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6 . 1 C r i t e r i a f o r a s s e s s i n g c h a i n f l e x i b i l i t y 

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

s y s t e m s s t u d i e d . 2 3 7 

6 . 2 T h e o r e t i c a l p r e d i c t i o n s f o r c o n c e n t r a t i o n 

a n d m o l e c u l a r w e i g h t d e p e n d e n c e o f r e l a x a t -

i o n t i m e s ; t « C ^ c m ^ m . 2 4 0 

6 . 3 S u m m a r y o f r e s u l t s o f t h i s w o r k . 2 4 2 
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L I S T O F F I G U R E S 

F i g . N o . P a 9 e 

2 . 1 T e m p e r a t u r e d e p e n d e n c e o f e n e r g y m o d u l u s 

f o r a n a m o r p h o u s p o l y m e r . 

2 . 2 F a c t o r s d e t e r m i n g p o l y m e r i c b e h a v i o u r 2 7 

2 . 3 S c h e m a t i c d i a g r a m o f m o l e c u l a r t y p e s , ( a ) 

c o m p l e t e l y s t i f f ( r o d - l i k e ) m a c r o m o l e c u l e 

( b ) R a n d o m c o i l e d m a c r o m o l e c u l e ( c ) w e a k l y 

f l e x i b l e p e r s i s t e n t m a c r o m o l e c u l e ( d ) S e m i -

f l e x i b l e f r e e l y j o i n t e d m a c r o m o l e c u l e 2 9 

2 . 4 M o d e s o f r e l a x a t i o n f o r m a c r o m o l e c u l e s ( a ) 

R o t a t i o n o f r o d s a b o u t m i n o r a x i s ( e n d - o v e r -

e n d ) ( b ) R o t a t i o n o f r o d s a b o u t m a j o r a x i s 

( c ) l s t m o d e r e l a x a t i o n o f f l e x i b l e m a c r o m -

o l e c u l e ( d ) R o t a t i o n a b o u t b a c k b o n e c h a i n 

( e ) S i d e c h a i n r o t a t i o n . 3 0 

2 . 5 C o n c e n t r a t i o n r e g i m e s f o r c o i l s a n d r o d s . 3 2 

2 . 6 S p r i n g - b e a d m o d e l a n d l o w e r m o d e s o f m o t i o n . 3 3 

2 . 7 D i a g r a m m a t i c r e p r e s e n t a t i o n o f c h a i n 

r e p t a t i o n . 3 8 

2 . 8 T e m p e r a t u r e - c o n c e n t r a t i o n d i a g r a m f o r s e m i -

f l e x i b l e p o l y m e r s o l u t i o n ( s c h e m a t i c ) 4 0 

2 . 9 S c h e m a t i c r e p r e s e n t a t i o n s o f t h e c r i t i c a l 

c o n c e n t r a t i o n s f o r ( a ) t h e d i l u t e - s e m i -

d i l u t e ( b ) t h e s e m i - d i l u t e c o n c e n t r a t e d 

t r a n s i t i o n s 4 1 

2 . 1 0 T h e f r e q u e n c y d e p e n d e n c e o f t h e r e a l p a r t 

o f t h e d i e l e c t r i c c o n s t a n t s , e ' , a n d t h e 

i m a g i n a r y p a r t e ' ' o f p o l y m e r s o l u t i o n s 

s u b j e c t e d t o a n a l t e r n a t i n g f i e l d . 4 5 

2 . 1 1 B i r e f r i n g e n c e ( a ) a t z e r o f i e l d a n d ( b ) 

u n d e r f i e l d g r a d i e n t , E . 4 9 

2 . 1 2 K e r r e f f e c t - s c h e m a t i c d i a g r a m o f 

e x p e r i m e n t . 5 0 
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2 . 1 3 T h e i n c i d e n t b e a m d i r e c t i o n a n d t h e 

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

p o l a r i s e r . 51 

2 . 1 4 T h e f i e l d d e p e n d e n c e o f e l e c t r i c b i r e f r i n -

g e n c e . 5 2 

2 . 1 5 D i a g r a m m a t i c r e p r e s e n t a t i o n o f a r i g i d r o d 

p a r t i c l e i n a n e l e c t r i c f i e l d ; n = r e f r a c t + 

i v e i n d e x , g = o p t i c a l p o l a r i s a b i l i t y a n d 

a - e l e c t r i c p o l a r i s a b i l i t y . 53 

2 . 1 6 M a c r o m o l e c u l a r r e s p o n s e t o t h e r e c t a n g u l a r 

a p p l i e d f i e l d ; s h b w i n g t h e r i s e A , t h e . 

s t e a d y s t a t e B , a n d t h e d e c a y C , a n d S ^ 

a n d S ^ t h e a r e a s a b o v e a n d b e l o w t h e r i s e 

a n d d e c a y t r a n s i e n t s . 5 7 

2 . 1 7 B i r e f r i n g e n c e a t f i e l d r e v e r s a l ( a ) p e r m a -

n e n t a n d i n d u c e d d i p o l e o r i e n t a t i o n ( b ) t h e 

r e v e r s e d f i e l d ( c ) t h e i n d u c e d o r i e n t a t i o n . 5 9 

2 . 1 8 S c a t t e r i n g o f a n i n c i d e n t l i g h t b e a m b y a 

d i e l e c t r i c m e d i u m . 5 6 

3 . 1 B l o c k d i a g r a m o f t h e K e r r e l e c t r o - o p t i c 

a p p a r a t u s . 7 3 

3 . 2 T h e K e r r c e l l . 7 6 

3 . 3 ( a ) T h e t h y r a t r o n c i r c u i t r y ( b ) T h e r e c t a n g -

u l a r w a v e . 79 

3 . 4 B l o c k d i a g r a m o f t h e r e v e r s i n g p u l s e u n i t 

a n d t h e w a v e f o r m s . 81 

. 2 
3 . 5 T h e voltage,!./, v a r i a t i o n w i t h s i n a , t h e 

a n a l y s e r a n g l e f o r a s o l u t i o n o f 1 2 . 7 k g m 

e % l c e l l u l o s e a n d n o c e l l o n t h e o p t i c a l 

p a t h . 8 9 

3 . 6 T h e f i e l d d e p e n d e n c e o f t h e b i r e f r i n g e n c e 

f o r p o l y p r o p y l e n e g l y c o l P P G 0 4 0 2 a t 2 2 3 K . g g 

3 . 7 T y p i c a l l ° 9 e v e r s u s t i m e p l o t o f t h e r i s e , 

a n d d e c a y b i r e f r i n g e n c e t r a n s i e n t s f o r P B I C 

# 2 1 o n c o n c e n t r a t i o n 1 . 3 k g m g 2 
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3 . 8 A t y p i c a l b i r e f r i n g e n c e t r a n s i e n t f o r P B I C 

# 2 1 o f c o n c e n t r a t i o n 1 . 3 k g m 3 s h o w i n g 

t h e a r e a s a b o v e S ̂  a n d b e l o w S ^ o f t h e r i s e 

r i s e a n d d e c a y t r a n s i e n t s r e s p e c t i v e l y ; 

a n d t h e t i m e s w h e r e ( 6 ( t ) / 6 ) . = 
_ ^ e r m a x n s e ^ 

1 - e a n d ( 6 ( T ) ,/6 ) , = e x p ~ " 

e d m a x d e c a y ^ g 2 

3 . 9 L n 6 v e r s u s t i m e o f 2 0 k g m 3 P B L G I I i n 

c h l o r o f o r m - f o r m a m i d e s o l v e n t a t 2 9 3 K 

s h o w i n g a n c ^ T p * 9 4 

3 . 1 0 L n ( - l n <|> ) v e r s u s l n t o f t h e p r i m a r y -

r i s e a n d d e c a y p r o c e s s e s o f p o l y p r o p y l e n e 

g l y c o l ( P P G 0 4 0 2 ) a t 2 2 8 K 9 5 

3 . 1 1 T y p i c a l p l o t o f l n (b (<t> = I<:b) - I ) v s 
s s 

t i m e f o r t h e r i s e s e c o n d a r y a n d d e c a y s e c -

o n d a r y p r o c e s s e s o f P P G 2 0 8 2 a t 2 3 8 K . 9 7 

3 . 1 2 P l o t s o f 6 / E 2 a n d ' 6 " a g a i n s t f i e l d s t r e n g t h 

E 2 , f o r 0 . 8 k g m ~ 3 P B L G I i n C - F a t 2 9 3 K . g g 

3 . 1 3 T h e t e m p e r a t u r e d e p e n d e n c e o f t h e r e l a x a t -

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

o f P P G 0 4 8 2 . 1 8 8 

3 . 1 4 L n 6 / 6 v e r s u s t i m e f o r 8 . 5 3 k g m 3 ' P B I C 
m a x . 3 

# 2 9 , E = 5 8 8 kV7 m , t e m p e r a t u r e 2 9 4 K . 1 8 2 

3 . 1 5 T h e e x p e r i m e n t a l t i m e c o n s t a n t , T , v a r i -n L 
a t i o n w i t h l o a d , R , u s i n g n i t o b e n z e n e . 1 8 5 

3 . 1 5 T h e i n t e n s i t y , 1 ( 0 ) - a n g u l a r v a r i a t i o n f o r 

p r o p e r ( a ) a n d i m p r o p e r ( b ) b e h a v i o u r o f 

t h e q u a r t e r w a v e p l a t e ( c ) b i r e f r i n g e n c e 

t r a n s i e n t s f o r a n g l e a , f o r t h e c l o c k w i s e 

( + ) a n d a n t i c l o c k w i s e ( - ) r o t a t i o n o f a n a l -

y s e r u s i n g i m p r o p e r A / 4 - p l a t e ( d ) t r a n s i e n t s 

f o r s a m e a u s i n g p r o p e r A / 4 - p l a t e . 1 0 7 

3 . 1 7 P l o t o f t h e r e t a r d a t i o n 6 a g a i n s t t i m e f o r 

a 1 . 8 k g m 3 P B I C # 2 1 a t p u l s e d u r a t i o n 

1 . 8 m s , E = 1 5 8 k\l m " 1 a n d t e m p . 2 9 3 K . 1 8 9 

3 . 1 8 P h o t o n c o r r e l a t i o n s p e c t r o s c o p y a p p a r a t u s . 1 1 2 



- 13 -

F i g . N o . _ 
a P a g e 

3 . 1 9 ( a ) A t y p i c a l e x p e r i m e n t a l autncnrrelatinn 
f u n c t i o n o f e t h y l c e l l u l o s e i n t o l u e n e a t 

( 4 7 . 2 k g rn~ 3) a t 2 9 8 K a n d 1 . 8 m s c h a n n e l 

time. 117 
( b ) A t y p i c a l l o g a r i t h m i c c o r r e l a t i o n f u n -

c t i o n o f a 4 7 . 2 k g m 3 E C i n t o l u e n e a t 

2 9 8 K a n d 1 . 8 m s c h a n n e l t i m e . 1 1 7 

4 . 1 T h e i n t r i n s i c v i s c o s i t y d e t e r m i n a t i o n f o r 

P B L G . 1 2 0 

5 . 0 T h e m o l e c u l a r w e i g h t d e p e n d e n c e o f t h e 

i n f i n i t e d i l u t i o n r e l a x a t i o n t i m e s o f P B L G 

r e s u l t s h e r e , ' c o m p a r e d w i t h p r e v i o u s 

r e s u l t s o f o t h e r w o r k e r s . I ? 5 

5 . 1 L n 6 / 6 v e r s u s t i m e f o r P B L G I s a m p l e i n 
m a x 

C - F o f c o n c e n t r a t i o n 2 1 . 2 k g m p u l s e 

a m p l i t u d e o f 2 5 0 k\l m a n d d u r a t i o n 2 . 5 1 2 8 

m s 

5 . 2 C o n c e n t r a t i o n d e p e n d e n c e o f t h e i n i t i a l 

r e l a x a t i o n t i m e s o f P B L G I i n C - F . 1 3 1 

5 . 3 C o n c e n t r a t i o n d e p e n d e n c e o f t h e i n i t i a l 

1 3 2 

- r e l a x a t i o n t i m e s , t . , o f P B L G I , P B L G I I , in 
P B L G I I I i n C - F . 

5 . 4 C o n c e n t r a t i o n d e p e n d e n c e o f t h e l o n g r e l a x -

a t i o n t i m e s , t ^ , f o r P B L G I, P B L G I I , a n d 

P B L G I I I i n C - F . 1 3 3 

5 . 5 T h e m o l e c u l a r w e i g h t d e p e n d e n c e o f t h e 

r e l a x a t i o n t i m e s o f P B L G s a m p l e s . 1 3 5 

5 . 6 C o n c e n t r a t i o n d e p e n d e n c e o f t h e r e l a x a t i o n 

t i m e r e s u l t s f o r o t - h e l i c a l m o l e c u l e s : P B L G 

i n t h i s w n r k , T s u j i a n d k J a t a n a b e : T i n n c o 

a n d p a r a m y o s i n b y D e l a n e y a n d K r a u s e a n d 

t h e o r e t i c a l p r e d i c t i o n o f D o i a n d E d w a r d s . 1 3 9 

5 . 7 T h e p r o b a b l e r o t a t i o n a l m o d e l o f a r i g i d 

r o d i n a c o n c e n t r a t e d r e g i m e . 1 41 

5 . 8 R e p r e s e n t a t i v e n o r m a l i s e d b i r e f r i n g e n c e 

t r a n s i e n t s o f 1 . 3 k g m 3 s o l u t i o n o f P B I C 
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F i g . N o . P a g e 

#21 u n d e r a f i e l d n f 4 0 G k\/ m a n d p u l s e 

w i d t h 1 , 0 ins a t 2 9 4 K . 1 4 2 

5 . 9 A r e p r e s e n t a t i v e p l o t o f I n b / i v e r s u s 
3 ° m a x 

t i m e f o r 1 . 3 k g m - P B I C #2.1 d e c a y t r a n s -

i e n t a t f i e l d E = 4 0 0 k \/ m 1 a n d p u l s e w i d t h 

1 . 0 m s . T h e i n s e r t i s t h e o s c i l l o g r a m 

s h o w i n g t h e f u l l b i r e f r i n g e n c e o n 2 0 0 p s / c m 

a n d e x p a n d e d d e c a y t r a n s i e n t o n 50 p s / c m 1 4 4 

5 . 1 0 T h e c o n c e n t r a t i o n d e p e n d e n c e o f t h e r e l a x -

a t i o n t i m e s , T i T „ , T . , a n d T f o r P B I C 
e Z i n p 

#21. 146 

5 . 1 1 T h e c o n c e n t r a t i o n d e p e n d e n c e o f t h e r e l a x -

a t i o n o f P B I C # 2 9 ( T , T n , T. , a n d x ) - l47 

e Z i n p 

5 . 1 2 C o n c e n t r a t i o n d e p e n d e n c e o f r e l a x a t i o n 

t i m e o f P B I C C N - 1 1 6 0 

5 . 1 3 C o n c e n t r a t i o n d e p e n d e n c e o f l o n g r e l a x a t -

i o n t i m e s f o r P B I C # 2 1 , P B I C d 2 9 & P B I C 
C N - 1 . 1 5 1 

5 . 1 4 T h e m o l e c u l a r w e i g h t d e p e n d e n c e o f t h e 

P B I C r e l a x a t i o n t i m e s b a s e d o n C a n d Cy< 

r 
a t t w o c o n c e n t r a t i o n s . 

3 . 2 k g m ~ 3 f n r P M P S ( M = 3 . 2 x 1 0 5 ) i n b e n z e n e 

1 5 3 

5 . 1 5 T e m p e r a t u r e d e p e n d e n c e o f r e l a x a t i o n t i m e s 

o f P B I C #21 f o r decay a n d r i s e ; P B I C # 2 9 

d e c a y a n d P B I C C N - 1 , d e c a y . 1 5 5 

5 . 1 6 T h e m o l e c u l a r w e i g h t d e p e n d e n c e o f t h e 

i n f i n i t e d i l u t i o n r e l a x a t i o n t i m e s t , 
e 

a n d t ^ , c o m p a r e d w i t h p r e v i o u s K e r r a n d 

d i e l e c t r i c r e s u l t s o f o t h e r w o r k e r s . ]_ 58 

5 . 1 7 T h e c o n c e n t r a t i o n d e p e n d e n c e o f t h e r e l a x -

a t i o n t i m e s o f P M P S i n b e n z e n e a t 2 9 4 K 

5 . 1 8 L n T v e r s u s l / T ( K _ 1 ) o f 2 0 k g m ~ 3 a n d 

1 5 4 

5 . 1 9 ( a ) R e p r e s e n t a t i v e p i n t o f A I v e r s u s t i m e 

t r a n s i e n t s o f l i q u i d g l y c o l s ( b ) S c h e m a t i c 

r e p r e s e n t a t i o n o f r e s o l v e d c o m p o n e n t s o f 

f a s t n e g a t i v e a n d s l o w p o s i t i v e p r o c e s s e s . ] g g 
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P a q e F i g . M o . 

5 . 2 0 T y p i c a l b i r e f r i n g e n c e t r a n s i e n t s o f P P G 

0 4 0 2 ( b ) S c h e m a t i c r p p r e s e n t a t i o n n f 

r e s n l \ / e d c o m p o n e n t s ( A , B , C ) . 1 7 2 

5,2.1 M o l e c u l a r w e i g h t d e p e n d e n c e n f t h e p o l y -

p r o p y l e n e g l y c o l r e l a x a t i o n t i m e s a t t e m p -

e r a t u r e s ( a ) 2 2 8 K a n d ( b ) 2 1 8 K . 

5 . 2 2 T h e t e m p e r a t u r e d e p e n d e n c e o f t h e r e l a x -

a t i o n t i m e s f o r ( a ) P P G 0 4 0 2 ( b ) P P G 1 0 0 2 

( c ) P P G 2 0 0 2 ( d ) P P G 2 2 5 7 . 1 7 6 & 1 7 7 

5 . 2 3 R e p r e s e n t a t i v e b i r e f r i n g e n c e t r a n s i e n t s g 
f o r p o l y p r o p y l e n e o x i d e , M = 1 . 4 4 x 1 0 i n 

t o l u e n e ( b ) E x p a n d e d s c a l e . j g 2 

5 . 2 4 C o n c e n t r a t i o n d e p e n d e n c e o f p o l y p r o p y l e n e 

o x i d e r e l a x a t i o n t i m e s ( P P 0 S 3 . 3 & P P 0 S 4 . 4 ) 1 8 3 

5 . 2 5 M o l e c u l a r w e i g h t ( M ) d e p e n d e n c e o f t h e 

r e l a x a t i o n t i m e s o f p o l y p r o p y l e n e o x i d e , 

a t c o n c e n t r a t i o n 1 2 . 2 k g m 3 ( x g , t 2 » » T p 2 ) • 1 8 5 

5 . 2 6 R e p r e s e n t a t i v e n o r m a l i s e d t r a n s i e n t s 6 / 6 
m a x 

f o r e t h y l c e l l u l o s e ( b ) L o g 6 / 6 a g a i n s t max ^ 
t i m e f o r d e c a y t r a n s i e n t s o f 4 7 . 2 k g m 

s o l u t i o n o f e t h y l c e l l u l o s e . i g g 

5 . 2 7 Ln(-ln\|f(:t) ) a g a i n s t L n t f o r 4 7 . 2 k g m 3 

e t h y l c e l l u l o s e i n t o l u e n e a t 2 9 3 K w i t h 

i>) ( t ) = $ ̂  f o r t h e d e c a y a n d 1 - cj) f o r t h e 

r i s e t r a n s i e n t s ; a n d d = 6 / 6 . i • i 
m a x -L3-L 

5 , 2 8 L o g - L o g p l o t s o f r e l a x a t i o n t i m e s < t > 
K , d 

T i ' T p ' s ° l u t i o n v i s c o s i t y a n d r e l a x a t i o n 

s p r e a d f a c t o r , a g a i n s t c o n c e n t r a t i o n , C , 

f o r e t h y l c e l l u l o s e i n t o l u e n e . g 3 

5 . 2 9 T h e l o g a r i t h m i c c o r r e l a t i o n f u n c t i o n o f 

4 . 4 k g m 3 ethy.l. c e l l u l o s e v e r s u s t i m e . 1 g 4 

5 . 3 0 T h e wav/e v e c t o r d e p e n d e n c e o f t h e r e c i p -

r o c a l t i m e c o n s t a n t s , Tn , T o f t h e p h o t o n 
I m 

c o r r e l a t i o n f u n c t i o n ( a ) K ( b ) K 2 ( c ) K 3 . 1 9 6 

5 . 3 1 T h e p l o t s o f t h e l o g a r i t h m i c c o r r e l a t i o n 
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Fig. Nn. Pago 

function at (a) channel time t^=250 fjs 
and (b) channel time t = 62.5 ps for a 
4 4 k g m ~ 3 e t h y l c e l l u l o s e a t 2 9 8 K . 1 0 7 

5 . 3 2 S c h e m a t i c d i a g r a m s h o w i n g t h e l o g a r i t h m i c 

c o r r e l a t i o n f u n c t i o n ( a ) f u l l f u n c t i o n 

s h o w i n g D ^ , D m » a n d D ^ f o r 4 4 k g m 3 O C ^ ^ 9 8 

( b ) f u n c t i o n f o r l o w e r c o n c e n t r a t i o n C < C , 

r 

5 . 3 3 T h e d i f f u s i o n a l c o e f f i c i e n t D , v a r i a t i o n 

w i t h K 2 t f o r 4 4 k g m a n d 2 3 k g m e t h y l 

c e l l u l o s e i n t o l u e n e a t 2 9 8 K . 2 0 0 

5 . 3 4 T h e c o n c e n t r a t i o n d e p e n d e n c e o f t h e t r a n -

s l a t i o n a l d i f f u s i o n c o e f f i c i e n t , D n a n d D 2 ^ 2 

£ m. 
5 . 3 5 T h e c o n c e n t r a t i o n d e p e n d e n c e o f t h e t r a n -

s l a t i o n a l d i f f u s i o n c o e f f i c i e n t D o f m 
e t h y l c e l l u l o s e i n t o l u e n e . 2 0 3 

5 . 3 6 A s i m p l e p h y s i c a l m o d e l f o r t h e v a r i o u s 

r e g i m e s e n c o u n t e r e d i n s o l u t i o n o f s t i f f 

c o i l m o l e c u l e s a s c o n c e n t r a t i o n i n c r e a s e s . 2 0 5 

5 . 3 7 C h a i n c o n f i g u r a t i o n a n d p r o b a b l e i n t e r a c t -

i o n m o d e l - ( a ) s p h e r e o f i n f l u e n c e o f a 

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

( c ) c o i l e d r a n d o m c o i l m o l e c u l e ( d ) s i m p -

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

f o r c = c " 2 1 0 

5 . 3 8 T h e c o n c e n t r a t i o n d e p e n d e n c e o f T f o r 

X a n t h a m g u m ( r e f e r e n c e 5 2 ) . 2 T 5 

5 . 3 9 A p l o t o f ( a ) T v e r s u s K 2 a n d ( b ) 1 / T 0 m 3c 
v e r s u s l / K 2 2 1 7 

5 . 4 0 T h e f i e l d d e p e n d e n c e o f t h e b i r e f r i n g e n c e 

o f t h e s o l v e n t s : t o l u e n e , c a r b o n t e t r a c h l o -

r i d e , n i t r o b e n z e n e , a n d m i x e d t o l u e n e + 

n i t r o b e n z e n e . 

5 . 4 1 T h e f i e l d d e p e n d e n c e o f t h e r e t a r d a t i o n 6 

2.19 

f o r P B L G I o f c o n c e n t r a t i o n s , 5 . 0 , 2 . 0 , a n d 

8 . 0 k g m 3 . I n s e r t i s t h e c o n c e n t r a t i o n 

d e p e n d e n c e o f t h e K e r r c o n s t a n t s . 2 2 1 
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F i q - N o P a g e 

5 . 4 2 C n n r e n t r a t i n n d e p e n d e n c e o f t h e i n d u c e d 

p o l a r i s a h i l i t . y a n i s o t r o p y . a ^ - a ^ a n d ( b ) 

d i p o J . R m o m e n t s f o r P B L G I. 2 2 4 

5 . 4 3 T h e f i e l d s t r e n g t h d e p e n d e n c e o f t h e r e t -

a r d a t i o n 6 f o r 5 . 3 , 2 . 6 7 , 1 . 0 7 , 0 . 5 3 , a n d 

0 . 2 7 k g m " 3 f o r P B I C # 2 9 . I n s e r t i s t h e 

K e r r c o n s t a n t a s a f u n c t i o n o f c o n c e n t r a -

t i o n . 2 2 6 . 

5 . 4 4 C o n c e n t r a t i o n d e p e n d e n c e o f t h e a p p a r e n t 

d i p o l e m o m e n t a n d p o l a r i s a b i l i t y a n i s o t r -

o p i c s f o r P B I C # 2 1 a n d # 2 9 . 2 2 8 

5 . 4 5 F i e l d d e p e n d e n c e o f t h e b i r e f r i n g e n c e o f 

t h e P M P S f o r c o n c e n t r a t i o n s 3 . 2 , 5 . 5 , 1 2 . 7 _ 3 
a n d 2 0 k g m . 2 3 1 

5 . 4 6 T h e f i e l d d e p e n d e n c e o f t h e r e t a r d a t i o n 

6 , f o r p o l y p r o p y l e n e g l y c o l ( P P G ) , ( a ) P P G 

2 2 5 7 a t d i f f e r e n t t e m p e r a t u r e s ( K ) a n d 

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

s a m p l e a t 2 2 3 K . 2 3 2 

5 . 4 7 M o l e c u l a r w e i g h t d e p e n d e n c e o f t h e K e r r 

c o n s t a n t o f P P G a t 2 2 3 K . 2 3 3 

5 . 4 8 T h e f i e l d d e p e n d e n c e o f t h e r e t a r d a t i o n 

6 f o r p o l y p r o p y l e n e o x i d e ( P P O ) , t y p i f i e d 

b y t w o c o n c e n t r a t i o n e a c h f r o m s a m p l e s 

S 3 . 3 a n d S 4 . 4 . I n s e r t i s t h e c o n c e n t r a t i o n 

d e p e n d e n c e o f t h e K e r r c o n s t a n t s . 2 3 5 

5 . 4 9 T h e f i e l d d e p e n d e n c e o f t h e r e t a r d a t i o n , 6 

f o r e t h y l c e l l u l o s e a t c o n c e n t r a t i o n s 5 . 6 , 

9 . 9 , 1 6 . 6 , 4 0 . 0 , a n d 5 7 . 2 k g m " 3 a n d t h e 

s o l v e n t t o l u e n e . 2 3 6 

P h o t o . N o p a g e 

1 T h e K e r r e l e c t r o - o p t i c e q u i p m e n t . 7 4 
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L I S T O F P R I N C I P A L S Y M B O L S 

R o m a n C a p i t a l s 

_ 2 
B E x p e r i m e n t a l K e r r c o n s t a n t o f s o l u t i o n i n V m 

C M a s s c o n c e n t r a t i o n i n k g m 3 

C N u m b e r c o n c e n t r a t i o n 
n 

C ^ E x p e r i m e n t a l c r i t i c a l c o n c e n t r a t i o n 

C ^ V o l u m e f r a c t i o n o f s o l u t e 

C'"" O n s e t o f o v e r l a p c o n c e n t r a t i o n k g m 3 

C* f W O n s e t o f i s o t r o p i c n e m a t i c t r a n s i t i o n k g m 3 

C * O v e r l a p c o n c e n t r a t i o n b a s e d o n r a n d o m c o i l m o d e l kig m 

C * O v e r l a p c o n c e n t r a t i o n b a s e d o n r i g i d r o d m o d e l ,, 

C ( t ) C o r r e l a t i o n f u n c t i o n 

D D i f f u s i o n a l c o e f f i c i e n t 

2 -1 

D ^ C o o p e r a t i v e d i f f u s i o n a l c o e f f i c i e n t m s 

D i T r a n s l a t i o n a l d i f f u s i o n o b t a i n e d a t s h o r t e r t i m e s 
2 -1 

D ^ L o n g t i m e t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t i n m s 
D T r a n s l a t i o n a l d i f f u s i o n a s c r i b e d t o i n d i v i d u a l c h a i n s 
m . 2 - 1 

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

D R o t a t i o n a l d i f f u s i o n c o e f f i c i e n t i n d i l u t e s o l u t i o n i n 
r 

D R o t a t i o n a l d i f f u s i o n c o e f f i c i e n t i n c o n c e n t r a t e d 
r c . -1 

s o l u t i o n i n s 

D T r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t i n d i l u t e s o l u t i o n 
t 2 - 1 

l n m s 

E E i e l d g r a d i e n t i n \l m ^ 

A c t i v a t i o n e n e r g y i n J m n l 

G ^ ^ ( t , t + T ) = T h e f i e l d a u t o c o r r e l a t i o n f u n c t i o n . 

( 2) 
0 ( t » t + T ) = T h e i n t e n s i t y a u t o c o r r e l a t i o n f u n c t i o n 

I I n t e n s i t y o f 1 i g h t . 

I n t e n s i t 

p a r a l l e l 

I I n t e n s i t y o f l i g h t w h e n a n a l y s e r a n d p o l a r i s e r a r e 
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Roman Capital 
_ 2 2 

K K e r r c o n s t a n t , i n U m ( = A n / ( n E 2 ) 

T h e e f f i c i e n c y f a c t o r t a k i n g c a r e o f l o s s i n l i g h t 

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

c o m p o n e n t s 

M o m e n t u m t r a n s f e r ( f u n c t i o n o f w a v e v e c t o r ) m 3 

- 2 2 - 1 
K T h e m o l a r K e r r c o n s t a n t \J m m o l m 
K - 2 2 
s p T h e s p e c i f i c K e r r c o n s t a n t \J m ( = K / C ) 

M M o l e c u l a r m a s s ( m o l e c u l a r w e i g h t ) 

23 -1 
N . A v o g a d r o ' s n u m b e r ( 6 , 0 2 2 5 2 x 1 0 m o l ) H 

_ 2 2 
P P e r m a n e n t d i p o l e p a r a m e t e r ( = y 2 / ( k T ) 2 ) i n V/ m 

- 2 2 

Q I n d u c e d d i p o l e p a r a m e t e r { ^ a ^ - o ^ / R T ) i n U m 

S ( K , t ) = T h e d y n a m i c a l s t r u c t u r e f a c t o r 

T A b s o l u t e t e m p e r a t u r e i n K 

U E n e r g y o f i n t e r a c t i o n o f t h e e l e c t r i c f i e l d w i t h t h e 

m a c r o m o l e c u l e s i n J o u l e s . 

R o m a n L o w e r c a s e 

a c T h e c o r r e l a t i o n o r s c r e e n i n g l e n g t h ( e s s e n t i a l l y t h e 

m e a n d i s t a n c e b e t w e e n c h a i n c o n t a c t s ) 

f ( 0 ) T h e o r i e n t a t i o n d i s t r i b u t i o n f u n c t i o n 

g t-g 2 T h e o p t i c a l a n i s o t r o p y f a c t o r 

g ^ ' ^ ( t , t + T ) = N o r m a l i s e d f i e l d a u t o c o r r e l a t i o n f u n c t i o n 

( 2) 
g ( t , t + r ) = N o r m a l i s e d i n t e n s i t y a u t o c o r r e l a t i o n 

f u n c t i o n . 
k B o l t z m a n n ' s c o n s t a n t ( 1 . 3 8 0 5 x 1 0 ~ 2 3 J K~" 1) 

£ T h e l e n g t h n f c e l l i n m 

T h e s t a t i s t i c a l . l e n g t h o f f l e x i b l e m a c r o m o 1 e c u l e 

£ P e r s i s t e n c e l e n q t h c a l c u l a t e d f r o m t h e c r i t i c a l c o n -
q 

c e n t r a t i o n , i n m 

n T h e r e f r a c t i v e i n d e x 

T h e d e g r e e n f po.l y m e r i s a t i n n 

A n = HJI - n^ O p t i c a l d o u b l e r e f r a c t i o n , b i r e f r i n g e n c e 
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Roman Lower Case 

A n ^ B i r e f r i n g e n c e a t z e r o t i m e f o r c o m p o n e n t i 

A n ( t ) B i r e f r i n g e n c e a t t i m e t 

q P e r s i s t e n c e l e n g t h f o r s t i f f m o l e c u l e i n m 

r R a t i o o f t h e p e r m a n e n t t e r m t o i n d u c e d d i p o l e t e r m 

G r e e k S y m b o l s 

2 
a,-oc2 T h e p o l a r i s a b i l i t y a n i s o t r o p y (F m ) 

T h e a n a l y s e r a n g l e a w a y f r o m t h e c r o s s e d p o s i t i o n 

i n d e g r e e s 

T T h e r e c i p r o c a l t i m e c o n s t a n t ( P C S m e a s u r e m e n t s ) 

( r = D t K 2 ) 

3 T h e s p r e a d f a c t o r ( a m e a s u r e o f d e v i a t i o n f r o m 

s i n g l e e x p o n e n t i a l b e h a v i o u r ) 

T h e p e r m a n e n t d i p o l e t e r m ( = p E / k T ) 

y J n d u c e d d i p o l e i n t e r a c t i o n t e r m { ( a ^ - a 2 ) 6 2 / 2 k T } 

6 T h e r e t a r d a t i o n d u e t o t h e b i r e f r i n g e n c e i n r a d i a n s 

6 S t r a i n r e t a r d a t i o n f r o m t h e w i n d o w s , i n r a d i a n s , o 
e T h e d i e l e c t r i c c o n s t a n t , e ' r e p r e s e n t s t h e r e a l p a r t 

a n d £ ' ' , t h e i m a g i n a r y p a r t . 

C c T h e c o n c e n t r a t i o n e x p o n e n t 

T h e m o l e c u l a r w e i g h t e x p o n e n t 

g T h e s o l u t i o n v i s c o s i t y i n c e n t i p o i s e 

n s T h e s o l v e n t v i s c o s i t y i n c e n t i p o i s e 

[r|] T h e i n t r i n s i c v i s c o s i t y m 3 k g ^ 

6 T h e o r i e n t a t i o n a n g l e i n r a d i a n s 

A T h e w a v e l e n g t h o f l i g h t in vacuo i n m 

p T h e p e r m a n e n t d i p o l e m o m e n t C m 

T T h e r e l a x a t i o n t i m e i n s 

d e f C h a r a c t e r i s t i c r e l a x a t i o n t i m e o f t h e d e f e c t d i f f u s i o n 

t ^ R e l a x a t i o n t i m e a s s o c i a t e d w i t h A n / A n n = i n s 

t . I n i t i a l r e l a x a t i o n t i m e i n s 
i n 

T ' P e e l e d ' r e l a x a t i o n t i m e i n s P 
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Greek Symbols 

T 
r R e l a x a t i o n t i m e a s s o c i a t e d w i t h t h e r i s e t r a n s i e n t i n s 

T r e R e l a x a t i o n t i m e a s s o c i a t e d w i t h t h e r e p t a t i o n 

w r i g g . l i n g m o t i o n i n s 

$ ( 3 » Y ) = T h e o r i e n t a t i o n f a c t o r 

a) A n g u l a r f r e q u e n c y i n r a d i a n s s ^ 
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I N T R O D U C T I O N 

P o l y m e r i c m a t e r i a l s p l a y a k e y r o l e i n p r e s e n t d a y 

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

p o l y s t y r e n e , p o l y e t h y l e n e a n d p o l y v i n y l c h l o r i d e ( P V C ) i s 

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

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

s p e c i f i c a t i o n s . T h e s u c c e s s f u l d e v e l o p m e n t o f s u c h " m o l e c u l a r * 

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

i o n s h i p b e t w e e n t h e b u l k p r o p e r t i e s o f m a t e r i a l s a n d t h e 

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

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

T h e m a j o r c h a r a c t e r i s t i c s o f p o l y m e r s w h i c h d i s t i n g u i s h 

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

t i c s f r o m h i g h m o d u l u s b r i t t l e s o l i d s t h r o u g h w e a k e r r u b b e r y . 

s o l i d s t o e l a s t i c m e l t s ; ( i i ) p r o p e r t i e s w h i c h a r e t i m e d e p e n -

d e n t - w h i c h c h a r a c t e r i s t i c s t h e y e x h i b i t d e p e n d s o n t h e t i m e • 

s c a l e o f o b s e r v a t i o n a n d / o r t h e m e c h a n i c a l a n d t h e r m a l 

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

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

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

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

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

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

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

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

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

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

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

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

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

m o d e l s y s t e m s a r e b e g i n n i n g t o b e m a d e [ i l l ] . H o w e v e r , o u r 

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

a t p r e s e n t a n d a m o r e p r a c t i c a l a p p r o a c h i s t o u s e e x p e r i m e n -

t a l t e c h n i q u e s t o p r o b e t h e c h a i n d y n a m i c s d i r e c t l y . T h e s e 
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r e s u l t s c a n b e u s e d i n t w o d i r e c t i o n s : t o i n c r e a s e o u r u n d e r -

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

v a r y i n g c o n d i t i o n s , o r t o g i v e i n s i g h t i n t o t h e n a t u r e o f t h e 

f o r c e s i n v o l v e d i n p o l y m e r s y s t e m s . 

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

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

f o r m a c r o m o l e c u l e s . F o r p o l y m e r s w e u s e v e r y d i l u t e s o l u t i o n s 

t o c h a r a c t e r i s e s i n g l e c h a i n d y n a m i c s . H e r e i n t r a m o l e c u l a r • ; 

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

h a v e a n i m p o r t a n t r o l e t o p l a y . T w o t e c h n i q u e s w h i c h h a v e b e e n 

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

( a ) T h e d y n a m i c K e r r e f f e c t . H e r e t h e p r i n c i p l e i s t o p a r t i a l l y 

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

o f a n e l e c t r i c f i e l d , a n d t o m o n i t o r t h e o r i e n t a t i o n a n d 

t h e s u b s e q u e n t d i s o r i e n t a t i o n ( o r r e l a x a t i o m ) o f t h e m o l e -

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

t h e - c h a n g e s i n t h e b i r e f r i n g e n c e o f t h e s a m p l e . I n p a r t i c u l a r 

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

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

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

m a c r o m o l e c u l e s [l]. 

( b ) P h o t o n c o r r e l a t i o n s p e c t r o s c o p y . H e r e t h e t i m e a n d 

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

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

a t i o n a b o u t t h e m o t i o n o f t h e s c a t t e r i n g c e n t r e s . T h e s e t w o 

t e c h n i q u e s h a v e b e e n w i d e l y a p p l i e d i n d i l u t e s o l u t i o n s t o 

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

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

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

a n d p o l a r i s a b i l i t y a n i s o t r o p y . 

A s p o l y m e r c o n c e n t r a t i o n i n c r e a s e s , i n t e r a c t i o n s 

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

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

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

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

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

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

b u l k p r o p e r t i e s o f p o l y m e r s u n d e r c o n d i t i o n s i n w h i c h t h e y 

a r e n o r m a l l y u s e d . V e r y l i t t l e e x p e r i m e n t a l w o r k h a s b e e n 
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c a r r i e d nut. o n t h e d y n a m i c s n f c o n c e n t r a t e d p o l y m e r 

s o l u t i o n s , o r o n m o l e c u l e s o f a w i d e r a n g e o f f l e x i b i l i t 

i e s t O n e o b j e c t i v e o f t h i s w o r k h a s b e e n t o u s e t h e K e r r 

e f f e c t a n d P C S t o c h a r a c t e r i s e p o l y m e r c h a i n d y n a m i c s o v e r 

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

s e p a r a t e t h e e f f e c t s o f i n t r a m o l e c u l a r f o r c e s ( i . e . c h a i n 

c o n f o r m a t i o n o r ' f l e x i b i l i t y ' ) a n d i n t e r m o l e c u l a r f o r c e s 

( i . e . i n t e r a c t i o n s o r ' e n t a n g l e m e n t s ' a s t h e y a r e c o m m o n l y 

d e s c r i b e d ) . T h e e f f e c t s o f c h a n g i n g c h a i n s t r u c t u r e , m o l e - ' 

c u l a r w e i g h t a n d 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 , c o n c e n t r a t -

i o n , t e m p e r a t u r e a n d e n v i r o n m e n t h a v e b e e n s y s t e m a t i c a l l ' y 

e x a m i n e d . 

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

T h e o l o g i c a l b e h a v i o u r b a s e d o n m o l e c u l a r i d e a s h a s b e e n 

r e s t r i c t e d t o i s o l a t e d c h a i n s i n a s o l v e n t . T h e i d e a s o f 

R o u s e [ 3 ] a n d Z i m m [ l l ] f o r f l e x i b l e m o l e c u l e s a n d P e r r i n [65] 

a n d B r o e r s m a |l4] f o r r i g i d b o d i e s a r e t h e b a s i s o f w o r k i n 

t h i s a r e a . H o w e v e r , i n t h e l a s t f e w y e a r s , t h e r e h a s b e e n a 

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

s y s t e m s . I n p a r t i c u l a r D o i a n d E d w a r d s h a v e d e v e l o p e d t h e o r i e s 

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

r i g i d s y s t e m s [ 4 ] a n d f l e x i b l e c h a i n s [ 9 6 ] b a s e d o n 

r e p t a t i o n i d e a s f i r s t i n t r o d u c e d b y d e G e n n e s [ l 7 ] • T h e s e 

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

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

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

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

f r o m t h e t h e o r e t i c a l a d v a n c e s m a d e i n t h i s a r e a i n t h e l a t e 

1 9 7 0 ' s . T o q u a n t i t a t i v e l y t e s t t h e s e t h e o r i e s f o r r e a l 

s y s t e m s a n d e x a m i n e t h e e x t e n t t o w h i c h t h e y c a n b e a p p l i e d 

t o s y s t e m s o f v a r y i n g f l e x i b i l i t y h a s b e e n a n o t h e r o f t h e 

o b j e c t i v e s o f t h i s w o r k . 

C h a p t e r 2 o f t h i s t h e s i s , i n t r o d u c e s t h e r a n g e o f 

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

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

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

h e r e . T h e e q u i p m e m t u s e d , t h e e x p e r i m e n t a l p r o c e d u r e a n d t h e 

m e t h o d s o f d a t a a n a l y s i s e m p l o y e d a r e d e s c r i b e d i n C h a p t e r 3 . 

C h a p t e r 4 g i v e s d e t a i l s o f p o l y m e r s u s e d a n d t h e m e t h o d s o f 
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s a m p l e p r e p a r a t i o n . T h e e x p e r i m e n t a l r e s u l t s a r e p r e s e n t e d 

a n d d i s c u s s e d s y s t e m b y s y s t e m i n C h a p t e r 5. T h i s i s i n t w o 

p a r t s : I) D y n a m i c s t u d i e s a n d I I ) S t a t i c ( e l e c t r i c a l ) p r o -

p e r t i e s . F i n a l l y i n C h a p t e r 6 t h e r e s u l t s f o r t h e d i f f e r -

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

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

s e m i - f 1 e x i b l e c h a i n s d e v e l o p e d i n t h i s w o r k . 
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D Y N A M I C S O F P O L Y M E R S 

2 . 1 S i g n i f i c a n c e o f d y n a m i c s t u d i e s 

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

m e c h a n i c a l a n d f l o w p r o p e r t i e s d e p e n d i n g o n t h e c o n d i t i o n s ( e g 

t e m p e r a t u r e , t i m e s c a l e , e n v i r o n m e n t ) i n w h i c h i t i s b e i n g u s e d . 

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

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

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

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

t o a l a r g e e x t e n t b y t h e e x t e n t o f m o l e c u l a r m o t i o n w i t h i n t h e . 

p o l y m e r i c m a t e r i a l i . e . b y t h e c h a i n d y n a m i c s ( 2 ) . 

T h e r m o p l a s t i c - p o l y m e r s , l i k e m e t a l s , a r e s o l i d a t l o w 

t e m p e r a t u r e s a n d f l o w a s v i s c o u s l i q u i d s a t h i g h t e m p e r a t u r e s . 

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

v e r y d i f f e r n t f r o m t h a t o f t h e m e t a l s i n t h e s e t w o s t a t e s , i t i s 

b e t w e e n t h e s e t w o e x t r e m e s t h a t t h e m o s t c h a r a c t e r i s t i c d i f f e r -

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

i s f o u n d ( F i g 2 . 1 ) . I n c h a n g i n g f r o m a s o l i d g l a s s y m a t e r i a l t o 

Glass 

Mod 

Glass transition 

.Melt-flow transition 

Viscoelastic liquid 

Temp c -

Fig 2-1 Temperature dependence of energy storage modulus-for 

an amorphous polymer. 
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t h e v i s c o u s l i q u i d s t a t e , p o l y m e r s g o t h r o u g h f i v e d i s t i n g u i s h - • ' 

a b l e s t a t e s - g l a s s - l i k e , t h e g l a s s t r a n s i t i o n , r u b b e r - l i k e , t h e 

m e l t t r a n s i t i o n ( r u b b e r y l i q u i d ) a n d t h e v i s c o e l a s t i c l i q u i d . 

