b t a i n t h e 

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

p r o v i d i n g K and a v a l u e s f o r b o t h p o l y m e r s i n t h e s o l v e n t u s e d a r e 

known. S u c h v a l u e s a r e known f o r many p o l y m e r s a nd h a v e b e e n 
129 

t a b u l a t e d . S i n c e K and a v a l u e s f o r p o l y s t y r e n e a n d p o l y ( v i n y l 

a c e t a t e ) i n THF a r e known i t was p o s s i b l e t o u s e e q u a t i o n 1 t o 

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

w e i g h t v s ) e l u t i o n v o l u m e t o a c a l i b r a t i o n c u r v e f o r p o l y ( v i n y l 

a c e t a t e ) . 
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T h i s c a l i b r a t i o n a l l o w s t h e i n t e r p r e t a t i o n o f t h e GPC c u r v e s 

f o r t h e p o l y ( v i n y l a c e t a t e ) h o m o p o l y m e r s , a t y p i c a l e x a m p l e i s 

p r e s e n t e d b e l o w . The h e i g h t o f t h e p e a k ( h ^ ) i s a m e a s u r e o f 

t h e number o f m o l e c u l e s (N^) w i t h a g i v e n m o l e c u l a r w e i g h t ( M ^ ) ; 

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

m o l e c u l a r w e i g h t c a l i b r a t i o n c u r v e . 

S a m p l e f r o m p o l y m e r i z a t i o n 4 

on v o l u m e P e a k h e i g h t M 
i 

N , = h, /M. l 1 1 
2 N . • M . l l 

m i s . ) (mm . ) 
M 

i (x io - 3 ) ( X 1 0 ~ 3 ) 

22 . 0 0 140 .000 0 0 
22 . 5 0 .1 110 .OOO .00090 11 i o 6 

23 . O 0 . 8 87 .000 .00919 69 .6 i o 6 

23 . 5 1 . 5 70 .000 .02142 105 i o 6 

24 . O 3 .0 55 .000 .05454 165 i o 6 

24 . 5 5 .0 44 .000 .11363 220 i o 6 

25 . 0 7 . 5 35 .000 .21428 262.5 i o 6 

25 . 5 10 . 5 28 .000 . 375 294 i o 6 

26 . O 13.5 22 .000 .61363 297 i o 6 

26 . 5 16.0 17 . 500 .91428 2 80 i o 6 

26 . 95 18.8 14 . 400 1 . 30555 2 7 0 . 7 2 i o 6 

27 . 0 18.5 14 .OOO 1 .32142 259 i o 6 

27 . 5 14 . 8 11 .OOO 1 .34545 1 6 2 . 8 i o 6 

28 . O 10 .0 8 .733 1 .14508 87.33 i o 6 

28 . 5 4 . 8 7 .OOO .6857 33.6 i o 6 

29 . O 0 5 . 600 O 0 

12 4 . 8 8.12015 2 5 1 7 . 5 5 1 Q 6 

EN. M, I N . M 2 

Mn = - - i — 1 . l 5 /369 Sw = - - i - - - 1 = 2 0 /173 
i i i 

P o l y d i s p e r s i t y = Mw/Mn = 1.3 
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F o r a l l t h e v i n y l a c e t a t e p o l y m e r i z a t i o n s , Mn, Mw and Mw/Mn 

w e r e o b t a i n e d a s shown a b o v e and a r e t a b u l a t e d i n t a b l e 3.3 

b e l o w . 

T a b l e 3.3. M o l e c u l a r w e i g h t d e t e r m i n a t i o n f o r t h e p r o d u c t s o f 

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

P o l y m e r i z a t i o n Mn Mw Mw/Mn 

1 6 5,000 81 , l O O 1 .24 
2 6 3 , 700 1 4 6 , 0 0 0 2 . 30 
3 1 4 , 2 0 0 3 7 , 7 0 0 2 .65 
4 1 5 , 4 0 0 2 0 , 2 0 0 1 .31 
5 9 , 300 1 8 , 0 0 0 1 .90 
6 1 1 , 5 0 0 2 2 , 2 0 0 1 .93 

S e v e r a l c o n c l u s i o n s c a n be drawn f r o m t h e d a t a p r e s e n t e d i n 

t a b l e 3.3. on t h e h o m o p o l y m e r i z a t i o n s o f v i n y l a c e t a t e c a r r i e d 

o u t i n t h i s w o r k : 

( i ) K e e p i n g c o n s t a n t t h e p o l y m e r i z a t i o n s c o n d i t i o n s ( s e e 

T a b l e 2.3.) i t seems p o s s i b l e t h a t m a c r o r a d i c a l s o f p o l y f v i n y l 

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

o b t a i n e d i n c y c l o h e x a n e a nd t e r t . b u t a n o l . T h a t i s t o s a y 

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

r e p r o d u c i b l e r e s u l t s . 