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

m o t i o n i n t h e m a t e r i a l . I n t h e g l a s s s t a t e n e i t h e r s e g m e n t a l 

r o t a t i o n n o r c h a i n t r a n s l a t i o n s ! m o t i o n o c c u r t o a n y a p p r e c i a b l e 

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

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

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

i r r e v e r s i b l e f l o w . I n t h e v i s c o u s f l o w r e g i o n b o t h m o t i o n s a r e 

s i g n i fi c a n t . 

T h e b u l k m e c h a n i c a l p r o p e r t i e s a n d t h e f l o w b e h a v i o u r o f a 

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

m o l e c u l a r m o t i o n : m o l e c u l a r s t r u c t u r e , m o l e c u l a r w e i g h t ( a n d i t s 

d i s t r i b u t i o n ), t h e p o l y m e r e n v i r o n m e n t (e.g. s o l v e n t , c o n c e n t r a t i o n ) , 

Structure \ \ 

Molecular wt.\ 

Temperature 

Environment 

Fig 2-2 Factors determing polymeric behaviour 

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

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

t r a n s l a t i o n a l m o t i o n s o f t h e m o l e c u l e s . T h e m o t i o n s i n v o l v e 

F o r c e s — — D y n a m i c s — — B u l k properties 

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

a r e a f f e c t e d b y b o t h i n t r a m o l e c u l a r ( o r ' s t e r i c ' ) a n d i n t e r -

m o l e c u l a r ( ' c h a i n e n t a n g l e m e n t s ' ) f o r c e s . 

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

s h o w n s c h e m a t i c a l l y i n F i g 2 . 2 . P a r a m e t e r s s u c h a s p o l y m e r 

m o l e c u l a r w e i g h t , s t r u c t u r e , e n v i r o n m e n t a n d t e m p e r a t u r e . 

i n f l u e n c e t h e v a r i o u s f o r c e s w i t h i n t h e p o l y m e r s y s t e m a n d ' 

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

c u r r e n t q u a n t i t a t i v e u n d e r s t a n d i n g o f t h e i n t e r a n d i n t r a m o l -

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

a m o r e f r u i t f u l a p p r o a c h i s t o s t u d y t h e c h a i n ' d y n a m i c s d i r e c t l y 

b y e x p e r i m e n t s . T h i s p o l y m e r - d y n a m i c s r o u t e ( t h i c k l i n e i n F i g • 

2 . 2 ) i s t h e o n e o n w h i c h a t t e n t i o n i s f o c u s s e d i n t h i s w o r k . 

I t i n v o l v e s d e t e r m i n i n g a n d a t t e m p t i n g t o u n d e r s t a n d h o w t h e 

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

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

t h e m e c h a n i s m s r e s p o n s i b l e f o r t h e m , w e s h o u l d b e b e t t e r e q u i p -

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

d e s i r e d e n d p r o p e r t i e s . B y e x a m i n i n g c h a n g e s i n m i c r o s c o p i c 

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

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

T h e o l o g i c a l b e h a v i o u r . 

2 . 1 . 1 T y p e s o f m o l e c u l e s 

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

c u l e b y r , t h e c o n t o u r l e n g t h b y L , t h e c h a i n d i a m e t e r d , t h e 

m o n o m e r u n i t l e n g t h £ , a n d t h e p e r s i s t e n c e l e n g t h , w h i c h i s a 

m e a s u r e o f t h e e x t e n t t o w h i c h t h e m a c r o m o l e c u l e s u s t a i n s i t s 

i n i t i a l d i s p l a c e m e n t b y q , p o l y m e r c h a i n s c a n b e b r o a d l y 

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

( i ) S t i f f r i g i d m a c r o m o l e c u l e s , i n w h i c h £ / d > > 1 a n d t h e e n d -

t o - e n d d i s t a n c e r e q u a l s t h e c o n t o u r l e n g t h L . T h e p e r s i s t e n c e 

l e n g t h q i s s o l a r g e t h a t q = o o i m p l y i n g t h a t c h a i n f l e x i b i l i t y 

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

l o n g r i g i d r o d s ( F i g 2 . 3 ( a ) ) o r s o m e t i m e s b y o t h e r r i g i d 

g e o m e t r i e s s u c h a s e l l i p s o i d s o f r e v o l u t i o n o r s p h e r o c y 1 i n d e r s • 

T h e o n l y p o s s i b l e r o t a t i o n a l m o t i o n f o r t h i s t y p e o f m a c r o m o l e -

c u l e i n v o l v e s t h e e n t i r e m o l e c u l e , a s r o t a t i o n a b o u t b a c k b o n e 

b o n d s i s s e v e r e l y r e s t r i c t e d . A t i m e d e p e n d e n t d e f i n i t i o n o f 

chain stiffness implies that the time required for such changes 

2/3 
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i n c o n f o r m a t i o n b y s e g m e n t a l r o t a t i o n a r e f a r g r e a t e r t h a n 

t h e t i m e r e q u i r e d f o r t h e r o t a t i o n o f t h e w h o l e m o l e c u l e . 

( i i ) Hie} h l y f l e x i b l e r a n d o m c o l l e d m a c r o m o l e c u l e s , i n w h i c h 

t h e a v e r a g e p e r s i s t e n c e l e n g t h p r o j e c t i o n q , i s s i m i l a r t o 1 

( .*. & - q < < L ) . T h e m a c r o m o l e c u l e c a n c o i l a n d a s s u m e a w i d e 

r a n g e o f o v e r a l l c o n f o r m a t i o n s ( s e e F i g 2 . 3 ( b ) ) . E a c h s e g m e n t 

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

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

c h a i n , a p a r t f r o m t h o s e t o w h i c h i t i s d i r e c t l y a t t a c h e d . A 

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

r o t a t i o n t o w h o l e m o l e c u l e r o t a t i o n a n d / o r t r a n s l a t i o n ( s e e 

s e c t i o n 2 . 2 ) 

(a) 

(c) 

(b) 

Fig 2-3 Schematic diagram of molecular types. 

(a)Complefely stiff (rod-like) macromolecule (b)Random coiled macro-

molecule (c)Weakly-flexible persisfenf macromolecule (d)Semi-flexible 

freely jointed macromolecule. 

( i i i ) S e m i - f 1 e x i b l e m a c r o m o l e c u l e s , B e t w e e n t h e t w o e x t r e m e s 

o f t h e r i g i d • a n d r a n d o m c o i l m o d e l s t h e r e e x i s t s a b r o a d 

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

f l e x i b l e . F o r t h i s g r o u p t/d * 1 a n d £ < q < [_ . H e r e t h e d e g r e e 

o f c h a i n f l e x i b i l t y a s d e f i n e d b y q i s i m p o r t a n t . W i t h q c l o s e 

t o L , t h e c h a i n c a n b e d e s c r i b e d a s ' w e a k l y b e n d i n g ' ( F i g 2 . 3 

( c ) ) . F o r l o w v a l u e s o f q ( q c l o s e r t o I ) a m o c ) e l i n v o l v i n g 
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f r e e l y j o i n t e d s e g m e n t s o f l e n g t h q ( s e e F i g 2 . 3 ( d ) ) b e c o m e s 

m o r e a p p r o p r i a t e . A g a i n s e g m e n t a l a n d w h o l e m o l e c u l a r 

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

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

b e c o m e s s t i f f e r . T
S / / T

r h e n c e r a n g e s f r o m v a l u e s f a r l e s s 

t h a n o n e f o r q L t h r o u g h u n i t y t o v a l u e s f a r g r e a t e r t h a n 

o n e w h e r e q a p p r o a c h e s L . R e l a t i v e c h a n g e s i n t h e s e c h a r a c t -

e r i s t i c t i m e s a n d h e n c e t h e ' c h a i n f l e x i b i l i t y ' c a n b e b r o u g h t 

a b o u t b y a n y o f t h e p a r a m e t e r s s h o w n i n F i g 2 . 2 a n d s o t h e 

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

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

2 . 2 M o d e s o f m o t i o n o f m a c r o m o l e c u l e s i n s o l u t i o n 

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

i m p o r t a n c e i n p o l y m e r s : 

( a ) T r a n s l a t i o n a l m o t i o n , i n v o l v i n g m o v e m e n t o f t h e c e n t r e o f 
— 6 

m a s s . T h e t i m e s c a l e o f t h i s m o t i o n i s t y p i c a l l y ^ 1 0 s ( f o r 

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

r a d i u s o f g y r a t i o n , R q ) . 

( b ) R o t a t i o n a l m o t i o n i n v o l v i n g t h e e n t i r e m o l e c u l e . H e r e a l l 

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

i n v o l v e s a w e l l d e f i n e d i n t e r s e g m e n t a l g e o m e t r y . F o r r o d l i k e 

m a c r o m o l e c u l e s t h e r o t a t i o n c a n e i t h e r b e a b o u t t h e m i n o r a x i s 

( F i g 2 . 4 ( a ) ) o r m a j o r a x i s ( F i g 2 . 4 ( b ) ) w i t h f i x e d g e o m e t r y . 

Tig 2.4 PlodcA of zie. taxation fon maceomotecatcA: 
(a) Rotation of nod A ado at minoe axitf end-oven-end) 
ft) Rotation of codA ado at majo/i axiA fc) I At mode 
cctaxat ion of ftexitte maccomo tecute.A : ( d) Rotation 
ado at tack to n a chain (e) Side chain notation. 
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The time for whole molecule rotation depends on the . _ g 
m a c r o m o l e c u l a r s i z e a n d s h a p e , r a n g i n g f r o m ^ 1 0 s f o r 

i s o l a t e d s h o r t , c h a i n s t o 'ulO /4
S f o r l o n g e r c h a i n s i n t y p i c a l 

l o w v i s c o s i t y s o l v e n t s . F o r f l e x i b l e c h a i n s , t h e t r a n s l a t i o n a l 

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

a s s o c i a t e d w i t h t h e z e r o t h a n d f i r s t n o r m a l m o d e s [ l ] r e s p e c t -

i v e l y ( F i g 2 . 4 ( c ) , s e e s e c t i o n 2 . 3 . 1 ) . 

( c ) S e g m e n t a l m o t i o n , w h i c h m a y i n v o l v e p a r t s o f t h e m a i n c h a i n 

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

s e g m e n t a l m o t i o n i n v o l v e s c h a n g e s i n t h e l o c a l c o n f o r m a t i o n s 

o f t h e c h a i n a n d t a k e s p l a c e o n l y i n f l e x i b l e m a c r o m l o e c u l e s . 

T h e s e m o t i o n s w h i c h i n v o l v e r o t a t i o n a b o u t t h e b a c k b o n e b o n d s 

( F i g 2 . 4 ( d ) ) c a n o c c u r w i t h i n c r e a s i n g i n d e p e n d e n c e o f t h e 

m o t i o n o f o t h e r s e g m e n t s a s t h e c h a i n b e c o m e s m o r e f l e x i b l e -

T h e t i m e s f o r s e g m e n t a l r e a r r a n g e m e n t a r e s h o r t e r t h a n t h o s e 
_ g 

f o r r o t a t i o n o f t h e e n t i r e c h a i n ( ^ 1 0 s ) . S i d e c h a i n 

r o t a t i o n a l m o t i o n ( F i g 2 . 4 ( e ) ) i s f a s t e r s t i l l a n d c a n t a k e 

p l a c e i n d e p e n d e n t l y o f t h e b a c k b o n e m o t i o n ( t y p i c a l l y 1 0 - 1 " 8 — 
- 8 

1 0 " s ) , a l t h o u g h i n s o m e m o l e c u l e s t h e r e - i s e v i d e n c e o f 

c o - o p e r a t i v e m o t i o n o f s i d e c h a i n s a n d l o c a l m a i n c h a i n 

s e g m e n t s ( 7 7 ) . 

2 . 3 . T h e o r i e s . o f m a c r o m o T e c u l a r d y n a m i c s . 

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

d r a m a t i c a l l y a s t h e e x t e n t o f m o l e c u l a r i n t e r a c t i o n s i n c r e a s e s * 

I t i s c o n v e n i e n t t o d i s t i n g u i s h t h r e e c o n c e n t r a t i o n r e g i m e s in 

w h i c h t h e d e g r e e o f c h a i n i n t e r a c t i o n i s q u a l i t a t i v e l y 

d i f f e r e n t s e e F i g 2 . 5 . A t i n f i n i t e d i l u t i o n ( F i g 2 . 5 ( a ) ) , 

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

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

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

d y n a m i c s w i l l b e o b s e r v e d . UJhen t h e c o n c e n t r a t i o n i s 

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

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

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

e x p e c t e d ( s e m i - d i l u t e r e g i o n - F i g 2 . 5 b ) . O n i n c r e a s i n g 

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

e a c h o t h e r ' s m o t i o n . W h e n t h e m e a n d i s t a n c e b e t w e e n t h e c h a i n s 

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

m o l e c u l e s o r w i t h t h e l e n g t h o v e r w h i c h s i g n i f i c a n t 

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

o r e n t a n g l e d r e g i m e ( F i g 2 . 5 c ) , t h e s y s t e m i s a p p r o a c h i n g 

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

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

i m p o r t a n t . 

Fig 2-5 Concentration regimes for coils and rods-

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

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

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

s o l u t i o n a r e e x t e n s i v e a n d h a v e b e e n u s e d t o e x p l a i n , 

e x p e r i m e n t a l o b s e r v a t i o n s a n d i n t e r p r e t t h e m i n t e r m s o f 

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

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

t - h e o r e t i c a l ( 4 , 5 , 6 . ) a n d e x p e r i m e n t a l ( 7 , 8 , 9 ) i n v e s t i g a t i o n s 

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

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

a n d c h a i n f l e x i b i l i t y . 

(a) dilute (b) semi-dilute (c) concentrated 
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2.3.1 Dilute solution 

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

s o l u t i o n i s s u f f i c i e n t l y l a r g e f o r p o l y m e r - p o l y m e r i n t e r -

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

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

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

r a n d o m c o i l m o d e l , t h e r i g i d r o d m o d e l a n d t h e s e m i - f 1 e x i b l e 

c o i l m o d e l . 

R a n d o m c o i l m o d e l 

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

a r e t h o s e a s s o c i a t e d w i t h R o u s e ( 3 ), B u e c h e { I D ) , a n d Z i m m 

( 1 1 ) . T h e R o u s e - B u e c h e - Z i m m m o d e l o r ' b e a d - s p r i n g ' m o d e l a s 

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

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

o n t h e l a r g e s c a l e c o n f i g u r a t i o n a l r e l a x a t i o n s w h i c h c o n t r o l 

t h e v i s c o e l a s t i c b e h a v i o u r . T h e m o d e l r e p l a c e s t h e r e a l 

m o l e c u l e o f n m a i n a t o m s b y a m e c h a n i c a l c h a i n o f N + l b e a d s 

j o i n e d b y N l i n e a r s p r i n g s ( s e e F i g 2 . 6 a , b)* T h e f r i c t i o n a l 

(a) (b) 

(c) (d) (e) 

Fig 2-6 Spring-bead model and lower modes of motion-

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

m o l e c u l a r l e n g t h , a r e m o d e l l e d b y a f r i c t i o n a l c o e f f i c i e n t 
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c o n c e n t r a t e d o n t h e b e a d s , . E a c h s e g m e n t c o n t a i n s 

s u f f i c i e n t m o n n m e r u n i t s t n b e h a v e a s a G a u s s i a n s u b c h a i n o f 

m e a n e n d - t o - e n d d i s t a n c e r. n - r. . D e v i a t i o n s f r o m t h i s 
—i+.l —i 

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

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

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

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

t h e v e l o c i t y o f t h e s u r r o u n d i n g m e d i u m . T h e B r o w n i a n m o t i o n 

i s r e s p o n s i b l e f o r r e s t o r i n g t h e s e g m e n t s t o a n e q u i l i b r i u m 

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

b e a d s i n t e r m s o f a s e r i e s o f n o r m a l m o d e s e a c h o f w h i c h . 

i n v o l v e s a c o o p e r a t i v e m o t i o n o f t h e w h o l e c h a i n , c h a r a c t e r - • 

i s e d b y a c h a r a c t e r i s t i c p e r i o d o r r e l a x a t i o n t i m e . F o r t h e 

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

c h a i n i s i g n o r e d ( ' f r e e d r a i n i n g c o i l ' o r R o u s e m o d e l ) , t h e 

r e l a x a t i o n t i m e s o f t h e s e m o d e s h a v e b e e n r e l a t e d t o t h e 

m o l e c u l a r w e i g h t , t h e i n t r i n s i c v i s c o s i t y 1 lb] ; s o l v e n t 

v i s c o s i t y , n s , t e m p e r a t u r e T a n d t h e g a s c o n s t a n t , R , 

a c c o r d i n g t o t h e e x p r e s s i o n , ( 3 , 1 1 , 8 5 ) 

1.21 N[n].n 
T 2 . 1 
P 2 

R T p 

w h e r e p i s t h e m o d e n u m b e r . T h e f i r s t n o r m a l m o d e ( p = l ) i s 

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

w i t h i n - p h a s e w r i g g l i n g - t y p e m o t i o n s o f s h o r t e r w a v e l e n g t h , 

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

p h a s e w i t h e a c h o t h e r ( s e e F i g 2 . 6 ( c ) , ( d ) , ( e ) ) . 

T h e n o n - f r e e d r a i n i n g a p p r o x i m a t i o n o f Z i m m c o n s i d e r s 

t h e i n t e r a c t i o n b e t w e e n t h e b e a d s a n d t h e s o l v e n t a n d t h e 

c o n s e q u e n t p e r t u r b a t i o n s i n l o c a l s o l v e n t v e l o c i t y . I t m e r e l y 

l e a d s t o a m o d i f i c a t i o n o f t h e c o n s t a n t i n t h e e q u a t i o n 2 . 1 , 

t h e f i r s t n o r m a l m o d e r e l a x a t i o n t i m e b e i n g [ 3 , 1 1 , 8 5 ] , 

T l = o. 85M [n]ns 

R T 

H o w e v e r t h e m o l e c u l a r w e i g h t d e p e n d e n c e o f t h e 

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

s i n c e f o r a R o u s e c h a i n [n] a M w h e r e a s f o r t h e Z i m m c a s e 

[ H] « M 5 . 



R i g i d r o d m o d e l 

- 35 -

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

t r a n s l a t i o n a l d y n a m i c s o f d i l u t e s y s t e m s o f r o d s i n s o l u t i o n 

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

t h o s e o f K i r k w o o d a n d A u e r [ 1 2 ] a n d o f R i s e m a n a n d K i r k w o o d 

[ 1 3 ] . A r i g i d r o d p a r t i c l e i n a v e l o c i t y g r a d i e n t e x p e r i e n c e s 

f o r c e s t r y i n g t o a l i g n i t w i t h i t s a x i s i n t h e d i r e c t i o n o f 

t h e f l o w . T h i s w i l l b e o p p o s e d b y B r o w m i a n f o r c e s t r y i n g t o 

d i s o r i e n t a t e t h e m o l e c u l e s ^ b u t u n l i k e i n t h e R o u s e m o d e l , n o . 

m o l e c u l a r d e f o r m a t i o n w i l l o c c u r . T h e n e t r e s u l t i s t h a t t h e 

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

o f m a s s a n d r o t a t i o n a l m o t i o n a r i s i n g f r o m t h e r o t a t i o n a l . 

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

h a v e b e e n r e l a t e d t o t h e m o l e c u l a r l e n g t h , L , a n d d i a m e t e r , d 

a c c o r d i n g t o t h e e x p r e s s i o n s £ 1 2 , 1 3 , G 5 ) 

i ) f o r t r a n s l a t i o n a l d i f f u s i o n p a r a l l e l t o r o d a x i s , 

k T 
D = ! I n L / d 2 . 3 t 2tth L 

s 

i i ) f o r t r a n s l a t i o n a l d i f f u s i o n p e r p e n d i c u l a r t o r o d a x i s 

D = k T l n L / d 2 . 4 

47TnsL 

i i i ) f o r r o t a t i o n a l d i f f u s i o n o f t h e r o d , 

3 k T 
D 

r nrj L 
s 

3 - l n L / d 2 . 5 

w h e r e r\ i s t h e s o l v e n t v i s c o s i t y a n d k B o l t z m a n n ' s c o n s t a n t 

B r o e r s m a [ 1 4 ] c o n d u c t e d a d e t a i l e d s t u d y o f t h e 

r o t a t i o n a l d y n a m i c s o f p e r f e c t r o d s . H e o b t a i n e d a s i m i l a r 

e x p r e s s i o n f o r D ^ a s a b o v e , w i t h a n a d d i t i o n a l c o r r e c t i o n 

t e r m y w h i c h c a t e r s f o r e n d e f f e c t s : 

3 k T 
D = { l n 2 L / d - y } 2 . 6 
r . 3 TT T") L 

s 

Y = 1 . 5 7 - 7 { ( l n 2 L / d ) " 1 - 0 . 2 8 ) -

2 . 5 ( a ) 
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5 emi-flexible model 

T h e r a n d o m c o i l a n d t h e r o d m o d e l s d o n o t r e p r e s e n t a 

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

e x t r e m e t y p e s o f b e h a v i o u r . T h e a v a i l a b l e m o d e l s t h a t h a v e 

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

t h o s e o f H e a r s t [ 1 5 ] f o r t h e ' w o r m - l i k e ' c h a i n a n d t h e 

+ w e a k l y b e n d i n g ' r o d . 

T h e ' w o r m - l i k e ' m o d e l s t a r t s f r o m a p o l y m e r c h a i n o f 

t h e r a n d o m c o i l ( R o u s e ) t y p e a n d i n t r o d u c e s f a c t o r s t h a t 

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

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

u n i t s . F o r s u c h a m o l e c u l e , t h e i s o l a t e d r o t a t i o n a l * 

c o e f f i c i e n t D ^ i s g i v e n b y 

n k T p 2 _ _ _ ? h 
u

r { 0 . 1 2 6 / F T 7 q p + • . 1 5 9 1 n - . 3 8 7 + 0 ? 1 6 ( D / a 
D s q M 2 b 

w h e r e L i s t h e c h a i n c o n t o u r l e n g t h , M t h e m o l e c u l a r m a s s , 

p=(Yl/L t h e m a s s p e r u n i t l e n g t h , q t h e p e r s i s t e n c e l e n g t h , a 

t h e S t o k e s d i a m e t e r ( - £ / 6 TT R| s w h e r e £ i s a s e g m e n t a l 

f r i c t i o n a l c o e f f i c i e n t ) a n d b t h e s p a c i n g b e t w e e n f r i c t i o n a l 

e l e m e n t s ( s e g m e n t l e n g t h ) . 

T h e ' w e a k l y b e n d i n g ' r o d m o d e l s e e k s t o d e t e r m i n e t h e 

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

p e r f e c t l y r i g i d r o d . T h e r i g i d r o d m a c r o m o l e c u l e - , i s 

r e p r e s e n t e d b y a n a r r a y o f 2 n + l f r i c t i o n a l g r o u p s , s p r e a d a t 

e q u a l d i s t a n c e s b , o n a l i n e a r a x i s o f l e n g t h , L . T h e ' w e a k l y 

b e n d i n g ' r o d m o d e l i n t r o d u c e s t h e a d d i t i o n a l p a r a m e t e r q , t h e 

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

c o e f f i c i e n t w i t h t h e m o l e c u l a r p a r a m e t e r s b y : 

D 
kTp r M , M M 

zz j 3 1 n - 4 . 9 2 + 4 ( — + ( A . 6 i n — 
r _ M 3 I a 7Tr| M L 2 p b 4 p q 2 p b s 

_ 1 0 . 2 + ft (-1-))) 2. 8 

T h e s y m b o l s a r e t h e s a m e a s f o r t h e ' w o r m - l i k e ' c h a i n m o d e l . 

T h e r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t s f o r t h e t w o m o d e l s h a v e 
/ -1 5 

d i f f e r e n t m o l e c u l a r w e i g h t d e p e n d e n c e s ; ( D oc M f o r t h e 
_ 3 r 

' w o r m - l i k e ' m o d e l a n d M f o r t h e ' w e a k l y b e n d i n g ' m o d e l ) . 
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2.3.2 Concentrated solution 

I n c r e a s i n g t h e c o n c e n t r a t i o n b r i n g s m a c r o m o l e c u l e s 

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

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

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

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

a n d s h o w s a u n i q u e c o m b i n a t i o n o f v i s c o u s a n d e l a s t i c 

c h a r a c t e r i s t i c s . H o w e v e r , r e l a t i v e l y f e w t h e o r e t i c a l m o d e l s 

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

t h e o r i e s i n c l u d e t h o s e o f d e G e n n e s [ 1 7 , 4 4 ], D o i a n d E d w a r d s 

[ 4 , 9 6 ] , E d w a r d s a n d E v a n s [ 1 9 ], S c h a e f e r e t a l [ 9 7 ] , F r e e d 

a n d E d w a r d s [ 5 ] a n d Y a m a k a w a { 2 0 ) • 

F l e x i b l e c o i l 

d e G e n n e s [ 1 7 ] d e v e l o p e d t h e c o n c e p t o f c h a i n r e p t a t i o n 

f o r f l e x i b l e c h a i n s i n t h e s e m i - d i l u t e r e g i m e . A c c o r d i n g t o 

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

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

2 . 7 c , e ) . T h e t r a n s l a t i o n a l m o t i o n o f t h e w h o l e c h a i n a l o n g 

t h e a x i s o f t h i s t u b e i s a c h i e v e d b y l o c a l r e p t a t i v e ( o r 

r e p e a t e d w r i g g l i n g ) m o t i o n o f s m a l l s e g m e n t s ( s e e F i g 2 . 7 d ) * 

T h e t h e o r y d e s c r i b e s t h e w r i g g l i n g m o t i o n a l o n g t h e c h a i n b y 
a 

d i f f u s i o n o f d e f e c t s w h i c h f o r A f l e x i b l e c h a i n i s r e l a t i v e l y 

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

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

_ ( n a
c

) 2 m 2 2 . 9 

d e f 2 a 

71 
w h e r e n i s t h e d e g r e e o f p o l y m e r i s a t i o n o f t h e r e a l c h a i n , M 

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

a ^ t h e c o r r e l a t i o n o r s c r e e n i n g 1 e n g t h ( e s s e n t i a l l y t h e m e a n 

d i s t a n c e b e t w e e n c h a i n c o n t a c t s ( s e e F i g 2 . 7 (a)). 

O n t h e t i m e s c a l e t > t h e w r i g g l i n g m o t i o n m e r e l y 

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

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

d i f f u s i o n o u t o f t h i s t u b e ( s e e F i g 2 . 7 e ). T h e c h a i n o n l y 

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

o r i g i n a l t u b e f o l l o w e d b y c r e a t i o n o f a n o t h e r ( s e e F i g 2 . 7 e )• 

T h e c h a r a c t e r i s t i c r e l a x a t i o n t i m e t f o r s u c h t u b e r e n e w a l re 
( o r ' d i s e n g a g e m e n t t i m e ' ) i s g i v e n b y 
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Fig 2 * 7 Diagramatic representations of thain repfation 

re < n ° c > 
, 2 A 

7T p b A 

2 . 1 0 

U n l i k e T ^ g f * T r e ^ s d e p e n d e n t o n P > t h e d e n s i t y o f d e f e c t s , 

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

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

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

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

E a c h c h a i n r e p t a t e s i n a t u b e o f d i a m e t e r a c » T h e t i m e t a k e n 

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

p a t h , x ^ g i v e s a m e a s u r e o f t h e t i m e t a k e n f o r e n t a n g l e m e n t 

r e n e w a l . 

D o i a n d E d w a r d s [ 9 6 ] e x t e n d e d d e G e n n e s t h e o r i e s a n d 

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

c o e f f i c i e n t i s g i v e n b y 

D. D 
n b ' 

M - 2 c - 2 a - e 

w h e r e D i s t h e c u r v i l i n e a r d i f f u s i o n c o e f f i c i e n t ( « 1 4 " ^ c ~ ^ ) . 
c 

- OL 
c i s t h e m a s s c o n c e n t r a t i o n , a n d a « c . T h e c h a r a c t e r i s t i c 

c 

d i f f u s i o n t i m e , x ^ , i s h e n c e p r o p o r t i o n a l t o M 2 i n c o m m o n w i t h 

d e G e n n e s d e f e c t t i m e t ^ g f T h e y a l s o p r e d i c t e d t h a t t h e t i m e 

t u b e r e n e w a l , c h a r a c t e r i s e d b y t h e l o n g e s t r e l a x a t i o n x ^ 

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

c a s 
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3 2a + 3 
T . * H c 2 . 1 2 
r e 

F o r h i g h l y f l e x i b l e c h a i n s , a w a s e s t i m a t e d t o b e 0 . 6 - 0 . 7 5 

a n d 3 w a s e s t i m a t e d to b e s m a l l a n d a p p r o x i m a t e d t o z e r o . 

5 e m i - f 1 e x i b l e c h a i n s 

S c h a e f e r e t a l { 9 7 ) h a v e m a d e a d e t a i l e d s t u d y o f t h e 

s t a t i c a n d d y n a m i c p r o p e r t i e s o f s e m i - f l e x i b l e p o l y m e r s i n 

s o l v e n t s o f d i f f e r e n t q u a l i t y . T h e y s h o w e d t h a t . , f o r t h e s e 

c h a i n s , a s c o n c e n t r a t i o n i n c r e a s e s a n u m b e r o f d i f f e r e n t 

r e g i o n s a r e e n c o u n t e r e d . T h e b e h a v i o u r i s i l l u s t r a t e d o n a 

t e m p e r a t u r e - c o n c e n t r a t i o n ( T - C ) d i a g r a m i n F i g 2 . 8 . T h e y 

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

c r o s s - o v e r c o n c e n t r a t i o n s . T h e s e c r o s s - o v e r c o n c e n t r a t i o n s 

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

r e g i m e . T h e r e g i o n s a r e ; 

( i ) T h e d i l u t e r e g i o n ( c < c ? / ) w h e r e t h e d e n s i t y o f c h a i n s i s • 

l o w a n d i n t e r a c t i o n s a r e n e g l i g i b l e , c ' i s t h e c h a i n o v e r l a p 

c o n c e n t r a t i o n d e f i n e d i n s e c t i o n 2 . 3 

( i i ) S e m i - f l e x i b l e r e g i o n - g o o d s o l v e n t ( c * > c > c )• T h e 

c h a i n s a r e h e r e e n t a n g l e d a n d c h a r a c t e r i s e d b y a c o r r e l a t -

i o n l e n g t h a ^ , w h i c h i s e s s e n t i a l l y t h e m e a n d i s t a n c e b e t w e e n 

i n t e r c h a i n c o n t a c t s . A t c = t h i s l e n g t h , a c , i s - e q u a l ' t o 

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

w i t h i n c r e a s i n g c o n c e n t r a t i o n . A t c = c , i t b e c o m e s e q u a l 

t o t h e l e n g t h o f t h e c h a i n s e g m e n t ( o r t h e r m a l ' b l o b ' ) 

w i t h i n w h i c h e x c l u d e d v o l u m e e f f e c t s c a n b e n e g l e c t e d . 

( i i i ) S e m i - f l e x i b l e - m a r g i n a l s o l v e n t ( c < c < c + ) , T h i s r e g i o n 

e x t e n d s f r o m t h e c o n c e n t r a t i o n c , a b o v e w h i c h t h e c h a i n d i m e -

n s i o n s b e c o m e i d e a l , t o a c o n c e n t r a t i o n c , a t w h i c h t h e 

c h a i n f r e e e n e r g y b e c o m e s d o m i n a t e d b y t h e t h i r d , r a t h e r t h a n 

t h e s e c o n d v i r i a l c o f f i c i e n t . 
/ \ / r\ \ t + tttt ii ^ 
( i v ) S e m i - d i l u t e - t h e t a ( Q ) s o l v e n t ( c < c < c ) w h e r e c 

i s t h e c o n c e n t r a t i o n a t w h i c h a c b e c o m e s c o m p a r a b l e w i t h t h e 

c h a i n p e r s i s t e n c e l e n g t h , q . 

( v ) C o n c e n t r a t e d r e g i o n , c > c w h e r e t h e c h a i n d y n a m i c s a r e 

p r e d i c t e d t o b e c o m e i n d e p e n d e n t o f d e n s i t y . 

They did not explicitly calculate rotational relaxation 
times or chain diffusion coefficients in These regions. 
However they did give the dependence of the correlation length 
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a c o n t h e r e d u c e d t e m p e r a t u r e , f , ( = ( T - o ) / T w h e r e T a n d Q a r e 

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

a n d t h e c h a i n c o n c e n t r a t i o n , c ^ a s i n t e r m s o f t h e e x p r e s s i o n 

-a . -3 2.13 

T a b l e 2 . 1 b e l o w s h o w s t h e v a l u e s o f t h e e x p o n e n t s a a n d 3 

f o r t h e f i v e d i f f e r e n t r e g i o n s . 

T - 9 

• 0 0 0-2 (K 0-6 0-6 10 
Volume fraction 

Fig 2 - 8 Temperature-concentration diagram for semi-
f lex ib le polymer solution ( schematic ) 

T a b l e 2 . 1 P r e d i c t e d d e p e n d e n c e o f c o r r e l a t i o n 

l e n g t h a ^ o n r e d u c e d t e m p e r a t u r e ct> a n d c h a i n 

c o n c e n t r a t i o n , c f o r s e m i - f 1 e x i b l e c h a i n s { 9 7 } 
- a , - 3 

a a c 4> 
c 

R e g i o n C£ 3 

( i ) D i l u t e t h e t a 

( b ) D i l u t e g o o d 

( i i ) S e m i - d i l u t e g o o d 0.75 0.25 

( i i i ) S e m i - d i l u t e m a r 

g i n a l 0.5 0.5 

( i v ) S e m i - d i l u t e t h e t a 1 . • 

( v ) C o n c e n t r a t e d 
. j 

0*0 
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Rigid rods 

In additinn to the reptatinn model fnr flexlb1e chains, 
Do.i and Edwards have also studied the dynamics of rigid rod 
macromolecules in the concentrated regime defined by 

M < M 2 . 1 4 

N.L 3 " N AdL 2 

w h e r e M , L , d a n d N A a r e t h e m o l e c u l a r w e i g h t , r o d l e n g t h , 

d i a m e t e r a n d flvogadro1s n u m b e r r e s p e c t i v e l y , c " m a r k s t h e 

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

w h i c h t h e r e i s l o c a l m o l e c u l a r o r d e r i n g o f t h e r o d — l i k e 

m o l e c u l e s - t h e c r i t i c a l c o n c e n t r a t i o n o f t h e i s o t r o p i c - , 

n e m a t i c t r a n s i t i o n ( s e e F i g 2 . 9 ) . 

I n t h i s r e g i m e t h e d i s t r i b u t i o n f u n c t i o n _F(_r,ju,t) w h i c h 

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

p o s i t i o n v e c t o r o f t h e c e n t r e o f m a s s , _r, a n d t h e u n i t v e c t o r 

p a r a l l e l t o t h e r o d a x i s , u , i s n o r m a l i s e d a s 

/ d 3 r / d 2 u F ( r , u , t ) 2 . 1 5 

a n d s a t i s f .i e.s t h e k i n e t i c e q u a t i o n d e s c r i b i n g t h e B r o w n i a n 

m o t i o n 

3 F ( r., u 

a t 

t ) 

t i f ] + i i n 2.16 

Fig 2-9 Schematic representations of the. critical concentrations 

for (aj'the- dilute-semi-dilute and ( b) semi-dilute concentrated 

transit ions. 
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w h e r e t h e t e r m s [ F] a n r i ; £ u £ F ] r e p r e s e n t t h e t r a n s l a t i o n a l 

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

In dilute solution these terms are: 

/ r [F] = D t | | ( u . f r )F + D t i ( f r r («.§.,)* )F 2.17 

L u I F ] = D V 2 F l J T i l = D 
r u r 

3 
s i n Q — + L i i 

L s i n 0 3 0 3 0 s i n 2 0 3 0 2 -

2.18 
w h e r e ( 0 , 0 ) a r e p o l a r c o - o r d i n a t e s s p e c i f y i n g t h e u n i t 

v e c t o r _u , ( a n d D ^ a r e t r a n s l a t i o n a l d i f f u s i o n 

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

r e s p e c t i v e l y a n d D ̂  t h e r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t . T h e s e 

c o e f f i c i e n t s a r e g i v e n b y e q u a t i o n s 2 . 3 t o 2 . 5 . 

T h e B r o w n i a n m o t i o n i n t h e c o n c e n t r a t e d r e g i m e i s 

c o m p l e x d u e t o e n t a n g l e m e n t i n t e r a c t i o n s b e t w e e n t h e r o d s . 

D o i a n d E d w a r d s m o d e l l e d t h i s s i t u a t i o n b y m a k i n g t h e f o l l o w -

i n g a s s u m p t i o n s : 

( i ) M o d e l l i n g w a s r e s t r i c t e d t o l o n g t i m e s c a l e m o t i o n s 

o n l y 

( i i ) T h e r o d d i a m e t e r w a s a s s u m e d t o b e s o s m a l l , s o 

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

DtI Ic = Dti • s Dt 
( i i i ) M o t i o n p e r p e n d i c u l a r t o t h e r o d w a s r e s t r i c t e d 

t o t h e m e a n d i s t a n c e b e t w e e n r o d s , a . 

c 
T h e r o t a t i o n a l m o t i o n i s s e v e r e l y r e s t r i c t e d b y r o d s 

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

r o t a t i o n o f t h e s p e c i m e n r o d d i f f u s e s a d i s t a n c e o f o r d e r , L , 

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

a l l o w i n g i t t o r o t a t e b y a n a m o u n t o f o r d e r a ^ y L . T h e t i m e 

f o r s u c h l i n e a r a x i a l d i f f u s i o n i s 

T = L2/Dt. 2 , 1 9 

T h e B r o w n i a n m o t i o n t h e n b e c o m e s a r a n d o m w a l k o n a u n i t 

s p h e r e w i t h j u m p f r e q u e n c y T 1 a n d m e a n s q u a r e d i s p l a c e -
2 ^ 

m e n t ( a / L ) . T h e r o t a t i o n a l d i f f u s i o n c o n s t a n t i n t h i s 
c 

r e g i o n D ̂  c i s t h e r e f o r e 

2 0 ~ ( a /1. ) / T n nn TC C O 2 . 2 0 
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T h e y s h o w t h a t f o r r a n d o m r o d s w h e r e c n i s t h e n u m b e r d e n s i t y 

o f r o d s , 

a = ( i tt c L 2 ) _ 1 2 . 2 1 
c n 

a n d s o s u b s t i t u t i n g e q u a t i o n s 2 . 9 a n d 2 . 2 1 i n t o e q u a t i o n 

2 . 2 0 y i e l d s 

D = 4 D t 
r c 

TT2 c 2 L 3 2 . 2 2 
n 

N o t i n g f r o m e q u a t i o n 2 . 3 a n d 2 . 5 t h a t 

D t = 4 D L 2 2 . 2 3 
2 r 

g i v e s 

D 5 D 
r c " - % D ( c L 3 ) " 2 2 . 2 4 

tt 2C 2 L 6 r n 

n 
S i n c e D L ~ 3 a n d c « c M - 1 ( « c L 1 ) w h e r e c i s t h e 

r n 
m a s s c o n c e n t r a t i o n 

D c 2 L 7 « c Z M 7 2 . 2 5 
r c 

T h i s t h e o r y t h e n p r e d i c t s a m a r k e d c o n c e n t r a t i o n a n d m o l e c u l a r 

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

D r c » P h o t o n c o r r e l a t i o n s p e c t r o s c o p y a n d t h e d y n a m i c K e r r 

e f f e c t a r e a p p r o p r i a t e e x p e r i m e n t a l t e c h n i q u e s w i t h w h i c h t o 

s t u d y s u c h r o d m o t i o n s . 

2 . 4 E x p e r i m e n t a l t e c h n i q u e s 

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

o f r e l a x a t i o n a n d s c a t t e r i n g t e c h n i q u e s . I n a r e l a x a t i o n 

m e t h o d w e p e r t u r b t h e s y s t e m f r o m e q u i l i b r i u m a n d t h e n 

f o l l o w i t s r e t u r n t o e q u i l i b r i u m . S u c h a p e r t u r b a t i o n i s 

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

a n d p u l s e d N M R r e l a x a t i o n m e a s u r e m e n t s . I n a s c a t t e r i n g 

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

o c c u r r i n g i n a s y s t e m a t e q u i l i b r i u m . T h e t i m e s c a l e o f s u c h 

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

t h e s y s t e m . L i g h t a n d n e u t r o n s c a t t e r i n g t e c h n i q u e s h a v e b e e n 

e m p l o y e d i n s u c h f l u c t u a t i o n s t u d i e s . R e l a x a t i o n a n d s c a t t e r -

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

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

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

a n i s o t r o p y . 

2 . 4 . 1 D i e l e c t r i c a n d K e r r e . l e c t r o - o p t i c e x p e r i m e n t s 

I n d i e l e c t r i c a n d K e r r e f f e c t s t u d i e s , t h e p o l y m e r s o l -

u t i o n i s s u b j e c t e d t o a n e x t e r n a l e l e c t r i c t o r q u e w h i c h c a u s e s 

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

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

o r i e n t i n g t h e m o l e c u l e i n t h e f i e l d d i r e c t i o n . M a c r o m o l e c u l e s -

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

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

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

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

D i e l e c t r i c e x p e r i m e n t s m e a s u r e t h e t o t a l e l e c t r i c a l 

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

o f t h e c e l l c o n t a i n i n g t h e s a m p l e . M e a s u r e m e n t o f t h e e x t e n t 

o f e i t h e r o f t h e s e e f f e c t s a t e q u i l i b r i u m c a n g i v e i n f o r m a t -

i o n a b o u t t h e e l e c t r i c a l c h a r a c t e r i s t i c s o f t h e m o l e c u l e 

s u c h a s d i p o l e m o m e n t s , u , a n d e l e c t r i c p o l a r i s a b i 1 i t y a . 

S t u d i e s o f t h e t i m e d e p e n d e n c e o f t h e e f f e c t c a n b e 

m a d e i n t w o w a y s . B y u s i n g a n a l t e r n a t i n g f i e l d , t h e 

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

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

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

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

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

d e c r e a s e s o v e r a f r e q u e n c y r a n g e c h a r a c t e r i s t i c o f t h e 

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

t h e c h a r a c t e r i s t i c d i e l e c t r i c r e l a x a t i o n c u r v e i l l u s t r a t e d 

i n F i g 2 . 1 0 , w h e r e a n i n f l e c t i o n o c c u r s a t t h e c h a r a c t e r i s t i c 

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

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

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

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

m a y b e d e s c r i b e d b y t h e D e b y e r e l a t i o n 
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U) O) 

Tig 2.10 7he. •fLn.e.q.u.e.nc.y dependence o-fL the /icat paAit o£ 
the. di ctect/iic cc nttant £ (capacitance - />o(Lid tine) 
and the imagina/iy pa/it e' ' (/leALAtance - (L/ioken tine) 

a potyme/i solution subjected to an attennating £ie(Ld. 

Go) " r, . 2 2 2 , - i Z - Z G = { 1 + 47t 0) t } 
Co - ero 

w h e r e £'w i s t h e d i e l e c t r i c p e r m i t t i v i t y a t a f r e q u e n c y w a n d 

£ Q a n d t h e l i m i t i n g v a l u e s a t l o w a n d h i g h f r e q u e n c i e s 

r e s p e c t i v e l y . T h e c h a r a c t e r i s t i c r e l a x a t i o n t i m e t c a n b e 

c a l c u l a t e d f r o m t h e c r i t i c a l f r e q u e n c y o j ^ u s i n g 

/ o t - 1 Z • 2 1 t = ( 2 7tu) } C 
A s i m i l a r e f f e c t c a n b e o b s e r v e d i n t h e b i r e f r i n g e n c e 

A n . F o r a s y s t e m o b e y i n g t h e K e r r l a w 

2 
A n = K E Z - 2<S 

w h e r e K i s t h e K e r r c o n s t a n t a n d E i s t h e a p p l i e d f i e l d 

g r a d i e n t , t h e n f o r a s i n g l e D e b y e r e l a x a t i o n , M x e e-^se-

p e-r rYAOo^ ev\t A ^ e L e . 

K = K { 1 + 4 T I 2 ( j J 2 T 2 } 2- 2 1 
(0 o 
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w h e r e K i s t h e K e r r c o n s t a n t a t f r e q u e n c y to a n d K t h e uj o 
v a l u e a t z e r o f r e q u e n c y . 

A l t e r n a t i v e l y , e x p e r i m e n t s c a n b e p e r f o r m e d i n t h e 

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

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

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

S u c h a m e t h o d i s u s e d i n t h e c u r r e n t w o r k a n d i s d e s c r i b e d 

i n m o r e d e t a i l i n s e c t i o n 2 . 5 . F o r a s i n g l e D e b y e p r o c e s s , 

t h e t i m e d o m a i n r e s p o n s e i s o f t h e f o r m 

P ( t ) o r A n ( t ) = A e x p - t / i 2 . 3 0 

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

e m p l o y e d i n t h e s t u d y o f d i l u t e p o l y m e r s y s t e m s . D i e l e c t r i c 

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

m a c r o m o l e c u l e s s u c h a s p o l y - Y - b e n z y l - L - g l u t a m a t e ( P B L G ) ( 2 1 , 

2 2 , 2 3 ) a n d p o l y ( n - b u t y l i s o c y a n a t e ) , P B I C ( 2 4 , 2 5 , 2 6 , 2 7 ) , a n d 

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

( P P G / P P O ) ( 2 8 , 29) a n d p o l y e t h y l e n e o x i d e ( P E O ) ( 3 0 , 3 1 ) . 

P a r a l l e l K e r r e f f e c t s t u d i e s o n t h e s e m a c r o m o l e c u l e s P B L G 

( 3 2 , 3 3 , 3 4 , 3 5 ) , P B I C ( 3 6 , 3 7 , 3 8 ) , P P G / P P O ( - 2 9 ) p o l y s t y r e n e 

( P S ) (39 ] h a v e a l s o b e e n u n d e r t a k e n . T h e s e s t u d i e s h a v e 

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

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

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

2 . 4 . 2 N u c l e a r M a g n e t i c R e s o n a n c e ( N M R ) 

B o t h p r o t o n (H.. ) N M R a n d c a r b o n - 1 3 ( 1 3 C ) N M R h a v e b e e n 

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

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

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

n u c l e i w i t h o d d a t o m i c m a s s a n d n u m b e r . A p p l i c a t i o n o f a 

s t r o n g m a g n e t i c f i e l d t o n u c l e i o f s p i n q u a n t u m n u m b e r £ 

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

s p i n p a r a l l e l a n d a n t i p a r a l l e l t o t h e f i e l d . T r a n s i t i o n s 

b e t w e e n t h e s t a t e s l e a d t o a b s o r p t i o n o r e m i s s i o n o f 

r a d i a t i o n o f e n e r g y , E , w h i c h i s r e l a t e d t o t h e m a g n e t i c 

f i e l d s t r e n g t h H q a n d t h e m a g n e t i c m o m e n t o f t h e n u c l e u s , JJ , 

a c c o r d i n g t o t h e e q u a t i o n 
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E = 2 u H r m o 

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

r e - e s t a b l i s h e s t h e e q u i l i b r i u m i s k n o w n a s s p i n l a t t i c e 

r e l a x a t i o n . T h i s r e t u r n t o e q u i l i b r i u m o f t h e p o p u l a t i o n o f 

t h e n u c l e a r m a g n e t i z a t i o n i s e x p o n e n t i a l , ( e x p - t / T ^ ) , a n d 

i s g o v e r n e d b y t h e c h a r a c t e r i s t i c t i m e k n o w n as., t h e s p i n 

l a t t i c e r e l a x a t i o n t i m e , T ^ . T h e r e i s s i m i l a r l y a t r a n s v e r s e 

r e l a x a t i o n t i m e , T ^ , w h i c h c h a r a c t e r i s e s t h e d e c a y o f t h e 

m a g n e t i c f i e l d t o z e r o v i a s p i n - s p i n r e l a x a t i o n . C o n t r i b u t i o n s 

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

t h e n u c l e u s d u e t o r e l a t i v e m o t i o n s o f t h e m o l e c u l e s , i n 

w h i c h i t i s e m b e d d e d . T 2 i s a m e a s u r e o f n u c l e a r c o u p l i n g 

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

o t h e r n u c l e i , w h i c h t h e m s e l v e s a r e u n d e r g o i n g r e l a x a t i o n . 

T h e s p i n l a t t i c e a n d t h e s p i n - s p i n r e l a x a t i o n t i m e s p r o v i d e 

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

l e s s d i r e c t l y t h a n t h e o t h e r t e c h n i q u e s ( e . g . f r o m t h e i r 

t e m p e r a t u r e d e p e n d e n c e ) . T h e m a j o r a d v a n t a g e o v e r o t h e r 

m e t h o d s i s t h a t i n f o r m a t i o n i s o b t a i n e d a b o u t t h e m o t i o n o f 

p a r t i c u l a r a t o m s i n a p o l y m e r c h a i n w h i c h c a n b e d i s t i n g u i s h - • 

e d b y t h e i r i n d i v i d u a l c h e m i c a l e n v i r o n m e n t . T h e w i d e r a n g e 

o f N M R s t u d i e s o f p o l y m e r d y n a m i c s h a s b e e n r e v i e w e d b y 

S c h a e f e r [ 1 1 3 } a. r e c e n t s t u d y o f r e l e v a n c e t o t h e p r e s e n t 

w o r k i s t h a t o n t h e s t i f f r o d m o l e c u l e P B L G [ 1 1 4 , 1 1 5 , 1 1 6 ] 

a n d b y H e a t l e y a n d c o w o r k e r s [ 1 1 7 ] . 

2 . 4 . 3 D y n a m i c l i g h t s c a t t e r i n g 

A p o l a r i s e d l a s e r b e a m i n c i d e n t o n a f l u i d e x e r t s a 

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

B r o w n i a n f o r c e s p e r p e t u a l l y b o m b a r d t h e f l u i d m o l e c u l e s , 

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

m o t i o n s , t h e y c a u s e f l u c t u a t i o n s i n t h e i n s t a n t a n e o u s 

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

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

i n c i d e n t b e a m b y t h e m e d i u m . L i g h t s c a t t e r i n g t e c h n i q u e s 

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

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

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

o f t h e p o l y m e r . R e c e n t l y , t h e r e h a s b e e n i n c r e a s e d u s e o f 

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

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

m o l e c u l e s i n s o l u t i o n . I n t e r a c t i o n o f t h e l i g h t w i t h t h e • 

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

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

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

l n s o l u t i o n ( 7 , 1 0 0 } . J u s t a s w i t h r e l a x a t i o n m e t h o d s , 

e x p e r i m e n t s c a n a l s o b e m a d e i n t h e t i m e d o m a i n w h e r e t h e 

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

( P C S ) . H e r e t h e t i m e d e p e n d e n c e o f t h e l i g h t i n t e n s i t y i s 

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

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

T h i s t e c h n i q u e , w h i c h i s t h e o n e e m p l o y e d i n t h i s w o r k , i s 

d e s c r i b e d i n d e t a i l i n s e c t i o n 2 . 6 . I t h a s b e e n a p p l i e d t o 

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

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

e d s y s t e m s [ 9 7 , 9 9 , 1 0 0 ] 

I f r a d i a t i o n o f w a v e l e n g t h , A , i s s c a t t e r e d i n a 

m e d i u m o f r e f r a c t i v e i n d e x , n , a t a n a n g l e 0 , t h e n w e c a n 

d e f i n e a s c a t t e r i n g v e c t o r J< w h o s e m a g n i t u d e i s g i v e n b y 

•|K| = K = s i n 4 0 2 . 3 2 

A 

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

m o t i o n i s o f o r d e r K F o r l i g h t o f w a v e l e n g t h 4 0 0 - 7 0 0 n m 

a t a n g l e s 1 0 - 1 5 0 ° , t h i s r a n g e c o r r e s p o n d s t o 3 0 - 6 0 0 n m . 

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

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

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

i n t r a m o l e c u l a r m o t i o n s ( t h e f i r s t f e w R o u s e - t y p e m o d e s f o r 

f l e x i b l e m o l e c u l e s ) a n d t r a n s l a t i o n a l a n d r o t a t i o n a l 

d i f f u s i o n i n d i l u t e p o l y m e r s o l u t i o n s . U s i n g n e u t r o n s o f 

w a v e l e n g t h ^ 0 . 1 n m , a t 0 = 1 0 ° K _ 1 - 0 . 1 n m . N e u t r o n 

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

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

g r o u p s . M a n y s t u d i e s o f p o l y m e r s i n c o n d i t i o n s r a n g i n g f r o m 

d i l u t e s o l u t i o n t o t h e m e l t s t a t e h a v e b e e n m a d e u s i n g t h i s 

t e c h n i q u e (94 , 1 0 5,107 , 1 0 8 ) 
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2 . 5 T h e K e r r e l e c t r o - o p t i c t e c h n i q u e . 

2 . 5 . 1 T h e K e r r e f f e c t . 

T h e K e r r e l e c t r o - o p t i c e f f e c t ( e l e c t r i c b i r e f r i n g e n c e ) 

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

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

r e f r a c t i o n o r b i r e f r i n g e n c e ) i n t h e s a m p l e . T h e o b s e r v a t i o n 

o f t h e t i m e d e p e n d e n c e o f t h e b i r e f r i n g e n c e r e s p o n s e t o t h e 

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

' d y n a m i c K e r r e f f e c t 1 . 

T h e K e r r e f f e c t i s e x h i b i t e d b y p o l a r m o l e c u l e s o f 

m a n y k i n d s . I n t h i s w o r k w e a r e i n t e r e s t e d o n l y i n p o l y m e r 

s y s t e m s . P o l y m e r m o l e c u l e s d i s s o l v e d i n a s o l v e n t ( a t 

c o n c e n t r a t i o n s b e l o w a n y l i q u i d c r y s t a l l i n e t r a n s i t i o n ) a r e 

r a n d o m l y o r i e n t e d a n d t h e s o l u t i o n i s i s o t r o p i c , w i t h e q u a l 

r e f r a c t i v e i n d i c e s i n t h e x - y - z d i r e c t i o n s i . e . n = n = n 
x y z 

( s e e F i g 2 . 1 1 a ). H o w e v e r u n d e r a n a p p l i e d e l e c t r i c f i e l d 

g r a d i e n t E , t h e m o l e c u l e s w i l l b e c o m e o r i e n t e d t o s o m e 

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

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

d i r e c t i o n . W i t h n £ n = n ( F i g 2 . 1 1 b ) t h e s o l u t i o n 
x ' y z y 

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

r e s u l t s . T h e o r i e n t a t i o n o f t h e m a c r o m o l e c u l e s a r i s e s b e c a u s e 

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

p e r m a n e n t m o l e c u l a r d i p o l e m o m e n t , p a n d / o r t h e i n d u c e d 

d i p o l e , p . . w h i c h r e s u l t s f r o m t h e d i f f e r e n c e (ot,- a „ ) i n 

,rv ry 

/ nx ^ nx 
nz -

H e = 0 % ilE 

(a) (b) 

Fig 2-11 Birefringence (a) af zero f ield and (b) under 

field gradient", E . 
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t h e v o l u m e e l e c t r i c p o l a r i s a b i 1 i t i e s a l o n g t h e f i e l d • ' 

d i r e c t i o n ( a ^ ) a n d p e r p e n d i c u l a r t o i t ( a ^ ) • T h e 

b i r e f r i n g e n c e A n i s s i m p l y d e f i n e d a s 

An = n„ - n, = n - n 2.33 
" 1 x y 

w h e r e n|f = n ^ i s t h e r e f r a c t i v e i n d e x i n t h e d i r e c t i o n 

a n d n ^ = n = n^. i s t h e r e f r a c t i v e i n d e x p e r p e n d i c u l a r ^ t o 

t h e f i e l d . 

2 . 5 . 2 M e a s u r e m e n t o f e l e c t r i c b i r e f r i n g e n c e . 

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

t o s t u d y t h e K e r r e f f e c t i s g i v e n i n F i g 2 . 1 2 . C o n s i d e r a 

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

i s o t r o p i c s o l u t i o n s i t u a t e d b e t w e e n c r o s s e d p o l a r i s e r s . . 

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

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

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

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

a t a n a n g l e i[i, t o t h e a x i s o f v i b r a t i o n o f t h e p o l a r i s e r , P 

s e e F i g 2 . 1 3 ) , t h e i n c i d e n t l i g h t b e a m o f f r e q u e n c y 

= A c o s 27rut 2 . 3 4 

c a n b e r e s o l v e d i n t o t w o c o m p o n e n t s , £ qCOSIJ ; a l o n g t h e f i e l d 

d i r e c t i o n a n d £ Qsin\J> p e r p e n d i c u l a r t o t h i s d i r e c t i o n . 

Light source Fblariser 

Sample 

Analyer Detector 

Electric field 

T lcj 2.12 Kp./lsl e-Haci - Schematic cilag/iam o£ e.x.p &/ilm e.nt^. 
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I f t h e s a m p l e b e c o m e s a n i s o t r o p i c , n ^ / n ^ a n d t h e c o m p o n -

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

v e l o c i t i e s . I f c r e p r e s e n t s t h e v e l o c i t y o f t h e l i g h t w a v e 

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

s o l u t i o n w i l l b e c / n a n d c / n
x r e s p e c t i v e l y , a n d i f t h e 

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

w a v e s t o e m e r g e w i l l b e n ^ £ / c a n d n ^ / c r e s p e c t i v e l y . Thi 

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

2 . 3 5 

w a v e s t o e m e r g e w i l l b e n £ / c a n d n ^ / c r e s p e c t i v e l y . T h e 

e s 

p n £ p 

£ x = A c o s i p c o s 27 t u(t- ) = A c o s W c o s 2 7 r ( u t - n ^ _ ) 
A 

n £ n £ 
£ = A s i n W c o s 2 7 T u ( t — ) = A s i n W c o s 2 i r ( u t - -j- ) 2 . 3 6 

w h e r e A i s t h e w a v e l e n g t h in vacuo• T h e w a v e s w i l l e m e r g e 

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

(or p h a s e s h i f t ) 6 . 

6 = i l l ( n . n ) = ljTS.An 2 > 3 7 

X X y X 

T h e m a g n i t u d e o f t h e p h a s e s h i f t d e p e n d s o n t h e d e g r e e 

o f o r i e n t a t i o n i n d u c e d a n d o n t h e n u m b e r o f o r i e n t i n g m a c r o -

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

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

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

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

F o r t h e s i m p l e o p t i c a l a r r a n g e m e n t o f F i g 2 . 1 2 t h i s l i g h t 

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

e q u a t i o n 

y 
i, . c>: 

/ = A cos 2nvt 

Tig 2.13 The. incident team dinection and positioning 

ol the anatyse/i and the potaniscn. 
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I = 5 0 I s i n 2 6 2 . 3 8 o 
w h e r e I i s t h e i n t e n s i t y o f t h e i n c i d e n t b e a m a n d c i s a 

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

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

t o t h e b i r e f r i n g e n c e A n t h r o u g h e q u a t i o n s 2 . 3 7 a n d 2 . 3 8 . 

T h i s e x p r e s s i o n i s d e r i v e d , a l o n g w i t h o t h e r s r e l a t i n g t o 

a l t e r n a t i v e o p t i c a l a r r a n g e m e n t s , i n C h a p t e r 3 . 

A t s u f f i c i e n t l y l o w f i e l d s t r e n g t h s , t h e o b s e r v e d 

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

f i e l d g r a d i e n t E - t h e K e r r l a w { 1 , 5 7 } . 

A n = B A E 2 2 . 3 9 

w h e r e B i s t h e K e r r c o n s t a n t . 

An 

fig 2.14 Ike field dependence of electeic (Li/iefeing ence 

G o i n b i n i n g e q u a t i o n s 2 . 3 7 a n d 2 . 3 9 y i e l d s 

6 = 2 it B L E 2 2 . 4 0 

T h e K e r r c o n s t a n t B , d e p e n d s o n t h e n u m b e r o f m o l e c u l e s 

p r e s e n t a s w e l l a s s u c h m o l e c u l a r e l e c t r i c a l p a r a m e t e r s a s 

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

p o l a r i s a b i l i t i e s a n d h y p e r p o l a r i s a b i 1 i t i e s [ l ] . I t i s t h e r e -

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

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

i n f o r m a t i o n o n c h a i n c o n f o r m a t i o n a n d c h a i n i n t e r a c t i o n s 

c a n b e o b t a i n e d [5&] 

D e v i a t i o n s f r o m t h e K e r r l a w o c c u r a t h i g h f i e l d s ( F i g 

2 . 1 4 ) b e c a u s e , a s m a c r o m o l e c u l e s a p p r o a c h c o m p l e t e o r i e n t a t -

i o n ( ' s a t u r a t i o n ' ) , f u r t h e r i n c r e a s e s i n t h e f i e l d s t r e n g t h 

g r a d i e n t n o l o n g e r l e a d t o a n i n c r e a s e i n t h e b i r e f r i n g e n c e . 

H o w e v e r c h a n g e s i n t h e b i r e f r i n g e n c e d u e t o d e f o r m a t i o n o f 

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

2 . 5 . 3 T h e o r y o f t h e K e r r e f f e c t f o r r i o i d r o d - l i k e p o l y m e r s : 

T h e f u n d a m e n t a l e q u a t i o n f o r t h e s t a t i c b i r e f r i n g e n c e 

o f a s o l u t i o n o f r o d - l i k e m o l e c u l e s w a s f o r m u l a t e d b y S t u a r t 

a n d P e t e r l i n ( 5 9 ) . T h e y c o n s i d e r e d r i g i d s y m m e t r i c p a r t i c l e s 

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

m o m e n t a n d / o r a n i n d u c e d d i p o l e m o m e n t a l o n g t h e l o n g a x i s 

F i g 2 . 1 5 

"i, a 

"2,921*2 

Tig 2.15 Diag/iammutic. /ie.p/i2.y!>e.ntation o-jL a /ligld. /iod 

pa/iticle. in an e.te.c.i./iic. £ie.Pd', /u/ia/zzaciiDe indnx., 

g-opticat po ia/ii^adi tity and. alact/iic po ta/iiAadi Ity . 

I n s o l u t i o n , p a r t i c l e s w i l l b e d i s t r i b u t e d a t 

v a r i o u s o r i e n t a t i o n a n g l e s 0 t o t h e e l e c t r i c f i e l d a c c o r d i n g 

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

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

0 a n d 0 + d £ i n a s p a c e e l e m e n t d 0 . T h e n u m b e r o f p a r t i c l e s 

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

t o f ( g ) a n d t o t h e s u r f a c e o f t h e s o l i d a n g l e , w h i c h i s 
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e q u a l t o 2 T T s i n 0 d 0 . T h e s o l u t i o n b i r e f r i n g e n c e i s o b t a i n e d 

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

p a r t i c l e s o v e r a l l p o s s i b l e v a l u e s o f 0 ( 6 0 ) . T h i s l e a d s t o 

A n = 2 7 r C v n ( Q l - o ? ) I 7 T f ( 0 ) f 3 c o s 2 e - 2 7 F s i h 6 d 6 2 . 4 1 
o 

o r 
A n (g1 - g 2) <D (3, y) 2 . 4 2 
C v n n 

w h e r e C ^ i s t h e v o l u m e f r a c t i o n o f m a c r o m o l e c u l e s ( = \5c 

w h e r e v i s t h e p a r t i a l s p e c i f i c v o l u m e a n d c t h e c o n c e n t r a t -

i o n o f m a c r o m o l e c u l e s i n k g m ) 3 n t h e s t a t i c r e f r a c t i v e i n d e x 

o f t h e s o l u t i o n a n d g ^ - g 2 t h e o p t i c a l a n i s o t r o p y f a c t o r 

$ ( 3 > y ) i s t h e o r i e n t a t i o n f a c t o r g i v e n b y ( 6 0 , 6 1 ) 

$(3»y) = / f(e(-
o 

77 r 3 c o s * 0 - 1 
2 i T s i n 0 d 0 2 . 4 3 

H e r e 3 a n d y r e p r e s e n t t h e p e r m a n e n t a n d i n d u c e d d i p o l e t e r m s 

r e s p e c t i v e l y : 

3 = - H i ,P = J L = ( M ) 2 2 . 4 4 
k T E 2 ( k T ) 2 

y = ( ( V a 2 ) E 2 . 0 = H = a l - a2 
2 k T E 2 k T 2 . 4 5 

T h e c o m p l e t e $(3,y) f u n c t i o n i s r a t h e r c o m p l i c a t e d t o 

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

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

a ) L o w f i e l d s t r e n g t h s ( B , y < l ) . 

E x p a n s i o n o f <J> ( 3 > Y ^ l O U J f i e l d s t r e n g t h l e a d s t o 

(60, 62 ) 

* <3,Y) = i § Y + T | 3 + 3 T 5 ^ + 3T532Y- ifs^ 2 

s u b s t i t u t i o n i n t o e q n 2 . 4 1 m a k i n g u s e o f e q n s 4 4 a n d 4 5 g i v e s 

T h i s e q u a t i o n i s v a l i d f o r r i g i d m o l e c u l e s h a v i n g a n a x i s o f 

s y m C m e t r y f o r t h e i r e l e c t r i c , o p t i c a l a n d h y d r o d y n a m i c 

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

t h a t i n t e r a c t i o n e f f e c t s c a n b e n e g l e c t e d . A t v e r y l o w f i e l d 

s t r e n g t h s f o r w h i c h j 3 , y < < 1 . 0 , t h e h i g h e r o r d e r t e r m s i n P 

a n d Q o f e q n 2 . 4 7 c a n b e n e g l e c t e d l e a d i n g t o 
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A n = (9I"9 2) ( P + Q ) 2 ' 4 8 

w h e r e K i s t h e s p e c i f i c K e r r c o n s t a n t : 
s p 

K =
 2 ?r (92-92) ( P + Q ) 

s p 

1 5 n 2 

T h e r e f o r e t h e s p e c i f i c K e r r c o n s t a n t i s r e l a t e d t o m a c r o m o l -

e c u l a r p a r a m e t e r s t h r o u g h t h e d i p o l e m o m e n t p , a r | d t h e 

e l e c t r i c a l a n d o p t i c a l p o l a r i s a b i l i t y a n i s o t r o p i c s a ^ - c^ a n d 

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

o f t h e m a c r o m o l e c u l a r s t r u c t u r e . 

2 . 5 . 4 F l e x i b l e c h a i n p o l y m e r s 

A n u m b e r o f m o d e l s , d u e t o S t u a r t a n d P e t e r l i n ( 5 9 ) , 

D o w s ( 5 3 ) a n d N a g a i e t a l 

( 6 4 ) , h a v e b e e n u s e d t o d e s c r i b e 

t h e K e r r e f f e c t i n t h e f l e x i b l e p o l y m e r . T h e S t u a r t a n d 

P e t e r l i n m o d e l e x a m i n e d t h e r a n d o m c h a i n a n d d e s c r i b e s t h e m 

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

d i p o l a r i t y a n d p o l a r i s a b i l i t y a n i s o t r o p y . T h e s e a r e c o n f o r m -

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

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

s e g m e n t . T h e s p e c i f i c K e r r c o n s t a n t i s o f t h e f o r m , 
K = 2ttN A ( n 2

 + 2) 2( e + 2 ) 
s p 

n m 

a l ~ a 2 M 2 ( a 2 " a 
+ 

4 5 k T 4 5 k 2 T 2 

2 . 5 1 

w h e r e N ^ i s A v o g a d r o ' s n u m b e r , m t h e m o n o m e r m o l e c u l a r w e i g h t , 

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

m o m e n t , k B o l t z m a n n ' s c o n s t a n t a n d T t h e a b s o l u t e t e m p e r a t u r e . 

D o w s ( 5 3 ) t r e a t e d f l e x i b l e p o l y m e r c h a i n s a s a s e q u e n c e 

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

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

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

w a s b a s e d o n a d i l u t e g a s m o d e l a n d a r r i v e d a t t h e s a m e 

f o r m u l a a s S t u a r t a n d P e t e r l i n ( e q n 2 . 5 1 ) . H e c o n c l u d e d t h a t 

t h e K e r r c o n s t a n t f o r n o n - c o r r e l a t e d f l e x i b l e p o l y m e r 

m o l e c u l e s , d e p e n d s o n t h e s e g m e n t p r o p e r t i e s a n d a s e q n . 2 . 5 1 

s h o w s , s h o u l d b e i n d e p e n d e n t o f c o n c e n t r a t i o n a n d m o l e c u l a r 
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w e i g h t .. N a g a i e t a l ( 6 4 , 6 4 a ) h o w e v e r b a s e d t h e i r 

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

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

a r r i v e d a t a r a t h e r c o m p l e x e x p r e s s i o n f o r t h e m o l a r K e r r 

c o n s t a n t : 

K 2 7 r NA{ (3<ptr^jj>-Tr <p 2y>) (kT) _ 1+ 3Tr < f y > - < ( Tr J ) ( Tr y> )] 
m 4 5 k T 

2 . 5 2 
w h e r e P » Y a n d y a r e t h e d i p o l e m o m e n t v e c t o r a n d t h e o p t i c a l 

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

r e s p e c t i v e l y ; p i s t h e t r a n s p o s e of, a n d Tr t h e t r a c e of, 

t h e m a t r i x . 

2 . 5 . 5 D y n a m i c e l e c t r i c b i r e f r i n g e n c e . 

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

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

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

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

m o l e c u l e s i s n o t i n s t a n t a n e o u s b u t l a g s b e h i n d t h e f i e l d , d u e 

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

o r i e n t a t i o n . S t u d i e s o f t h e b i r e f r i n g e n c e r e s p o n s e t h e r e f o r e 

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

d i s t r i b u t i o n . f u n c t ' i o n f ( 0 , t ) , c h a n g e s w i t h t i m e . I n t h e a b s e n c e 

o f t h e f i e l d , t h e a n g l e 0 , t a k e s a l l p o s s i b l e v a l u e s w i t h 

e q u a l p r o b a b i l i t y . H o w e v e r u n d e r t h e a p p l i c a t i o n o f a f i e l d , 

a n g l e s n e a r 0 = 0 b e c o m e i n c r e a s i n g l y f a v o u r e d a n d a n e q u i l -

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

b e t w e e n t h e e l e c t r i c a l o r i e n t i n g t o r q u e a n d t h e r a n d o m 

B r o w n i a n f o r c e s d u e t o t h e s o l v e n t . O n r e m o v a l o f t h e f i e l d , 

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

d e s c r i b e d b y t h e d i s t r i b u t i o n f u n c t i o n f ( 0 , t ) . T h e t i m e 

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

f i e l d g r a d i e n t E i s g i v e n b y t h e f o l l o w i n g e x p r e s s i o n , d u e t o 

P e r r i n 
( 65) . 

1 i f _ J _ — [sin0 - L I ) 
D r at s i; h 0 e| el 90 k T 

w h e r e Z i s t h e t o r q u e o n t h e m o l e c u l e 

2 . 5 3 

Z = E p s i n 0 - ( a ^ - c ^ ) E 2 s i n 0 c o s 0 . 2 . 5 4 
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D i s t h e r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t a n d 0 , u » a , - a 
r i 

E , k a n d T a r e a s p r e v i o u s l y d e f i n e d . 

B 

time 

V 

time 

Fig 2-16 Macromolecular response to the rectangular applied 

field* A the rise , B the steady state and C the decay-, Si and S2 

the a r e a s above and below the rise and decay t rans ients -

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

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

( F i g 2 . 1 6 ) . 

2 . 5 . 5 ( a ) T h e r i s e c u r v e A 

B e n o i t ( 6 9 ) s o l v e d e q n 2 . 5 3 f o r a x i a l l y s y m m e t r i c 

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

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

f o r t h e l i m i t i n g c a s e o f l o w f i e l d s t r e n g t h s . H i s e q u a t i o n 

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

a /.X 2TTC E 2 / W u 2 ( a . - a „ ) 3 JJ 2 - 2 D t 
A n ( t ) = v — ( g - , - g 0 H + 1 2 - — e x p r + 

1 5 n 1 2 k 2 T 2 k T 2 k 2 T 2 

/ 1 p 2 a . \ - 6 D t , 1 o c c [ 2 — — - J 2) e x p r + • • • J 2 . 5 5 
k 2 T 2 k T 

T h e n o r m a l i s e d b i r e f r i n g e n c e r i s e t r a n s i e n t i s t h e r e f o r e 

A n ( t ) . 3 P / q - 2 D t P / n - 2 - 6 D t 
= 1 - — — p i e x p r + Q e x p r 

2 . 5 6 

w h e r e P a n d Q a r e a s d e f i n e d i n e q n s 2 . 4 4 a n d 2 . 4 5 a n d t h e 

s t e a d y s t a t e v a l u e i s g i v e n b y 
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A n = 
2tt C 

1 5 n 
v ) ( Q l - q 2 ) E 

kAJ 
V " ? 

k T 
? . 5 7 

w h i c h i s i d e n t i c a l w i t h e q n . 2 . 5 0 . T h e t i m e d e p e n d e n c e o f t h e 

r i s e t r a n s i e n t i s t h e r e f o r e d e t e r m i n e d b y b o t h t h e r o t a t i o n a l 

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

m e c h a n i s m i . e . P / Q . 

2 . 5 . 5 ( b ) T h e s t e a d y s t a t e c u r v e B - p u l s e r e v e r s a l . 

T h e t h e o r e t i c a l e q u a t i o n s f o r t h e s t a t i c b i r e f r i n g e n c e 

o f s e c t i o n s 2 . 5 . 3 a n d 2 . 5 . 4 a p p l y t o t h e s t e a d y s t a t e b i r e -

f r i n g e n c e . H o w e v e r i n f o r m a t i o n o n t h e d y n a m i c s of. p o l y m e r 

c h a i n s a n d t h e o r i e n t a t i o n m e c h a n i s m c a n b e d e d u c e d b y 

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

o f t h e f i e l d i s c h a n g e d i n t h i s s t e a d y s t a t e r e g i o n . T h e 

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

m o r e a c c u r a t e w a y o f i n v e s t i g a t i n g t h e m e c h a n i s m o f o r i e n t a t i o n 

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

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

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

f i e l d , u n t i l a s t e a d y s t a t e i s r e a c h e d . I f t h e f i e l d i s 

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

t h e i r p e r m a n e n t d i p o l e w i l l a t t e m p t t o f o l l o w t h i s s u d d e n 

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

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

b i r e f r i n g e n c e . T h e o b s e r v e d b i r e f r i n g e n c e c h a n g e d e p e n d s o n 

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

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

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

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

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

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

o b s e r v e d . H o w e v e r , w h e n b o t h m e c h a n i s m s a r e p r e s e n t , t h e r e l -

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

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

( s e e F i g 2 . 1 7 ) . 

F o r r i g i d r o d s y s t e m s , M a t s u m o t o e t a l [ 6 2 ] a n d T i n o c o 

e t a l [ o 7 ] hav/e r e l a t e d t h e c h a n g e s i n t h e b i r e f r i n g e n c e a n d 

t h e t i m e A t ( s e e F i g 2 . 1 7 ) f o r s u c h a c h a n g e t o t h e 
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m a c r o m o l e c u l a r p a r a m e t e r s , t h e r o t a t i o n a l d i f f u s i o n 

c o e f f i c i e n t D , t h e p e r m a n e n t d i p o l e t e r m P a n d t h e i n d u c e d 

d i p o l e t e r m Q . T h e y shoui t h a t 

A t = = 0 - 2 7 4 7 2 - 5 8 
m D D 

r r 

a n d 

P 1 A , A n . „ _ n 

Q = P = 0 . 1 5 4 7 + A ' A = r ^ 1 " 
& n 

o 

T h e t e c h n i q u e h a s t h e a d v a n t a g e t h a t b o t h P / Q a n d D ^ c a n b e 

d e t e r m i n e d f a i r l y q u i c k l y a n d s i m u l t a n e o u s l y . 

Fig 2-17 Birefr ingence at field r eve r sa l (a) permanent and induced 
dipole orientation (b) the reversed field ( c ) t h e induced orientation 

2 . 5 . 5 ( c ) T h e d e c a y , C 

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

c u t o f f , t h e o r i e n t i n g t o r q u e i s r e l e a s e d a n d B r o w n i a n f o r c e s 

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

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

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

B e n o i t ( 6 6) a n d O ' K o n s k i a n d Z i m m ( 5 5 ) , h a v e s h o w n t h a t t h e 

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

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

A n ( t ) = A n Q e x p " 6 0 ^ = A n ^ e x p - t / x 2 . 6 0 

h e r e A n ( t ) i s t h e b i r e f r i n g e n c e a t a n y t i m e , A n ^ i s t h e 

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

a n d T t h e r e l a x a t i o n t i m e , r e l a t e d t o t h e r o t a t i o n a l 

d i f f u s i o n c o e f f i c i e n t D , b y 

r 

D r _ (Bt)" 1 2.61 
T h e r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t D , c a n b e r e l a t e d t o 

r 
t h e m a c r o m o l e c u l a r l e n g t h a n d s h a p e b y e q n s 2 . 5 a n d 2 . 6 . 

D e v i a t i o n s f r o m e x p o n e t i a l d e c a y d o o c c u r i f 

(a) t h e s o l u t i o n i s n o t d i l u t e s o t h a t c h a i n i n t e r a c t i o n s 

i n f l u e n c e t h e d e c a y r a t e ; 

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

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

m a y c o n t r i b u t e i n a d d i t i o n t o w h o l e m o l e c u l e r o t a t i o n ; 

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

a r a n g e o f m o l e c u l a r r o t a t i o n r a t e s i s e x p e c t e d . 

T h e s e c a s e s a r e e n c o u n t e r e d i n t h i s w o r k w h i c h h a s 

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

v a r y i n g f l e x i b i l i t y a n d p o l y d i s p e r s i t y . 

F o r a p o l y d i s p e r s e , d i l u t e r o d - l i k e s y s t e m t h e f i e l d 

f r e e d e c a y b i r e f r i n g e n c e c a n b e w r i t t e n a s ( 4 , 6 9 ) 
N 

a n ( t ) = y A - 6 D . t ~ a / A n . e x p n 2 . 6 2 . L . oi K 
i = l 

w h e r e A n
0 i r e p r e s e n t s t h e c o n t r i b u t i o n t o t h e s t e a d y s t a t e 

b i r e f r i n g e n c e f r o m t h e i t h s p e c i e s a n d t ^ ^ s 

c h a r a c t e r i s t i c r e l a x a t i o n t i m e ( r o t a t i o n a l d i f f u s i o n c o e f f -

i c i e n t ) . H e r e t h e r a n g e o f D ^ v a l u e s g i v e a n i n d i c a t i o n o f 

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

m a c r o m o l e c u l e s p r e s e n t in. s o l u t i o n . F o r f l e x i b l e p o l y m e r s 

t h e a b o v e e x p r e s s i o n s a r e f a r f r o m s a t i s Z f a c t o r y , a s n o n -

e x p o n e n t i a l d e c a y c a n n o t b e a t t r i b u t e d e n t i r e l y t o t h e 

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

e x p r e s s i o n ( e q n 2 . 6 2 ) c a n b e a p p l i e d t o f l e x i b l e p a r t i c l e s , 

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

u n c e r t a i n . 

T h e s e a r c h f o r t h e a n a l y t i c r e p r e s e n t a t i o n o f e x p e r i m -

e n t a l l y o b s e r v e d n o n - e x p o n e n t i a l r e l a x a t i o n d e c a y s h a s l e a d 

t o e m p i r i c a l d e c a y f u n c t i o n s s u c h a s t h a t o f W i l l i a m s a n d 
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W a t t s f 7 G ] 

<f>(t) •= e x p / T ) 3 , • < 6 < 1 2 . 6 3 

w h e r e 8 , i s t h e d e v i a t i o n p a r a m e t e r a n d i s a m e a s u r e o f t h e 

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

e f f e c t i v e r e l a x a t i o n t i m e . 

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

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

D o i a n d E d w a r d s ( D E ) h a v e p r e d i c t e d t h a t t h e b i r e f r i n g e n c e 

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

r e g i o n s - a f a s t i n i t a l d e c a y f o l l o w e d b y a s l o w l o n g t i m e 

r e l a x a t i o n . F o r t h e l o n g t i m e d e c a y , c l o s e t o t h e e q u i l i b r i u m 

s t a t e , t h e y p r e d i c t t h a t 

A n ( t ) A n Q e x p 2 . 6 4 

w h e r e D i s t h e c o n c e n t r a t e d s o l u t i o n r o t a t i o n a l d i f f u s i o n 
r c 

c o e f f i c i e n t ( D = 1 / 6 t ). T h e y r e l a t e t h e r e l a x a t i o n t i m e t , 
r c r 7 r c 

t o t h e m o l e c u l a r l e n g t h , L , n u m b e r a n d m a s s c o n c e n t r a t i o n , c ^ 

a n d c a s f o l l o w s : 

T ( D ( c 2 L 2 ) } ~ 1 « c 2 l 2 « C 2 M 
r c 6 D r n 

r C 2 . 2 5 

w h e r e M i s t h e m o l e c u l a r w e i g h t a n d D ^ t h e d i l u t e s o l u t i o n 

r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t . S u c h h i g h m o l e c u l a r w e i g h t 

a n d c o n c e n t r a t i o n e x p o n e n t s h a v e a r o u s e d c o n s i d e r a b l e i n t e r -

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

o n e o b j e c t i v e o f t h i s s t u d y . 

T h e f a s t e r i n i t i a l b i r e f r i n g e n c e d e c a y w a s p r e d i c t e d 

i n t h e D E t h e o r y t o b e o f t h e f o r m 

A n ( t ) = A n o e x p " 2 ' / 2 a D v o t + 2 . 6 5 

w h e r e a i s a n u m e r i c a l f a c t o r ( = 0 . 3 3 ) a n d 

/ n \ k T k T _ .1 1 
g ( 0 ) = + = -J- + — 2 . 6 6 

U t ( a - c O E 2 P 2 y 

1 z 
T h e e x p e r i m e n t a l r e a l i z a t i o n o f i n i t i a l n o n - e x p o n e n t i a l 

b e h a v i o u r r e q u i r e s a l o w v a l u e o f g ( 0 ) i . e . a h i g h f i e l d , E . 

F o r a p o l y m e r w i t h a t y p i c a l p e r m a n e n t d i p o l e o f ^ 1 0 3 D , t h e 
2 -1 

f i e l d r e q u i r e d t o o b s e r v e t h i s i s 1 0 k\l m w h i c h i s r e a d i l y 

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

d i p o l e i n t e r a c t i o n s i n a r e a l s y s t e m ( n e g l e c t e d i n t h e D E 

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

O n t h e o t h e r h a n d , i n d u c e d d i p o l e o r i e n t a t i o n a l o n e w o u l d 
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• 5 - 1 

r e q u i r e 1 0 k\l m t o o b s e r v e t h i s p h e n o m e n o n a n d t h i s i s 

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

2 . 5 . 5 ( d ) I n f l u e n c e o f p e r m a n e n t a n d i n d u c e d d i p o l e m o m e n t s 

o n s h a p e o f t r a n s i e n t s . 

A s s e e n f r o m s e c t i o n 2 . 5 . 5 ( b ) t h e r e v e r s i n g p u l s e t e c h -

n i q u e i s a q u i c k a n d a c c u r a t e m e t h o d o f d e t e r m i n i n g t h e r e l a t i v e 

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

o r i e n t a t i o n p r o c e s s . H o w e v e r a n a l y s i s o f t h e r i s e b i r e f r i n g -

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

s t r e n g t h a n d t h e p a r a m e t e r P a n d Q b y e q n . 2 . 5 1 

A n U ) = 1 _ ^ Z f l e x p -2D rt + ( P/Q - 2 ) e x p -6D rt 2 . 5 B 

A n „ ^ P / Q + i' 2<P/Q + 1 ) 

( a ) I f = • ( i . e . n o p e r m a n e n t d i p o l e ) , t h i s e q u a t i o n r e d u c e s 

t o 
A n ( t ) . - 6 D t 2 . 6 7 

e x p r 
A n 

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

g i u e n b y e q n 2 . 6 0 

( b ) I f H i s l a r g e t h e b i r e f r i n g e n c e r i s e t a k e s s i g n i f i c a n t l y 

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

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

I n t e r e s t i n g l y , c o m p a r i n g t h e a r e a [ 6 8 ] a b o v e t h e r i s e 

c u r v e , S ^ , a n d t h e a r e a S 2 b e l o w t h e d e c a y c u r v e o f t h e b i r e -

f r i n g e n c e t r a n s i e n t s ( s e e F i g 2 . 1 6 ) h e l p s i n e s t i m a t i n g P a n d 

Q . A r e a S 2 b e l o w t h e d e c a y t r a n s i e n t s i s o b t a i n e d b y i n t e g r a t -

i n g e q n . 2 . 6 0 . 

s = | £ 0 1 0 d t = 
2 J o A n o - < o 

e x p ~ 6 D r t .dt = g^- (=<T>) 2.68 

S i m i l a r i y t h e a r e a a b o v e t h e r i s e S ̂  c a n b e o b t a i n e d b y 

i n t e g r a t i n g e q n . 2 . 5 6 t o g i v e 

S - 4 ( P / Q + 1 ) 
" 6 D r ( P / Q + 1 ) 2 . 6 9 

T h e r e f o r e t h e r a t i o o f t h e t w o a r e a s S . / S - . . , 
1 2 i s g i v e n b y 

s l / s 2 •= (A P/q + 1) 

1 P/Q + 1) 2 . 7 0 
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P 

T h i s r e a c h e s a m a x i m u m v a l u e o f 4 a s / Q + ° ° ( t h a t i s f o r 

p u r e p e r m a n e n t d i p o l e m o m e n t o r i e n t a t i o n ) . a n c ) a m i n i m u m o f 

1 w h e n P = 0 ( p u r e i n d u c e d d i p o l e o r i e n t a t i o n ) . F o r t h e u s u a l 

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

t h e r a t i o l i e s b e t w e e n t h e s e t w o e x t r e m e s . 

2 . 5 . 6 T h e r e l a t i o n s h i p b e t w e e n K e r r e f f e c t a n d d i e l e c t r i c 

r e l a x a t i o n s . 

A s d i s c u s s e d i n s e c t i o n 2 . 4 . 1 b o t h e f f e c t s m o n i t o r t h e 

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

r e l a x a t i o n r e l a t e s t o t h e f u n c t i o n , ip j ( t ) = < c o s 0 ( t ) > = 

P . ( c o s 0 ( t ) ) w h i l e K e r r e f f e c t r e l a x a t i o n r e l a t e s t o t h e 

f u n c t i o n ip 2 ( t ) = { 5 < 3 c o s 6 - 1 >} = < P 2 ( c o s 6 ( t ) ) > , w h e r e q 

i s t h e o r i e n t a t i o n a n g l e o f t h e d i p o l e a x i s r e l a t i v e t o t h e 

f i e l d and P ^ i s t h e L e g e n d r e p o l y n o m i a l o f o r d e r n. F o r r o t a t -

i o n a l d i f f u s i o n b y s m a l l a n g l e s t e p s ( 9 0 ) 

< P n ( c o s 0 ( t ) ) > = e x p - n ( n + 1 ) ° r t = e x p - t / T n 2 > ? 1 

1 / = n ( n + l ) D r 2 > 7 2 

n 

w h e r e D i s t h e r o t a t i o n a l d i f f u s i o n c o e f f i c i e n t a n d T t h e 
r n 

r e l a x a t i o n t i m e . T h e r e f o r e t h e d i e l e c t r i c a n d t h e K e r r e f f e c t 

r e l a x a t i o n t i m e s f o r s m a l l a n g u l a r r o t a t i o n a l d i f f u s i o n w i l l 

y i e l d T p = l / 2 D
r
 a n c l = r e s P e c E i v e l y . T h e 

r a t i o o f t h e r e l a x a t i o n t i m e s , x n /x,. i s t h e r e f o r e 3 . 

U f\ 
H o w e v e r B e e v e r s a n d c o w o r k e r s { 9 0 , 9 0 ( a ) ) h a v e c o n s i d -

e r e d a ' f l u c t u a t i o n ( j u m p ) r e l a x a t i o n ' m o d e l , i n w h i c h t h e 

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

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

l a r g e a n g l e j u m p s . T h e m o d e l p r e d i c t s t h a t t h e b i r e f r i n g e n c e 

r i s e f u n c t i o n 2 ( t ) , i s s a m e a s t h e b i r e f r i n g e n c e d e c a y 
f u n c t i o n ip „ , ( t ) a n d t h a t f u r t h e r m o r e b o t h f u n c t i o n s a r e o f 2d 
t h e s a m e f o r m a s t h e t i m e f u n c t i o n o f t h e d i e l e c t r i c r e l a x -

a t i o n i p ^ ( t ) . H e n c e t h e d i e l e c t r i c r e l a x a t i o n t i m e , T p , i s 

e q u a l t o t h e K e r r e f f e c t r e l a x a t i o n t i m e T ^ , w h i c h i s a l s o 
K, d 

e q u a l t o t h e K e r r e f f e c t r i s e t i m e T. . T a b l e 2 . 1 b e l o w 
k , r 

s u m m a r i s e s t h e v a r i o u s r e o r i e n t a t i o n m o d e l s . 