( i i ) The e f f e c t o f i n i t i a t o r c o n c e n t r a t i o n i s s m a l l , a s 

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

a p a r t i c u l a r m o l e c u l a r w e i g h t a nd a t t h i s s t a g e t h e c o n t i n u e d 

g r o w t h o f t h e p o l y m e r w i l l be d e t e r m i n e d by t h e r a t e a t w h i c h 

monomer r e a c h e s t h e a c t i v e s i t e . A l s o , s i n c e m o l e c u l a r w e i g h t 

i n s o l u t i o n p o l y m e r i z a t i o n i s p r o p o r t i o n a l t o t h e i n i t i a t o r 
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c o n c e n t r a t i o n t o t h e power -1/2 o n l y s m a l l e f f e c t s w o u l d be 

a n t i c i p a t e d . I n p o l y m e r i z a t i o n s 3, 4 and 6 t h e i n i t i a t o r 

c o n c e n t r a t i o n s w e r e i n t h e r a t i o 1:2:4, a l l o t h e r v a r i a b l e s 

b e i n g k e p t c o n s t a n t . 

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

u t i o n i s much more c l e a r ; p o l y m e r i z a t i o n s o f v i n y l a c e t a t e i n 

t e r t . b u t a n o l ( e x p e r i m e n t s 1 and 2) r e s u l t i n m a c r o m o l e c u l e s 

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

( e x p e r i m e n t s 3 - 6 ) , due t o t h e l o w e r t r a n s f e r c o n s t a n t s f o r t h e 

f o r m e r s o l v e n t . 

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

m e t h a c r y l a t e s , a n d f o r t h e c o p o l y m e r s , t h e i n t e r p r e t a t i o n o f GPC 

c u r v e s i s much l e s s c e r t a i n s i n c e k a n d a v a l u e s i n THF a r e unknown 

I n t h e s e c a s e s i t i s p o s s i b l e t o c a l c u l a t e " p o l y ( v i n y l a c e t a t e ) 

e q u i v a l e n t " m o l e c u l a r w e i g h t s b u t s i n c e t h e i n f l u e n c e o f t h e 

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

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

O n l y a p r e l i m i n a r y e x a m i n a t i o n o f t h e GPC b e h a v i o u r o f t h e 

f l u o r i n a t e d h o m o p o l y m e r s was p o s s i b l e , f r o m t h i s a number o f 

p o i n t s e m e r g e d ; t h e f i r s t b e i n g t h a t t h e r e f r a c t i v e i n d e x 

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

t h e o p p o s i t e s i g n t o t h a t b e t w e e n THF a n d p o l y ( v i n y l a c e t a t e ) . 

T h i s p o s e s no d i f f i c u l t y f o r i n t e r p r e t i n g t h e homopolymer GPC 

t r a c e s b u t may r e s u l t i n a s i m p l e c a n c e l l a t i o n e f f e c t f o r 

c o p o l y m e r s . T h i s o b s e r v a t i o n p r o b a b l y a c c o u n t s f o r u n s u c c e s s f u l 

a t t e m p t s t o r e c o r d GPC d a t a f o r p o l y ( m e t h y l m e t h a c r y l a t e - b -

12 5 

h e x a f l u o r o i s o p r o p y 1 m e t h a c r y 1 a t e ) s a m p l e s . O n l y p o l y ( h e x a -

f l u o r o i s o p r o p y 1 m e t h a c r y 1 a t e ) , e x p e r i m e n t 10 i n t a b l e 2 . 3 . , was 

i n v e s t i g a t e d i n any d e t a i l , and t h i s s a m p l e showed a somewhat 
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u n e x p e c t e d GPC t r a c e . T h e r e w e r e t h r e e r e s o l v e d p e a k s a t 

e l u t i o n v o l u m e s e q u i v a l e n t t o p o l y ( v i n y l a c e t a t e ) m o l e c u l a r 

w e i g h t s o f 1 4 0 . 0 0 0 , 8.700, and 1.500. When t h e w h o l e GPC 

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

w e r e Mn = 6. 0 0 0 , Mw = 3 0 . 6 0 0 , w i t h a p o l y d i s p e r s i t y o f 5. I t 

w o u l d seem t h e r e f o r e t h a t t h e s o l u t i o n ( o r t h e p o l y m e r i z a t i o n ) 

b e h a v i o u r o f t h e s e f l u o r i n a t e d s y s t e m s i s n o n - s t a n d a r d . T he 

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

r e q u i r e more e x t e n s i v e work t h a n was p o s s i b l e i n t h e p r e s e n t 

s t u d y . I t may be t h a t t h e o b s e r v a t i o n o f r e s o l v a b l e p e a k s 

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

" m a c r o c o i I s " , 1 ^ ° i f s o t h e phenomenon s h o u l d be t i m e d e p e n d e n t . 