- 64 -

T a b l e 2 . 2 P r o p e r t i e s o f r e o r i e n t a t i o n m o d e l s . 

r — 
S m a l l a n g l e r o t a t -

i o n a l d i f f u s i o n 

J u m p m e c h a n i s m 

' f l u c t u a t i o n j u m p 

m e c h a n i s m ' 

R e l a t i o n b e t w e e n r i s e 

a n d d e c a y r e l a x a t i o n 

t i m e s T a n d X , 
r d 

P 
x > x , Q > 0 
r d 

P T = X , 1
 n "Q = 

x = x , 
r d 

R e l a t i o n b e t w e e n K e r r 

a n d d i e l e c t r i c r e l a x a t -

i o n t i m e s T n a n d x. 
• k 

T = 3 tk H D K ' D T = T 
D K 

2 . 6 T h e o r y o f P h o t o n c o r r e l a t i o n s p e c t r o s c o p y . 

A n i n c i d e n t b e a m o f p o l a r i s e d l i g h t e x e r t s a f o r c e o n 

t h e c h a r g e s w i t h i n a n y d i e l e c t r i c m e d i u m . T h e s e a c c e l e r a t i n g 

c h a r g e s t h e n r a d i a t e l i g h t i n a l l d i r e c t i o n s . S c a t t e r i n g 

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

I n a l i q u i d t h e s e a r i s e b e c a u s e o f t h e t r a n s l a t i o n a l a n d 

r o t a t i o n a l m o t i o n s o f t h e m o l e c u l e s w h i c h c a u s e f l u c t u a t i o n s 

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

T h e e l e c t r i c f i e l d a s s o c i a t e d w i t h a p l a n e m o n o c h r o m a t i c 

w a v e i s o f f o r m 

E ( r , t ) = £ o e x p i ( k . r -o,t) 2 . 7 3 

w h e r e E q i s t h e a m p l i t u d e , u ) 0 t h e a n g u l a r f r e q u e n c y , |k| t h e 

w a v e v e c t o r = 2 7 T n / A , n t h e m e d i u m r e f r a c t i v e i n d e x a n d \ t h e 

w a v e l e n g t h in vac.u.0 , 

W i t h r e f e r e n c e t o F i g 2 . 1 8 , t h e s c a t t e r e d l i g h t i s d e t -

e c t e d a t a p o i n t P , a d i s t a n c e R f r o m t h e s c a t t e r e r , a t a n 

a n g l e 6 t o t h e i n c i d e n t b e a m . T h e i n c i d e n t f i e l d w i l l i n d u c e 

a n i n s t a n t a n e o u s d i p o l e m o m e n t , 

y ( r , t ) d V / = a ( r f t ) . E Q ( r , t ) d V 2 . 7 4 

w h e r e g ( j r , t ) i s t h e p o l a r i s a b i 1 i t y t e n s o r a n d dlI a n e l e m e n t a l 



\ 
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v o l u m e , s m a l l c o m p a r e d w i t h A 3 a t a p o i n t _r i n t h e i l l u m i n a t e d 

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

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

I n t h e f a r f i e l d l i m i t , R = | R | > > £ > > A , t h e i n s t a n t a n e o u s 

E ( R , t) = EQA3Q e x p i ( k .R - u> ) / d V . a ( r , t ) e x p ( i k - . r ) 

s c a t t e r e d f i e l d i s g i v e n b y 

2 ^ p i ( _ s _ • • - i -

C 2 R 
2 . 7 5 

w h e r e _k i s t h e s c a t t e r i n g v e c t o r o f m a g n i t u d e | j < s | i n t h e 

d i r e c t i o n _R. T h e w a v e v e c t o r J< = _k ̂  - k i s e q u a l t o t h e 

m o m e n t u m t r a n s f e r w h i c h , s i n c e | k '|ks| = 2 - n n ^ r e l a t e d 

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

i o n 2 . 4 . 3 

K = |K| = s i n 5 8 2 . 3 2 

i n g e n e r a l a ( _ r , t ) i s a f l u c t u a t i n g q u a n t i t y w h i c h i n t h e c a s e 

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

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

s o l u t i o n ( w i t h p o l a r i s a b i 1 t y t e n s o r d i f f e r e n t f r o m t h e 

s o l v e n t ) a ( _ r , t ) w i l l b e r e l a t e d t o t h e l o c a l c o n c e n t r a t i o n 

f l u c t u a t i o n s . B y w r i t i n g ct i n t e r m s o f i t s a v e r a g e a n d 

f l u c t u a t i n g p a r t s , 

a ( r , t ) = <ot> + 6 a ( r , t ) 2 . 7 6 

w e o b t a i n 

d V . a ( r , t ) e x p i K . r = < a > v / 6 ( K ) + d V < 5 a ( r , t ) e x p ( i K . r ) 

2 . 7 7 

w h e r e 6( K ) i s t h e D i r a c d e l t a f u n c t i o n . T h i s e x p r e s s e s t h e 

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

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

i s f l u c t u a t i o n s i n t h e p o l a r i s a b i 1 t y w h i c h c a u s e t h e s c a t t e r -

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

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

T h e s c a t t e r i n g e q u a t i o n b e c o m e s , 

= ~ o pyp f i ( k . R - (o^t) 

o r f o r 0 / 0 
c 2R 

S a ( r , t ) e x p 1 - ' - d \ ) 2 . 7 8 

E ( R , t ) = E n ^ o 2exj3 i ( k . R - a> t) <§a( K , t) 2 - 7 9 

cZR 

w h e r e 6 o ( r , t ) a n d 6 o ( K , t ) a r e a F o u r i e r t r a n s f o r m p a i r . 
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Tig 2.18 Seatte/iing o/l an inciclnnt tight team ty a 

die.te.ct/iic medium, 

T h e p e r p e J t X u a l m o t i o n o f t h e m o l e c u l e s w i t h i n t h e m e d i u m 

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

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

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

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

W h e n s o l u t e p a r t i c l e s a r e d i s s o l v e d i n s o l v e n t s , t h e 

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

s c a t t e r e d i n t e n s i t y . T h e i n c r e a s e i n i n t e n s i t y m a y b e u s e d 

to. e v a l u a t e t h e n u m b e r o f s o l u t e p a r t i c l e s p e r v o l u m e , 

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

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

a n g u l a r d i s t r i b u t i o n o f t h e s c a t t e r e d l i g h t ( 1 0 1 ) 

2 . 6 . 1 F l u c t u a t i o n s a n d c o r r e l a t i o n f u n c t i o n s 

T i m e d e p e n d e n t c o r r e l a t i o n f u n c t i o n s p r o v i d e a c o n c i s e 

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

p r o p e r t i e s a r e c o r r e l a t e d o v e r a p e r i o d o f t i m e . T h e 

c o r r e l a t i o n f u n c t i o n C ( t ) d e f i n e d a s 

C ( t ) = < A . ( t ) A . ( t + T ) > 2 . 8 0 
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m e a s u r e s t h e p e r s i s t e n c e o f f l u c t u a t i o n s i n t h e p r o p e r t y A , 

a n d s h o w s h o w t h e v a l u e a t a t i m e t + T r e l a t e s t o t h a t a t a 

p r e v i o u s t i m e t . T h e s u b s c r i p t s i a n d j c a n r e f e r e i t h e r t o 

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

o f a n a u t o c o r r e l a t i o n f u n c t i o n , i = j a n d w e a r e c o n c e r n e d w i t h 

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

g i v e n s c a t t e r i n g c e n t r e i , a s a g a i n s t t h e c r o s s c o r r e l a t i o n 

w h i c h a l s o a c c o u n t s f o r t e r m s i ^ j . 

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

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

G ^ U . t + T ) = < E ( t ) E _ ( t + x ) > 2 . 8 1 

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

G ( 2 ) ( t , t + T ) = < l ( t ) I ( t + T ) > 2 . 8 2 

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

l ( R , t ) = E E * = | E | 2 2 . 8 3 

T h e n o r m a l i s e d f o r m s o f t h e s e f u n c t i o n s c a n b e w r i t t e n a s 

g ( l ) ( t , t + T ) = 

g ( 2 ) ( t , t + T ) = 

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

a r e r e l a t e d v i a t h e S i e g e r t e q u a t i o n f o r a f i e l d t h a t o b e y s 

G a u s s i a n s t a t i s t i c s : 

g ( 2 ) ( t , t + T ) = 1 + | g ( l ) ( t , t + T ) | 2 2 . 8 6 

a 
B y m e a s u r i n g t h e i n t e n s i t y a s / u n c t i o n o f t i m e , w e c a n c o n -

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

t h e f i e l d c o r r e l a t i o n , g U L i s s o m e t i m e s c a l l e d t h e 

d y n a m i c s t r u c t u r e f a c t o r a n d i s i t s e l f a F o u r i e r t r a n s f o r m 

o f t h e f r e q u e n c y s p e c t r u m S(u>) w h i c h i s g i v e n b y t h e W i e n e r -

K h i n c h i n t h e o r e m . 
OO . , V 

S M = 2l S |<E(t).E«(f+ T ) > | e x p l l w - % ' d T 
- OO 

2 . 8 7 

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

a v e r a g e d s c a t t e r e d i n t e n s i t y m a y b e w r i t t e n , 

< 1 > cc M P ( K ) 2 . 8 8 

< E(t)E-"-( t + T ) > 2 . 8 4 

<I> 

< l ( t ) l ( t , t + T ) > 2 . 8 5 

^iT 2 
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w h e r e M i s t h e m o l e c u l a r w e i g h t o f t h e p o l y m e r c h a i n a n d P ( K ) 

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

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

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

s o l u t e p a r t i c l e s . 

< I s > ex M P ( K ) S ( K ) 2 . 8 9 

w h e r e S ( K ) i s t e r m e d t h e s t r u c t u r e f a c t o r . 

E x p e r i m e n t a l l y t h e s c a t t e r e d f i e l d _ E ( K , t ) , c o r r e s p o n d -

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

a p h o t o m u l t i p l i e r d e t e c t o r ( P M ) . T h e o u t p u t s i g n a l i s 

p r o p o r t i o n a l t o t h e i n s t a n t a n e o u s o p t i c a l i n t e n s i t y [ l ( K , t ) | 

= | _E ( K , t ) | 5 . T h e a u t o c o r r e l a t i o n o f t h e o u t p u t o f t h e P M i s 

b u i l t u p b y a c o r r e l a t o r [ 1 0 2 ] . I n p r a c t i c e t h e s c a t t e r e d 

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

n ( t , T ) s c a t t e r e d a t a n a n g l e © i n a t i m d i n t e r v a l T , c e n t r e d 

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

c o u n t c o r r e l a t i o n f u n c t i o n , n ( t ) n ( t + * t ) w h i c h i s d i r e c t l y 

r e l a t e d t o t h e f i e l d a u t o c o r r e l a t i o n f u n c t i o n b y 

g ( 2 ) ( T ) = < l ( t ) n ( t + T ) > = , + y | g ( l ) ( T ) | a 

< n > 2 

2 . 8 9 

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

c o h e r e n c e o f t h e i n c i d e n t l i g h t . 

2 . 6 . 2 S c a t t e r i n g f r o m p o l y m e r s o l u t i o n s . 

A s s h o w n a t t h e b e g i n n i n g o f 2 . 6 , t h e s c a t t e r e d i n t e n -

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

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

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

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

s i z e o f t h e s c a t t e r i n g c e n t r e s , L , c o m p a r e d w i t h t h e m a g n i t u d e 

o f t h e i n v e r s e s c a t t e r i n g v e c t o r , K 3 ( s e e s e c t i o n 2 . 4 . 3 ) . 

D i l u t e p o l y m e r s o l u t i o n s a t l o w m o m e n t u m t r a n s f e r , K L < < 1 . 

I n d i l u t e s o l u t i o n t h e p o l y m e r c h a i n s a r e w e l l s e p a r a t e d 

a n d c o n s e q u e n t l y a c t a s i n d e p e n d e n t e n t i t i e s . S u f f i c i e n t l y 

s m a l l p o l y m e r s h a v i n g c h a r a c t e r i s t i c l e n g t h , L , a c t a s 
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p o i n t s c a t t e r e r s . F o r s u c h s c a t t e r e r s t h e f a c t o r e x p (i j<. _r) 

i n t h e s c a t t e r i n g a m p l i t u d e t e r m ( e q n . 2 . 7 5 ) i s t h e s a m e f o r 

a l l _r w i t h i n o n e s c a t t e r e r . T h u s t h e e l e c t r i c f i e l d s c a t t e r e d 

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

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

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

t h e s c a t t e r e d l i g h t . F o r n o n - i n t e r a c t i n g , i d e n t i c a l s c a t t e r e r s 

u n d e r s i m p l e B r o w n . i a n d i f f u s i o n t h e f i e l d f u n c t i o n i s g i v e n 

b y 

g ( l ) ( K , t ) = e x p " r t 2 . 9 0 

w h e r e T i s D ^ K ^ a n d D ^ t h e t r a n s l a t i o n a l d i f f u s i o n c o e f f i c i e n t 

i n t h e l i m i t c = 0 . D ^ c a n b e r e l a t e d t o m o l e c u l a r s i z e b y t h e 

S t o k e s - E i n s t e i n r e l a t i o n 

D = k T 2 . 9 1 
t 67Tr) R u 

s H 

w h e r e R u i s t h e h y d r o d y n a m i c r a d i u s . T h e s e m e a s u r e m e n t s c a n H 
t h u s b e u s e d t o g i v e a n i n d i c a t i o n o f p o l y m e r s i z e a n d h a v e 

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

b o t h D t a n d R ^ ( - R G ) [ l 0 2 ] . 

D i l u t e p o l y m e r s o l u t i o n s a t h i g h m o m e n t u m t r a n s f e r , K L > > 1 

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

i s s u f f i c i e n t l y l a r g e , s u c h t h a t L > > K \ t h e f i e l d s c a t t e r e d 

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

d e t e c t o r . T h e r e w i l l t h e r e f o r e b e s o m e d e g r e e o f d e s t r u c t i v e 

i n t e r f e r e n c e a n d t h e s c a t t e r e d l i g h t w i l l r e f l e c t t h e i n t e r -

n a l a s w e l l a s c e n t r e o f m a s s m o t i o n o f t h e m o l e c u l e s ( 4 7 ) 

M u c h w o r k h a s b e e n d o n e t h e o r e t i c a l l y a n d e x p e r i m e n t a l l y o n 

t h e i n t e r n a l m o t i o n s o f f l e x i b l e c o i l p o l y m e r s ( 6 , 4 6 , 4 7 , 4 8 ) . 

T h i s w o r k c o n c e r n s t h e w a v e v e c t o r d e p e n d e n c e o f t h e c h a r a c t -

e r i s t i c r e l a x a t i o n t i m e s , t > o f t h e d i f f e r e n t R o u s e - Z i m m t y p e 

m o d e s . T h e f i e l d s c a t t e r e d b y l a r g e f l e x i b l e m a c r o m o l e c u l e s 

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

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

t h e f i e l d a u t o c o r r e l a t i o n f u n c t i o n h a s t h e f o r m ( 1 0 4 ) 

g ( l ) ( K , t ) = A ( K ) e x p " r i t + A ( K ) e x p ~ ( r i + F 2 } + . 

0 2 . 9 2 

w h e r e A ^ , A ^ , a r e K - d e p e n d e n t a m p l i t u d e s , a n d r 2 = 2*C 3 

i . e . t h e i n v e r s e o f t h e r e l a x a t i o n t i m e a s s o c i a t e d w i t h t h e 
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d o m i n a n t i n t e r n a l m o d e . e t c a r e d e p e n d e n t o n s c a t t e r i n g 

a n g l e i n s u c h a w a y t h a t a t l o w a n g l e s ( l o w K ) A q d o m i n a t e s 

a n d e q n . 2 . 9 2 r e d u c e s t o e q n . 2 . 9 0 : a s K i n c r e a s e s , c o n t r i b u t -

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

n o n - e x p o n e n t i a l . T h e a n g u l a r d e p e n d e n c e o f o v e r t h e 

a n g u l a r r a n g e f o r w h i c h A q a n d A ^ d o m i n a t e t h e s c a t t e r i n g h a s 

b e e n u s e d t o o b t a i n i n f o r m a t i o n a b o u t t h e r e l a x a t i o n t i m e t ^ . 

A t h i g h e r a n g l e s , o t h e c r t e r m s e n t e r e q n . 2 . 9 2 c o r r e s p o n d i n g 

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

r i g i d , t h e r e s u l t a n t s c a t t e r e d f i e l d f o r K > > 1 w i l l f l u c t u a t e 

i n t i m e a s t h e p a r t i c l e u n d e r g o e s r o t a t i o n a l B r o w n i a n m o t i o n . 

T h e f i e l d c o r r e l a t i o n f o r t h i s s i t u a t i o n i s t h e s a m e a s i n 

e q n . 2 . 9 2 [ l 0 3 , 1 0 4 ] b u t w i t h T 2 = 6 D r ^ i s t h e r o t a t i o n a l 

d i f f u s i o n c o e f f i c i e n t . 

2 . 6 . 3 L i g h t . s c a t t e r i n g f r o m n o n - d i l u t e p o l y m e r - s y s t e m s 

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

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

c o n s e q u e n t l y m o d i f i e d . H o w e v e r i n c a s e s w h e r e t h e m e a n c h a i n 

s e p a r a t i o n a c i s s m a l l e r t h a n K , t h e s c a t t e r i n g w i l l b e 

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

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

w h o l e s y s t e m . S e v e r a l a u t h o r s h a v e a d d r e s s e d t h i s p r o b l e m . 

B r o c h a r d a n d d e G e n n e s [ 5 0 ] h a v e p r e d i c t e d t h e P C S 

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

s o l v e n t s . I n t h i s s e m i - d i l u t e r e g i o n t h e i r m o d e l p r e d i c t s 

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

f a c t o r ) h a s t w o d i s t i n c t c o m p o n e n t s , e a c h o f t h e f o r m 

= e x p ^ i ^ 2 . 9 3 
S ( K , 0 ) 

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

w i t h ' a c h a r a c t e r i s t i c f r e q u e n c y g i v e n b y 

r x = 1 / T r + P D C K * 2 > g 4 

f o i l o w e c | b y a s u b s e q u e n t s l o w d e c a y w i t h t h e f r e q u e n c y 

D K 
IX = 

2 

1 + p T 0 K 
r c 

2 . 9 5 

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

e l a s t i c m o d u l u s , t o t h e i s o t h e r m a l o s m o t i c r i g i d i t y E ^ , 

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

c h a i n s . 

H e n c e f o r K L < < 1 t h e s l o w d e c a y T N = D K 2 w h i l e t h e 
2 c 

f a s t i n i t i a l d e c a y = l / x . H o w e v e r t h e a u t h o r s a r g u e t h a t 

b e c a u s e o f t h e l o w a m p l i t u d e o f t h e f a s t m o d e , i t w o u l d .be 

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

t r a n s f e r , K L > > 1 , t h e y p r e d i c t t h a t t h e s l o w m o d e r e l a x a t i o n 

f r e q u e n c y T ^ "^/ p t^ w h i l e f o r t h e f a s t m o d e -»• D ^ K 2 . A g a i n 

f o r t h e s a m e r e a s o n t h e h i g h a m p l i t u d e o f t h e s l o w m o d e m a k e s 

t h e f a s t m o d e u n o b s e r v a b l e . 

R e i h a n i a n a n d J a m i e s o n ( 5 1 ) m o d i f i e d t h e t h e t a s o l v e n t 

a p p r o a c h o f B r o c h a r d a n d d e G e n n e s , t o i n c l u d e g o o d s o l v e n t s . 

T h e i r m o d e l w h i c h c o n s i d e r e d t h e R o u s e - B e u c h e - Z i m m m o d e l c h a i n 

o f n - s e g m e n t s , a l s o s h o w e d b i m o d a l b e h a v i o u r , w i t h a f a s t 

i n i t i a l d e c a y 

T-l = 1 / x r + ( D c + D t ) K 2 2 . 9 6 

a n d a s l o w d e c a y 

r D+,KZ 

1 + ( D + D ) K 2 T 2 ' 9 7 

c t r 

w h e r e ( = P c / p ) i s t h e c h a i n c e n t r e o f m a s s d i f f u s i o n 

c o e f f i c i e n t . H e r e , f o r s m a l l v a l u e s o f p - 1 , t h e r e l a t i v e 

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

a r e s u l t b o t h m o d e s o f d e c a y s h o u l d b e o b s e r v a b l e . 

R i g i d r o d s 

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

t h i n r i g i d r o d s h a v e b e e n m o d e l l e d b y D o i a n d E d w a r d s ( D E ) ( 4 ) 

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

b y n e i g h b o u r i n g r o d s ( s e e E i g 2 . 9 b ) . O r t h o g o n a l m o t i o n o f 

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

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

Dj.. T h e i r a n a l y s i s a l s o l e a d s t o n o n - e x p o n e n t i a l c h a r a c t e r i s t i c s 

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

i n i t i a l s l o p e s h o u l d b e 

3 5 ( K > t ) = i T , = y - D K 2 2 . 9 8 
3 1 3 r 

9 t t = 0 
w h i c h i s o n e h a l f t h e d i l u t e s o l u t i o n s l o p e , 
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a s ( K , t ) 

at 
- -r 

t = 0 , c = 0 ~ 3 1 

A t l o n g t i m e s t h e d y n a m i c a l s t r u c t u r e f a c t o r S ( K , t ) 

d e p e n d s o n c o n c e n t r a t i o n a n d a p p r o x i m a t e s t o a n e x p o n e n t i a l 

d e c a y 

S ( K , T ) = 5 ( K , 0 ) e x p " r 2 t 2 . 1 0 0 

w i t h c h a r a c t e r i s t i c f r e q u e n c y , 

= ( K 2 D 2 . 1 0 1 2 r e t 
D i s t h e c o n c e n t r a t e d s o l u t i o n r o t a t i o n a l d i f f u s i o n 
r c 

c o e f f i c i e n t r e l a t e d t o t h e i n f i n i t e d i l u t i o n v a l u e ( s e e 

s e c t i o n 2 . 3 . 2 ) b y 

3 — 2 
D = D f c L " ) 
r c r l n J 

s i n c e D ^ i s g i v e n b y e q n 2 . 5 , h a s t h e f o l l o w i n g c o n c e n t r a t i o n 

a n d m o l e c u l a r w e i g h t d e p e n d e n c e 

r 2 - 1KI « Ik I 2.102 
c L * c M 4 

n 

A t h i g h c o n c e n t r a t i o n , t h e S ( K , t ) c o n c e n t r a t i o n d e p e n d e n c e 

i s p r e d i c t e d t o d i s a p p e a r . T h i s i s a t t r i b u t e d t o a t r a n s i t -

i o n f r o m m i x e d r o t a t i o n a l a n d t r a n s l a t i o n a l d i f f u s i o n t o p u r e 

l o n g a x i a l t r a n s l a t i o n , w h i c h D o i a a d E d w a r d s a r g u e w i l l 

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

E d w a r d s a n d E v a n s [ 1 9 ] h a v e e x t e n d e d t h e a r g u m e n t t o 

h i g h e r c o n c e n t r a t i o n , c , n e a r t h e u p p e r l i m i t o f t h e D E 

r e g i m e , C""'"'. T h e i r m o d e l p r e d i c t s t h a t t h e e f f e c t i v e 

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

c o n c e n t r a t i o n m u n t i l a f r e e z i n g o f m o l e c u l a r m o t i o n o c c u r s , 

a t a c e r t a i n c o n c e n t r a t i o n i n a g l a s s - l i k e t r a n s i t i o n . T h e i r 

t r e a t m e n t s h o w s a c o n c e n t r a t i o n d e p e n d e n c e o f t h e f o r m 

D = D { 1 Y ( c dL2 f] 2 . 1 0 3 
e f f t n 

w h e r e c i s t h e n u m b e r c o n c e n t r a t i o n o f t h e r o d s a n d y i s 
n ' 

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

t o t h e D o i a n d E d w a r d s t h e o r y w h i c h p r e d i c t s t h a t D ^ s h o u l d 

d e c r e a s e w i t h c o n c e n t r a t i o n i n i t i a l l y a n d t h e n b e c o m e i n d e p -

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

d i f f u s i o n i s s t i l l r e l a t i v e l y u n r e s t r i c t e d ), E d w a r d a n d 

E v a n s p r e d i c t e d t h a t a t h i g h e r c o n c e n t r a t i o n s t h e t r a n s l a t i o n a l 

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

d e c r e a s i n g a s D ^ ^ « c 1 > 5 



A P P A R A T U S A N D D A T A A N A L Y S I S 

T h i s C h a p t e r i s d i v i d e d i n t o t w o s e c t i o n s , s e c t i o n A • 

d e a l s w i t h a d e t a i l e d d e s c r i p t i o n o f t h e K e r r e l e c t r o - o p t i c 

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

m e t h o d s o f a n a l y s i s e m p l o y e d . S e c t i o n B d e a l s w i t h t h e s a m e 

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

S e c t i o n A : T h e D y n a m i c K e r r E f f e c t . 

3 . 1 T h e K e r r e f f e c t t e c h n i q u e a p p a r a t u s . 

A s c h e m a t i c d i a g r a m o f t h e K e r r e l e c t r o - o p t i c a p p a r a t u s 

i s s h o w n i n F i g . 3 . 1 . A p l a n e p o l a r i s e d m o n o c h r o m a t i c l a s e r 

l i g h t l s o u r c e ( L L ) } i s i n c i d e n t o n a r o t a t a b l e G l a n - T h o m p s o n 

q u a r t z p r i s m ( p ) w h i c h e n s u r e s c o m p l e t e p o l a r i s a t i o n o f t h e 

i n c i d e n t l i g h t . T h e l i g h t t h e n p a s s e s i n t o t h e K e r r c e l l ( K C ) 

E . h . t H i g h t e n s i o n p o w e r s u p p l y K C K e r r c e l l 

Q u a r t e r w a v e p l a t e 

A n a l y s e r 

T T h y r a t r o n Q 

P G P u l s e g e n e r a t o r A 

L L L a s e r l i g h t s o u r c e P M P h o t o m u l t i p l i e r 

S 1 , S 2 S l i t s t o c u t d o w n s t r a y l i g h t 

P P o l a r i s e r O S O s c i l l o s c o p e 

Fig 3-1 B l o c k d i a g r am o f fhe Kerr e l e c f r o - o p t i c a p p a r a f u s . 



Photo No. I the Keen e l e c t e o - o p t i c equipment, 
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w h i c h c o n t a i n s t h e p o l y m e r s o l u t i o n . T h e e l e c t r o d e s w h i c h a r e 

a r r a n g e d s o t h a t t h e e l e c t r i c f i e l d d i r e c t i o n i s a t 4 5 ° t o t h e 

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

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

b u r g M o d e l 7 2 8 R h i g h t e n s i o n s u p p l y , ( E . h . t ) c a p a b l e o f d e l i -

v e r i n g u p t o 20kl/, a t w i n h y d r o g e n t h y r a t r o n d i s c h a r g e u n i t , T 

a n d a F a r n e l t y p e l o w v o l t a g e t w i n p u l s e g e n e r a t o r , ( P G ) . T h e 

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

t h e r m o s t a t t i n g f l u i d t h r o u g h i t s o u t e r j a c k e t f r o m e i t h e r a 

w a t e r t h e r m o s t a t o r f o r l o w t e m p e r a t u r e w o r k , a L a u d a U l t r a -

K r y o m a t t y p e K12Qtii r e f r i g e r a t o r u n i t . O n e m e r g i n g f r o m t h e 

K e r r c e l l t h e l i g h t b e a m c a n p a s s t h r o u g h a q u a r t e r w a v e p l a t e 

( Q ) , w h i c h r e s t o r e s t h e e l l i p t i c a l l y p o l a r i s e d b e a m i n t o a 

p l a n a r p o l a r i s a t i o n . I t t h e n p a s s e s t h r o u g h a n o t h e r r o t a t a b l e 

G l a n - T h o m p s o n p r i s m , t h e a n a l y s e r , A w h o s e c r o s s e d p o s i t i o n 

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

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

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

( P M ) p o w e r e d b y a B r a n d e n b u r g m o d e l 4 7 6 R p o w e r s u p p l y . T h e o u t -

p u t f r o m t h e d e t e c t o r i s f e d v i a a l o a d r e s i s t o r t o a T e k t r o n i x 

t y p e 5 5 6 D u a l b e a m o s c i l l o s c o p e , w h e r e t h e s i g n a l i's d i s p l a y e d 

b e f o r e b e i n g p h o t o g r a p h e d u s i n g a p o l a r o i d C R - 9 l a n d 

o s c i l l o s c o p e c a m e r a . T h e f i e l d a p p l i e d t o t h e c e l l i s m o n i t o r -

e d u s i n g t w o T e k t r o n i x P 6 0 1 5 h i g h t e n s i o n p r o b e s a n d i s d i s p l -

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

t h e b i r e f r i n g e n c e . 

3 . 2 T h e K e r r c e l l 

T h e K e r r c e l l , d e s i g n e d a n d c o n s t r u c t e d d u r i n g t h i s s t u d y 

a n d w h o s e s c h e m a t i c d i a g r a m i s s h o w n i n F i g 3 . 2 , c o n s i s t s o f 

t w o c o n c e n t r i c s t a i n l e s s s t e e l c y l i n d e r s A a n d 8 o f l e n g t h 6 5 m m 

a n d i n t e r n a l d i a m e t e r 4 0 m m a n d 2 5 m m r e s p e c t i v e l y . T h e i n n e r 

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

i o n s 5 0 x 1 0 x 2 m m w h i c h a r e e m b e d d e d i n a g l a s s - f i l l e d T e f l o n 

( P T F E ) b l o c k D g i v i n g a 2 m m g a p b e t w e e n t h e e l e c t r o d e s . T h e 

P T F E w a s c h o s e n b e c a u s e o f i t s g o o d i n s u l a t i n g p r o p e r t i e s a n d 

g e n e r a l i n e r t n e s s t o c h e m i c a l a t t a c k , T h e P T F E a n d t h e e l e c t r -

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

s e r v e a s e l e c t r i c a l c o n n e c t i o n s , t h r o u g h w h i c h t h e v o l t a g e i s 

a p p l i e d a c r o s s t h e c e l l . T h e c e l l w i n d o w s , G a r e m a d e o f g l a s s 
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w i t h a 1 0 m m h o l e a t t h e c e n t r e . M i c r o s c o p e s l i d e g l a s s e s a r e 

g l u e d t o c l o s e t h e s e w i n d o w s i n o r d e r t o m i n i m i s e s t r a i n b i r e -

f r i n g e n c e . T h e g l a s s w i n d o w s a r e h e l d i n p l a c e b y m e a n s o f ; 

t h r e a d e d s t a i n l e s s s t e e l e n d r i n g s , H w h i c h p r e s s o n t o a t h i n -

P T F F w a s h e r , I . t h u s p r e s s i n g t h e w i n d o w s o n t o a g r o o v y e J . 

T h e g r o o v e i s f i t t e d w i t h a P T F E o - r i n g K , t o e n s u r e a t i g h t 

l e a k p r o o f j o i n t . 

T h e o u t e r j a c k e t i s p r o v i d e d w i t h a n i n l e t L-^, a n d a n 

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

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

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

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

h o l e s , M ̂  , M , M g o n t h e t o p o f t h e c e l l g i v e a c c e s s t o t h e 

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

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

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

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

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

F o r l o w t e m p e r a t u r e m e a s u r e m e n t s ( b e l o w 0 ° c ) t h e a d d i t i o n -

a l c o m p o n e n t S , i s a t t a c h e d t o t h e e n d o f t h e K e r r c e l l t o 

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

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

P T F E t u b e , w i t h a g a p ( 2 0 m m ) 1 e f t b e t w e e n t h e g l a s s w i n d o w s G 

a n d P . T h i s g a p i s i n t e r m i t t e n t l y s w e p t w i t h d r y a i r t o k e e p 

t h e w i n d o w s f r e e o f c o n d e n s a t i o n . T h e e n t i r e a t t a c h m e n t i s 

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

T h e c e l l h a s a v o l u m e t r i c c a p a c i t y o f 1 1 m l a n d h a s b e e n 

d e s i g n e d : 

( i ) t o b e e a s i l y d i s m a n t l e d f o r w a s h i n g , c l e a n i n g a n d d r y i n g ; 

( i i ) w i t h a p r o v i s i o n f o r a d j u s t i n g t h e e l e c t r o d e g a p . 

3 . 3 T h e P u l s e g e n e r a t o r a n d t h e T h y r a t r o n s y s t e m . 

T w o t y p e s o f w a v e f o r m s w e r e u s e d i n t h i s w o r k : a ) a 

s i n g l e r e c t a n g u l a r p u l s e a n d b ) a r e v e r s i n g r e c t a n g u l a r p u l s e . 

3 . 3 . 1 T h e s i n g u l a r r e c t a n g u l a r p u l s e u n i t . 

T h e l o w v o l t a g e t w i n p u l s e g e n e r a t o r , t h e F a r n e l t y p e < 

g e n e r a t i n g s y s t e m , i s a v e r s a t i l e p u l s e d w a v e f o r m s o u r c e . 

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

(.i) t h e s t a b i l i s e d p o w e r s u p p l y u n i t ; 

(.i i ) the trigger unit, which controls the mode of operation 
o f t h e p u l s e g e n e r a t i n g s y s t e m e i t h e r t h r o u g h a n i n t e r n a l p u l s e 

r e p e t i t i v e f r e q u e n c y ( P R F ) g e n e r a t o r d i r e c t l y o r e x t e r n a l l y 

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

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

( i i i ) t h e P R F g e n e r a t o r , w h i c h d e t e r m i n e s t h e p u l s e r e p e t i t i o n 

f r e q u e n c y (l H z t o 1 0 M H z ) a v a i l a b l e f r o m t h e i n s t r u m e n t ; 

( i v ) t w o p u l s e width u n i t s w h i c h c o n t r o l t h e d u r a t i o n 

( C h i p s t o 1 . 0 s ) o f t h e o u t p u t p u l s e s a v a i l a b l e f r o m t h e p u l s e 

g e n e r a t o r . 

( v ) t w o o u t p u t u n i t s , w h i c h c o n t r o l t h e p u l s e a m p l i t u d e s 

( 3 0 m V t o 2 0 I/) a n d p o l a r i t i e s ; 

( v i ) t w o p u l s e d e l a y u n i t s w h i c h d e t e r m i n e t h e t i m e d e l a y 

b e t w e e n t h e i n p u t t r i g g e r a n d t h e p u l s e o u t p u t . F o r t w i n p u l s e 

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

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

b e t w e e n t h e o c c u r r e n c e o f t h e p u l s e s . T h i s i s a d j u s t a b l e f r o m 

O . l y s t o 1 . 0 s ; 

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

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

s w i t c h i n g c i r c u i t f o r t h e e l e c t r o d e e . h . t s u p p l y . F i g 3 . 3 ( a ) 

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

d e s i g n e d a n d c o n s t r u c t e d i n t h e C h e m i c a l E n g i n e e r i n g D e p a r t m e n t 

E l e c t r o n i c W o r k s h o p . I t c o n s i s t s o f t w o p a r a l l e l r e s i s t o r s 

R ^ a n d R ^ , e a c h 1 0 Mft, c o n n e c t e d t o t h e B r a n d e n b u r g m o d e l 7 2 8 R 

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

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

c a p a c i t o r s C ^ a n d C ^ c o n n e c t e d i n p a r a l l e l w i t h t h e t h y r a t r o n 

Y ^ a n d Y ̂  a r e c h a r g e d w h e n t h e e . h . t . i s s w i t c h e d o n a n d 

m a i n t a i n a c o n s t a n t v o l t a g e a t t h e c e l l e l e c t r o d e s . T h e 

t h y r a t r o n Y ^ a n d Y ^ a c t a s s w i t c h e s f o r d i s c h a r g i n g t h e 

e l e c t r o d e a s d e s i r e d . 
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Ttg 3.3 (a) 7he 7ky/iat/ion ci/icuit/iy 

(t) Rec.tanguta/i uaue 
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O p e r a t i o n a n d g e n e r a t i o n o f a r e c t a n g u l a r p u l s e . 

W h e n t h e e . h . t .is s w i t c h e d o n t h e v / o l t a g e i s a p p l i e d 

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

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

c a p a c i t o r s a n d t h e e l e c t r o d e s a r e a t t h e s a m e v o l t a g e V . A t 

t i m e , t s a y , a 2 0 v o l t p u l s e o f 3 . 0 p s d u r a t i o n f r o m t h e 

p u l s e g e n e r a t o r ,T , t r i g g e r s t h y r a t r o n Y ^ , c a u s i n g c u r r e n t 

t o f l o w t o e a r t h t h r o u g h Y ^ a s s h o w n i n F i g 3 . 3 ( a ) c o n s e q u e n -

t l y d i s c h a r g i n g c a p a c i t o r C ^ a n d c o n n e c t i n g e l e c t r o d e K ^ t o 

e a r t h . W i t h e l e c t r o d e K ^ a t z e r o p o t e n t i a l a n d K ^ a n d C ^ a t 

t h e e . h . t p o t e n t i a l , V/, a p o t e n t i a l d i f f e r e n c e V v o l t s b e c o m e s 

d e v e l o p e d a c r o s s t h e c e l l . A t a l a t e r t i m e t , + A t ) , 

t h y r a t r o n Y 2 i s t r i g g e r e d b y a s i m i l a r s m a l l v o l t a g e , T ^ f r o m 

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

e l e c t r o d e s K 2 a n d c a p a c i t o r C ^ t o z e r o p o t e n t i a l . B o t h e l e c t -

r o d e s a r e n o w a t z e r o p o t e n t i a l a n d t h e r e i s n o p o t e n t i a l 

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

A t a r e c t a n g u l a r p u l s e o f t h e f o r m s h o w n i n F i g 3 . 3 ( b ) h a s 

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

r e a d y f o r t h e p u l s e s e q u e n c e t o b e r e p e a t e d . 

D u r i n g t h e c o u r s e o f t h i s w o r k t h r e e s e t s o f c a p a c i t o r s 

o f v a l u e 5 0 p F , 3 D 0 p F , a n d 0 . 1 u F w e r e e m p l o y e d . T h e s e w e r e 

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

s o l u t i o n s s t u d i e d . A c o n d u c t i n g m e d i u m b e t w e e n t h e c e l l e l e c t -

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

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

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

a r e s i s t a n c e R , i s g i v e n b y 

\/(t) = \Iq e x p - 1 / T 3 . 1 

w h e r e t h e t i m e c o n s t a n t T c = R C a n d \/q i s t h e i n i t i a l c a p a c i t o r 

v o l t a g e . I f s u c h a f l o w o f c u r r e n t t a k e s p l a c e t h r o u g h t h e 

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

t h r o u g h o u t t h e p e r i o d A t , a n d t h e p u l s e f o r m i s n o l o n g e r 

r e c t a n g u l a r . B y i n c r e a s i n g t h e c a p a c i t a n c e C , t h e t i m e c o n s t -

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

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

H o w e v e r , s u c h a c h a n g e a l s o m e a n s t h a t t h e r a t e o f c a p a c i t o r 

c h a r g i n g i s a l s o d e c r e a s e d a n d s o t h e r a t e o f t h e p u l s e r e p e t -
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i t i o n t h a t c a n b e a c h i e v e d i s r e d u c e d . T h i s w a s n o t a l i m i t a i o n 

e x c e p t f o r v e r y s h o r t , p u l s e t i m e s ( A t < 5 q s ) w h e n s i n g l e s h o t 

o p e r a t i o n d i d n n t g i v e a s u f f i c i e n t l y i n t e n s e C R O d i s p l a y . 

3 , 3 . 2 T h e r e v e r s i n g p u l s e u n i t 

T h e u n i t , d e s i g n e d a n d c o n s t r u c t e d i n t h e D e p a r t m e n t a l 

E l e c t r o n i c W o r k s h o p , u t i l i e s t r a n s i s t o r i s e d t e c h n o l o g y . I t 

w a s d e s i g n e d t o ; 

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

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

A 

2 4 K 2 4 _ | i 
1 4 n r 1 4 A B A B 

Drive stage A 
PA Pulse 

Generator 
PG 

PB 

Pulse delay RepeWtition rote 
(Q) 

AV , AV i iva 
VA- VB 

c 

v A 

VB 

(b) ( c ) 

Tig 3.4 Bdock diagram oJL the. sieue/iAing 

putte unit and the ioau e-jLo em*. 
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i i ) p r o d u c e b o t h r e c t a n g u l a r a n d r e v e r s i n g p u l s e w a v e f o r m s * 

T h e r e v e r s i n g p u l s e g e n e r a t o r ( b l o c k d i a g r a m i n F i g 3 . 4 ( a ) ) 

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

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

p e t i t i o n r a t e , P R . T h e g e n e r a t e d p u l s e i s d r i v e n t h r o u g h t h e 

d r i v e s t a g e D , w h i c h a m p l i f i e s t h e p u l s e g e n e r a t o r o u t p u t t o 

t h e r e q u i r e d p o w e r t o d r i v e t h e o u t p u t s t a g e O P . T h i s o u t p u t 

s t a g e c o n s i s t s o f t w o s e t s o f t r a n s i s t o r s , 1 a n d 2 , c o n n e c t e d 

t o t h e e l e c t r o d e s A a n d B o f t h e K e r r c e l l , K . T h e o u t p u t t r a n -

s i s t o r 1 f a c i l i t a t e s t h e f a s t b u i l d u p o f t h e v o l t a g e o n t h e 

e l e c t r o d e s , w h i l e t h e t r a n s i s t o r 2 i s r e s p o n s i b l e f o r f a s t 

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

t h e t h y r a t r o n a r r a n g e m e n t . 

G e n e r a t i n g t h e r e v e r s i n g p u l s e 

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

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

w a v e f o r m i s g e n e r a t e d a s f o l l o w s : a t t i m e t t h e p u l s e 

g e n e r a t e d a l o n g P A , k e e p s t h e e l e c t r o d e K ^ a t t h e p o t e n t i a l 

o f D , w h i l e K g i s a t z e r o p o t e n t i a l . T h i s l e a d s t o a p o t e n t i a l 

\l b e i n g d e v e l o p e d a c r o s s t h e K e r r c e l l K . A t a l a t e r t i m e t 

( = t Q + A t ) c o r r e s p o n d i n g t o p o s i t i o n C i n F i g 3 . 4 ( b ) t h e e l e c - . 

t r o d e K g i s a c t i v a t e d b y t h e p u l s e g e n e r a t e d a l o n g P B . S i m u l t -

a n e o u s l y t r a n s i s t o r 2 i n O P ^ d i s c h a r g e s t h e v o l t a g e o n e l e c t r o d e 

K ^ . UJith K^ n o w a t z e r o p o t e n t i a l a n d K g a t t h e p u l s e p o t e n t i a l 

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

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

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

s h o w n i n F i g 3 . 4 ( c ) . 

T h e r e v e r s i n g p u l s e u n i t w a s d e s i g n e d t o o p e r a t e b e t w e e n 

• t o 1 . 0 kl/, h o w e v e r , t e c h n i c a l p r o b l e m s r e s t r i c t e d o p e r a t i o n 

t o v o l t a g e s l e a s t h a n 0 . 6 k V . 

3 . 4 T h e d e t e c t i o n c i r c u i t 

T h i s c o n s i s t s o f t h e p h o t o m u l t p l i e r P M , o s c i l l o s c o p e 

C R D , t h e v a r i a b l e l o a d r e s i s t o r s a n d t h e c a m e r a . UJhen a b l u e 

l i g h t s o u r c e ( A = 4 4 1 . 6 n m ) w a s e m p l o y e d , t h e d e t e c t o r w a s a n 

E M I 9 8 1 3 K B b i a l k a l i c a t h o d e p h o t o m u l t i p l i e r w h i c h h a s i t s 

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

F o r t h e l a t e r e x p e r i m e n t s u s i n g a r e d l a s e r ( A = 6 3 2 . 8 n m ) , a n 



- 83 -

E M I 9 6 5 8 R , S - 2 0 t r i a l k a l i c a t h o d e s , P M w a s u s e d . T h e P M 

p o w e r s u p p l y w a s a s t a b i l i s e d B r a n d e n b u r g u n i t m o d e l 4 7 6 R , 

c a p a b l e o f d e l i v e r i n g 0 . 4 t o 2 . 0 k\/. T h e o u t p u t o f t h e P M w a s 

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

t h e r a n g e 5 0 0 t o 2 0 k<7 c o u l d b e s e l e c t e d , t o a T e k t r o n i x 5 5 6 

D u a l b e a m o s c i l l o s c o p e . T h e o s c i l l o s c o p e d i s p l a y e d b o t h t h e 

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

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

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

p o l a r o i d C R - 9 l a n d c a m e r a u s i n g p o l a r o i d 1 0 7 C f i l m w a s u s e d t o 

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

3 . 5 T h e o p t i c a l s y s t e m 

T h e o p t i c a l s y s t e m i s s h o w n s c h e m a t i c a l l y i n t h e l o w e r 

s e c t i o n o f F i g 3 . 1 . T h e l a s e r l i g h t s o u r c e ( L L ) w a s i n i t i a l l y 

a n R C A - L D 2 1 8 6 H e - C d l a s e r , e m i t t i n g m o n o c h r o m a t i c p l a n e 

p o l a r i s e d l i g h t o f w a v e l e n g t h 4 4 1 . 6 n m a n d p o w e r 1 5 mill. 

H o w e v e r , d u r i n g t h e c o u r s e o f t h i s w o r k t h i s w a s r e p l a c e d , 

f i r s t b y a L i c . o n i x m o d e l 4 1 1 0 , H e - C d l a s e r o p e r a t i n g a t t h e 

s a m e w a v e l e n g t h , a n d p o w e r 1 1 . 5 mliJ a n d l a t e r b y a R o f i n N E C 

G L G 5 3 5 0 .5 mill H e - N e l a s e r o p e r a t i n g a t 6 3 2 . 8 n m . T h e s l i t s S I 

a n d S 2 w e r e u s e d t o r e d u c e t h e e f f e c t s o f s t r a y l i g h t . T h e 

r o t a t a b l e G l a n - T h o m p s o n p r i s m P , i s p o s i t i o n e d w i t h i t s p l a n e 

o f v i b r a t i o n p a r a l l e l t o t h e p l a n e o f p o l a r i s a t i o n o f t h e 

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

T h e q u a r t e r w a v e p l a t e Q , ( w h e n i n s e r t e d ) c o n v e r t s t h e e l l i p t -

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

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

G l a n - T h o m p s o n p r i s m , A , t h e a n a l y s e r . T h e p o l a r i s e r a n d t h e 

a n a l y s e r a n d t h e q u a r t e r w a v e p l a t e a r e m o u n t e d o n r o t a t a b l e 

g r a d u a t e d h o l d e r s w h i c h c o u l d b e a d j u s t e d t o w i t h i n 0 . 0 5 ° . 

T h e s e c o m p o n e n t s h a v e t h e i r a x e s o f v i b r a t i o n s e t 4 5 ( P ) / 

1 3 5 ° ( A , Q ) w i t h c r o s s e d p o s i t i o n , t h e a n a l y s e r 

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

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

3 . 5 . 1 O p t i c a l t h e o r y 

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

i n t w o m o d e s f o r b i r e f r i n g e n c e m e a s u r e m e n t s 
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M o d e A - O p t i c a l a r r a n g e m e n t w i t h o u t A / 4 - p l a t e 

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

a n d a r e a t 4 5 ° t o t h e f i e l d d i r e c t i o n . R o t a t i n g t h e a n a l y s e r 

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

o f i n t e n s i t y I t o r e a c h t h e p h o t o m u l t i p l i e r . T h i s i n t e n s i t y 

i s r e l a t e d t o t h e a n g l e a a n d t h e o p t i c a l r e t a r d a t i o n , 6 d u e 

t o t h e b i r e f i n g e n c e a c c o r d i n g t o e q u a t i o n { 1 } . 

= 1 ~ c o s 2 a c o s 6 } 3 . 2 

w h e r e I i s t h e i n c i d e n t l i g h t i n t e n s i t y o n t h e c e l l a n d K 

i s a n e f f i c i e n c y f a c t o r a c c o u n t i n g f o r a n y l o s s o f i n t e n s i t y 

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

W i t h o u t a n e l e c t r i c f i e l d ( 6 = 0 ) , . t h e i n t e n s i t y r e a c h i n g 

t h e P M b e c o m e s , 

2 
I = i K I { 1 - c o s 2 a } K I s i n a 3 . 3 
a o o 

T h e e f f e c t o f a n y r e s i d u a l s t r a i n b i r e f r i n g e n c e ^ q i n t h e c e l l 

w i n d o w s i s t o m o d i f y t h i s t r a n s m i t t e d i n t e n s i t y t o : 

2 2 
^ a + 6 = ^ * " c o s 2 a c o s 6 a } = K I q { s i n a c o s 6 Q + s i n 5 6 J 

0 
3 . 4 

W h e n a n e l e c t r i c f i e l d p u l s e i s a p p l i e d , t h e s o l u t i o n b i r e f r i n 

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

I A + 6 + 6 = 5 K I q { 1 - c o s 2 a c o s (6 + 6 0 ) } 3 . 5 
0 

w h e r e 6 i s t h e r e t a r d a t i o n d u e t o t h e s o l u t i o n . T h e c h a n g e o f 

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

A I 6 = J a + 6 + 6 ~ X a + 6 = c o s 2 a c o s 6 - c o s 2 a c o s ( 6 + 6 
0 0 

3 . 6 

W h e n t h e a n a l y s e r a n d t h e p o l a r i s e r a r e c r o s s e d ( a = 0 ) t h i s 

e q u a t i o n r e d u c e s t o 

Air. = £ K I { c o s 6 - c o s (6 + 6 )} 0 o 0 

3 . 7 

= K I { s i n 2 ( £ ( 6 + 6 )) - s i n 2 £ 6 i 3 . 8 o o 0 
F o r v e r y s m a l l a n g l e s f o r w h i c h 3 = s i n 5 e q n 3 . 8 s i m p l i f i e s 

A I 6 = K I O { I 6 2 + £ 66Q } 3 - 9 
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a n d f o r a c a s e f o r w h i c h 6 < < 6* o 
A I 6 - s K I Q 6 2 5 K I { ( 7t£ A n ) / A } 2 3 . 1 0 

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

t o t h e s q u a r e o f t h e i n d u c e d r e t a r d a t i o n o r b i r e f r i n g e n c e 

i . e . q u a d r a t i c d e t e c t i o n . 

N o t i n g t h a t 6 = 2 t tB£E2 eqn.2-40, w h e n t h e K e r r l a w h o l d s , 

s u b s t i t u t i o n i n t o e q n . 3 . 9 y i e l d s 

A I 6 / E 2 K I - = tt 2 £ 2 B 2 E 2 + tt£B6 3 . 1 1 o o 

a n e q u a t i o n o r i g i n a l l y d e v e l o p e d b y O r t t u n g a n d M e y e r s { 7 1 } 

M o d e B - O p t i c a l a r r a n g e m e n t w i t h A / 4 - p l a t e . 

W i t h a A / 4 - p l a t e , p o s i t i o n e d w i t h i t s s l o w a x i s a t 1 3 5 ° 

t o t h e e l e c t r i c f i e l d d i r e c t i o n ( p a r a l l e l t o t h e a n a l y s e r ) 

t h e l i g h t i n t e n s i t y t r a n s m i t t e d b y t h e a n a l y s e r w h e n i t i s 

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

o f t h e f i e l d i s g i v e n b y 

1 o l + 6 = - c o s ( 2 a + 6 o ) } 3 . 1 2 
o 

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

a r e t a r d a t i o n 6 , t h e t r a n s m i t t e d i n t e n s i t y b e c o m e s ( 1 ) , 

I . , = 5 K I { 1 - c o s ( 2 a + 6 + 6 ) } 3 . 1 3 a + o +0 o 0 o 
T h u s t h e i n t e n s i t y c h a n g e d u e t o t h e f i e l d p u l s e , A I ^ i s g i v e n 

b y 

A I 6 = J a + 6 + 6 " Ja + 6 = i K I o { c o s + V " 

c o s ( 2 a + 6 Q + 6 ) } 3 . 1 4 

= K I { s i n ( a + 5 6 + 5 6 ) - s i n 2 ( a + 5 6 )} 3 . 1 5 o 0 o 
F o r s m a l l a n g l e s w e h a v e 

A I 6 / K I o = ( a + 3 6 q + ̂ 6 ) 2 - ( a + 5 5 q ) 2 3 . 1 6 

i 8 ( a + 6 ) - i 6 2 3 . 1 7 o 

A I , / K ' I - 5 a 6 3 . 1 8 0 0 

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

c h a r a c t e r i s t i c s . 
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S u b s t i t u t i o n o f e q n 2 . 4 0 i n t o e q n . 3 . 1 7 y i e l d s 

A I / K I E 2 = TT 2 £ 2 B 2 E 2 + tf£ B ( a + 6 ) 3 . 1 9 o o 
T h e l i n e a r d e t e c t i o n m o d e i s o f t e n p r e f e r r e d b e c a u s e : 

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

s i g n a l 

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

n c e . 

I t i s n o t e d t h a t e q n s - 3 . 3 a n d 3 . 4 a r e u s e f u l f o r 

e v a l u a t i n g 6 Q , K I a n d t e s t i n g t h e l i n e a r i t y o f t h e p h o t o -

m u l t i p l i e r . E q u a t i o n s 3 . 1 1 a n d 3 . 1 9 c o u l d b e u s e d t o e v a l u a t e 

n o t o n l y t h e K e r r c o n s t a n t B , b u t a l s o t h e s t r a i n b i r e f i n g e n c e 6 

3 . 6 E x p e r i m e n t a l p r o c e d u r e 

3 . 6 . 1 P r e p a r a t i o n o f c e l l a s s e m b l y 

B e f o r e m e a s u r e m e n t s o n a n e w p o l y m e r s y s t e m , t h e c e l l 

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

w i t h a c e t o n e a n d a l l o w e d t o d r y . T h e c e l l w a s t h e n r e - a s s e m b -

l e d a n d r i n s e d w i t h t h e s o l v e n t t o b e s t u d i e d . A f t e r d r y i n g 

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

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

W h e n c h a n g i n g c o n c e n t r a t i o n s t h e c e l l w a s t h o r o u g h l y r i n s e d 

w i t h s o l v e n t , w i t h t h e w i n d o w s r e m o v e d , b e t w e e n r u n s . 

3 . 6 . 2 A l i g n m e n t o f o p t i c a l s y s t e m . 

I n t h e q u a d r a t i c d e t e c t i o n m o d e , t h e p o l a r i s e r a n d t h e 

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

l a s e r b e a m . T h e a n a l y s e r w a s t h e n r o t a t e d a w a y f r o m t h e c r o s s 

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

r e c o r d e d . T h e r e a d i n g w a s u s e d t o d e t e r m i n e K I u s i n g e q n . 3 . 3 

a n d t o c h e c k t h a t t h e p h o t o m u l t i p i i e r w a s o p e r a t i n g w i t h i n i t s 

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

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

c e l l j a c k e t . W h e n t e m p e r a t u r e e q u i l i b r i u m w a s r e a c h e d , t h e c e l l 

w a s m o u n t e d a t 4 5 ° t o t h e p o l a r i s a t i o n d i r e c t i o n a n d t h e l ( a ) 

r e l a t i o n s h i p a g a i n r e c o r d e d i n o r d e r t o c h a r a c t e r i s e K I a n d 

6 Q u s i n g e q n . 3.4-. 

I f t h e l i n e a r d e t e c t i o n m o d e , w a s t o b e u s e d t h e A / 4 -

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

w i t h i t s m a r k e d f a s t a x i s s e t a t 4 5 ° t o t h e f i e l d d i r e c t i o n . 

F i n e a d j u s t m e n t o f t h e A / 4 - p l a t e p o s i t i o n w a s a c h i e v e d b y 
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r o t a t i n g i t t o r e s t o r e e x t i n c t i o n . A s b e f o r e t h e a l i g n m e n t o f 

t h e a p p a r a t u s w a s c h e c k e d b y r e c o r d i n g t h e t r a n s m i t t e d i n t e n s i t y 

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

u s i n g e q n . 3 . 1 2 

3 . 6 . 3 M e a s u r e m e n t o f e l e c t r i c b i r e f r i n g e n c e 

W h e n e x a m i n i n g a s o l u t i o n f o r t h e f i r s t t i m e , t h e f o l l o w -

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

w i d t h - * 2 0 0 u s w a s a p p l i e d t o t h e c e l l , a n d t h e a m p l i t i t u d e 

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

f i e l d s i g n a l s o n t h e C R O s c r e e n . W h e n a n a d e q u a t e s i g n a l w a s 

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

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

s t a t e o r i e n t a t i o n . 

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

g e n c e s i g n a l s . T h e m a j o r o n e s w e r e : 

( a ) P u l s e a m p l i t u d e . I n c r e a s i n g o f t h e e . h . t s u p p l y i n c r e a s e s 

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

c o n s e q u e n t l y i n c r e a s e s t h e b i r e f r i n g e n c e s i g n a l . H o w e v e r , a n 

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

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

c h a r a c t e r i s t i c t i m e s a r e n o t a f f e c t e d b y f i e l d c h a n g e s . T h e 

m a x i m u m p u l s e a m p l i f i c a t i o n t h a t c a n b e u s e d i s a l s o l i m i t e d 

b y t h e m a x i m u m c u r r e n t w h i c h c a n b e d r a w n f r o m t h e p h o t o c u r r e n t 

d i o d e c h a i n - 0 . 2 m A f o r E M I 9 8 1 3 K B a n d 1 . 0 m A f o r t h e E M I 

9 8 5 8 R . ( p h o t o m u l t i p l i e r ) . 

( b ) P h o t o m u l t i p l i e r l o a d . T h e h i g h e r t h e l o a d R , t h e g r e a t e r 

t h e v o l t a g e g e n e r a t e d a c r o s s i t a n d h e n c e t h e h i g h e r t h e 

a m p l i t u d e o f t h e r e c o r d e d s i g n a l . H o w e v e r , t h i s h a s t h e e f f e c t 

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

( R C ) a n d c a r e m u s t b e t a k e n t h a t t h i s d o e s n o t a p p r o a c h a n y 

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

i n v e s t i g a t i o n . 

( c ) A n a l y s e r p o s i t i o n . T h i s i s o n l y a p p l i c a b l e i n t h e l i n e a r 

d e t e c t i o n m o d e u s i n g t h e A / 4 - p l a t e . I n c r e a s i n g t h e a n a l y s e r 

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

a s s h o w n b y e q n . 3 . 1 8 a n d i t s m o r e a c c u r a t e f o r m 3 . 1 5 . 

O n c e t h e s i g n a l h a d b e e n o p t i m i s e d , t h e C R O d i s p l a y 

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

i m p r o v e d i n t e n s i t y a n d s e m i - c o n t i n u o u s o b s e r v a t i o n , i n a 

r e p e t i t i v e p u l s e e x p e r i m e n t a t a f r e q u e n c y o f t y p i c a l l y 

1 0 t o 5 0 H z . 
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3 . 7 D a t a a n a l y s i s 

3 . 7 . 1 T h e l i n e a r i t y o f d e t e c t i o n c i r c u i t a n d s t r a i n 

b i r e f r i n g e n c e 

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

n e c e s s a r y t o e s t a b l i s h ( a ) t h a t t h e p h o t o m u l t i p l i e r d e t e c t o r 

w a s o p e r a t i n g w i t h i n t h e l i n e a r r e s p o n s e a n d ( b ) t h e e x t e n t 

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

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

t h e K e r r c e l l o r A / 4 - p l a t e a n d d e t e c t e d s i g n a l (\I v o l t s ) 

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

d i r e c t i o n a n d t h e l a s e r p o l a r i s a t i o n p l a n e . T h e i n t e n s i t y 

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

g i v e n b y t h e M a l u s l a w ; 

I = K I s i n 2 a 3 . 3 o 
F i g 3 . 5 s h o w s a t y p i c a l p l o t o f \J v e r s u s s i n w h e r e i t c a n 

b e s e e n t h a t a b o v e a m e a s u r e d v o l t a g e o f 2 v o l t s , c o r r e s p o n d -

i n g t o a n a n o d e c u r r e n t o f 0 . 7 m A , t h e p h o t o m u l t i p l i e r r e s p o n -

s e w a s n o n - l i n e a r i . e . t h e v o l t a g e i s n o l o n g e r p r o p o r t i o n a l 

t o l i g h t i n t e n s i t y . ( \l I ) . I n a l l e x p e r i m e n t s c a r e w a s 

t a k e n t o e n s u r e t h a t t h e c u r r e n t d r a w n n e v e r e x c e e d e d t h i s 

i n i t i a l v a l u e o f • . 7 m A . C o n s e q u e n t l y i n a l l s u b s e q u e n t 

d i s c u s s i o n , t h e d e t e c t o r s i g n a l v o l t a g e , V a n d t h e l i g h t i n t -

e n s i t y , I , w i l l b e u s e d s y n o n y m o u s l y . S u c h a p l o t w a s a l s o 

u s e d t o d e t e r m i n e K I . 

o 
T h e c e l l c o n t a i n i n g t h e s o l u t i o n w a s t h e n m o u n t e d i n t h e 

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

a g a i n r e c o r d e d ( s e e F i g 3 . 5 ) . I n t h i s c a s e , w h e r e a n a d d i t i o n a l 

o p t i c a l r e t a r d a t i o n 5 d u e t o s t r a i n b i r e f r i n g e n c e m a y b e 
0 

p r e s e n t , t h e d e t e c t e d i n t e n s i t y i s g i v e n b y 

I K I s i N 2 Q : C O S 6 + K I s i n 2 ^ 3 . 4 
O 0 O u0 

H e n c e , 
i n t e r c e p t , C = s e c 6 - 1 ) 3 . 2 0 

s l o p e , 0 

w h i c h f o r t h i s e x a m p l e g a v e 0 . 4 . T h i s w a s i n f a c t t h e 

m a x i m u m v a l u e o f o b s e r v e d ; v a l u e s w e r e t y p i c a l l y 0 . 2 ° 

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

f o r t h e m o l e c u l e s w i t h l o w K e r r c o n s t a n t s ( P P G , P P O , P M P S ) . I n 

t h e s e c a s e s 6 w a s s u b t r a c t e d f r o m t h e m e a s u r e d o p t i c a l o 
r e t a r d a t i o n s b e f o r e e v a l u a t i o n o f K e r r c o n s t a n t s e t c . 
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Fig 3-5 . The vo l t age , V , variation with s i n 2 a , the a n a l y s e r angle 
for a solution of 12-7 kg n r 3 ethyl c e l l u l o s e , ( o ) , and no cell on t h e 
op t i ca l p a t h , ( n ) . 

3 . 7 . 2 T h e o p t i c a l r e t a r d a t i o n , 6 a n d t h e b i r e f r i n g e n c e A n 

F o r t h e c a s e w i t h o u t a q u a r t e r w a v e p l a t e , t h e r e t a r d -

a t i o n 6 i s r e l a t e d t o t h e i n t e n s i t y a c c o r d i n g t o e q n . 3 . 8 

A I o = K I ( s i n 2 £ ( 6 + 6 ) - s i n 2 £ 6 ) 3 . 8 6 o o o 
K I a n d 6 w e r e e v a l u a t e d a s i n s e c t i o n 3 . 7 . 1 e n a b l i n g 6 D t o o o u 

b e c a l c u l a t e d . T h e b i r e f r i n g e n c e , A n c a n t h e n b e c a l c u l a t e d 

u s i n g e q n . 2 . 3 7 

A n = — 2 . 3 7 
2TT£ 

3 . 7 . 3 T h e K e r r c o n s t a n t , B 

T h e K e r r c o n s t a n t c a l c u l a t i o n , w i l l b e i l l u s t r a t e d w i t h 

d a t a o b t a i n e d f o r p o l y p r o p y l e n e g l y c o l P P G 0 4 0 2 a t 2 2 3 K . 

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

r e c o r d e d f o r t h e m a c r o m o l e c u l a r l i q u i d . T h e K e r r c e l l s t r a i n 

b i r e f r i n g e n c e 6 q w a s c a l c u l a t e d a s i n 3 . 7 . 1 , a n d s u b t r a c t e d 

f r o m t h e o v e r a l l r e t a r d a t i o n 6 , t o o b t a i n t h e p o l y m e r 
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r e t a r d a t i o n 6 = 6 ' - 6 . T h i s i s p l o t t e d a s a f u n c t i o n o f E i n 
o 

F i q 3 . 6 F r o m t h e s l o p e o f t h i s p l o t t h e K e r r c o n s t a n t w a s 
- 1 5 - 2 

c a l c u l a t e d u s i n g e q n . 2 . 4 0 . I n t h i s c a s e B = 3 . 1 3 x 1 0 M m . 

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

i s < 1 0 ° t h e K e r r c o n s t a n t c a n b e c a l c u l a t e d u s i n g e q n . 3 . 1 1 

A I 6 = tt 2 £ 2 B 2 E 2 + T T £ B 6 q - 3 . 1 1 

E 2 K I 
o 

A s e x p e c t e d t h e K e r r c o n s t a n t s f r o m t h e t w o m e t h o d s . a r e i n 

g o o d a g r e e m e n t . 

Fig 3- 6 The field dependence of the b i ref r ingence ,5 (o) and tttcI (o) 
f o r polypropylene g lycol PPG 0402 af 223 K . 
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3 . 7 . 4 R e l a x a t i o n t i m e d e t e r m i n a t i o n . 

( a ) T h e d e c a y t r a n s i e n t 

T h e p o l y m e r s o l u t i o n s s t u d i e d i n t h i s w o r k i n g e n e r a l 

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

T h e s e c u r v e s w e r e c h a r a c t e r i s e d i n a n u m b e r o f w a y s : 

( i ) t h e i n i t i a l r e l a x a t i o n t i m e , T . . 
i n 

la 
T h e i n i t i a l s l o p e r e x a t i o n t i m e , T . , i s d e f i n e d a s t h e in 

g r a d i e n t o f a l n ( 6 ( t ) / 6 m ) v e r s u s t p l o t a s t 0 

A n 
- t / x 

= A n e x p ' 1 . 3 . 2 1 
t - 0 0 i n 

( i i ) t h e e ^ r e l a x a t i o n t i m e , T 
e 

T h e t i m e a t w h i c h t h e d e c a y b i r e f r i n g e n c e r e a c h e s e 3 

o f t h e v a l u e a t f i e l d r e m o v a l , A n i s t e r m e d t h e T r e l a x a t i o n 
o e 

t i m e ( s e e F i g s 3 . 7 a n d 3 . 8 ) 
A n ( x ) - 1 

e = e 
A n 

( i i i ) t h e a v e r a g e d e c a y r e l a x a t i o n t i m e , < t > , 

T h e a v e r a g e r e l a x a t i o n t i m e < t > c a n b e e v a l u a t e d a s t h e 

a r e a S 2 u n d e r t h e n o r m a l i s e d d e c a y b i r e f r i n g e n c e c u r v e a s 

d i s c u s s e d i n s e c t i o n 2 . 5 . 5 a n d i l l u s t r a t e d i n F i g 3 . 8 

(is/) t h e p e e l i n g m e t h o d . 

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

t e r m s o f a s u p e r p o s i t i o n o f s e v e r a l e x p o n e t i a l f u n c t i o n s 
N 

A n ( t ) _ \ n - t / x . - c o ~ v A . e x p l 2 . 6 2 
A n / i o . u, 1 = 1 

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

n u m b e r o f t e r m s m u s t b e t a k e n t o f i t t h e c u r v e . H o w e v e r w h e n 

N < 2 ( o r a t m o s t 3 ) a n d t h e t i m e s c a l e s o f t h e c o n t r i b u t i n g 

t e r m s a r e s i g n i f i c a n t l y d i f f e r e n t ( i . e . < X 2 e F c ) t h e n i t 

i s p o s s i b l e t o e x t r a c t t h e p a r a m e t e r s , A ^ a n d f r o m t h e 

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

a s i t u a t i o n i t i s m o r e l i k e l y t h a t t h e i n d i v i d u a l r e l a x a t i o n 

t i m e s w i l l h a v e a r e a l p h y s i c a l i n t e r p r e t a t i o n . 

W h e n t h e c o n t r i b u t i n g t e r m s w e r e w e l l s e p a r a t e d i n t i m e 

t h e l o n g r e l a x a t i o n t i m e w a s o b t a i n e d , b y f i t t i n g a s t r a i g h t 

l i n e A t l o n g t i m e s t o t h e l i n e a r p o r t i o n o f a i n £ w e r s u s t i m e 
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Tig 3.7 Typical log veeAuA time plot of the eiAe, a » 

and decay, o , (Lieefeing ence teanAientA fo/i PBIC #21 

of concentration 1.3 kg m 3. 

Tig 3.8 Atypical lieefeingence teanAient foe PBIC #21 
_ 3 

of concenteat ion 1,3 kg m Ahowing the. aeeaA alove,Sj, 

and lelow, S ->, of the eiAe and decay teanAientA eeApect 
ively, and the time A when (6f T ) / 6 ) . - I - e~ I 

e e max etAc 
and 7 6/t ) ,/6 „ ) i - e e d max decay 
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p l o t . T h e s l o p e o f t h i s t i m e y i e l d e d t h e l o n g r e l a x a t i o n t i m e 

T ^ , a n d a m p l i t u d e o f t h i s t e r m , A ^ . S u b t r a c t i n g t h e c o n t r i b u t - * 

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

t h e c o n t r i b u t i o n d u e t o o t h e r t e r m s o p e r a t i n g a t s h o r t e r t i m e s * 

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

t h e n e x t r e l a x a t i o n t i m e T
p j • B y r e p e a t e d s u b t r a c t i o n i n 

t h i s m a n n e r ( t h e s o c a l l e d ' p e e l i n g m e t h o d ' ) , t h e c u r v e c a n 

b e c h a r a c t e r i s e d i n t e r m s o f a s e r i e s o f p e e l e d r e l a x a t i o n 

t i m e s o f d e c r e a s i n g m a g n i t u d e ( T £ » T p ^ > T p 2 e " t c ) . T h i s p r o c e d u r e 

w a s p e r f o r m e d b y c o m p u t e r u s i n g a l i n e a r l e a s t s q u a r e s p r o c e -

d u r e , a n d t h e c r i t e r i o n t h a t t h e c o r r e l a t i o n c o e f f i c i e n t 

f o r e a c h l i n e a r p o r t i o n s h o u l d b e g r e a t e r t h a n 0 . 9 7 . A t y p i c a l 

e x a m p l e o f s u c h a n a n a l y s i s i s s h o w n i n F i g 3 . 9 f o r P B L G I I 

a t C = 2 0 k g m f o r w h i c h j u s t t w o r e l a x a t i o n t i m e s ( T ^ a n d 

w e r e o b t a i n e d . I n t h i s w o r k , u s u a l l y o n e o r t w o r e l a x a t i o n 

t i m e s w e r e s u f f i c i e n t t o c h a r a c t e r i s e t h e c u r v e s , i n n o c a s e 

d i d t h e n u m b e r o f t e r m s n e e d e d e x c e e d t h r e e . 

( v ) W i l l i a m s - W a t t s r e l a t i o n s h i p 

A n o t h e r m e t h o d o f c h a r a c t e r i s i n g t h e n o n - e x p o n e n t i a l 

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

f u n c t i o n o f W i l l i a m s - W a t t s ( 7 0 ) 

<f>(t) - A n ( t ) = e x p " ( t / 1 ^ 0 < 3 < 1 2 . 6 3 
A n o 

T h e r e l a x a t i o n s p r e a d f a c t o r , ^ i s a m e a s u r e o f t h e d e v i a t i o n 

f r o m s i n g l e e x p o n e n t i a l b e h a v i o u r . 

F o r s q u a r e l a w d e t e c t i o n t h e a b o v e r e l a t i o n s h i p c a n b e 

w r i t t e n : 

<t> .(t) = A l ( t ) = e x p 3 . 2 2 
d A l ( 0 ) 

o 

T h u s t h e s l o p e o f s p l o t o f l n ( - l n < ^ ) v e r s u s I n t y i e l d s t h e 

s p r e a d f a c t o r 3 , w h i l e t h e i n t e r c e p t y i e l d s t h e r e l a x a t i o n 

t i m e i . I n p r a c t i c e , i t w a s f o u n d t h a t a b e t t e r w a y t o 

o b t a i n x w a s f r o m t h e t i m e a t w h i c h 

1 n ( - 1 n $ ( t ) ) = 0 

w h e r e T = 2 t 
L o 

T h e a v e r a g e r e l a x a t i o n t i m e < i > o f s e c t i o n ( i i i ) c a n a l s o 

b e e v a l u a t e d s i n c e 

< t> = / d>(t) d t 3 . 2 4 

w h i c h f o r e q u a t i o n - 2 . 8 6 y i e l d s 
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Tig 3.9 Ln 6 ue/isas time ol 20 kg m~ 3 PBLQ II 

in C-T at 293 K, showing t . (O), TN(,O), t (Q) 
in /? 

Inse/it; The o scitlo g/iam showing the. lieid 

and the potymesi response to a /iectangu.ta/i 

putse lietd. 
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< T > = (T/3) r (1/3) 3.25 

A t y p i c a l W i 1 1 i a m s - U J a t t s a n a l y s i s i s i l l u s t r a t e d i n F i g 3 . 1 0 

f o r t h e c a s e o f a l i q u i d p r o p y l e n e g l y c o l , a t 2 2 8 K . 

I n ( - l n j t f ) 

- 1 - 0 -

Fig3-10 Ln(-lnjrf) ve r sus I n f of fhe primary rise,(o), and decay ,(•) , 
processes of polypropylene glycol (PPG 0402) af 228 K 

( b ) T h e r i s e t r a n s i e n t 

T h e r i s e b i r e f r i n g e n c e c u r v e h a s b e e n c h a r a c t e r i s e d i n 

t e r m s o f t h e f o l l o w i n g ; 

( i ) t h e 1 - e r e l a x a t i o n t i m e , x — r 
B y a n a l o g y w i t h t e t h i s i s d e f i n e d b y 

il/r(t) = 1 - A n ( t ) 
A n 

e a t t = T 3 . 2 6 

w h e r e A n ^ i s t h e s t e a d y s t a t e v a l u e o f t h e b i r e f r i n g e n c e 

( s e e F i g s 3 . 7 a n d 3 . 8 ). I n t e r m s o f t h e m e a s u r e d i n t e n s i t i e s 
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cj) ( t ) = A l ( t ) 3 . 2 7 
r A l 

CO 
a n d f o r s q u a r e l a w d e t e c t i o n 

i 
0 r ( t ) = 1 - 4 > r

S ( t ) 3 . 2 7 ( a ) 

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

0 r ( t ) = 1 - 4>r ( t ) 3 . 2 7 ( b ) 

( i i ) t h e a v e r a g e r i s e r e l a x a t i o n t i m e , < T >
r 

T h e a v e r a g e r i s e r e l a x a t i o n t i m e < ' F >
r i s e v a l u a t e d f r o m 

t h e a r e a o v e r t h e n o r m a l i s e d r i s e t r a n s i e n t a s i l l u s t r a t e d i n 

F i g 3 . 8 i . e . 
< x > = ( t ) d t 3 . 2 8 

r r 

( i i i ) W i l l i a m - W a t t s r e l a t i o n s h i p . 

F o r t h e r i s e b i r e f r i n g e n c e t h e W i l l i a m s - W a t t r e p r e s e n -

t a t i o n b e c o m e s ^ 

ip(t) = e x p " ( t / x ) x 3 : 2 9 
i 

F o r s q u a r e l a w d e t e c t i o n a p l o t o f l n ( - l n ( l - 4 > r
2 ( t ) ) a g a i n s t 

I n t y i e l d s t h e s l o p e , 3 • x w a s o b t a i n e d a g a i n a s t h e t i m e a t 
j_ r 

w h i c h l n ( - l n ( 1-cJ)^2 ( t ) ) = 0 . T h e a v e r a g e r e l a x a t i o n t i m e , < x > r 

f o r t h i s c a s e b e c o m e s 

<T> r = (x/3 r)r(l/3 r) 3.30 

( c ) T r a n s i e n t s c o n t a i n i n g b i r e f r i n g e n c e c o m p o n e n t s o f o p p o s i t e 

s i g n 

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

c o n t a i n i n g c o n t r i b u t i o n s o f o p p o s i t e s i g n w e r e o b t a i n e d , F i g 

3 . 1 1 i n s e r t , i l l u s t r a t e s a t y p i c a l c a s e o b t a i n e d u s i n g a X / 4 -

p l a t e f o r a p o l y p r o p y l e n e g l y c o l ( P P G 2 0 0 2 ) s a m p l e a t 2 3 8 K . 

T h e r i s e t r a n s i e n t o b t a i n e d u s i n g a A/ 4 - p l a t e c o n s i s t s o f 

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

s l o w e r p o s i t i v e t r a n s i e n t . I n c a s e s s u c h a s t h i s t h e s l o w 

s e c o n d a r y , p r o c e s s w a s a n a l y s e d b y p l o t t i n g l n ( l ( t ) - I ) v e r s u s 
CO 

t i m e ( t > t ), i n a l l c a s e s l i n e a r p l o t s w e r e o b t a i n e d c o r r e s p -

i n g t o a s i n g l e r e l a x a t i o n t i m e ( s e e F i g 3 . 1 1 ) 

t > t 
c|) = l ( t ) - I 
s < 

- t / x 
c o n s t a n t x e x p s 3 . 3 1 

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

d)p = K t ) + (Jjg 3 . 3 1 ( a ) 

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

i n t e r m s o f t h e W i l l i a m s - W a t t s f u n c t i o n . 
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XtJ= 62 

- 3 - 0 -

Rg 3*11 Typical plof of In ^ ( f e - H H - Iqo) v e r s u s fime for f h e r i s e 
s e c o n d a r y , • and decay secondary, o p r o c e s s e s of p o l y p r o p y l e n e 
g lyco l PPG 2002 af , 238'K 

3 . 7 . 5 T h e d i p o l e m o m e n t . 

E q n 2 . 4 7 r e l a t i n g t h e f i e l d d e p e n d e n c e o f t h e b i r e f r i n g -

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

m o m e n t m a y b e r e a r r a n g e d t o g i v e 

A n 2ttC ( g , - g , ) Q f l + P / Q + E 2 Q \ l + 2 P / Q - 2 ( P / Q ) 2 ] 
E 2 = "l5n 1 2 L ~2l J 

3 . 3 3 
2, 

T h u s a p l o t o f A n / E v e r s u s E 2 s h o u l d b e l i n e a r w i t h i n t e r c e p t 

C = 2 7 T C v ( g , - q ~ ) Q (1 + P / Q ) 3 . 3 3 ( a ) 
1 5 n 
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a n d s l o p e 

s o t h a t 

m = 2ttC v ( q g ) Q i ( i + 2 P / Q - 2 ( P / Q ) 2 ) 3 . 3 4 

1 5 n 

Iml = fl ( 1 + 2 r - 2 r 2
} 3 > 3 5 

1 + r 

H e r e r = P / Q w h i c h c a n b e d e t e r m i n e d i n d e p e n d e n t l y u s i n g t h e 

r e v e r s i n g p u l s e t e c h n i q u e . H e n c e t h e p o l a r i s a b i l i t y a n i s o t r o p y 

a n d d i p o l e m o m e n t c a n b o t h b e o b t a i n e d a s s h o w n i n t h e f o l l o w -

i n g e x a m p l e . 

F i g 3 . 1 2 s h o w s a t y p i c a l p l o t o b t a i n e d f r o m 0 . 8 k g m 3 

p o l y - y - b e n z y l - L - g l u t a m a t e ( P B L G ) I i n c h l o r o f o r m - f o r m a m i d e . 
. - 2 4 - 4 4 

F r o m t h e s l o p e o f m = 1 . 5 1 x 1 0 \l m a n d i n t e r c e p t , C = 2 . 1 
-11 - 2 2 

x 1 0 M m o b t a i n e d f r o m t h i s g r a p h t o g e t h e r w i t h t h e v a l u e 

o f r = 0 . 4 7 o b t a i n e d f r o m r e v e r s i n g p u l s e u n i t t h e p o l a r i s a b i l i t y 

( a - a ) a n d t h e d i p o l e m o m e n t (u Q ) a r e f o u n d t o b e 
l 2 _ 33 2 -27 3 

6 . 0 x 1 0 F m a n d 3 . 3 8 x 1 0 C m r e s p e c t i v e l y . 

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

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

p a r t i a l v o l u m e C ^ o r t h e o p t i c a l a n i s o t r o p y f a c t o r ( g ^ - g 2 ) * 

I f v a l u e s o f r a r e n o t a v a i l a b l e , i t i s n e c e s s a r y t o 

m a k e s i m p l i f y i n g a s s u m p t i o n s i n e q n . 3 . 3 3 r e g a r d i n g t h e r e l a t i v e 

m a g n i t u d e s o f P a n d Q . I f P > > Q t h e e q n 3 . 3 3 r e d u c e s t o 

A n 27TC 

E 

a n d i n t h i s c a s e 

1 " T 5 T T < 9 l - 9 2 ) - ! T P E 2 > 3 , 3 6 

ml = 2 V 2 

C 2 1 - k ^ T 2 

g i v i n g t h e d i p o l e m o m e n t p . I f Q > > P , t h e n 

3 . 3 7 

n a i -
|m| = / 2 1 = \ 2 3 . 3 8 
C 2 1 k T 

a n d t h e p o l a r i s a b i l i t y a n i s o t r o p y , A a, i s o b t a i n e d . A p p l y i n g 

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

i n F i g 3 . 1 2 g a v e p = 3 . 5 x 1 0 ~ 2 7 C m , (a-, - 0 U ) = 6 . 1 x 1 0 " 3 3 

2 p 
F m i n s u r p r i s i n g g o o d a g r e e m e n t w i t h t h e f u l l a n a l y s i s . T h i s 

i s d i s c u s s e d f u r t h e r i n s e c t i o n 5 . 7 
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2-5 

2-0 

1-5 

s 11 

7 * 1 0 

(V~2m2) 
1-0 

0-5 

2-1 *10 

• 

B = 1-0x10~12 V~2m 

? 2 0 11 0 E 2 x 1011 V2m-2 
40 

A20 

n10 

Fig 3* M Plots of and 6 against field s t r e n g t h , E , f o r 0 -8 kg 
PI3LG I in c h l o r o f o r m - f o r m a m i d e a t 2 9 3 K . 

.-3 
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3 . 7 . 6 A p p a r e n t a c t i v a t i o n e n e r g y 

I t w a s f o u n d t h a t b o t h t h e r e l a x a t i o n t i m e s a n d t h e 

b i r e f r i n g e n c e s i g n a l d e c r e a s e d w i t h i n c r e a s i n g t e m p e r a t u r e . B y 

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

a c t i v a t i o n e n e r g y , E f o r t h e o r i e n t a t i o n p r o c e s s , b y t h e 

e x p r e s s i o n 

- E / R T , Q T = T e x p a 3 . 3 9 o 

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

v e r s u s l / T ( s e e F i g 3 . 1 3 ) . I n t h i s i n s t a n c e t h e a p p a r e n t 

a c t i v a t i o n e n e r g y i s f o u n d t o b e 6 2 k J m o l " 1 a n d i s c o n s i d e r e d 

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

( s e g m e n t a l ) m o t i o n t o o c c u r i n t h e v i s c o u s p o l y m e r s o l u t i o n . 

A l l t h e r e l a x a t i o n t i m e s m e a s u r e d i n t h i s w o r k w e r e f o u n d t o 

b e w e l l r e p r e s e n t e d b y a n A r r h e n i u s e x p r e s s i o n o f t h e f o r m o f 

e q n . 3 . 3 9 . 

\ X 1 0 3 / K " 1 

Fig 3-13 The tempera ture dependence of f h e r e l a x a t i o n t imes , 
t yp i f i ed by the primary process of po lypropy lene glycol (PPG 0402) 
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3 . 8 E r r o r a n a l y s i s . 

T h e a n a l y s i s o f e r r o r s a s s o c i a t e d w i t h t h e m e a s u r e m e n t s 

w i l l b e i l l u s t r a t e d w i t h a t y p i c a l m e a s u r e m e n t u s i n g a 0 . 5 3 k g 

m ~ 3 s o l u t i o n of' P B I C (|*| = 6 . 4 x 1 0 5 ) a t 2 9 4 K u s i n g a f i e l d 

g r a d i e n t 5 0 0 k V m ^ . T h e r e a r e t w o m a i n s o u r c e s o f e r r o r i n 

a r e l a x a t i o n t i m e e v a l u a t i o n . T h e f i r s t i s a s s o c i a t e d w i t h 

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

s e c o n d a s s o c i a t e d w i t h t h e m e t h o d o f a n a l y s i s o f t h e d a t a . 

E r r o r i n o s c i l l o g r a m r e a d i n g . 

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

a m i l l i m e t e r g r a t i n g w h i c h w a s p l a c e d o n t o p o f t h e o s c i l l o g r a m ' 

T h i s a m p l i t u d e c o u l d b e r e a d t o w i t h i n 0 . 2 m m . W i t h t h e v a r i o u s 

t e c h n i q u e s e m p l o y e d t o a m p l i f y t h e s i g n a l , t h i s l e d t o a n 

a v e r a g e e r r o r o f a b o u t 1 % i n t h e d e t e r m i n a t i o n o f t h e s t a t i c 

b i r e f r i n g e n c e . H o w e v e r i n t h e c a s e o f d y n a m i c m e a s u r e m e n t s , 

t h e r a n g e o f e r r o r s c o u l d v a r y f r o m 1 t o 5 0 % a s t i n c r e a s e d 

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

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

b i r e f r i n g e n c e ) . T h i s e r r o r a t h i g h t i m e s w a s m i n i m i s e d b y 

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

5 % o f i t s i n i t i a l a m p l i t u d e . 

E r r o r i n c u r v e a n a l y s i s . 

I n m o s t c a s e s I n 6 / r v e r s u s t i m e p l o t s f o r t h e v a r i o u s 
O m a x M 

s y s t e m s w e r e n o n - l i n e a r ( s e e F i g 3 . 1 4 f o r t h e e x a m p l e c h o s e n ) 

a n d w e r e w e l l r e p r e s e n t e d b y a d o u b l e e x p o n e n t i a l f u n c t i o n : , 

f ^ ^ = i P d ( t ) = A e x p ~ ^ T p + A j , e x p " t ^ T £ 3 . 4 0 
o p 

T h e r e l a x a t i o n t i m e T f w a s e v a l u a t e d u s i n g a l e a s t s q u a r e s 

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

p r o g r a m m e s t a r t s b y f i t t i n g a s t r a i g h t l i n e t o t h e l a s t t w o 

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

i n g a t e a c h s t a g e ( a ) t h e c o r r e l a t i o n c o e f f i c i e n t ( b ) t h e 

i n t e r c e p t C , ( c ) t h e s l o p e m , a n d h e n c e t h e r e l a x a t i o n t i m e 

, T , a n d ( d ) t h e s t a n d a r d d e v i a t i o n o f t h e s l o p e . W h e n t h e 

c o r r e l a t i o n c o e f f i c i e n t b e c o m e s l e s s t h a n 0 . 9 7 t h e f i t t i n g 

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

T h e p e e l e d r e l a x a t i o n t i m e , t i s o b t a i n e d b y s u b t r a c t -P 
i n g t h e b i r e f r i n g e n c e c o n t r i b u t i o n o f t h e l o n g t i m e r e l a x a t i o n 
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p r o c e s s f r o m t h e t o t a l b i r e f r i n g e n c e a n d a p p l y i n g l e a s t s q u a r e 

r e g r e s s i o n a n a l y s i s , a s a b o v e , t o t h e n e w d a t a , ( s e e F i g 3 . 1 4 ) . ' 

T h e i n i t i a l r e l a x a t i o n t i m e , T . , i s o b t a i n e d b y 
1 n ' 

p e r f o r m i n g a l e a s t s q u a r e s a n a l y s i s , t h i s t i m e b e g i n n i n g w i t h 

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

t h e c o r r e l a t i o n c o e f f i c i e n t f a l l s b e l o w 0 . 9 7 , a s a b o v e . 

Tiq 3.14 Ln 6/6 vp./imia time -{Lo/i 0.53 kq m~ 
max. , 

PBIC #29 , E = 500 kV m'1 , tempesiatusic 29 4 H. 
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T a b l e 3 . 1 s h o w s t h e r e s u l t s f r o m a t y p i c a l s i n g l e r u n 

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

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

i n t h e r e l a x a t i o n t i m e t a s m e a s u r e d b y t h e s t a n d a r d d e v i a t i o n 

i n a s i n g l e e x p e r i m e n t l i e s b e t w e e n 8 a n d 1 2 % . T h i s i s l a r g e r 

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

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

r e p r o d u c i b i l i t y i n t h e r e s u l t s . 

T a b l e 3 . 1 R e l a x a t i o n t i m e s o f a 0 . 5 3 k o m 3 s o l u t i o n 

o f P B I C # 2 9 a t 2 9 4 K 

S i n g l e e x p e r i m e n t M e a n a n d s t a n d a r d 

d e v i a t i o n o f s e v e n 

e x p e r i m e n t s . 