The c o p o l y m e r s a m p l e s g a v e GPC t r a c e s w h i c h w e r e 

q u a l i t a t i v e l y s i m i l a r t o t h o s e o f p o l y ( v i n y l a c e t a t e ) , t h a t i s 

smo o t h c u r v e s w i t h no r e s o l v a b l e p e a k s o r s h o u l d e r s . The d a t a 

was t r e a t e d a s d e s c r i b e d p r e v i o u s l y a nd i s p r e s e n t e d i n t a b l e 

3.4. The r e s u l t s o b t a i n e d a r e c o n s i s t e n t w i t h t h e h y p o t h e s i s 

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

T a b l e 3.4. GPC d a t a f o r c o p o l y m e r s 

E x p e r i m e n t C o p o l y m e r 
numb e r t y p e 

" P o l y ( v i n y l a c e t a t e ) e q u i v a l e n t " P o l y d i s p e r -
m o l e c u l a r w e i g h t s 

Mn Mw 
s i t y 
Mw/Mm 

12 I I I 11 . 900 17 . 700 1 .5 
13 I I I 14 . 400 23 . 100 1.6 
14 I I I 17 . 200 30 . 300 1.8 
15 I V 12 . 0 00 22 . 800 1 .9 
16 I V 1 3 . 300 17 .700 1 . 3 
17 I V 10 .000 16 . 100 1 .6 
18 I V 7 .OOO 12 . 9 00 1.65 
20 I 9 . lOO 13 .700 1 . 5 
21 I 10 . lOO 16 . 400 1 . 5 
22 I 11 . 700 17 .OOO 1 . 5 
2 3 11 10 . 200 17 . 200 1 .7 
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d e s i r e d . T h u s , t h e s e t s d e f i n e d by e x p e r i m e n t s 12, 13 a n d 14, 

e x p e r i m e n t s 15 and 16, and e x p e r i m e n t s 20, 21 and 22 r e s u l t f r o J ) 

a s t a n d a r d m a c r o r a d i c a l p r e p a r a t i o n f o l l o w e d by t h e a d d i t i o n o f 

s u c c e s s i v e l y i n c r e a s i n g a mounts o f comonomer. F o r a l l t h e s e 

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

i n c r e a s e s i n l i n e w i t h t h e i n c r e a s e d amount o f f l u o r o m o n o m e r 

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

The s e t 16, 17 and 18 r e s u l t e d f r o m e x p e r i m e n t s c a r r i e d o u t 

a t r e s p e c t i v e l y 50, 60 and 76°C, a l l o t h e r v a r i a b l e s b e i n g f i x e d . 

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

s u c c e s s i v e l y , i t s h o u l d a l s o be n o t e d t h a t t h e y i e l d o f p o l y m e r 

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

i n c r e a s e d . T h e s e o b s e r v a t i o n s a r e c o n s i s t e n t w i t h an i n c r e a s i n g 

p r o p o r t i o n o f d e a d p o l y ( v i n y l a c e t a t e ) . U n f o r t u n a t e l y 

c o n f i r m a t i o n o f t h i s h y p o t h e s i s by e x t r a c t i o n ( s e e s e c t i o n 3.5.) 

was n o t p o s s i b l e w i t h i n t h e t i m e a v a i l a b l e . 

3.7. F i l m o p a c i t y 

The f i l m s f o r m e d f r o m t h e p r o d u c t s o f b l o c k - c o p o l y m e r i z a t i o n s 

w e r e a l w a y s c o l o u r l e s s a n d t r a n s p a r e n t . F i l m s f o r m e d f r o m 

m i x t u r e s o f f l u o r i n a t e d h o m o p o l y m e r s and p o l y ( v i n y l a c e t a t e ) w e r e , 

i n c o n t r a s t , n e v e r c l e a r and t r a n s p a r e n t b u t v a r i e d f r o m t r a n s 

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

t h e GPC p e a k s , o b t a i n e d f r o m a R e f r a c t i v e I n d e x D e t e c t o r , f o r 

f l u o r i n a t e d h o m o p o l y m e r s and p o l y ( v i n y l a c e t a t e ) e s t a b l i s h e s t h a t 

t h e r e must be a l a r g e r e f r a c t i v e i n d e x d i f f e r e n c e b e t w e e n t h e two 

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

f i l m c l a r i t y ( C h a p t e r 1, s e c t i o n 1.7.) i t i s c l e a r t h a t t h i s 