T p / y s 2 5 ± 3 2 9 ± 2 

T i r A s 4 2 ± 4 4 7 ± 4 . 6 

T * / U S 

4 2 0 ± 3 6 4 3 9 ± 4 0 

3 . 9 E q u i p m e n t p e r f o r m a n c e . 

A f t e r a s s e m b l i n g t h e K e r r e f f e c t e q u i p m e n t , a s e r i e s o f 

t e s t e x p e r i m e n t s w a s c a r r i e d o u t t o d e t e r m i n e t h e c h a r a c t e r -

i s t i c s o f s o m e o f t h e c o m p o n e n t s , e s p e c i a l l y t h e o p t i c a l 

c o m p o n e n t s a n d t h e d e t e c t i o n c i r c u i t , a n d t o e n s u r e t h a t t h e 

e q u i p m e n t w a s f u n c t i o n i n g c o r r e c t l y . 

3 . 9 . 1 T h e d e t e c t i o n c i r c u i t . 

T h e p e r f o r m a n c e o f t h e d e t e c t i o n c i r c u i t w a s t e s t e d b y 

c o n d u c t i n g K e r r e f f e c t m e a s u r e m e n t s o n n i t r o b e n z e n e , a n 

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

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

s t r e n g t h , t h e o p t i c a l r e t a r d a t i o n 6 , w a s c a l c u l a t e d a s o u t -

l i n e d i n s e c t i o n 3 . 7 . 2 . F r o m a p l o t o f 6 v e r s u s E 2 t h e K e r r 

c o n s t a n t B w a s d e t e r m i n e d t o b e 6 . 4 x 1 0 ^ m a t 1 8 1 0 . 5 ° C 

a n d 4 4 1 . 6 n m w a v e l e n g t h . T h i s v a l u e c o m p a r e s r e a s o n a b l y w i t h 
- 1 2 - 2 

t h e l i t e r a t u r e v a l u e ( 7 3 ) o f 4 . 5 x 1 0 V m d e t e r m i n e d 

a t 2 1 . 3 C a n d 5 7 8 n m w a v e l e n g t h . 

- 1 2 

T h e r e l a x a t i o n t i m e o f n i t r o b e n z e n e i s o f o r d e r 1 0 s 

( 1 1 8 ) T h i s i s m a n y o r d e r s o f m a g n i t u d e f a s t e r t h a n t h e n o m i n a l 

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

o f t h e a p p a r e n t r e l a x a t i o n t i m e o f n i t r o b e n z e n e w e r e u s e d t o 

d e t e r m i n e t h e t i m e c o n s t a n t o f t h e d e t e c t i o n c i r c u i t , 
T n n m a y b e v a r i e d b y c h a n g i n g e i t h e r t h e l o a d r e s i s t a n c e R o r n L 
t h e c a p a c i t a n c e C , o f t h e d e t e c t i o n c i r c u i t . H o w e v e r t h e 

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

a s 2 0 p F . T h u s a p p a r e n t r e l a x a t i o n t i m e s w e r e d e t e r m i n e d a s 

a f u n c t i o n o f l o a d r e s i s t a n c e , a s s h o w n i n F i g 3 . 1 5 . T h e s l o p e 

o f t h i s p l o t g i v e s t h e c a p a c i t a n c e o f t h e o s c i l l o s c o p e , l e a d s , 

e t c d s 2 . 0 2 x 1 0 F a r a d . T h u s a l o a d o f 5 0 0 ( t h e l o w e s t 

v a l u e u s e d i n t h i s w o r k ) l i m i t s m e a s u r e m e n t s t o s o l u t i o n s 
_ 2 

h a v i n g r e l a x a t i o n t i m e s g r e a t e r t h a n 1 0 y s . 
3 . 9 . 2 T h e o p t i c a l c o m p o n e n t s ! 

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

c o n s t a n t o f n i t r o b e n z e n e a n d n o t e d t h e l i m i t a t i o n s o f t h e 

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

a s o l u t i o n o f ( 1 0 k g m ~ 3 ) P B L G I I I i n d i m e t h y l f o r m a m i d e ( D M F ) . 

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

2 . 5 k\l m ^ a n d d u r a t i o n 6 . 0 yis a n d t h e r e s u l t i n g b i r e f r i n g e n c e 

a n a l y s e d i n b o t h t h e l i n e a r a n d q u a d r a t i c d e t e c t i o n m o d e s . I n 

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

c l o c k w i s e a n d a n t i c l o c k w i s e r o t a t i o n o f t h e a n a l y s e r w i t h 

r e s p e c t t o t h e c r o s s e d p o s i t i o n . T h e r e l a x a t i o n t i m e s o b t a i n e d 

a r e s h o w n i n t a b l e 3 . 2 . 

T h e s e r e s u l t s s h o w t h a t : 

( a ) T h e d e c a y b i r e f r i n g e n c e , o b t a i n e d f r o m a n t i c l o c k w i s e 

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

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

a n g l e o f r o t a t i o n a . 
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Tig 3.15 Ike. ex.pen.im.eni.ai time constant, 

vaniation with toad, R, uting n itno (Lenzene. 
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T a b l e 3 . 2 R e l a x a t i o n t i m e v a r i a t i o n w i t h o p t i c a l 
a r r a n g e m e n t a n d a n a l y s e r a n g l e r o t a t i o n . 

W i t h A / 4 - p l a t e ; c l o c k w i s e r o t a t i o n of 

a n a l y s e r . 
A n a l y s e r a n g l e f r o m 

t h e c r o s s e d p o s i t i o n , a 0 0 . 6 1 . 6 2 . 6 3 . 6 

M e a s u r e d r e l a x a t i o n 

t i m e s T / y s 

F r o m i n i t i a l ; s l e p e 3 . 6 3 . 6 3 . 6 3 . 3 

F r o m f i n a l s l o p e 
5 . 2 5 . 1 5 . 2 5 . 1 

W i t h A / 4 - p l a t e ; a n t i c l o c k w i s e 

r o t a t i o n o f t h e a n a l y s e r 
A n a l y s e r a n g l e f r o m 

t h e c r o s s e d p o s i t i o n , a 0 2 . 4 3 . 4 4 . 5 6 . 4 

M e a s u r e d i / y s 

F r o m i n i t i a l s l o p e 4 . 1 4 . 1 4 . 0 4 . 0 

F r o m f i n a l s l o p e 
W i t h o u t t h e A / 4 - p l a t e 

M e a s u r e d x / y s 

F r o m i n i t i a l s l o p e 
1 s t r u n 

4 . 1 
2 n d r u n 

4 . 1 

f r o m f i n a l s l o p e 
9 . 7 6 . 5 

( b ) F o r c l o c k w i s e r o t a t i o n o f t h e a n a l y s e r a t l e a s t t w o 

r e l a x a t i o n t i m e s w e r e e v i d e n t . A g a i n t h e s e t i m e s w e r e 

i n d e p e n d e n t o f t h e e x t e n t o f r o t a t i o n . 

( c ) I n t h e q u a d r a t i c d e t e c t i o n m o d e , t w o r e l a x a t i o n t i m e s 

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

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

i n t h e l i n e a r m o d e . T h e s t r a i n b i r e f r i n g e n c e i n t h e c e l l w a s 

v e r y s m a l l ( 0 . 0 3 ) 

E x h a u s t i v e e x a m i n a t i o n o f t h e p o l a r i s e r a n d t h e a n a l y s e r 

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

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

o f t h e s e d i s c r e p a n c i e s w a s t h e q u a r t e r w a v e p l a t e . 

T h e q u a r t e r w a v e ( A / 4 - ) p l a t e w a s t h e r e f o r e t e s t e d t o 

d e t e r m i n e t h e r e t a r d a t i o n i n t r o d u c e d a t a w a v e l e n g t h o f 4 4 1 . 6 n m 
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I n t h e a b s e n c e o f t h e c e l l , a n d w i t h t h e a n a l y s e r i n c r o s s e d 

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

a n a l y s e r i s r e l a t e d t o t h e r e t a r d a t i o n i n t r o d u c e d b y t h e A / 4 -

p l a t e , 6 , a n d t h e a n g l e 0 b e t w e e n t h e a n a l y s e r a x i s a n d t h e 

q u a r t e r w a v e p l a t e a x i s a c c o r d i n g t o t h e e x p r e s s i o n ; 

I n ( 6 ) = = ( 1 - c o s 2 0 c o s 6 ) 3 . 4 1 
o 

W i t h t h e A / 4 - p l a t e p o s i t i o n e d s o t h a t i t s s l o w a x i s i s a t 

4 5 t o t h e p l a n e o f p o l a r i s a t i o n , 6 i n t r o d u c e d s h o u l d b e t t / 2 . 

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

p o l a r i s e d , g i v i n g a n i n t e n s i t y a t t h e d e t e c t o r I ( 0 ) w h i c h i s 

i n d e p e n d e n t o f t h e a n a l y s e r r o t a t i o n , s e e F i g 3 . 1 6 ( a ) . 

1 (e ) 

1-0 

0-5 

0 

(Q) 

9 

1(e) 

1-0 

0-5 

0 

m a x 

mm 

(b) 
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7ig 76 The intensity, 1(0) - angulan vaniation Ion pnopen 

(a) and impnopen (I) tehavioun ol the guanten wave plate, 

(c) tinelningence tnansients Ion same angle a.,Ion the 

clockwise (+) and anticlockwise(-) notation ol analyse*. 
using impnopen \/4-platc. (d) tinelningen.ee tnansients Ion 
same, ol, using pnopen A/4 plate', the tnansients ane identical• 
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H o w e v e r i f t h e q u a r t e r w a v e p l a t e i s d e f e c t i v e a n d i n s t e a d 

n f a p h a s e s h i f t o f e x a c t l y rr/2. g i v e s a s h i f t ( ir / 2 4 - A ) t h e n 

I ( 0 ) = 1 - c o s 2 0 c o s ( TI / 2 + A ) = 1 4 e n s 2 0 s i n A 

8.42 
T h e i m p l i c a t i o n o f e q u a t i o n 3 . 4 2 i s t h a t a s 0 i s v a r i e d a 

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

t r a n s m i t t e d b y t h e a n a l y s e r ( s e e F i g 3 . 1 6 ( b ) ) . T h e m a x i m u m 

a n d m i n i m u m i n t e n s i t i e s , I a n d I . , a r e r e l a t e d b y 
m a x m i n 7 

I - I . 
m a x m i n . . _ . 

= s i n A a . 4 3 I + I . 
m a x m i n 

F o r t h e e x p e r i m e n t s l i s t e d i n T a b l e 3 . 2 t h e p l a t e w a s f o u n d 

t o h a v e a p h a s e s h i f t o f A = 1 4 ° . T h i s i s t h e s o u r c e o f t h e 

d i s c r e p a n c y b e t w e e n t h e b i r e f r i n g e n c e t r a n s i e n t s a n d t h e 

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

r o t a t i o n o f t h e a n a l y s e r ( s e e F i g 3 . 1 6 ( c ) ) . A d j u s t m e n t o f t h e 

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

t h a n 8 5 ° , i n d i c a t i n g t h a t t h e c r y s t a l w a s n o t e x a c t l y a 

A / 4 - r e t a r d e r a t t h e b l u e l a s e r w a v e l e n g t h o f 4 4 1 . 6 n m . A l l 

s u b s e q u e n t m e a s u r e m e n t s u s i n g t h e H e - C d l a s e r w e r e p e r f o r m e d ' 

u s i n g q u a d r a t i c d e t e c t i o n . F o r t h e H e - l\le l a s e r , a A / 4 - p l a t e 

t u n e d t o 6 3 2 . 8 n m w a s o b t a i n e d w h i c h i n t r o d u c e d a p h a s e 

d i f f e r e n c e o f e x a c t l y tt/2'-. F i g 3 . 1 6 ( d ) s h o w s t y p i c a l b i r e f r i n -

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

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

t r a n s i e n t s a n d i d e n t i c a l r e l a x a t i o n t i m e s . 

3 . 9 . 3 O v e r a l l e q u i p m e n t p e r f o r m a n c e 

I n o r d e r t o c h e c k t h e o v e r a l l r e l i a b i l i t y o f t h e e q u i p -

m e n t , a s e r i e s o f e x p e r i m e n t s w e r e c o n d u c t e d o n d i l u t e 

s o l u t i o n s o f a w e l l c h a r a c t e r i s e d f l e x i b l e r o d - l i k e 

m a c r o m o l e c u l e p o l y ( n - b u t y l i s o c y a n a t e ) , P B I C . T h e p a r t i c u l a r 
5 

s a m p l e c h o s e n w a s P B I C 4 h 2 l h a v i n g M = 1 . 3 3 x 1 0 a n d 

p o l y d i s p e r s i t y , Z = l . l k i n d l y s u p p l i e d b y D r . A . J . B u r o f U . S . A . 

B u r e a u o f S t a n d a r d s . T h i s s a m p l e h a s b e e n e x t e n s i v e l y s t u d i e d 

i n t h e p a s t i n K e r r e f f e c t a n d d i e l e c t r i c e x p e r i m e n t s b y 

J e n n i n g s e t a l ( 3 6 ) B u r a n d R o b e r t s ( 2 4 ) a n d B e e v e r s e t a l 

( 2 7 ) a n d s o s h o u l d p r o v e a g o o d t e s t o f t h e p e r f o r m a n c e o f 

t h e p r e s e n t e q u i p m e n t . A n a l m o s t i d e n t i c a l s a m p l e , 
5 

M = 1 . 1 2 5 x 1 0 h a s b e e n s t u d i e d b y T s v e t k o v e t a l ( 2 6 ) . 
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A s o l u t i o n o f c o n c e n t r a t i o n 1 . 0 k g m 3 i n c a r b o n t e t r a -

c h l o r i d e w a s p r e p a r e d f o r t h i s c o m p a r a t i v e s t u d y . A t y p i c a l 

p l o t o f l n 6 / 6 v e r s u s t i m e ( s e e F i q 3 . 1 7 ) i s s e e n t o b e M m a x ^ 
s t r o n g l y c u r v e d , i n d i c a t i n g a b r o a d d i s t r i b u t i o n o f r e l a x a t i o n 

t i m e s . T h e r e l a x a t i o n c u r v e w a s a n a l y s e d i n t e r m s o f T ^ n » T £ > 

T a n d < T > „ , a n d t h e r e s u l t s a r e s h o w n i n T a b l e 3 . 3 . T h e 
e K , d 

r e l a x a t i o n t i m e s o b t a i n e d a g r e e r e a s o n a b l y w e l l w i t h t h o s e o f 

J e n n i n g s e t a l (36) a n d a l s o w i t h t h e d i e l e c t r i c r e l a x a t i o n 

s t u d i e s o f B u r a n d R o b e r t s [ 2 4 } a n d T s v e t k o v e t a l [ 2 6 ] , 

a s s u m i n g t h e m e c h a n i s m o f P B I C o r i e n t a t i o n , t o b e s m a l l a n g l e . 

-o Tp=31ps 

I * = 5 3 JJS 

0 50 100 150 

time/ps 

Fig 3-17 Plof of Fhe refardafion,b against- Hme for a TO kg 

m"3 PBIC # 7 1 af pulse durafion 1-0ms; E ^150 kV m"1 and 

temp- 293 K -



T a b l e 3 . 3 R e l a x a t i o n t i m e s f r o m R i s e a n d d e c a y t r a n s i e n t s o f 1 . 0 k g m ~ 3 ' 

T e m p e r a t u r e / K 

R i s e t r a n s i e n t x / y s D e c a y t r a n s i e n t s x / y s 

T e m p e r a t u r e / K x r e f 2 7 
T 

X 
r < T > , 

K , r 
x r e f 2 7 
e 

x ^ r e f 3 6 
IN 

x ..ref 2 4 
t\ 

x ^ r e f 2 6 X 
e 

x . 
i n < T > K , d 

2 9 3 3 4 0 9 6 1 1 4 1 2 4 3 5 ± 3 ( a ) 4 2 ( b ) 3 7 ( b ) 3 1 2 0 5 3 4 3 

3 0 3 3 2 0 7 8 8 7 1 0 3 2 3 1 5 4 0 3 4 

3 1 3 2 8 0 6 5 6 9 8 4 1 9 1 1 3 1 2 6 

3 2 3 2 2 0 5 6 7 0 6 8 1 4 1 0 2 6 2 6 

( a ) K e r r r e l a x a t i o n t i m e i n b e n z e n e 3 0 ± 3 . 3 u s c o r r e c t e d t o C C 1 . v i s c o s i t y a t 2 9 3 K 

( b ) d i e l e c t r i c r e l a x a t i o n t i m e c o n v e r t e d t o t,. a s s u m i n g t ^ = i x 
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rotational diffusion for which l D = 3t^ This gives confidence 
in the performance of the present apparatus. However, all these 
results, including the present ones differ significantly from 
the recent Kerr effect measurements of Beevers et al. In all 
cases, their rise and decay times were a factor of about four 
higher than the present values. The cause of this disagreement' 
is unclear, however their investigation was performed at much 
higher field strengths in the region of 1300 kV m 1 as compared 
with 250 kV m"*1 in this work. Repeating the present measurements 
at such higher fields produced a distorted transient 
birefringence signal, with two extrema before the steady state 
was reached. However with this distortion-the-decay relaxation 
time (T } at 293 K was found to be only 4 4 p s .The cause of this • 
disagreement between Beevers et al and ourselves still remains 
unresolved. 

In contrast with the large disagreement between the 
absolute values of relaxation times obtained by Beevers et al 
and those of this work, the temperature dependence is found 
to be similar. The rise and decay relaxation times decrease 
with increasing temperature in the manner well represented by 
an Arrhenius expression (eqn. 3.39);the apparent activation 
energies obtained (see Table3.4) are in reasonable agreement 
with those found by Beevers et al. There is also reasonable 
agreement on the ratios of the rise to the decay relaxation 
times for the two sets of measurements. For the present 
results it is worth pointing out that the ratio of the mean 
relaxation times r^<T>K d UJas reason£|bly constant at 
2.6±0.1 over the temperature range studied, implying that the 
contribution of the induced dipole term is significant; and 
that the orientation mechanism is not of the 'fluctuation jump 
type (see section 2.5.5). 

Table 3.4 Apparent activation energy E / kJ mol""*" 

This work Beevers et al 

Rise cd 12.4 

Decay 16. 3 14.8 
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Section B: Photon Correlation Spectroscopy 

3.10 The light scattering apparatus. 

A detailed description of the apparatus used in this 
section of the work, has been given by Letherby[49] and is 
shown diagrammatically in Fig 3.18. It consists of a Rofin 
He - Ne laser (light source) (2) » of 5 mtif power output and wave 
length 632.8 nm. This is powered by stablised power supply 
unit(l). THfe laser beam is collimated and focussed to the 
centre of the specimen contained in a 10x10x40 mm optical cell 
(3), immersed in a trough (4) filled with the refractive index 
matching fluid m-xylene. Filtered m-xylene having the same 
refractive index as the cell windows is used in order to 
minimise flare and internal reflections. The cell, and the 

1. Laser oower supply- 9 . H.T. supply for 2. Laser photomult iplier 
3. Sample cell 10. Malvern K 7023 
4 . Index matching b3th digital correlator 
5. Meater controller 1 1 . Microcomputer 
6 . Thermometer 12. Osc i1loscope 
7. Light trap 13. Ra temcter 
fl . Photomultiolier 

Tig 3.18 Photon co/i/i.elation Apect/iOAcopy appa/iatuA. 
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fluid are maintained at the same temperature by a set of 
electrical heaters controlled by thermistors (5). A mercury in 
glass thermometer inserted in the trough (6) is used to monitor 
the temperature to within ±0.2 °C. The scattered laser light 
was monitored using a photomultiplier, PM (8) fixed on a 
movable mount, capable of being rotated through scattering 
angles from 5° to 135°. The entire spectrometer assembly was 
mounted on a concrete slab to minimise the influence of 
vibrations. 

The autocorrelation functions are obtained using a 
Malvern K7023, 96 channel correlator (10). With this arrange-
ment the dynamic autocorrelation function can be displayed on the 
the oscilloscope (12), while the output of the PM is monitored 
via the ratemeter (13) , which indicates the noise in the . 
signal and hence gives an indication of the cleanness of the 
sample. The output from the correlator is fed directly to a 
micro-computer (ll) which enables the correlation function to 
be stored and analysed. 

3.11 Experimental procedure. 

3.11.1 The cell: The cell was normally soaked overnight in a 
concentrated nitric/chromic acid mixture, then washed with 
water, rinsed with acetone and dried. 

3.11.2 Sample: A weighed quantity of the polymer sample was 
dissolved in a known volume of filtered solvent. The solution 
was then filtered using a 0.45 pm Millipore filter. Subsequent 
concentrations were made by dilution of this master solution 
using known volumes of filtered solvent. The solutions were 
allowed to stand overnight before decanting about 2 cm 3 of 
solution into the cell, which was then immersed in the .ther.m-
statted " mi'-xylene bath. Sufficient time was allowed to 
attain temperature equilibrium before measurements were started. 
The sample was left overnight in the bath to permit complete 
dust settlement; before a repeat run was made on the following 
day. 

3.11.3 Operation of the correlator. 

The correlator uses 92 of its 96 channels to store the 
( 2 ) 

autocorrelation function g^ in a digital form. The function 
is accumulated .0Vyer N (typically 10 5 - 10 6) interval of time 
each of duration t c (termed the 'channel time'). The number 
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of photons arriving at the detector during a particular time . • 
interval at a time t, n(t), is recorded in an accumulator . 
This count is simultaneously separately multiplied with the 
contents of 92 'shift registers' which contain the photon 
counts, n(t+ xt )n(t), are the incremental contributions to 
the photon count correlation function over the time interval 
t=t c to t=92t c < By accumulating these values in the 92 counters 
or 'channels', over the large number (N) of sample times, a 
digital representation of the intensity autocorrelation 
function is obtained. 

In order that the multiplication and transfer operation 
described above can be achieved in the hardwired correlator 
in times much less than t , 'clipping' of the observed signal 
is introduced. The observed photon count, n, is compared with 
a set clipping level n (a number in the range 0 - 9 ) ; if 
n<n then the number of clipped counts, n, , is set equal to 

C ( K 
zero, if n>n then n. =1. By having only two digits • or 1 the C K 
necessary speed of manipulation can be achieved. The function 
that is actually measured is therefore the single clipped photon 
count correlation function <n(t) n, (t + xt )> , Which for 

(2) G 

large N is a good approximation to G (T). Normalisation to (2) 
give gv (T) can be done either by using a machine normalisation 
- a mean intensity obtained using the remaining four channels 
of the correlator - or as preferred in this work, by using the 
value of <n(t) n(t + xt )> for sufficiently large values of 
xt that n(t ) and n(t + xt ) are essentially uncorrelated. 

It was necessary to select three parameters for each ..; 
correlation measurement: 
(a) the channel time,t , was chosen so that complete decay of 
the correlation function occured in the total run time (=92t )• c 
The aim was to ensure that at least the last ten channels had 
approximately the same value. The visual display of the 
correlation function on the oscilloscope aided this decision. 
The accurate determination of the normalisation value from the 
long time channels was crucially dependent on a correct choice 
of t . c 
(b) the clipping level, n , was adjusted using the probability 
analysis mode.This mode plots on the oscilloscope a trace of 
the distribution of the number of photons received per sample 
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time. It has been shown that the most efficient choice of 
clipping level is to set n c equal to the mean of the number 
of counts per channel time. 
(c) the photomultiplier aperture, if the mean number of 
photons per channel time was either less than 1 or greater 
than 9, then the photomultiplier aperature was adjusted to 
bring the intensity of scattered light incident on the PM within 
the appropriate range. 

With the settings completed, the accumulation of the 
autocorrelation function was commenced and continued until 
statistics of the displayed function were judged to be adequate 
for the accurate definition of the correlation function. The 
stored function was then fed to the microcomputer for analysis 
and displayed graphically on the printer. The accumulation 
could be continued to obtain a more accurate function or 
cleared and the run repeated. Typical run times in this work 
ranged from 5 to 30 minutes. 

3.12 P.O.5 Data analysis. 

The function recorded by the correlator is the single 
clipped photon count autocorrelation function <n(0)n R(t)> . 
For sufficiently long accumulation times this is a close 
approximation to the intensity autocorrelation function 

( 2 ) 
G (K,t). This must be normalised with respect to the mean 
scattering intensity <I> , which in this work has been 

( 2) obtained from the time limit of G (K,t). 

g ( 2 ) ( K , t ) = <l(K,0)l(K,t)>_ <n(0)n R(t)>_ G ( 2 ) ( K , t ) 
< I > 2 < n x n k > G

( 2 ) ( K , U C O ) 

3.44 
The normalised field autocorrelation function g ^ ^ ( K , t ) (or 
dynamic structure factor S(K,t) is obtained from the experim-

(2) ental function g using the Siegart relation of equation 2.86. 

g ( l ) ( K , t ) G ( 2 ) ( K , t ) 

G ̂  2 ̂  (K , t -NX>) 

I 
3.45 

Fig 3.1$.illustrates a typical photon count autocorrel-
ation function for a solution of ethyl cellulose (EC) in 
toluene of concentration 47.2 kg m 3 using an iris aperC.ture 
of 5 and a channel time t of 1.8ms. This function was c 
accumulated in 14 minutes. 
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As shown in section 2.6.2, for dilute non-interacting 
spherical particles, undergoing Brownian motion the field 
autocorrelation function decays exponentially with a single 
relaxation time, related to the translational diffusion 
coefficient D ̂  and the scattering vector, K (see eqn 2.9Q) : 

(1) / , X n - D, K 2t g (t) = A exp t 3.46 

Hence equation 3. 45 becomes 

g ( 2 ) ( t ) - 1 = [fl exp 3"4 6< a> 
( 2 ) 

and a plot of 1 n [ g (t) - l] versus time is linear with a 
slope T, where 

L r = T" = 2D, K 2 2.47 t 
and is the characteristic relaxation (or correlation) time. 
In con'trast to this simple behaviour photon count • ~ 
autocorrelation function for concentrated ethyl cellulose 
solutions studied in this work were in general non-exponential« 
However, the ln[g (t) - l] versus time plots usually showed 
two distinct linear regions,well separated in time, and have 
been characterised by a two exponential expression of form: 

g^ 2^(t) - 1 = A.exp " r i t 3.48 
E •JT-K) 

q ^ ( t ) - 1 = A9exp " r 2 t 3.49 
-1 T-̂ OO * 

The logarithmic correlation functions i.e. plot of 
(?) 

ln[g (t) - l] versus time yielded two slopes, that at long 
times being designated IT,, while that at short times being 
designated . A least squares fitting procedure was used in * 
evaluating the slopes. Fig 3.19 (b) shows the logarithmic 
correlation function corresponding to the data of Fig 3.19 (a). 

( 2) 

The behaviour of g (K,t) at shorter times was examined 
in more detail by repeating experiments using smaller values 
of channel time t . For these cases, the total run time (=92t ) 

c c 
was insufficient to observe the long time asymptotic limit of 
(2) 

G for normalisation purposes. The procedure adopted was 
to ensure that for any channel time t , at least the last 20 
channels overlapped in absolute time with the long time linear 
portion of, slope T^» the logarithmic correlation function 
from a previous run obtained using a larger i/alue of t . 
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3./P j4 typical logacithmic coccelation function 

of a 47.2 kg EC in toluene at 29 8 K and 1.8 mA channel 

time. 
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The normalisation factor G ' (°o) was then obtained by fitting 
these last 20 points to the functional form; 

G ( 2 ) ( t ) = G ( 2 ) ( c o ) [ 1 + exp "r2tj 3.50 

Thus, in expanding the time scale of the example shown in F i g 

3.19(b) a suitable choice of t , would be 900 ps.• 
Further reductions in t would necessitate fitting the long 
time slope to T^. By progressively reducing t , in this way, 
ensuring that the functions from successive experiments over-
lap sufficiently, the whole correlation function was investgated 
down to very small times. For some of the samples studied,the 
region of the slope T^ was itself revealed to consist of at 
least two linear regions which nevertheless persisted over 
several decades of the time scale. A detailed description 
of this behaviour is given in Chapter 5. 
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MATERIALS 

4.1 Polymer studied 

4.1.1 Poly-Y-benzyl-L-qlutamate,PBLG 

This polymer has the structure 

N H C H - C O 

(CH 2) 2 

C O 2 C H 2 - < 0 
n 

Strong hydrogen bonding between the C=0 and N=H groups 
causes the chain to adopt a helical structure in polar solvents 
such as dimethylformarnide (DMF), dichloroethane, and chloroform-
formamide (C-F). Three samples of this synthetic polypeptide 
were obtained from Phase Separation Limited. The samples were 
designated PBLG I, PBLG II, PBLG III in order of their decreas-
ing molecular weight. The solvents used were DMF and chloro-
form-Formamide mixture, mixed in the volume ratio 99.5% 
chloroform to 0.5% formamide, in both of which PBLG has been 
shown to be essentially unaggregated ( 72 } In the mixed 
solvent formamide acts as a deaggregant; this C-F mixture was 
usually used in preference to dimethyIformamide because it was 
less conductive and has been shown to preserve the rod-like 
configuration of PBLG (72). The molecular weights of the 
samples were determined by measuring their intrinsic viscosities 
at 25°C in DMF using a modified Ubbelohde dilution viscometer. 
The weight average molecular weights were determined using 
the Mark-Houwink equation, (see Fig 4.1). 

[nl KM a 4.1 w 

where a = 1.7 and K = 2.9 x 10 
shown in Table 4.1 

- 1 0 m 3 kg ^. The results are 

4.1.2 Poly(n-butyl isocyanate), PBIC 
0 

The structure of this polymer is II 
C - N 

C 4 H 9 
n 
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Tig 4,1 The. intrinsic viscosity determination lor PBLQ. 

Table 4.1 Molecular weights of PBLG (M ) 

S ample [n] x 10 m3 kg"1 Molecular weight 

PBLG III 0. 55 74000 

PBLG II 1.41 129000 

PBLG I 3.24 210000 
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Again, specific interactions between the carbonyl group and 
the nitrogen atom cause the chains to adopt a helical structure* 
in certain solvents such as carbon tetrachloride ( C C1, ) . The 

4 
PBIC sample used were kindly supplied by Dr. A.J.Bur, National 
Bureau of Standards, U.S.A. They comprise of two fractionated 
samples, designated PBIC #21 (M =1.33 x 10 3 and polydispersity 
Z = M /M =1.1) and PBIC CN-1 (M =1.3 x 10 6 and Z =1.0), and p w n w r p 
unfractionated sample, PBIC 4 29 (M =6.4 x 10 and Z =4.6). w p 
The solvent used was analytical grade carbon tetrachloride 
supplied by BDH Chemicals Ltd. 

4.1.3 Polypropylene glycols,PPG 

The structure is c h 3 

h - - o - c - c h 2 + o h 
I £ 

L h Jn 
The four samples used were low molecular weight liquids (kindly 
donated by Lankro Chemicals Ltd) and coded according to their 
molecular weights. They were Propylan D400 of nominal molecular 
weight 400 referred to in this work as PPG 0402; Propylan D1002 
of nominal molecular weight 1000 designated PPG 1002; Propylan 
D2002 of molecular weight 2000, designated PPG 20Q2; and finally 
Propylan DP2257 of molecular weight 2200, designated PPG 2257. 
The solvent used was 'Analar1 grade toluene from BDH Chemicals 
Ltd. 

4.1.4 Polypropylene oxide 

The structure is 

PPO 
c h 3 

h - o - c - c m o 
I L 

H 
The two samples used in this work were kindly supplied by Dr. 
C. Booth of Department of Chemistry, University of Manchester 
and were identified according to their batch numbers. The batch 
sample S3.3> of viscosity average molecular weight M =1.44 x 

6 • • v 
10 , was designated PPO 3.3 while the batch S4.4, of viscosity 

G 
average molecular weight M =2.93 x 10 , was designated PPO 4.4. v 
The solvent used was 1Analar' grade toluene (BDH). 
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4.1.5 Polysulphone 

(i ) Poly(2-methyl pentene-1 sulphone),PMP5 

The structure is 
v 
c h A 

CH 3-C 
Lh 3 7-J n 

The sample used was kindly supplied by Dr. A. Fawcett, Depart-
ment of Chemistry, Queen's University Belfast. It has a 

5 molecular weight M =3.2 x 10 and is referred to as PMPS in w 
this work. The solvent used was 'Analar' grade benzene. 

(ii) Polyethersulphone,PES 

The structure is 

0 

- O - f O - o 
0 N 

Three samples of-this polymer were kindly supplied by Dr. J. 
Rose of Imperial Chemical Industries Ltd (Petrochemicals and 
Plastics Division).. They were designated PES I, PES II, and 
PES 111 ' according to their molecular weights as determined by 
gel permeation chromatography GPC. PES I has 1^=7.4 x 10^ and 
Z =2.1; PES II has M =1.23 x 10 5 and Z =2.4 and PES III has p 5 w p 
M^=l.l x 10 with Z =2.1. The solvent used for this polymer i s 

reagent grade N-pyrrolidone. 

4.1.4 Ethyl cellulose,EC 

The structure is 

r c h 2 o c h 2 c h 3 

/ c h 

- 0 - c h 

•0 \ 
\ P C H 2 C H 3 / 

c h c h 

CH-

6 c h 2 c h 3_ 
The ethyl cellulose sample used was obtained from BDH Chemicals 
Ltd apd has ethoxy content of 48.3% and a mean degree of hydroxyl 
substitution 2.48 per monomer unit. The molecular weight ((Y) ) 

n 4 
determined vi scometri call y in benzene was found, to be 2 . 6 3 x 1 0 

Solutions for'the dynamic studies were made in ' flnalar' grade 
toluene. 

4.2 Sample preparation 

4.1.1 Solvent filtration. 

Two sets of 0.45 qm Millipore filters - Metrice.l GN and 
Metricel alpha 6 - were used in solvent filtration, depending 
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on their compatibility. The alpha 6 filters were used for 
formamide, chloroform, dimethylformamide, and N-pyrrolidone, 
while toluene, benzene, nitrobenzene and carbon tetrachloride 
were filtered using the GN membranes. The solvents were 
filtered before the dissolution of the polymer and no subseq-
uent filtration of the solution was carried out. This was 
because attempts to filter polymer solutions can lead to• 
preferential adsorption on the membrane material - and/or 
blocking of the filter pores, with subsequent loss of polymer. 

4.2.2 Concentration 

Master solutions were made up by dissolving a weighed 
quantity of the polymer in the solvent contained in a 
volumetric flask, which had previously been cleaned and rinsed 
with the solvent. The solution was virgorously shaken for a 
few minutes, then left overnight, under gentle stirring until 
complete dissolution was achieved. Lower concentrations were 
prepared by progressive dilution of this master solution. 

Three factors limited the maximum concentration which 
could be studied i.e. the concentration of the master solution: 
(i) the availability of the polymer sample - this was the 
limiting factor in the cases of PBIC, PMPS and PPO; 
(ii) the viscosity of the polymer solution, preventing satis-
factory transfer of the sample to the cell and the production 
nf bubble free samples - thus was the limitation in the cases 
of PBLG and PES: 
(iii) solubility limitations, producing turbid solutions - this 
was the limiting factor in the case of ethyl cellulose in 
toluene. 
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RESULTS AND DISCUSSION 

The experimental results are presented in two sections. 
The first section contains information concerning the dynamic 
relaxation phenomena of various polymers, with emphasis placed 
on the effects of concentration, molecular weight, temperature 
and field strength. The second section contains the measured 
(static) equilibrium properties of the macromolecules which 
characterise their interaction with an electric field. Within 
each of these sections the results are presented for each of 
the polymers studied. A comparison is made with available 
theoretical models for each system in turn. Comparison of the 
various systems with each other and a rationalization of the 
differences in their behaviour is given in Chapter six. 

Section One 

Molecular Dynamics 

5.1 Poly-y-benzyl-L-qlutamate,(PBLG) . 

5.1.1 Dilute solution behaviour 

Most previous studies on PBLG have been concerned with 
dilute solutions. Measurements of intrinsic viscosities and 
light scattering on this system have shown it to be a rod 
shaped polypeptide with a-helical coil structure in some non-
polar solvents [72]. Their studies showed them to be rod-like 
up to 300,000 molecular weight and to exhibit small amount of 

5 
flexibility at 14̂  = 8.0 x 10 . The a-helical structure in some 
solvents was confirmed by Luzzati et al[lQ5] by X-ray diffract 
ion technique; although the discrepancy between their inferred 
value of the monomer length and that from static measurements 
led to conclusions that PBLG,[92] though rod-like, exhibits some 
flexibility. The first dynamic Kerr effect study on PBLG was 
undertaken by Tinoco [86], who showed that the technique was an 
effective tool for probing the dynamics of PBLG molecules and 
ascertaining their size and shape. 
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Dielectric studies b y Marcha.l and Marchal [22] ,carried 
• ut on PBLG of molecular weight ranging from 3200-to 217000 
showed it to be rigid throughout this range. This was supported 
by the studies of Wada [23], who cowered molecular weights 
from 70000 to 180000. However the studies by Block et al [21] 
on the range 25000 to 275000 showed that considerable 
flexibilitywas exhibited by high molecular weight samples. 
The molecular weight dependence of the relaxation times, t 

(cc (Y)̂ m ) gave exponents, which changed from the expected 
value of three for rods at low values of 1*1 to two as 1*1 was 
increased. Other workers such as Tsuji and liiatanabe [32], 
Powers [98] Powers et al [35] and LJatanabe [89] carried out 
extensive electro-optic measurements on PBLG, concentrating 
on the effect of solvents, aggregation and flexibility on 
measured characteristics such as size,Kerr constants and dipole-
moments. 

As the above studies showed PBLG to be a rod-like 
macromolecule with a small degree of flexibilty, it was chosen 
as a starting material in our studies, being a molecule whose 
dilute solution dynamics has been well characterised and rep-
resenting the rigid extreme of the polymers to be studied. The* 
molecular weights of the samples used in this work were 
PBLG III, 1*1 =74000, PBLG II, 1*1 =129000, and PBLG I, (*1 = 210000. 

W W w 
All the PBLG samples in the dilute regime showed significant 
deviation from single exponential Kerr relaxation. 
Consequently the decay birefringence curve was characterised 
by the relaxation times T. , T , T N, and T as described in 1 in p £ e 
section 3.7.4 . 

PBLG has been shown to have monomer length and solvated 
diameter of 0.15 nm and 1.5 nm respectively [72] . In analysing 
our dilute solution data, we have used Broersma's equation 
(eqn 2.6) for the rotational diffusion coefficient, D^, because 
it accounts explicitly for the end effects of a rigid rod. The 
relaxation times (T=(BD)" 1) of PBLG III, PBLG II and PBLG I 
based on this equation are 1.2ys, 5.2|js and 37ys respectively 
The present experimental values of t. (t0 ). 1.5 (.2.8) ys, 5.2 

IN -a/ 

(l4.8)ps, and.17 (58) ys are in reasonable agreement considering 
the uncertainties in the molecular weight distribution of the 
samples used. This indicates that the PBLG samples studied can 
be adequately represented by a rigid rod-type model in dilute 
solution, in keeping with the finding of Marchal and Marchal [22]$ 
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Block et al [21] and UJada [23] . The present results are 
compared with previous Kerr effect and dielectric ( T ^ = T p / 3 ) 
results at 298 K in Fig 5.0. There is reasonable agreement 
between the different sets of data. 

5.1.2 Concentrated solutions 

For concentrated, non-rigid or polydisperse systems 
decay birefringence transients are in general non-exponetial, 
hence they have been characterised in terms of the relaxation 
times, T .' , X , T , a-nd T0 as describedin section 3.7.4. 

100c 
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with previous results* o/ other workerA. 
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A typical analysis in terms of these quantities for the case . • 
of 21.2 kg m solution of PBLG I in C-F is shown in Fig 5.1. 
The sharp break in the slope and the good representation of 
the curve by the sum of two exponentials (characterised by 
Tp and t^) is typical of all the PBLG transients in this work. 

The spread factor,P (eqn 2,63) calculated for PBLG I over 
the concentration range 0.12 to 21.2 kg m decreases with 
increasing concentration from 0.84 to 0.66, indicating that 
at least some of the deviation from non-exponential behaviour 
is due to concentration effects. Where measurements were made 
under comparable conditions in the two solutions DMF and C-F 
(see, for example, Table 5.1(a)) there was good agreement 
between the relaxation times after correction had been made 
for viscosity differences. This suggests the absence of specific 
solvent or aggregation effects in agreement with ealier work 
which has shown PBLG to be aggregate free' in these solvents 

[72}. 
The effect of field strength and pulse duration 

The effects of field strength and pulse duration on the 
observed relaxation times were, studied in order to identify 
suitable conditions for studying the effects of concentration 
on the polymer dynamics. Table 5.1(b) shows results obtained 
on a 10kg m" 1 solution of PBLG III in DMF at various field 
strengths and three pulse widths. The results reveal that the 
relaxation times are independent of field strength at the low 
field strengths employed. At high field gradients ( E>350 k\l m 1) 

however, the birefringence transients became distorted (see 

Table 5.1(a) Solvent dependence of relaxation 
time t. for a 10 ko m solution nf PBLG III 

Solvents Relaxation time f/ys TinnD(Y]F/ nC-F 

DMF 4.0 ± 0.1 

t C-F 1 3.5 ± 0.5 4.4 ± 0.6 

t 0.5% Formamide in Chloroform. 
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t i m e / m s 
2-0 

- 3 0 -

Fig 5-1 L n ^ ^ v e r s u s t i m e / m s f o r PBLG I sample in 
ch lo ro fo rm- fo rmamide , of concentration, 21*2 k g m - 3 , 
pulse amplitude of 250 kV m-1 and d u r a t i o n 2-5 m s . 

The inser t sare the osci l lograms of 10 kg n r 3 PBLG III in DMF 
a t field s t r e n g t h s 300 and 4 0 0 k\J/m showing d i s t o r t e d signal. 
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Table 5.1(b) Effect of field strength and pulse 
width on relaxation time, x . / g s and x p / _y_s_ 

FieJ d, E/ k\l m" 1 
25 50 100 150 

Pulse width (ps) 
25 50 100 150 

c T • 6 in 
3.1 3.0 3.1 3.2 

T £ 1 1 . 0 9.7 10.2 9.9 

20 Tin 3.0 2.9 3.3 2.9 

T £ 9.6 12.0 10.1 10. 5 

50 Tin 3.0 3.3 2.9 3.1 

T £ 9.7 10.1 11.2 10.0 

insert Fig 5.1). The birefringence r.eached . a • maximum and grad-
ually decreased towards a steady value, and when the field was 
cut off it rapidly returned to the maximum steady state value 
before decaying to zero. However^evaluated relaxation time, x^ n 

associated with the decay process was 3.1 gs for both the 
distorted and the undistorted signals, a result in good agree-
ment with those in Table 5.1 (b) obtained at lower fields. 

Normal transients were observed at relatively low field 
gradients. The shape of the distorted birefringence transients 
suggests that at high fields an additional negative birefringence 
component appears having a characteristic time significantly 
longer than the initial orientation time. This is presumably 
a field induced effect, possibly chain distortion or aggregation, 
which relaxes almost instantly as soon as the high field is 
removed. In all cases where this effect occurred the slope of 
the decay transients was identical to that obtained for undist-
orted transients. Consequently for the purposes of this work 
it did not prove necessary to investigate this phenomenon 
further. However, a more detailed study of the transients of 
this type should yield significant information on the field 
induced effects in helical macromolecules. 

At the three pulse widths presented, the observed relax-
ation times were independent of the pulse duration. This implies 
that for this particular example steady state orientation of 
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the macromolecules had occurred within 6 ys , and that prolonged 
application of the field did not affect the subsequent relax-
ation process. All experiments were carried out using a pulse 
duration in excess of that required for equilibrium orientation 
of the macromolecules. 

5.1.3 Dependence of relaxation times on concentration. 

All measurements nn concentrated solutions were conducted 
in the chloroform-formamide (C-F) solvent, The values of the 
relaxation times and the relative amplitudes for the concentre 
ations studied are given in Tables 5.2 and 5.4. Fig 5.2 is a 
plot of In t versus In C for the highest molecular weight sample 
PBLG I. This shows that all the relaxation times have similar 
concentration dependence. The log-log plots each have two 
distinct linear regions with a sharp change in the slope at 
about the same concentration, which we refer to as the critical 
concentration, C . This implies a relationship of the form, 

T « c Cc 5.1 

Table 5.2 Relaxation times of PBLG I at 294 K 

Goncentrat 

tion/kg m 3 

__ Relaxation times i/ys 

3 

Goncentrat 

tion/kg m 3 T . l n T e T P T £ 

t 
A £ 3 

- 0.125 18.4 ± 1 19 6.3 ± 1 34 ± 1 0.55 0.70 

n* ^0*22 

0.34 20.1 ±1 20 7. 6 ± 1 57 ± 3 0.6 0. 6S 

0. 80 33 ±1 34 14.3 ±1 62 ± 2 0. 56 0.84 

1. 70 37 ±2 37 12.1 ±2 61 ± 3 0. 52 0.76 

C - 3 . 0 
T 

4.23 48 ±4 50 30 ±1 147 ± 9 0.41 0.66 . 

10.6 153 ±10 165 95 ±4 515 ± 3: 0.45 0. 66 

C" '^14. 3 

15 324 ± 30 340 78 ±15 606 ± 2!: 0.5 0 .64 

21 . 2 456 ± 43 450 146 ±20 815 ± 6] 0.5 0. 72 

+ An( t) = A1exp"t//Tp + A^exp" ; A. + A 9 = 1.0 
An ^ 1 z 

o 
C ̂  = experimental critical concentration, C * and C " " are 
concentrations at onset of overlapping and onset of 
isotropic nematic transitions respectively(see section 2.3.2) 



- 131 -

C/kg nr3 

Fig 5-2 Concentration dependence of fhe relaxation times of 
PBLG I in chloroform-formamide,(C- F ) , TintA),"!̂  (•) ; 
1L(n) , and ~lp (o). 

Irrespective of the relaxation time chosen to characterise the 
decay transient, a sharp change was observed in the concentratr 
ion dependence from a value of £ c=0.35 below C^ (=;3 kg m~ 3) to 
a value of -1.2 above C . The values of the exponent XL and r c 
the critical concentration, C , for the various relaxation 
times of all three samples are given in Table 5.3. 
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A comparison of the concentration dependence of the 
relaxation times and t^ for all~ PBLG samples studied is 
given in Figs 5.3 and 5.4 respectively. The concentration 
dependenc.es of the relaxation times of all the three 
samples are similar. All show sharp changes over a narrow range 
of concentration, the plots merely being shifted along the t 

and C axes. Within the limits of experimental error the concen-
tration exponents are independent of molecular weight, but the 
critical concentration decreases with increasing molecular 
weight. 

C / kg nr3 

Fig5-3 Concentration dependence of the initial relaxation times,Tjn 

of PBLG I (•), PBLG II (A) , PBLG III (o) in chloroform-formamide. 



- 133 -

Fig 5-k Concentration dependence of the long relaxation 
times, Tj. , of PBLG I (D), PBLG II (A) ,and PBLG III (o) in C- F. 
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Table 5.3 The exponents and the critical concentration 
observed in the PBLG measurements. 

Samp .1 e Relaxation 
type 

Experimental 
C r 

Exponent, Samp .1 e Relaxation 
type 

Experimental 
C r C < C r C > C r 

PBLG I Tin &• Te 
^ 3.0 

0. 25 ± 0.05 1.26 ± 0.100 PBLG I 

T P ^ 3.0 0.30 ± 0.10 1.19 ± 0.10 

PBLG I 

T £ 

^ 3.0 

0.24 ± 0.10 1.22 ± 0.10 . 

PBLG II T 

^ 6.5 

0.2 ± 0 . 0 3 1.20 ± 0.10 PBLG II 

T<i ^ 6.5 0.29 ± 0.04 1.28 ± 0.12 

PBLG III 

T 0.21 ± 0.03 1.25 ± 0.16 

PBLG III ^ 1 1 . 0 0.26 ± 0.04 1.31 ± 0.15 
-1 

5.1.4 Molecular weight effects 

The molecular weight dependence of the relaxation times 
is illustrated here by choosing two concentrations one well 
below C and the other well above C . The concentrations were r r 
chosen such that the reduced concentration C/C was constant r 
0.12 for C<C and 1.7 for O C - Fig 5.5 is a plot of ln X r r * M in 
against ln M for these two cases. The low concentration results 
are in reasonable agreement with the values obtained from the 
dielectric relaxation data of Block et al [21J carried out in 
the concentrations range 5 to 10 kg m in trans-1,2 dichloro-
ethylene saturated with DMF. The linearity of the plots for 
both reduced concentration again implies a relation of the form 

t « M^m 5-2 

There is a small increase in the exponent,^m with increasing 
concentration from a value of 2.2 ±0.2 below C to 3 . 5 ± 0 . 8 r 
for C>C . r 
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1000r t c < c r o 

^ > C R
 D 

Block et al • 
Doi et al • 

100 

T M 
YS 

10 

1-0 X 

2-2 ±0-2 

3-5 ± 0-8 

7 

10H 10 3 10° 
Fig5*5 The molecular weight dependence of the r e l a x a t i o n t imes 
of t he PBLG samples-
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Table 5.4 Relaxation times of PBLG II and PBLG III 

PBLG IT PRLG III 

Concentr-
ation 
C , k g m 3 

Decay Concentr-
ation 
C , k g m 3 

Decay Concentr-
ation 
C , k g m 3 

Tin/ ys T£ / ys 

Concentr-
ation 
C , k g m 3 

Tin/ ys X£/ ys 

0.12 4.8 16 0.15 1.8 2.3 

0. 40 5.3 18 0.3 1.5 3.2 

Cr'r = 0.6 0.6 2.0 4.0 

0.62 6.0 30 1 . 2 2.4 4.2 

1.2 6.2 29 1 . 5 2.2 4.1 

2.0 7.2 36 Cpr= 1.8 

4.0 8.0 44 2.4 2.6 4.5 

6.0 9.2 65 3.2 2.0 5.2 

C = 6 r 5.0 3.3 4.1 

10.0 12.5 111 6.4 3.2 6.6 

17.0 18.1 260 10.5 3.9 8.8 

20.0 28.2 263 C = r hi X 
Crr 20, 3 6.5 13.2 

25.0 31.5 33S 25.4 8.2 17.0 

30 48 397 31.0 16.0 24.0 

40.0 20.0 38.0 

CrV' =41 
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5 L . 5 Discussion 

As concentration increased, a sharp change in was 
observed at some critical concentration C^. This is in qualit-
ative agreement with the predictions of Doi and Edwards (DE) [4]* 
(see section 2.3.2) that at some concentration near molecular 
overlap, a significant change from dilute solution type 
behaviour to moderately dilute should occur. The extent to which 
the experimental results agree quantitatively with the DE 
theory can be examined as follows. 

The volume swept out in space by a chain by virture of 
its rotational motion is given by 

\l = 4^r 3 5.3 m 3 m 
where r m is an appropriate chain dimension defining its spatial 
extent. For a rigid rod of length L, r m=L/2 while for a random 
coil chain it is appropriate to take r m equal to the radius 
of gyration R^. The mean number of chains, n^, occupying this 
volume \l is M 

1000 C Nn 1/ c , n = A m 5.4 U 
M 
I-

number, and M the molecular weight(in grams). As long as ,n 
where C is the concentration in kg m- 3 , N^ is the Avogadro's 

U 
in such a volume, \l is less than one the system is considered M 
to be dilute but chain interactions begin to increase markedly 
for n^>l. The critical concentration for this onset of inter-
chain entanglements' occurs when n^=l and is given as 

-3 = • " 5.5 
9 m 1000N n\J 

A m 
For rigid rod type molecules, another critical concent-

ration at which the isotropic-nematic transition should 
occur can be estimated by defining a characteristic volume \1 ' 
= 7rr2d where r =L/2 and ti is the rod diameter. C4** is the M M 
concentration at which n^ reaches 1 for this volume i.e. 

C)'kg m" 3 = T O O O i O T ' 5 , 6 
Y A M 

Table 5.5 gives the values of Ci! for PBLG I, II and III 
calculated assuming the molecules to be (a) rigid rods ) 

I r r 

and (b) random coils, C** c (assuming R^= n 2£//6 where £= monomer 
length and n is the degree of polymerisation) and of 
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Table 5.5 The critical concentration parameters 
„ . , -3 fnr P 81. G . All _c o n cent rat ions, C.in kg m . 

S ample f. xper imen tal 
C r 

Calculated C 
Ratio r 

rr 

S ample f. xper imen tal 
C r 

C-r r rr C rn 

C 
Ratio r 

rr 

PBLG III 11.0 1.8 40. 6 20500 6.1 

PBLG II S. 5 0.6 23.3 15600 10. 6 

P3LG I » 3.0 0.22 14.3 12 200 13.6 

assuming rigid rod behaviour . The rigid rod values are also 
marked on Figs 5.2, 3 and 4 . The DE theory is designed to 
cover the concentration range Ĉ j. < C < C/p. The relaxation data 
obtained experimentally cover the whole DE concentration range 
up to and provide a good test of the applicability of the 
theory to synthetic polypeptides. 

In terms of those two models, the PBLG samples are much 
closer to rigid rods than random coil macromolecules. The exp-
erimentally observed critical concentrations, C^ certainly 
confirm this although they are significantly greater than the 
calculated C* values (C > 6, see Table 5.5). rr r rr 

The concentration exponent, = 1*2 is rather low 
compared with the DE predicted value oF = 2. At low 
concentrations, CkC^, the molecular weight exponent £m of 
2.2±0.2 is less than the value of 3 expected for perfectly 
rigid rod macromolecules (eqn 2.6). This is consistent with 
the dielectric observation of Block et al [2l] and can be attri-
buted to some degree of chain flexibility. At high concentration 
C>C , the value of 3.510.8 is significantly lower than the 
the DE prediction of r =7. In view of the deviation of v, from 

M ^M 
the rigid rod value at low concentrations, it is not unexpected 
that j< Cm although the extent of the discrepancy 
with the DE value is surprising. 

The present results contrast with Maguire's recent public-
ation on Kerr relaxation studies of rigid rod viruses which 
showed £ ~ 2 and £ ~ 5.7. This suggests that DE behaviour is 
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only approached by extremely rigid systems and that any 
flexibility in rod-like leads to a marked reduction in both 
t, c and t; . These findings are consistent with other work on 
PBLG and similar a-helical molecules. Fig 5.6 shows plots of 
the relaxation times obtained in this work for PBLG I (M =210000) 
ploted alongside those of Tsuji and Uatanabe [32] and of Tinoco 
[86] on PBLG of M =310000 and 350000 respectively both in 
dichloroethane. The concentration (10 to 90 kg m~ 3) covered by 
Tsuji et al is far in excess of both C* (0.10 kg m~ 3) and C*** 
(7.5 kg m 3 ) for their molecular weight. Even in this regime 
the concentration exponent,^, = 1.5 is still below the DE 
prediction of 2 . These data are consistent with the present 
results in the region of overlap. Tinoco's results at lower 
concentrations appear consistent with Tsuji's work. These two 
sets of data taken together show behaviour analogous to that -
observed in thi-s work, with ^0.2 and ^ 1.5. 

r r 
It is interesting to note that an electro-optic study 

of the chain dynamics of another a-helical molecule, paramyosia-
by Delaney and Krause, [75] (see Fig 5.6) shows similar 
behaviour to that observed here for PBLG. These workers obtained. 
Kerr relaxation times for this molecule (M = 210000 and C = 

- 3 R C 
0.32 kg m ) in ImM citrate buffer at 293 K, over a range of 
concentrations. Their data has been reanalysed and shows abrupt 
change in the concentration exponent from £ c=0.1 to £ c =0.56 
at a concentration of C « 0.8 kg m 3. As for PBLG, C is r r 
significantly greater than C*. However, the concentration 
exponent for C>C r is only about half that observed for PBLG. 

For PBLG, therefore, although the.dependence of relaxation 
times, t , on concentration and molecular weight in concentrated 
solution is in qualitative agreement with the DE model, the 
values of the exponents are significantly lower than those 
predicted by the theory. One. reason for-this discrepancy is 
probably that the PBLG, a-helix is not perfectly rigid and 
that the rods become increasingly flexible as molecular weight 
increases. In addition, there are likely to be significant 
long range interactions between these polar molecules which 
were neglected in the DE treatment, where the rods were only 
considered to interact on contact. The critical concentrations 
at which there was a marked change in the observable effect 
of chain interactions on the rotational relaxation times were 
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C / kg nr3 

Tig 5,6 Concentration dependence 0-/L the r e l a x a t i o n time 
r e s u l t s l o r various a-helic.al mo l e c u l e s : P BLQ T s u j i and 
Uatana&eCO) ,PBLQ t h i s u)ork(M) ,Paramyosin^ Delaney and Kraus 
( [ 3 ) , linoco (M.J and t h e o r e t i c a l p r e d i c t i o n ol Doi and 
Ldwardsf A— ) 
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in all cases greater than those expected on the basis of rigid 
rod overlap. This is again an indication that chain flexibility 
causes qualitative changes in the rotational dynamics to occur 
at higher concentrations than would be expected for rigid sytems. 
The ratio C /C'f may be taken as an indication of chain r 
flexibility for these rnd-like molecule. 

The observed values of the ratio R
r/6~"~rr

 > 6 suggest an 
alternative explanation for the change in concentration depen-
dence of T. In a system of rotating rods, although interactions 
will begin to increase once the mean separation between 
centres a^, is less than the rod length L (i.e. at C*'c)> the 
restrictions on relative rotational motion might be expected 
to increase significantly once a^ becomes less than L/2. To 
see this, consider two molecules as in Fig 5.7. For the case 
L>a > L/2. rotation of the molecule A will cause molecule B 
to rotate in a sense which does not increase its interaction 
with A. However, once a < l_/2, rotation of A causes B to 

c 
rotate in such a way that A-B interactions are maintained or 
even increased. Although such an argument is obviously crude, 
it does suggest that a qualitative change in the effect of 
concentration on rotational motion might be expected when a c 

= L/2 i.e. by evaluating V m in eqn 5.3 using r^ = L/4 rather 
than L/2. This would increase C* by a factor 8 and bring the 
observed C^ values more into line with expectation. The extent 
to which this effect may contribute obviously needs more quant-
itative investigation. 

AC 

la) L > °c > L/2 

]B 
AC 

(b) 

a O 

f 
C ] B 

L/JF 

ac < l/2 

Tig 5.7 pnobabte notationat rn.od.el o7t a nig id nod 

inden. vi 

'entangled' polymen Ablution, 

u.nden. vanging d.egne.e o-JL mean Aepanation, a in an c 
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5.2 Poly (n-butyl isocyanate),PBIC . 

PBIC has been shown to possess a helical coil chain 
conformation and to behave as an essentially rigid rod for 
low molecular weights [24,25, 36]. The precise limiting 
molecular weight for such behaviour is a matter of some 

4 5 r 1 

contention, but appears to lie in the range 10 - 10 [ 36J. 
Significant chain flexibi1ity is encountered for molecular 
weights in excess of 5 x 10 8 [24,36], 

The present experiments were designed to study the effects 
of concentration on the rotational dyhamics of weakly flexible 
chains of this type. The three samples of PBIC studied had 
molecular weights of (a) PBIC #21 M =1.33 x 10 5 and Z =1.1 y c w p 
(b) PBIC #29 m =6.4 x 10 and Z =4.6 and (c) PBIC CN-1, M = g w p w 
1.3 x 10 and Z =1.0. All the experiments were conducted in 
carbon tetrachloride solutions. 

A representative normalised birefringence (An(t)/A n
m a x) 

transient typical of those obtained for all the PBIC solutions 
studied is shown in Fig 5.8. The decay transients are faster 
than the rise transients. As was observed in the dilute solution 

Fig 5' 8 Represen ta t ive normal i sed b i r e f r i ngence t r a n s i e n t of 1 - f tkg m ~ 3 s o l u t i o n of 
PBIC # 2 1 under a field of 4 0 0 k V / m a n d p u l s e w i d f h J - O m s a t 294 K . 
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(see section 3.7) the ratio of the characteristic relaxation 
times of the rise,! , and the decay, t transient for this r e 
case is 3.0 ± 0.4. This indicates a rotational diffusion 
mechanism for the dynamics, and that orientation is dominated 
by the permanent chain dipole. The ratio T

r / T
e was found to 

be 3.0 ± 0.5 for all the PBIC solutions studied in this work, 
suggesting that this same mechanism persisted up to the highest 
concentration examined. 

The plots of ln 5 (t)/6 versus time were found to be max 
curved as in Fig 5.9 . Again the transient was characterised' 
in terms of the four relaxation times T. ,x„, T , and T in r p e 
In general the decay birefringence curves could be well repr-
esented by a two term exponential fit, characterised by the 
relaxation times xn and t . 

£ p 
5.2.1 Concentration dependence of the relaxation times 

The relaxation times obtained for the lowest molecular 
weight sample PBIC #21 at various concentrations are given in 
Table 5.6 and plotted in the form ln T versus ln C in 
Fig 5.10. All four relaxation times show significant concent- . 
ration dependence with no change in the concentration exponent 
over the concentration range studied, which extends into the 
region for which significant rod overlap should be occurring. 
The most marked dependence on concentration is exhibited by 
the long relaxation times, xp and by T for which the exponents 

X/ A 
C are found to be 0.47±0.07 and 0.65±0.11 respectively. The 
fastest relaxation time x^ also shows significant concentrat-
ration dependence with an exponent of 0.37±0.14, whilst the 
time characterising the initial slope, somewhat less 
concentration dependent, with £ c=0.22±0.2. 

The relaxation measurements conducted on the intermed-
iate molecular weight (unfractionated) sample PBIC #29 are 
given in Table 5.7 and plotted in Fig 5.11. At low concentra-
tions all four relaxation times are only weakly dependent on 
concentration (£ 0.1 - 0.2). However above.C r,0.9 kg m 3 

there is an abrupt change in the concentration dependence of 
TN , T , and T. and C rises to 0.5. For the fastest relax-£ e in ^c 
ation time x , however,,no such sharp change is observed and P 
the exponent, x remains ~0.1 up to the highest concentrations 
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t i m e / p s 

Fig 5-9 A rep resen ta t ive p lo t l n ( § § m a x ) ve r sus t ime/ps 
f o r 1-3 kg n r 3 PBIC #21 decay t r a n s i e n t - Field, E= 400 k ^ 
and pu l se width T O m s . 

The insert is the osci l lo gram showing the full 
b i re f r ingence on 2 0 0 p s / c m and the expanded decay t r a n s i e n t 
on ~ 5 0 p s / c m • 
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Table 5 . 6 _C on ceji t r_a t jjjin ,d_epende[ic e of rotational 
relaxation times for the PBIC #21 sample in CC1 at 29 4 l< 

f 
loncen tra ti on 

C/kg m 3 

Relaxation times t / / Us 

f 
loncen tra ti on 

C/kg m 3 T . l n T e T P 
c"= 0.1 

0.5 20.0 i 2.0 27.8 ± 3.4 6.1 - 0.6 72.3 ^ 14 

0.73 24.3 ± 2.4 33.0 t 13.0 7.7 ± 1.9 90.0 ± 24 

0.88 19.8 ± 3.7 33.0 i 6.0 7.8 - 1.2 82.2 t 32 

1.0 21.1 ± 7.7 30.0 t 8.0 8.2 1 1.5 97.5 * 20 

1.34 39.4 t 7.2 46.0 t 13.0 11.3 t 3.8 118.0 1 13, 

1.73 23.3 I 5.3 60.0 i 4.2 7.8 ± 1.3 129.0 i 24 

3.46 30.8 i 3.3 78.0 1 12.0 14.4 * 5.3 168.0 - 47 

if if 
C = 9 . 8 

Standard deviation based on over five measurements. 

Table 5.7 Concentration dependence of rotational 
relaxation times for the PBIC 4429 sample in CC1 , at 294 K 

Concentration 

C kg m 3 
Relaxation times T / u s 

Concentration 

C kg m 3 
Tin T e TP 

C" = 0.004 '3 

0.024 29. ± 3 64.0 + 2 17 205 ± 37 
0.053 49.0 + 4 88.0 ± 3 13 308 ± 45 

0.107 42.0 + 4 130- + 14 20 360 + 66 

0.53 46.0 ± 5 178- + 17 18.5 486 ± 21 

0.75 53.0 + 5 143- i 4 17 378 ± 56 

C 1.0 r 
1.07 62.0 + 6 ' 207 ± 40 21 420 i 12 

2.67 64.0 ± 22 310 ± 46 27 662 ± 134 

3. 67 115.0 t 21 311 ± 62 26 915 ± 25 

5. 34 143.0 1 3 390 + 42 23 1350 t 56 
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Tig 5.10 The concentration dependence o£ the relaxation 

timeA, T^m), Tj®), T^fA/ and Tp(1 ) lor PBIC #27. 
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Tig 5,11 The. coneen.tA.at.i6n dependence o£ the. Aedax.ation 

time* O/ PBIC $29, TQ (O), T (O ) , T. ),T fT). 
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studied. The values of C^ and £ for the various relaxation 
times are summarised in Table 5.8. 

Results for the highest molecular weight sample PBIC <-
FN-1. studied are tabulated in Table 5.9 and are plotted in 
Fiq 5.12. Again t^, T r and t . show an abrupt change in con-
centration dependence from c = G.21 below C ( =0.22 kn m~ 3) c r y 
to G.5 above C r, with T p exhibiting no change in £ (=0.3) 
at C . C 

r 
A direct comparison of the concentration behaviour of 

for the three samples is shown in Fig 5.13. The data for 
both the PBIC CN-1 and PBIC #29 samples lie on two distinct 
straight lines of different slopes, whereas no break in slope 
is observed for PBIC #21. The intersection of the two linear 
regions occurs at a critical concentration, C^, which shifts 
to higher values with decreasing molecular weight. 

5.2.2 Molecular weight effects. 

The molecular weight dependence of the relaxation times above 
and below the critical concentration C , is illustrated by r 
choosing two reduced concentrations : C/C^ = 0.14 and C/C^ = -
1.8((Fig 5.14 ). Since there was no critical concentration 
observed in the case of the lowest molecular weight sample, 
PBIC #21, (see Fig 5.1 0 ) the comparison has also been made 
at two values of C/C* (=13 and 30), using C* values from eqn. 
5.3 assuming PBIC to be rigid rod. However this method of 
comparison based on equal values of C/C';~ (y say) covered 
only the low concentration regimes of the three samples i.e. 
in all cases C = y C < C . 

r 
It is difficult to draw firm conclusions regarding the 

molecular weight dependence of the relaxation times from the 
In t - In M plots of Fig 5.1^ since only three samples were 
studied and the intermediate sample PBIC # 29 had a consider-
ably broader MliiD (Z =4.6) than the other two samples. However in oeneral L for TN is somewhat lower than T and for the two y ^m £ e 
highest molecular weight samples there appears to be no 
significant change in as C is increased through the critical 
concentration C . Even allowing for the large uncertainties r 
i n 4 m due to the restricted range of M over which the studies 
uiere made it is clear that the molecular weight dependence in 
the concentrated region is significantly lower than that 
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Table 5.$ The exponents and the critical concentration 
observed in the PB1"C measurements. 

Relax-
ation 
type 

E xp . 
Cr/kg 
-3 m 

Exponent 
Calculated 
C/ kg m 3 

Relax-
ation 
type 

E xp . 
Cr/kg 
-3 m C < C r c > c r c" 

a. 
c"" 

PBIC 21 

T in 

-

•.22 ± 0.20 

0.10 9.8 
PBIC 21 

T e 
-

0.65 ± 0.11 

0.10 9.8 
PBIC 21 

T £ 

-

0.47 ± 0.07 0.10 9.8 
PBIC 21 

T P 

-

0.37 ± 0.14 

0.10 9.8 

PBIC 29 

Tin 0.13 ± 0.01 0.45 ± 0.05 

0.004 2.05 PBIC 29 
T e 0.15 ± 0.06 0.46 ± 0.05 

0.004 2.05 PBIC 29 
x £ 

0.9 0.10 ± 0.06 0.63 ± 0.07 0.004 2.05 PBIC 29 

TP 0.20 ± 0.11 

2.05 

PBLG CM -T 

Tin 0.20 ± 0.11 0.68 ± 0.06 

0. 001 1.0 PBLG CM -T 
T e n 72 -

0.17 ± 0.10 0.52 ± 0.12 
0. 001 1.0 PBLG CM -T 

T £ 0.23 ± 0.12 0.51 ± 0.08 
0. 001 1.0 

T ~ 0 -

0. 001 1.0 

standard deviation based on computer fit. 
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Table 5.9 Concentration dependence of the rotational 

relaxation times for PBIC CN-1 sample in CC1, at 294 K 

Concentra-

tion c/ 

kg m 

Relaxation times t / j js Concentra-

tion c/ 

kg m t . in t e t P 

0.015 130 ± 18 430 70 600 

0.021 163 ± 6 343 ± 166 41 436 + 50 

0.025 250 ± 10 550 ± 75 48 642 ± 30 

0.038 169 ± 17 298 ± 35 35 685 1 123 

0.05 268 ± 30 618 ± 60 91 710 ± 110 

0.10 345 ± 5 573 ± 60 117 811 + 75 

0.25 367 ± 47 793 ± 44 130 938 ± 61 

0.28 410 ± 21 741 ± 31 123 1538 ± 59 

0.50 669 + 29 992 ± 63 170 1705 ±± 77 

1 .00 1122 ± 88 1100 ± 270 125 3116 ± 151 

2.01 1434 ± 298 2530 ± 680 168 3362 + 160 

the quoted errors are the standard deviation based on 
at least three measurements on each concentration. 
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C / kg m~ 3 

Tig 5.12 Concentration dependence o£ relaxation time o£ 
PB1C CN -I; x£ to). TefO),T.n fa), Tp(1), 
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c/ kg m-3 

Fig 5*13 Concentration dependence of the long relaxation 
times, Lt for poly (butyl isocyanate) PBIC #21 (A), PBIC ̂ 29(o)y 

and PBIC CN-1 (•). 
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predicted by Doi and Edwards and is not very much higher than 
in dilute solution. 

5.2.3 Temperature dependence of relaxation times 

Another parameter of interest in this work is t emperat-
ure. The variation of relaxation times with temperature can 
be represented by an Arrhenius expression of form, 

T = A exp " ^a2'7 5.7 

where E is the apparent activation energy, evaluated from a a 
plot of In T versus l/T . Fig 5.15 shows the temperature 

E _ 3 
dependence of the relaxation times, T g of nominally 1.0 kg m 
solutions of the three samples, together with that for the 
rise relaxation times T , for PBIC #21. The resulting apparent 
activation energies are tabulated in Table 5.10. That for the 
decay process is found to increase with increasing molecular 
weight, and to be significantly greater than that for the 
decay transient. This is to be expected since the rate of 

Table 5*10 Apparent activation energy of PBIC 

Sample 
Transi ent Concentration 

C/ kg m 3 

Apparent energy 

E / kJ mole" 1 
a 

PBIC 21 decay 1.3 13.8 ± 0.5 

PBIC 21 rise 1,3 18.0 ± 1.0 

PBIC 29 decay 1.1 20.1 ± 0.7 

PBIC CN-1 decay 1.1 28.0 ± 0.8 

alignment of the molecules is determined by the response to 
the electrical field in opposition to random thermal motions, 
whereas the decay process is determined by the temperature 
dependent Brownian forces. The linearity of the various plots 
shows that Arrhenius behaviour is maintained for both 
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decay ( o ) , r i s e ( • ) ; PBIC # 2 9 decay ( A ) ; PBIC CN-1, d e c a y ( • ) . 
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increased molecular weights and concentrations. The results 
for PBIC #21 (Tables 3.4 and 5.10) suggest that the apparent 
activation energy increases with polymer concentration. 

5.2.4 Field dependence of the relaxation times 

Since it was observed that increased concentrations 
required lower field strengths to align the molecules,it was 
decided to check the effect of field strength on the observed 
relaxation times. The effect of field strengths covering the 
entire range used for PBIC was investigated using a 1.3 kg 
m~ 3 solution of PBIC #21; the results are shown in Table 5.11. 
It is evident that within their mutual uncertainties the 
relaxation times are independent of applied field strength. 
The ratio of the average relaxation times <T> r/<T>^, lies in 
the range 2.5 to 2.8 over the whole range of fields used. 

Table 5.11 Field dependence of relaxation time for 
1.3 ko m~ 3 PBIC #21 in carbon tetrachloride at 294 K. 

Field, 

E/kVm" 1 

Decay, x/ys Rise, x/ys 
<x> r 

T > 

Field, 

E/kVm" 1 

T e 
t 

< T > d X r 
t 

<x> r 

< T d 

.150 41.5 75 37 97 136 100 2.8 

250 53.6 90 50 100 148 124 2.5 

400 43. 5 83 38 93 128 97 2.6 

, 650 41.5 81 28 97 131. 75 2.7 

t The average error in the T values is ±10% except for the 
values <T>(j and <t >

 T where errors in estimation of the a 
areas under/over the transient may amount to ±16%. 
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5.2.5 Discussion. 

The molecular weight dependence of x^ and x g extrapolated 
to infinite dilution is shown in Fig 5.16 along with previous 
Kerr effect and dielectric measurements (x^=Tp/3) on PBIC. 
Although there is a broad spread of results at any given 
value of presumably due to variations in MliJD between the 
sample , there is general agreement between the data in a 

3 1*5 
change over from M to M dependence as M is increased. This 
indicates a change from rigid-rod towards flexible rod-type 
(even coil-like) behaviour as the chain length increases. The 
present data are in reasonable agreement with the previous 
measurements and indicate that the three samples studied 
straddle this change over region from stiff to flexible 
behaviour. The larger difference between x and x0 for PBIC 5 e 
# 29 (M = 6.4 x 10 ) may well reflect the large polydispersity 
of this sample. 

The dilute solution relaxation times for the three 
samples have been analysed using Broersma's equation.Studies 
of PBIC in dilute solution have suggested a monomer length, £ Q 

and diameter , d Q of 0.12 nm and 1.2 nm respectively [36]. 
Using these parameters in the Broersma's equation (eqn. 2.6) 
the three poly (n^-butyl- isocyanate) saimpl.es PBIC #21, PBIC #29, 
PBIC CN-1 studied here should yield relaxation times of 42 y s, 
3.4 ms and 26 ms respectively, if they are behaving as isolated 
rigid rods. The experimental values (T ,T^) for these samples 
are (28,63), (64,205) and (410,600) ys respectively. This 
suggests that the two higher molecular weight samples at least 
are far from rigid rod molecules. The experimental relaxation 
times for these two samples interpreted using the Broersma's 
equation give equivalent monomer lengths of 0.044 nm and 0.032 
nm respectively. This reduction in the effective monomer length 
with increasing molecular weight suggests a considerable 
increase in the chain flexibility as M increases. This is in 
accord with the findings of Bur and Roberts [24], and of 
Jennings and Brown [36], that PBIC deviates increasingly from 

4 rigid rod behaviour above a molecular weight of t>10 

Turning to the behaviour in the concentrated solutions, 
the relaxation times exhibited the same sharp changes at some 
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This work. 

Bur and Roberts [ 24J 
Tsetkov et al [26] 
Yu et al [25] 
Beevers et al [27] 
Jennings & Brown [36] 

10 10 
— M w 

10 10' 

Tig 5.16 The molecular weight dependence o-fL the 

infinite dilution relaxation times and T-J*)* 

compared with previous Herr and dielectric results 

o-l other workers. 
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critical concentration as were observed in the case of PBLG. 
This behaviour is in qualitative agreement with the predictions 
of Doi and Edwards (DE). However the concentration exponent 
fc ) 
c C<C^ ^ 0.2 and (c ) c > c ^0.6 are about half the values 

obtained for PBLG, and are in even worse quantitative agreem-
ent with the DE prediction of 2 . 

Table 5.12 shows a summary of the concentration C^, 
C w, and C /C* for the cases of all the PBIC for comparison 
purposes. As observed for PBLG, the PBIC C values decrease r 
with increasing molecular weight. However C^/C**, which may be 
taken as a measure of rod flexibility, indicates that 
flexibility increases with molecular weight. Also 
(C r/C*O p B |_ G << (C r/C*0p Bj G indicating that PBIC is significan-
tly more flexibility than PBLG. * 

Within the PBIC samples, the lowest molecular weight 
PBIC #21, is expected to be the Vnost r i g i d U n f o r t u n a t e l y we 
were unable to reach its critical concentration experimentally 
due to shortage of material. The concentration exponent 

( C c ) c < c for the sample, is greater than the ( C c ) c < c values * 
r r 

of the other PBIC samples and is comparable with (c 
C L ̂  L 

foi? PBLG. For the two molecular weights, the exponent for rthe 
peeled relaxation time shows no break at the critical concen-
tration.. The reason for this t behaviour could be: 

P 
(a) Tp corresponds to relaxation of the dipole component 
perpendicular to the chain backbone which relaxes by local 
motion; 

Table 5.12 The critical concentration paraniRt.Rrs 
for PBIC. All concentrations, C, in kg m 

Sample E xp erimental 

C 
r 

Calculated Ratio ^r 

rr 

Sample E xp erimental 

C 
r 

C* rr C* * rr C* r r 

Ratio ^r 

rr 

PBIC = 21 > 3 . 5 0.1 9.8 >35 

PBIC = 29 0.9 0 .004 2.1 209 

PBIC CN-1 0. 22 0.001 1.0 220 
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(b) or Tp corresponds to relaxation by end-over-end rotation -
of small species for which C^ is much greater than that for 
the larger species, characterised by t^. 

Using equations analogous to 5.3 and 5.4, we can relate* 
the observed values of the critical concentration C to a r 
characteristic length £ , corresponding to the value of the 
mean interchain distance belqa which an abrupt change in the* 
chain dynamics occurs, i.e. 

C = E3 where V = 4 7 r{ £q/2) 3 5.8-
R 1 0 0 0 N N V C ^ 

A c 

This gives £ q = 0.14 pm for PBIC #29 and £ q = 0.27 um for 
PBIC CN-1. The ratio of these values to the 'rigid rod1 length 
L for the two samples is 0.17 in both cases..One possible 
interpretation of is that it is the persistence length. 
Although those values are slightly greater than those obtained 
by various workers in the dilute solution studies (0.04 to 
0.13 um) (363. 

There was no break in slope of the tversus C plot observed 
at C** . . . = (C*Ht ) nor was there evidence of anisotropy rigid rod v rr' 
(liquid crystal behaviour) above C***. This again indicates 
that estimation of critical concentrations based on rigid rod 
behaviour for PBIC leads to an underestiniatdjon when compared ' 
with .experiment. 

It is interesting to note that the behaviour of 
paramyosin observed by Krause et al (see section 5.1.5) in 
which ( C c ) c < c = 0.1, (£ c ) = 0.56 •'. is very similar to 
that observed rhere for PBIC. r 

The molecular weight dependence of the relaxation times 
for both C<C and C>C is again far lower than the DE r r 3 

prediction of = 7. The values of for PBIC are also 
significantly lower than for PBLG, a further indication of the 
increased flexibility of these helical molecules. 
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5.3 Poly (2-methyl pentene-1 sulphone), PMPS 

Studies of the dynamics of the 'rod-like' macromolecules 
PBLG and PBIC have shown that chain flexibility exhibits a 
considerable effect on molecular dynamics in the concentrated 
solution. Poly(2-methyl pentene-1 sulphone) has been shown to 
behave as a non-helical stiff coil in dilute solution [77,78 ] 
The alternative type of stiff chain was therefore chosen to 
investigate further the effects of flexibility on chain 
dynamics. The individual segment dipoles lie predominantly 
parallel to the chain backbone and combine to give an overall 
component which will cause orientation of the whole chain in 
the direction of the applied field, and which upon removal of 
the field can relax by whole molecule rotation. The smaller 
perpendicular dipole component may relax independently via 
more local segmental motion. All measurements reported here 

5 
were for a sample of 1*1 = 3.2 x 10 in solution in benzene. w 
5.3.1 Concentration dependence of the relaxation times 

Because of the strong, curvature of the In 6 versus time 
plots, the decay transients were characterised by at least 
two relaxation times x and xn . Fig 5.17 shows the concent-

P £ ration dependence of these relaxation times together with 
x. and T , -Because of the large, 'difference vinv the values of in e' .... - • y -
t^ and Tp , and x^ are essentially identical. These plots 
reveal that the 'peeled' relaxation time,.Xp has a value of 
about 10 ps and is essentially independent of concentration 
over the range studied. The values of x^ and x g are weakly . 
concentration dependent at low concentrations (^ ) - 0.12, 

c £ (C ) = 0.05 but change abruptly over a narrow range of 
C T E - 3 concentrations near the critical concentration C = 6 kg m r 

to become strongly concentration dependent with an exponent, 
(C ) = (c ) * of 0.60±0.07. The initial relaxation time 

C T n T 
(which merely reflects the combined effect of x^ and x p at 
short times) has a lower concentration exponent of 0.41±0.07 

5.3.2 Effect of temperature.on relaxation times. 

Fig 5.18 shows.a plot of ln ,x versus l/T for two concent o - 3 
rations, chosen such that one (3.2 kg m~ ) is below C and 

-3\ R 
the other . (20 kg m ) significantly aboue C r and close to the 
concentration C*Ht at which P(*1PS should exhibit liquid crystal 
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Tig 5,17 Ike eoneent/iation dependence o£ tke ziebaxation 

timea o£ PblPS in benzene at 29 4 ; T£fO>J, T in(* ), 

T f t ) . 
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Table 5.13 (a) Concentration variation of relaxation 

times of P MPS (M = 3.2 x 10 ) in benzene at 293 K 

Concentration 

C / kg m 3 

1.0 

Decay relaxation times, x/qs Concentration 

C / kg m 3 

1.0 

L) 
T £ X P x. l n X e 

Concentration 

C / kg m 3 

1.0 76 ± 4 8.0 32 ± 4 67 

2.1 80 ± 5 9.0 35 ± 5 79 

3.2 89 ± 3 7.2 39 ± 3 87 

5.5 97 ± 6 6. 4 50 ± 2 84 

8.0 107±10 9.0 80 ± 7 119 

12.7 208 ± 8 8.5 74 ± 5 197 

20.0 221 ±11 9.0 79± 10 200 

40.0 280 ±24 10.0 131 ± 5 300 

Table 5.13 (b) Temperature dependence of the T 
relaxation times for 20 kg m 3 and 3.2 kg m 3 

solutions of PIMPS in benzene. 

Temperature / K 

Relaxation times, x/qs 

Temperature / K 20 kq m" 3 3.2 kq m 3 

300 225 ± 25 98 

294 320 ± 20 100 

291 360 ± 10 111 

286 960 ± 50 127 

281.5 1113 ±130 132 

273 2350 ± 250 150 

270 4120 ± 293 173 
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behaviour were it to act as an elongated rod. The apparent 
activation energies for the two concentrations are 12.5t0.5 
kJ mol ^ and 61.512.5 kJ mol ^ respectively. 

6-0 

7-0 

Lri t e. 

8-0 

9-0 

100 
3 0 3-2 34- 3-6 

V Y X 1 0 3 / K-1 

3-8 

Tig 5.18 Ln T 1/7 (lCl) o/L 20 kg m'3 ,(*) and 

3.2 kg V (o) pnps (n , 3.2 x IO5) in teniae. 
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5.3.3 Discussion 

It is not surprising that for this stiff coil type poly-
mer the concentration exponents of T^ ,t and T ^ are signif-
icantly less than that predicted by the Doi and Edwards theory 
for rigid rods. However, it is probably surprising that the 
behaviour of PMPS is very similiar in this ;respect to that' 
found for the helical rod-type macromolecule PBIC. This seems 
to suggest that once molecules have sufficient flexibility to 
depart from perfectly rigid rod-type behaviour the changes in 
concentration exponent with chain flexibility are relatively 
small. However the 'peeled' relaxation times, x p, for PMPS do 
differ from those for PBIC in that they are essentially 
independent of concentration. This contrasts with T p for the 
helical macreomolecules which did depend on concentration, 
albeit weakly for the higher molecular weight PBIC samples. • 
The values of t for PMPS may be attributed to relaxation of 

P 
the the perpendicular component of the chain dipole due to 
local segmental rotation, arising, because of the flexible 
coil nature of PMPS molecules and the unsymmetrical olefin 
unit. In the concentrated solution studied here, such segmental 
motions would be expected to be still dominated by the local 
intermolecular interactions and be relatively insensitive to 
the effects of chain interactions and hence concentration. 

•n the basis of the model of section 5.1.5 the volume 
V swept out by the PMPS chain assuming it to be a rigid rod 
with monomer length £ = 0 . 4 9 nm using equation 5.3 is 6.3 x 

-19 3 -4 10 m and this gives an overlap concentration C w = 8.4 x 10 
kg m~ . On the other hand if PMPS is assumed to be random coilj 
using the radius of gyration, Rn (=(n/6)5& ) in eqns 5.3 and 

3 
5.4 yields an overlap concentration of 156 kg m . However, 
using the Simha and Cornet interaction parameter expression 
[82,83] 

E * [ n ] = 1 . 5 - 9 

and the experimentally obtained intrinsic viscosity (0.565 m 3 

kg ) gives an overlap concentration C3t of 1.8 kg m v , Experim-
entally the observed critical concentration C^ was 6 kg m 3. 
The rigid rod assumption underestimates C^, the ideal random 
coil assumption overestimates it. The Simha value, based on an 
experimental measure of the dilute solution coil size through 
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[nj» comes closest to predicting the observed value of C^, 
although again gives an underestimate. The characteristic 
length, £ , obtained from C^ (using equation 5.8) 
is 50.2 nm compared with a monomer length of 0.49 nm and the 
contour length L of 1.06 ym. This indicates that the abrupt 
change in dynamical behaviour occurs when the mean distance 
between chain interactions is -100 monomer units. There are 
l_/£q= 20 such segments per chain; again the interpretation of 

as a measure of the persistence length of PMPS is at least 
plausible. 

Assuming this molecule to be a fully extended rigid 
chain and applying Broersma's equation (with £ q= d Q) gives a 
relaxation time of 4.1 ms. This result is greatly in excess 
of the observed result (76 ys) for the most dilute solution 
of this work. Applying the bead and spring models (see section 
2.3.1) to this polymer gives a calculated Rouse relaxation time 
of 50 ys and a Zimm relaxation time of 35 ys.These results 
suggest therefore that PMPS behaves as a partially draining 
coil-like molecule in dilute solution. 

The contribution to the apparent activation energy due 
to solvent viscosity changes alone [78] is 11 kJ mol""^ for the 
system studied here. This is close to the 12.5 kJ mol ^ obtained 
for the 3.2 kg m 3 solution of PMPS in benzene, suggesting 
that the effect of temperature on the relaxation of this 
concentration is mainly due to solvent viscosity effects. It 
also provides indirect evidence that chain interaction effects 
here remain small. At high concentrations O C ^ the solvent 
viscosity effect becomes far less significant and the large 
activation energy observed at 20 kg m 3reflects the high degree 
of molecular interaction present, resulting in marked 
reductions in the rotational mobility of the macromolecules. 

5.3.4 Polyether sulphone, PES 

Although it was chosen as a 'stiff coil' the poly(olefine 
sulphone) PMPS used in the above section in the event showed 
a great degree of flexibility. A more rigid poly(ether sulphone) 
PES, having a dipole moment component along the chain backbone 
and having a benzene ring in the chain backbone to reduce 
segmental rotation was selected in an attempt to investigate 
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a stiffer system. Three samples of PES as described in Chapter 
4 were studied in N-methyl pyrrolidone solution. The relaxation-
results obtained with these samples are presented in Table 
5.14 . The Kerr constant for this system was found to be very 
low, so that loads of 5 kft or 10 kft had to be applied across 
the photomultiplier in order to obtain signals of sufficient 
amplitude. These loads raised the time constant of the detection 
circuit to values (determined using the solvent) of 1.2us and 
1.7ps respectively. 

The transients obtained were highly non-exponential and. 
decayed very rapidly. Even the relaxation time, T^ was barely 
significantly greater than the time constant of the detection 
circuit. These values of T^ were all in the range 2-3 us, being 
essentially independent of concentration and molecular weight. 
Evidently the parallel dipole component was insufficient to 
produce appreciable molecular alignment and the signals 
observed were probably due to some (surprisingly rapid) local 
motion. Consequently these systems were not pursued further. 

Table 5.14 (a) Kerr effect relaxation times of 
Poly ethersulphone (PES) 

Concentr-
ation 
C kg m 

Decay . ; 
Concentr-
ation 
C kg m~ 3 

Decay 
Concentr-
ation 
C kg m T£/US TP /'Us 

Concentr-
ation 
C kg m~ 3 

T£ / us Tp / Us 
PES I load 10 kti PES II load 5 kQ 
6.4 3.4 i 0.6 1.42+ •.6 0.91 1.8 ± 0.03 

0.55* 0.1 
15.9 3.4 t 0.5 0.6 + 0.1 2.3 2.3t 0.07 

0.55* 0.1 39.7 2.7 ± 0.4 0.85 £ 0.1 5.7 2.02+0.8 0.55* 0.1 
146.0 2.96+ 0.1 11.4 1.9 i 0.3 0.351 0.1 
PPES II load 5 kQ 35.6 2.1210.4 0.38+ 0.1 
22 1.9 71.2 2.1t 0.2 0.42+ 0.15 
43 1.7 

Table 5.14 (b) Time constant variation with load. 