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

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



CHAPTER 4 

Conclusions and Suggestions f o r F u r t h e r Work 
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I n t h e work r e p o r t e d i n t h i s t h e s i s h o m o p o l y m e r s o f v i n y l 

a c e t a t e and o f some f l u o r o a l k y l a c r y l a t e s w e r e p r e p a r e d and 

c h a r a c t e r i z e d . B l o c k c o p o l y m e r i z a t i o n s o f v i n y l a c e t a t e w i t h 

d i f f e r e n t f l u o r o a l k y l a c r y l a t e s w e r e c a r r i e d o u t u s i n g t h e 

" l i v i n g " m a c r o r a d i c a l t e c h n i q u e . The i n v e s t i g a t i o n o f t h e 

p r o d u c t s o b t a i n e d ( C h a p t e r 3 ) , p l u s a k n o w l e d g e o f t h e s y n t h e t i c 

p r o c e d u r e f o l l o w e d ( C h a p t e r 2) l e a d s t o t h e c o n c l u s i o n t h a t b l o c k 

c o p o l y m e r s o f v i n y l a c e t a t e a n d some f l u o r o a l k y l a c r y l a t e s c a n 

be p r e p a r e d u s i n g t h e p o l y m e r i z a t i o n method d e s c r i b e d . 

T h e d e t a i l e d c h a r a c t e r i z a t i o n o f t h e b l o c k c o p o l y m e r s 

q u a l i t a t i v e l y c o n f i r m e d t h a t t h e y h a d t h e e x p e c t e d s t r u c t u r e s ; 

h o w e v e r , a more q u a n t i t a t i v e c h a r a c t e r i z a t i o n o f t h e s t r u c t u r e a n d 

m o l e c u l a r s i z e o f t h e p r o d u c t s s h o u l d be a p r i o r i t y i n any 

c o n t i n u a t i o n o f t h i s w o r k . The l a c k o f good a g r e e m e n t b e t w e e n 

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

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

w e r e p r o v i d e d ( C h a p t e r 3) f u t u r e work s h o u l d e x a m i n e t h i s m a t t e r 

i n o r d e r t o e s t a b l i s h more r e l i a b l e q u a n t i t a t i v e a n a l y t i c a l 

p r o c e d u r e s ; p r o b a b l y t h i s w i l l i n v o l v e i m p r o v i n g t h e 

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

o f t h e b l o c k c o p o l y m e r s c o u l d be f u r t h e r c o n f i r m e d by u s e o f 

d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y , w h i c h s h o u l d show t h e two Tg 

t r a n s i t i o n s c h a r a c t e r i s t i c f o r e a c h b l o c k , and by ^ C n.m.r. 

s p e c t r o s c o p y w h i c h i s a more s e n s i t i v e p r o b e o f s t r u c t u r e t h a n 
1 19 

e i t h e r H o r F n.m.r.; n e i t h e r o f t h e s e t e c h n i q u e s w e r e 

a v a i l a b l e t o t h e a u t h o r . 

P h a s e s e p a r a t i o n c o u l d be i n v e s t i g a t e d by e l e c t r o n m i c r o s c o p y 

and, i n p a r t i c u l a r , s u r f a c e s e g r e g a t i o n o f t h e f l u o r o a l k y l 
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s u b s t i t u e n t s c o u l d be i n v e s t i g a t e d by s t u d y i n g t h e w e t t a b i l i t y 

o f t h e p r o d u c t s w i t h l i q u i d s o f d i f f e r e n t s u r f a c e t e n s i o n . ^ ^ ' ^ 

The o b s e r v a t i o n o f u n u s u a l GPC b e h a v i o u r f o r p o l y ( h e x a -

f 1 u o r o i s o p r o p y 1 m e t h a c r y 1 a t e ) , s e c t i o n 3.6., s u g g e s t s t h a t t h e 

s o l u t i o n p r o p e r t i e s o f t h i s h o mopolymer may be u n u s u a l and m e r i t 

f u r t h e r i n v e s t i g a t i o n . 

F i n a l l y , t h e a p p l i c a t i o n o f s u c h m a t e r i a l s s h o u l d be 

i n v e s t i g a t e d . T h e o r i g i n a l i n t e n t i o n was t o e x a m i n e t h e i r 

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

low s u r f a c e f r e e e n e r g y p r o p e r t i e s a t a r e l a t i v e l y low p r i c e ; 

t h e a u t h o r d i d n o t c a r r y o u t any work on t h i s p o i n t ; h o w e v e r , 

i t was o b s e r v e d t h a t t h e b l o c k c o p o l y m e r s h a d t h e e x p e c t e d 

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

s howed a t e n d e n c y t o foam. 
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