Load / kQ 5 10 15 20 

Time constant /us 1.2 1.7 2.1 2.9 
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5.4 Polymers of propylene oxide and propylene glycol. 

The studies on relatively stiff rod-like and coil-like 
polymers have revealed a marked dependence of the rotational 
chain dynamics on concentration. The effects are somewhat less 
than those expected theoretically for completely rigid ^ 
molecules and one probable cause of this discrepancy is 
significant chain flexibility. Moreover, it appears that the 
effects of concentration become less marked the more flexible 
the molecules become . In order to examine further the effects 
of increased molecular flexibility, it was decided to study 
concentration effects in poly(propylene oxide/glycol) which 
has relatively low energy barriers to internal rotation and 
has been shown in dilute solution to behave as a very flexible 
coil [28]. Two types of system were studied - low molecular 
weight poly(propylene glycols)and high molecular weight 
poly(propylene oxides). 

5.4.1 Propylene glycols 

Fig 5.19 (a) is a representative birefringence transient 
obtained for the low molecular weight liquid glycols PPG 1002 
(M 'u 1000), PPG 2002 (M ^ 2000) and PPG 2257 (M 'v 2200). The 
characteristic birefringence response obtained on application 
of the pulsed field using the quarter wave plate ^ shows that 
the birefringence is initially negative, decreasing 
rapidly to a minimum, then rising gradually to a steady state 
value at long pulse widths. When the field is cut off, the 
transient rises rapidly to positive values before decaying to 
zero. This unusual birefringence behaviour has also been obser-
ved by Beevers et al on liquid glycols. The phenomenon can 
be explained in terms of a superposition effects due to two 
processes, one rapid with negative birefringence and the other 
slow with positive birefringence. 

Fig 5.19 (b) shows a schematic representation of the data 
in which the birefringence is resolved into two such components 
- a negatively birefringent primary process characterised by 
rapid rise/decay and a positively birefringent secondary process 
which exhibits far slower rise/decay characteristics. The 
dipole moment of poly(propylene glycols) can be resolved into 

t Similar transient*, o/ reduced amplitude, were observed 
without u*ing the quarter wave plate, lhe*e transient* were 
recorded at low temperature* u*ing double cell window* which 

yu: 
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we/ie Accewed tight to allow aic circulation and. prevent water 
condenAation on the windowA. It iA prolalle that the tighten- ' 
ing of the Acrew fitting produced Aignifieant Atrain in the 
cell windowA, having the effect of introducing a conAtant phaAe 
ceta/idation 6Q, and may thu.A act in a Aimilar faAhon to a 
X/4-p late. Sti ch prollemA have leen cepo/ited p/ieviouA ly in low 
temperature meaAurementA [50] 

hi 

A 

(a) 

( B ) 
s j 

Tig 5.19 (a) JlepceAentative plot of hi vecAUA time 

and the OAcillog/iam (photo) tcanAientA of liquid glycolA. 

(I) Schematic cep/ieAentation of ceAolved componentA of 

faAt negative and AIOW poAitive pcoceAAeA.(c) Diluted PPQ 
t/ianA ientA. 

two components, one directed along the chain contour and the 
other ; perpendicular to it . Application of an electric field 
to the polymer causes some degree of orientation and alignment 
of the macromolecules in the field. The dipole component 
parallel to the chain contour will lead to.orientation of the 
whole chain and its subsequent relaxation may only occur by 
whole molecule rotation. Thus the slow secondary process is 
associated with rotation of the whole molecule. On the other 
hand the perpendicular dipole component can align and relax 
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by means of local segmental rotation and it is this faster 
motion which is associated with the primary process. 

The observed signals were either of the form illustrated 
in Fig 5.19 (a) or its mirror image, depending on the direct-
ion of rotation of the analyser. The relaxation times determ-
ined from the transients were independent of the extent .and 
direction of the analyser rotation (see Table 5.15) 

Table 5.15 Relaxation times obtained rotating the 
analyser in clockwise(+) and anticlockwise(-) directions 
using a 3000 k\] m 1 pulse of 3 ms duration. 

Sample 

Temp er-

ature/ 
K 

Analyser rotation + x Analyser rotation -x 

Sample 

Temp er-

ature/ 
K 

Decay Rise Decay Rise Sample 

Temp er-

ature/ 
K 

2° T 
US 1° ^ US 2° T 

US 2° T 
Us -1°

 T 
Us 2° 

. Us 

PPG 2002 228 614 22 1592 630 18 1650 

PPG 2257 223 620 25 2830 797 23 2910 

A rather different transient behaviour was observed for 

the lowest molecular weight sample PPG 0402 (M = 400) Fig 5 . 2 0 

(a). The birefringence response shows that when the pulsed 
field was applied,the birefringence was initially negative, 
decreased rapidly to a minimum, then rose steeply to 
positive values before gradually rising to a steady state value. 
When the field was removed, the transient exhibited a further 
low amplitude rise before falling rapidly to below 60% of its 
steady state value and gradually decaying to zero. These obser-
vations can also be explained in terms of a superposition of the 
effects of three processes, a rapid negative birefringence 
process, followed by a rapid positive birefringence and finally 
by a slow positive birefringence. Fig 5.20 (b) shows the 
schematic representation of the data in which the birefringence 
is resolved into three parts; a negatively birefringent 
primary process,A, a higher positively birefringent primary 
process,C, and another positively birefringent secondary process 
B, exhibiting the slowest rise/decay characteristics. 
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The slight positiv/e jump at field removal seems to-
reflect the fast recovery nf the initial negative primary 
process. Both the amplitude and the time scale of this process 
are small, consequently the birefringence transients were 

pt"l.rr\ 
analysed only in terms of the positive rise and decay processes 
and the positive secondary rise and decay processes. 

(b ) 
Fig 5 . 2 0 ( a ) Typical b i r e f r i n g e n c e t r a n s i e n f s of PPG 0402 

(b) Schematic r ep re sen ta t i on of resolved componen t s IA.B.C ) . 
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5.-4.2 Glycol relaxation times 

At room temperatures these low molecular weight polymers 
are liquids but have very low Kerr constants. In order to 
obtain sufficient birefringence for accurate measurement even 
for the undiluted polymers, experiments were conducted at 
temperatures in the range 238 K to 213 K. 

The rise and decay transients of the secondary process 
were exponential and the single characteristic relaxation time, 
obtained as illustrated in section 3.7.4 are given iti Table 
5. 16 . The primary process showed deviations from a single 
exponential, therefore the transient was analysed in terms of 
the Williams and Watts function (see section 3.7.4). The 
relaxation times corresponding to this fit, together with the 
spread factor 3? are given in the same Table 5.16 . 

As expected, the secondary relaxation times increase 
with both sample molecular weight and the decreasing temperat-
ure. The ratio of the secondary rise time t^ ^ to the decay 
time ^varies over a wide range lies in general in the range 
2.0 to 4.0. There is some evidence that this ratio increases 
as the temperature is lowered, especially for the highest 
molecular weight sample where the ratio increases from 1.7 to 
7.2. The dielectric relaxation times obtained by B.eevers et 
al [27]f or a sample of PI = 2025 is compared with our sample 
PPG 2002 (M ^2000) in Fig 5.22 (c). These dielectric relaxation 
times compare well with the Kerr effect secondary rise times 
obtained in this work or, equivalently , with about three 
times the secondary decay values. The dielectric and the Kerr 
results are therefore consistent with each other within the 
framework of a rotational diffusion mechanism. 

(a) Molecular weight dependence of the relaxation times. 

Figures 5.21 (a), (b) show plots of the relaxation 
times versus molecular weight at two selected temperatures 
228 K and 218 K. The relationship of relaxation times to 
molecular weight is of the form, 

t = KM 5.10 

with values of 4 essentially the same for the rise and decay 
times of each process. The secondary process is found to have 
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Table 5.16 The variation of Polypropylene glycol relax-

ation times with molecular weight and temperature, t 

S ample Temp 
K 

Rise relaxation times 
T / U S 

Decay relaxation 
T / U S 

times 

2° 1° 8r 2° 1° 8d 

PPG 0402 228 112 12.4 0.72 55 2.5 0. 57 

223 230 16.7 0.68 84 4.6 0. 56 

218 607 38.0 0.6 237 13.0 0. 62 . 

213 1627 91.0 0. 62 478 28 0. 56 

208 4100 112.0 0.56 1130 49 0. 56 

PPG 1002 238 

233 

57 

202 

18 

58 

228 525 •19.0 0. 68 194 7.1 0. 6 

223 1360 51.0 0. 70 255 15.0 0. 74 

218 7900 150.0 0. 56 2501 32.0 0. 52 

PPG 2002 243 

238 

62 

145 

24 

67 

233 743 18.0 0.56 195 6.1 0. 62 

228 1592 63.1 0.62 632 17.0 0. 58 

223 6336 234.0 0. 64 2004 32.0 0. 54 

PPG 2257 243 117 3.1 0. 82 70 

238 253 25.0 0. 76 105 2.5 0. 60 

233 800 57.0 0. 58 217 14.0 0. 54 

228 2843 80.0 0. 64 620 25.0 0. 62 

223 11180 182.0 0. 52 1557 62.0 0. 52 

218 31021 560.0 0. 62 5800 240.0 0. 56 
t Results are the mean values from at least two, experiments 

with an estimationed error of about 10% 
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Tig 5,21 bio lecular weight dependence o£ the Polypropylene 

glycol relaxation time* at temperature* (a) 228 K and 

(b) 218 K, 
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an exponent , = 1.95-0.2 while the primary process exponent 
is 1.25±0.2. The linear dependence of the primary relaxation 
time on molecular weightsuggests that for these short chains 
(incorporating 7 - 4 0 monomer units) this process is not 
entirely due to independent rotation of small localised 
segments o f the chain. 

(b) The temperature dependence of the relaxation times 

Figures 5.22 (a) - (d) are log linear plots of relaxat-
ion time versus l/T for PPG 0402, PPG 1002, PPG 2002 and PPG . 
2257 respectively. The rise and decay relaxation times associated 
with both the primary and secondary processes are well represen-
ted by an Arrhenius expression. The apparent activation energy 
obtained for the various relaxation processes are shown in 
Table 5 . 1 7 . 

Table 5.17 Apparent activation eneroies associated with 
Glycol relaxation processes, E /kJ mol ^ t 

Sample M 2° Rise 2° Decay 1° Rise 1° Decay 

PPG 0402 400 73 63.4 55.4 55.7 

PPG 1002 1000 102 100.3 92.0 89 

PPG 2002 2000 109 106.4 102.0 97 

PPG 2257 2200 129 124.6 115.7 115.7 

t Field gradient > 3000 klI m 

The apparent activation energy associated with the 
relaxation processes in these bulk polymers are large, in 
contrast to those observed for the relatively dilute PBIC 
systems. The energy requirement increases with increasing 
molecular weight. As expected the secondary process, corresp-
onding to whole molecular orientation has a higher activation 
energy than the primary fast process associated with more 
local chain motions. The energies associated with the rise 
and decay processes are comparable in both cases. 
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Tig 5 .22 7he temp e/iatu/ie ciepen.dLen.ee o-fL the. nelaxation 

timea ol (a) PPQ 0402 and (t) PPQ 1002 
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times ol PPQ 2002 and (d) PPQ 2257. 
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(c) Concentration dependence of the: irelaxation times 

The liquid glycols, being miscible with toluene, offered 
an opportunity of studying the relaxation behaviour over a 
wide range of concentrations from very dilute through to pure 
polymer (liquid or 'melt'). However limitations due to low 
birefringence restricted studies to the two highest molecular 
weight samples PPG 2002 and PPG 2257 at concentrations 'above 
20 v/v %. 

A typical birefringence transient for the diluted 
systems is shown in Fig 5.19c. The main difference from the 
bulk systems was that the negative primary process was cons-
iderably quicker, resulting in a time dependence dominated 
by the secondary process. In all cases, these decays were 
well represented by a single exponential function. The results-
for the secondary relaxation times obtained at various temp-
eratures are shown in Table 5. 18 . 

Significant birefringence was observed in solution at 
higher temperatures than for the bulk liquids, but as temper-
ature decreased the amplitude of the birefringence for the 
bulk liquid increased relative to that obtained for the 
solution and eventually being much greater. Also at higher 
temperatures, e.g. 238 K for PPG 2257 and 243 and 238 K for 
PPG 2002, both the rise (t ) and decay (t^) relaxation times 
in the bulk were less than the corresponding times in solution. 
The data show that the concentration dependence of x^ and x^ 
was different and that this dependence varied with temperature. 

At lower temperature (T < 233 K) the bulk values of both 
( Tr }bulk ^ V s o l a n d ^ d ^ u l k ^ ^ s o l ^entually b e c o m e 

much greater than one. As temperature was lowered, the- solution 
values of x and x , at first increase and then, at about 238 K « r d 7 

level out to values which are essentially constant within the 
experimental prrors. At all temperatures the ratio T

r/ T
cj f° r 

the bulk polymer was greater than two while that for 
solutions varied between 1 and 1.3. 

The temperature dependence of the liquid glycol 
viscosity is expected to be greater than that of the solution, 
and as the relaxation times should be roughly proportional 
to the viscosity we expect the relaxation time to increase 
with increasing viscosity and hence decreasing temperature. 
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Contrary to this expectation, the solution relaxation times 
levelled out and, moreover, the absolute values of the relax- . • 
ation times of the solutions were greater than the bulk 
relaxation times at high temperatures. This suggests there-
fore that the relaxation processes in the solution are 
different from those occurring in the bulk liquid. 

The ratios T / X^ for solution and bulk are also differ-
ent, in the two cases. Although evidence is meagre, the values 

Table 5 . 1 8 Secondary relaxation times variation, with 
Polypropylene glycol concentration in toluene. 

Sample 
S ample 

Concent 
ration 

Temp . 
K 

Relaxation times,x/us X 

r 
Td C/(v/v)$ Rise x r Decay x^ 

PPG 2257 20 238 343±33 314 +36 1.1 

233 383 ±33 342 ± 34 1.1 

223 353±47 378 ± 42 1.0 

50 253 213 ± 5 221 ± 6 1 . 0 

243 347±15 335 ±17 1.0 

238 425+27 329 ± 17 « 1.3 

233 437 ±32 338 + 45 1.3 

100 238 2 53+14 105 ± 5 2.4 

233 797+45 210 ± 17 3.8 

228 284 3 ±89 618 ±43 4.6 

223 11180 ±140 1557 ± 70 4.0 

PPG 2002 50 253 318 248 1.3 

243 366 266 1.4 

233 380 317 1.2 

100 243 62 22 2.8 

238 118 59 2.0 

233 635 265 2.4 

228 1600 638 2.5 

223 6336 2004 3.1 
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of this ratio for solutions are more in line with that expect-
ed for a 'fluctuation jump' mechanism than for rotational 
diffusion. However, the fact that the relaxation curves for 
the solutions were always close to a single exponential 
function is not in line with such mechanism, for which highly 
non-exponential relaxation curves have been observed in 
previous Kerr effect studies [90,9l], on supercooled liquids 
and solutions. These differences between the t / t, ratios 

r d 
for the bulk glycols and the solutions may be due to some 
extent to changes in local field effects in the different 
systems causing changes in the relative contributions of 
permanent and the induced dipole effects. 

The concentration dependence of xr
 ar>d x^ observed here 

over a wide range of concentrations is very different from 
that observed on the other systems, where studies were rest-
ricted to semi-dilute solutions. The dynamical behaviour of 
these diluted bulk systems obviously requires a more detailed 
investigation than has been possible in this work. It was not 
possible to study the glycol systems at lower concentrations. 
In order to study the semi-dilute region for this polymer it 
was necessary to use the much higher molecular weight poly( 
propylene oxides). 

5.4.3 Polypropylene oxide 

In order to examine the concentration dependence of the 
dynamics of flexible chains in more detail, the studies were 
therefore extended to a range of polypropylene oxides (PPO) 

G 
of higher molecular wei ght (> 10 ), which have not previously 
been studied using the Kerr effect. Except fo_r the -DH end 
group in the glycols, the oxide is structurally the same and 
has dipole components parallel and perpendicular to the chain 
backbone. The parallel component is again responsible for a 
slow relaxation via whole molecule rotation while the 
perpendicular component is responsible for fast relaxation 
via backbone segmental rotation [29]. 

Fig 5. 23 shows a typical birefringence transient 
obtained using a quarter wave plate. The rise transient is 
characterised by two regimes, a very fast initial portion 
followed by a gradual approach to the steady state. Upon 



- 1 8 1 -

Fig 5 -23 Represen tee b i r e f r i n g e n c e t r a n s i e n t for Polypropylene 
Oxide, Mv = 1,44 x 1 0 6 in t o l u e n e , 

(a) Expanded s ca l e 
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field removal the decay transient follows same pattern, an • 
initial rapidly decaying section followed by a much slower 
decay. This is clearly shown in the expanded scale of Fig 
5.2.3 (a). In contrast to the low molecular weight glycols, 
both components give positive birefringence. The transients 
are in fact more similar to those for the lowest molecular 
weight glycol, PPG 0402, than to those of the other glycols. 

5.4.4 Relaxation times for poly(propylene oxide) 

The PPO transients were highly non-exponential. They 
have been characterised by three relaxation times, x^ »Tp± 
Tp2 s t a i n e d by 'peeling' method. The rise and decay transients 
have also been characterised in terms of their e"1" values, T r 
and T g respectively. All these times, together with their 
relative amplitudes and the ratio T to T , are shown in Table 

^ A p 
5.19 , for the two samples studied, (M = 1.44 x 10 [S3.3] and 

R ^ 

2.93 x 10 [S4.4])in toluene at 295 K. For both samples, the 
fastest relaxation time x p 2 contributes 50% of the decay 
transient whereas x^ and t ^ contribute essentially equal 
amounts. These relative contributions do not vary significantly 
with concentration. The ratio x /x remains constant at a value r e 
- 2, lower than that for the bulk glycols but significantly 
greater than for the glycol solutions. 

The concentration dependence of the relaxation times is 
illustrated in Figs 5.24 (a), (b) for the two samples studied* 
In both cases, the relaxation times T^'Tp-^j and T e have 
essentially the same concentration dependence with an exponent 
of 1.0-0.1 . In contrast the fastest relaxation time t -> is 

p2 
independent of concentration over the range studied. At the 
lowest concentrations studied the two fastest relaxations 
merge into one and the decay is then characterised by just 
one fast and one slow process. 

No critical concentration, C^ was observed experimentally 
For S3.3 the calculated concentration, C , giving the onset 

^ ̂  5 of entanglement, based on a rigid rod model, is 3.5 x 10 
kg m~ 3 and.that based on the random coil model C r c is 10.5 
kg m~ 3. The fact that 10.5 kg m~ 3 was exceeded experimentally 
seems to suggest that C , occurs at a concentration less than 
the lowest concentration studied, and thus suggests that PPO 
is not a completely flexible random coil but has some degree 
of rigidity. 
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Fig 5-24 Concentration dependence of Polypropylene Oxide 
relaxation times. 
(a) PPO S3-3' Mv = 1*44 x 106 

(b) PPO S4-4 My = 2-93 * 106 

15 



Table 5.19 The relaxation times,!, and the amplitudes, A., for the Kerr effect relaxation 
of Polypropylene oxide in toluene solution as a function of concentration, (T/US) 

Sample Concentr-
ation kg 
-3 m 

Long time 

Relaxation data 

T e 

T r 
T ' e 

Sample Concentr-
ation kg 
-3 m 

Long time First 'peeled' Second 'peeled' 
T e 

T r 
T ' e 

Sample Concentr-
ation kg 
-3 m 

fl£ TP1 A. , Pi T n P2 A 9 p2 T e 

T r 
T ' e 

PPO 53.3 

M = 1 . 4 4 

x 10 6) 

3.2 505 ± 28 0.29 61 ± 1.5 0.22 16 0. 48 25 2.3 PPO 53.3 

M = 1 . 4 4 

x 10 6) 

7.9 1010+138 . 0.29 95 ± 6.0. 0. 24 22 0.48 42 ± 3 2.2 . 

PPO 53.3 

M = 1 . 4 4 

x 10 6) 11.1 1692 ± 76 0.26 127+11.0 0.26 38 0.47 65 ± 5 1.9 

PPO 53.3 

M = 1 . 4 4 

x 10 6) 

15.8 2587 ±278 0.24 184± 23.0 0.27 22 0.48 9 8±1 8 2.1 

PPO 53.3 

M = 1 . 4 4 

x 10 6) 

PPO S4.4 

M = 2.93 

x 10 6) 

0. 68 249 ± 9 0.22 36 ± 5 0.29 24 0. 49 30 ±10 1.7 PPO S4.4 

M = 2.93 

x 10 6) 

1.4 618 ± 12 0.24 49 ± 3 0.27 20 0. 50 26 ± 3 2.1 

PPO S4.4 

M = 2.93 

x 10 6) 3.4 1173 ± 221 0.22 164 + 7 0.27 31 0. 52 70± 10 2.2 

PPO S4.4 

M = 2.93 

x 10 6) 

8.6 2577 ±120 0.26 2 55± 13 0.27 17.2 0. 47 120—11 2.2 

PPO S4.4 

M = 2.93 

x 10 6) 

12.0 5018 + 250 0.26 375±25 0.23 23.2 0.51 158± 20 2.0 

PPO S4.4 

M = 2.93 

x 10 6) 

17.3 6840 ±134 0.31 470± 32 0.14 25 0. 56 270±10 1.8 

i 

I—1 

CD JX 
I 
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On the basis of the Rouse model, the relaxation times 
at 298 K calculated using the literature values of K = 12.9 

P 7 
x 10" m /kg and a = 0.75 [74] to give intrinsic viscosity in 
equation 2.2 are 1.6 ys and 5.3 us for samples S3.3 and S4.4 
respectively. However assuming some hydrodynamic interaction 
and using Zimm's model, the relaxation times associated with 
whole molecule rotations are 4.4 us and 15.0 us for 53.3. and 
S4.4 respectively. Experimentally the long relaxation times, 
xp, observed for both samples are significantly higher than 

Xj 
the values predicted by these models. However experiments were 
never made in the region where t becomes independent of 
concentration. Extrapolation to zero concentration gives values 
of 295 us and 270 us. These are still significantly higher 
than the infinite dilution model values, presumably due to 
extrapolation from such high concentrations. 

Although only two samples have been studied and so a 
precise study of the molecular weight dependence can not be 
made, it appears that T n, T , and t all depend on molecular 

36 p e 
weight in a similar fashion, with an average exponent of 
1.3 ± 0.1. This exponent does not vary significantly with 
concentration over the region studied (see Fig 5.25 ). 

However the fastest relaxation time x ~ (-22 us) is independent 
p 

of molecular weight (see Fig 5.25 ). 

5.4.5 Discussion 
In the PP0 studies two relaxation times x 0, x ,both 36 pi 

showed concentration and molecular weight dependence while 
Xp2 w a s i nd eP e nd e r ,t both. This contrasts with the 
observation for the bulk glycols, where there were only two 
relaxation times, ^ and x and both were dependent on molecular, 
weight. The contrasting behaviour of the shortest relaxation 
time indicates that the stiffness is such that the length of 
chain involved in backbone segmental motion is equal to that 
of the whole macromolecule for these shorter glycol chains 
(|Y)/lYlo< 40), but is small compared with the overall length of 
the high molecular weight PP0 (M/M > 24000) . This behaviour 
is akin to an observation made in the work of North on 
poly(N-vinylcarbazole) [87,77l in which the polymer behaved as 

4 
a stiff coil for < 1 0 giving a molecular weight dependent 
relaxation time but changed to flexible coil at higher molecular 
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M V 

Fig 5-25 Molecular weight (Mv) dependence of the relaxation 
times of Polypropylene oxide, at concentration 12*2 kg m~3 : 
zL(u) , tyJO) , Le( A) , ip2 (•) . 
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weight (M > 5 x 10 A), for which the relaxation time was indep-" 
endent of M. - The observed behaviour of t 0 in PPO therefore 

P 2 
suggests a truly local motion; Xp^ may be characteristic of 
longer segments and therefore molecular weight dependent. 

The M dependence of xp for the glycols ( = 1.25±0.2) 
is similar to that for x in PPO (C ~ 1.3+0.1), which' 

pi m 
suggests that they may both be associated with relaxation of 
the perpendicular dipole component via backbone rotation of 
long chain segments. By contrast, the value of r for xn for 

m £ 
the glycols (l.95±0.2) is significantly greater than for the 
oxides (- 1.3). Both these relaxation times are believed to 
be associated with motions of the whole, chain. The Rouse-Zimm 
'bead and spring' model (see 2.3.1) predicts that the 
relaxation time associated with whole molecule rotation for 
flexible coils in dilute solution should vary with the 
molecular weight as 

X X - fY|[N] - |Yi1+a 5-11 

where the Mark-Houwink coefficient a varies from 0.5 to 0.8 
and is 0.75 for PPO in toluene. For concentrated systems, on 
the other hand, de Gennes [16] in his reptation model (see 
section 2.3.2) predicted that the time associated with the 
reptation of molecules should scale as the square of M. The 
exponent C m = 1.95 observed for the secondary process in 
glycols agrees with such reptation model. The PPO solutions, 
in which the chain density is much lower , do not appear to 
behave in this way and are more consistent with the predicted 
exponent based on isolated molecule rotation. 

The concentration exponent t, , for the PPO x0 and x 
C )6 p i 

values is fairly constant, 1.0±0.1. The exponent is not 
surprisingly less than the DE predicted value of 2 in view of 
the flexibility of the PPO chains. However it is about the 
same as that obtained in the PBLG studies for C>C and for r 
ethyl cellulose at C<C r (see section 5.5), both of which are 
relatively stiff chains. The fact that the concentration and 
molecular weight dependences of x^ and t ^ are the same suggests 
that they may simply reflect poTydispersity of the sample, in 
which T^ reflects the whole molecule behaviour of the long 
chains and x . that of the shorter ones. PI 



- 1 8 8 -
5 . 5 E T H Y L C E L L U L O S E , EG 

5.5.1 The Kerr effect 

Cellulose derivatives have been shown to behave as 
stiff random coil polymers in solution [77], in which the 
individual monomer dipole moments have components both 
parallel and perpendicular to the chain contour. The presence 
of a large parallel dipole component along the chain backbone 
results in the orientation of the macromolecule as a whole 
when an electric field is applied. When the field is removed, 
the way in which this component reverts to a random orientat-
ion will reflect the whole molecule rotational motion of the 
polymer chain. 

Fig 5. 26(a) shows a typical normalised time dependent 
phase shift ( 8 ( 0 / < 5 m a x ) Tor ethyl cellulose in toluene. In 
contrast to the transient behaviour observed in the other 
polymer systems studied the rise and the decay transients here 
have approximately the same shape. The plot of log d/<5[Tlax 

versus time for the decay transient shows that the function 
is not a single exponential (see Fig 5.26 (b)). There.is a 
rapid initial response followed by a slow approach to equilib-
rium . One method of characterising the non-exponential form 
of the birefringence is to use the empirical relaxation 
function of Williams and Watts [79] (see section 3.7 4)« Fig 5.27 
shows the plot of this function for the rise and decay data 
for the example shown in Fig 5.2,6. This reveals that the rise 
and decay transients are essentially identical and are both 
described well by the Williams-Watts function with 

®K, r~ 8K , d 0. 51 ±0.04 

Values of t, 3 and <t> obtained for the rise (r) and decay 
(d) transients for various concentrations of ethyl cellulose 
(lYln = 26300) in toluene are shown in Table 5.20. 

For the ethyl cellulose data, it was found that a good 
representation of the decay transient could also be obtained 
using a two exponential fit evaluating x^ ar>d A^ by the 
'peeling' procedure described in section 3.7.4(iv). For each 
concentration a slow relaxation time t^ and a much faster 
relaxation time t were determined in this way and are also 

P 
given in Table 5.20 alongside with their relative amplitudes 
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1 50 100 150 
. I 

(B) H M E 4 S 

Tig 5.26 (a) Representative normalised transients 

6/6 -Lor ethyl cellulose . max 
(d) Log 6 / 6 against time -Lor decay ma^ * 

transient oI 47.2 kg m solution oJL ethyl cellulose 

in toluene . 
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and the e _ 1 relaxation times, t and t . The table shows that: 
( a ) BK,d = BK,r 
( B ) < T > K > D = ! < T > K > R 

(c) the contribution of the slow relaxation to the decay 
process is about 40%, and varies little with concentration. 
(d) the values of 3 decrease slightly with increasing concen-
tration, implying a greater deviation from single exponential 
behaviour as concentration increases. 

Fig 5.28 shows the concentration dependence of the relax-
ation times <t> and t„ the parameter 3., . (-3^ ) and the 

X/ r\ , 0 IN , r 
solution viscosity, g. The log-log plots for the relaxation 
times are essentially linear at low concentrations with a 
sharp transition to a steeper linear region over a narrow 
concentration range centred on C^ -23 kg m Representing the 
dependence of the relaxation time on concentration by the 
expression 

T = KC Cc 5.1 
the data indicate that for <T>, 

C = 0.75 ± 0.32 C < C ^c r 
£ = 1.75 ± 0.2 C > C ^c r 

The concentration dependence of is essentially the same as 
for <T> in the two regions. 

Interestingly the curve of log r| versus log C (Fig 5.28) 
shows a.similar pronounced change in slope over the same region 
of concentration. The transition is not as sharp in this case 
since the concentration exponent for the viscosity increases 
gradually from zero as concentration increases from low values, 
changing very rapidly in the range C - l - 2 k g m 3 and then 
becoming essentially constant ( 2 . 2 ± 0 . 3 ) above C = 2 kg m 
These two independent methods of observing the effect of con-
centration an the motion of polymer chains, show a sharp change 
in behaviour over the same narrow concentration range. 

The , - concentration plot (Fig 5.28) shows that 3^ ^ 
IN , • L\ , • 

increases with decreasing concentration,,tending to a constant 
value above the critical concentration. For C<C increases r K, r 
with decreasing concentration, with the implication that the 
Kerr decay transient for ethyl cellulose temds towards a single 
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- 3 

Tig 5 . 2 7 L n ( t j ) against Ln i. for 47 ; 2 kg m ethyl 

cellulose in toluene at 29 3 K with ty(t) = 0^ for the decay(o) 
and =7-0 fo/i the rise(h)\ 0 and 0 are the normalised r r r 
6/6 rise and decay lirefringcnce respectively. 



Table 5.20 The relaxation times,!, the spread factor B and amplitude A^, for the 
for the Kerr effect relaxation of ethyl cellulose in toluene as function of 
concentration. 

Concentr-
,atio n, C 
(kg M ~ ) 

Decay Rise Concentr-
,atio n, C 
(kg M ~ ) x/ps < T > K,d/ps eK,d T £ / P S 

A £ T p/ps T e/pp K, r K, r T r 

5.1 • . 86 0.96 0. 82 2.6 0.55 0.7 1.1 0. 78 1.0 

6.6 1.3 .fQ.2 1.74 0.71 2.910.4 0. 45 0.810.1 1.0 1.8 0. 62 1.3 

9.5 1.61 0.2 2 . 2± 0. 3 0.67 3.511.2 0.33 1.010.3 1.8 3.0 0.57 2.5 

9.6 1.6t 0.2 3.411.3 0.48 3.911.2 0.47 1.210.4 1.8 4.4 0. 53 2.1 

12.7 1.7 + 0.3 3 . 2 H . 0 0.55 6.010.8 0.33 1.210.6 2.4 4.3 0.55 2 . 5 

16.6 2.72+0. 3 4. 810.2 0. 50 5.710. 3 0. 42 1.510.3 i 6.0 0. 49 

Cp = 20 

25.4 3.9 £ 0.8 5.710.9 0.53 8. 610. 5 0.41 4.213.7 3.0 6.8 0. 57 3.3 

33.1 3.6* 0.1 6.310.8 0. 55 13.713.2 0.4 1.910.7 4.2 8.2 0. 55 5.3 

40.0 4. 4 1.2 10.612.1 0.39 22.212.0 0.37 2.011.1 13 32 

47. 2 7.7410.8 15.713.0 0.53 33. 12.7 0.4 1. 911. 0 6.9 18.9 0.51 6.6 

57 9.9 1 0.6 24.513.1 0.44 54. 514. 8 0. 42 2 . 210.1 30.1 0. 5 

70. 2 20.lt 1.6 37 i 4.4 0. 56 68.5112 0. 38 2.111. 3j 8.5 42.3 0.48 9.2' 
-•-i 

The values of <t> 8 t^ ^ given are the average values from 4 experiments for each 
concentration and the uncertainties quoted indicate the spread of results obtained. 
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exponential at infinite dilution behaviour which is reminis-
cent of perfectly rigid, monodisperse rods. 

The concentration dependence of the fast process t^ 
(Fig 5.29) is lower than for t^ but still significant, with 

an exponent of 0.42±0.1. However, this process does not show 
any break in slope as concentration is increased. 

Tig 5.28 Log - Log plot* oL relaxation time.* <t> „ ,(0); 
a. , a 

T^ (L); Tpfl)', notation viAC0Aity(u) and. relaxation 

spread -jLacto/i (M) against concentration, C Lor ethyl 

cellulose in tolaene. 
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5,5.2 Photon Correlation Spectroscopy. PCS 

The Kerr electro-optic measurements on the ethyl 
cellulose have given information on the rotational motion of 
these stiff chain macromolecules, and showed that there is a 
pronounced concentration dependence of the characteristic 
times 'for such processes. In order to study the translational 
motion of the molecules under similar conditions, photon 
correlation spectroscopy was used. 

The autocorrelation functions were characterised by the 
method described in section 3.12. Fig 5.29 shows a plot of 
the logarithmic of the normalised autocorrelation function 

(Z ) 
[g - l] (the 'logarithmic correlation function') versus time 
for a typical example (44 kg m 3 solution, 298 K. using 
channel time of 10 s). The curve forms two distinct linear 
regions, well separated in time, and has been characterised 
by a two exponential expression of the form of eqn 3.48, 3.49 

(2) r r, t 
9 ~ iJt-Hj = Aj^exp" I" 5.12 

9
( 2 ) - I = A 2 E X P 2 5 # 1 3 T+OO 

t i m e / m s 
Tig 5.29 Semi-tog plot o£ the logarithmic co/i/ielation 

-3 
lunation against channel time. Ion. 44 kg m so lution ol 

ethyl cellulose in toluene at 29 8 K. using a channel time 

ol I . 0 ms. 
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The reciprocal time constants T^ and T 2 were determined for 
many values of the scattering angle 6 and hence of the wave>-
vector K.and are plotted against , K, K 2and K 3 in Fig 5.30. 
Despite the scatter in the data, these plots clearly indicate 
a K 2 dependence for and T 2. Consequently, these have been 
interpreted in terms of characteristic diffusion coefficients 
D^ and D^ according to the equations (see section 3.12). 

ri = 2 D I k 2 5-14. 

R 2 = 2 D 2 K 2 5 ' 1 5 

A similar K 2 dependence was observed for all the H obtained 
in this work, and consequently the results are described in 
terms of characteristic diffusion coefficients associated 
with linear portions of the logarithmic correlation function. 
The short time behaviour of the functions was examined by 
reducing the channel time t and analysing the data as described 
in section 3.12. In Fig 5.31 (a) the channel time has been 
reduced to a quarter of that of Fig 5.29. This plot reveals 
that the portion of the curve for t<30 ms, which in Fig 5.29 
was essentially linear, infact under higher resolution itself 
consists of two linear portions with a distinct change in 
slope at t = 6.3 ms. The long time slope in this case gives 
D 2 = 5.7 x 10 m s , in good agreement with D^ value of . 
Fiq 5.29. At short times the slope increases and D. = 7.3 x 

-14 2 -1 . 10 m s Reducing the channel time still further to 62.5ps 
(Fig 5.3 1 (b) shows that this linear portion below 6.3 ms 
persists down to t= 0.6 ms. For very short times, a further 
sharp increase in slope is observed , characterised by D^ = 
17.3 x 10 ^^ m 2s"^. 

These results suggest that the full logarithmic 
correlation function consists of three distinct regions, chara-
cterised by the diffusion coefficients D n, D and D. (D„< D 

1 £ M I £ M 
< D^). This is illustrated schematically in Fig 32. The 
coefficient D^and D 2 obtained in different experiments change 
systematically from D^,Dm» to D^ as the channel time is reduced. 
This is illustrated for the example chosen in Table 5. 21 



( b ) 

Fig 5-30 The wave vector dependence of the reciprocal 
time constants IX); C; » 0f the autocorrelation 
function, (a) K (b) K2 (c) K3 
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( a ) Hme/ms 

Tig 5,31 The plot* o-JL the logarithmic correlation 

function at (a) channel time t = 250 \i* and ( b) 
c -3 

channel time t - 62,5 \x* -/Lor 44 kg m ethyl c 
cellulo*e in toluene and 298 K. 
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time • 

Tig 5.32 Schematic cLiag/iam showing the logarithmic 

correlation function. 

(a) Tull function showing D D a n d Zk for 44 kg m"^ 

for C>C . 
r 

(I) Junction for lower concentrations showing Zk and d 

for C<C o 
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Table 5.21 Variation of D and Dn with channel 
- — : — — - 3 . . — R — 

Channel time/ins n • m 1 * 2 "l D x 1. • m s 
A 

n in1* 2 -1-D^ x 10 m s 

1. 8 5.96 5 D m 3.4 E Dp 

1.2 5.23 E D m 3.28 E 

1.0 5.92 E D m 3.36 E Dp 

0.25 7.3 E 0. l 5.7 E D m 
0.063 17.0 t<t c 6.7 E D. l 

This behaviour is illustrated in an alternative way in Fig 5.33 
in which values of D^ and D^ obtained in experiments in which 
only the D^/Dm portions of the correlation function was 
observed ( i.e. t < t in Fig 5,321 (a)) are plotted as a funct-

m - 3 ion nf K zt . For the 44kq m solution D. and D 0 remain c 1 2 
constant over wide ranges of K2t^f indicating the existence 
of distinct linear portion of the function of the form 
illustrated in Fig 5.32(a). Fig 5.33 also shows clearly the : 
distinct increase in slope at short times t< t . The results -3 5 
for this 44 kg m sample were typical of those observed for 
concentrations greater than C^ (23 kg m-3). 

Also shown in this figure are the corresponding data 
for a 23 kg m~ 3 solution at 298 K, which typifies the behaviour 
of solutions of lower concentration. It can be seen that the 
diffusion coefficients are of order of magnitude greater 
than those for the more concentrated system. In contrast to 
the latter, the values of D^ and D^ do not remain constant 
over a significant*range of K 2t c- This reflects the fact that,. 
although in a single experiment distinct linear regions can 
still be identified, the slope of the logarithmic correlation 
function is changing much more rapidly with time in this case. 
In fact the shape of the overall correlation function for 
concentrations below C is of the form shown in Fig 5.32<k) r 
where there is no long time (0^) region. Consequently, 
although D^ may still be readly characterised, the identifica-
tion of a distinct fh value for this system is not possible. 
Although this appears to contrast sharply with the behaviour 
of the more concentrated solutions, it is worth noting that 
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K\x1cr11fTf2s 

Tig 5,33 Ike diffu*ional coefficient* D, variation with 
- 3 3 KZtc for 44 kg m" and 23 kg m~ ethyl cellulo*e in 

toluene at 298 h. 
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the value of K t below which deviation from the lonqer time . ' 
C - 3 (0 ) slope is observed for C< 23 kg rn is essentially the 

same as l<2t^ for C > 23 kg m 3. Hence the continuous increase 
in the slope of the logarithmic correlation function for the 
low concentration solutions only occurs in the same K 2t 
region in which the higher concentration systems exhibit, the 
same behaviour. This is clearly seen in Fig 5.33, where D^ 
and D„ approach each other, and D , rapidly for K 2t > 1.0 x 
i nll -2 m C 
10 M S. 

Concentration dependence of the diffusion coefficients. 

Dramatic changes were observed in the values of 0^ and 
and D as the concentration of ethyl cellulose in toluene M 1 

was varied as illustrated in Fig 5.34. The long time slope 
characterised by Dp was not observed until a critical concen-

- 3 
tration , C - 23±2 kg m was reached. Above this critical r 
concentration within the rather large spread of the observat-
ions due to the low scattering intensities from these solutions, 
D^ remained constant at 3.5 ± 0.5 x 10 ^ m 2 s d. Such a 
dramatic change in the' dynamics of the system at a concent-
ration = 20 kg m 3 is reminiscent of that observed for both 
the Kerr effect relaxation and the solution viscosity. In 
contrast to D^, at concentrations above 23 kg m 3 D m changes 
gradually with concentration; Fig 5.34* shows an appropriate 
power law dependence of the form, 

0 K C C c 5 in M 

where = -2.0 ± 0.3. At the highest concentrations studied 
D m approached D^ as the correlation functions obtained 
approached single exponential behaviour. Below the critical 
concentration, the variation of D with concentration was 

M 
much less marked. Within the experimental scatter, D levelled 

14 2 - 1 M 
out to a value of about 35 - 10 x 10 m s . This change 
over from C 2 to C° behaviour at C- 25 kg m 3 is emphasised 
in Fig.5,35. 
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Fig 5-34 The concent-ration dependence of the franslafional 

diffusion coefficient, DL (•) 5 D̂  ,(•) . and Dj ( a ) 
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Fig 5-35 The concentraHon dependence of fhe franslafional 
diffusion coefficient, Dp,,of ethyl cellulose in toluene. 
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5.5.3 Discussion. 

The information obtained from the Kerr effect, viscosity • 
and photon correlation spectroscopy (PCS) studies of ethyl 
cellulose in toluene is summarised in Table 5.22 . A possible 
explanation of these observations in terms of a simple 
physical model will be given first. Subsequently the extent 
to which the data can be interpreted in more quantitative 
terms using recent theories for the dynamics of semi-f1exible 
chains in concentrated solution will be examined. 

Interpretation of the results in terms of the physical model 

(a) The model 
The basis of the physical model for semi-flexible coil 

molecules like ethyl cellulose is shown in Fig 5.36 .In the 
dilute region Fig 5.3 6 (a), C < C^, ethyl cellulose will 
undergo motions characteristic of an isolated stiff chain, 
characterised by a persistence length q,within which local 
monomer unit rotation is restricted. However local segmental 
chain motion can occur by rotation of lengths of the chain of 
order q. 

As concentration is increased beyond some (low) value 
C^, chain interactions become significant and the dynamics of 
the molecules will be modified. In this semi-dilute region, 
Fig 5.36(b), the mean separation between chain contact points, 
a c is much larger than the persistence length q. Hence whilst 
the translational motion of the chains becomes increasingly 
hindered by the intermolecular forces, the more local segmental 
motions are relatively unaffected by these long range inter-
actions. Furthermore, the chains can still move past one another 
relatively easily by undergoing changes in the shape by means 
of these local segmental motions to minimise the constraints 
on the translational motion. 

Eventually, the concentration is increased to such a 
point, C2» that the mean chain separation is now comparable 
with or smaller than q (see Fig 5.36(c)). In this concentrated 
region, chain translational motion is highly hindered and the 
system has a pseudo network structure in which the density of 
local chain interactions is high, although continually 
changing in time and space. Here, local segmental motion, 
though restricted, can still occur within the multi-chain 
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0 < C < Q 

(Q) 

q < c < c 
a c M 
(b) 

c > c 

(C) 

Fig 5 - 3 5 A simple physical model fo r f h e va r ious regimes encountered 
in solut ion of s t i f f coil molecu les a s c o n c e n t r a t i o n is i n c r e a s e d . 

system but motions on a length scale q, do little to aid the 
relative translational motion of chains separated by a mean 
distance a q. 

(b) The Kerr effect 

The dynamic Kerr effect probes the rotational motion of 
macromolecules. For ethyl cellulose, although the chain has 
a certain amount of rigidity, it is expected that the component 
of the dipole moment perpendicular to the chain backbone will 
relax by local motion of segments, whose length is of order q, 
at a somewhat faster rate than chain rotation. The results do 
indicate two distinct relaxation times, x p and x^, rather 
than a broad distribution,, and these are respectively identified 
with the relaxation of the perpendicular and parallel components 
of the chain dipole. In the concentration range CcC^, both 
times increase with increasing concentration i.e. increasing 
chain interaction, but as expected on the basis of the physical 
model, x is less sensitive to concentration th?n x n, that is p Do 
(r ) < (r ) Above the critical concentration C , the 
concentration dependence of x 0increases dramatically ) = 

C X 

1.75 . Identifying C^ and C^ in the model, this corresponds 
to the sharp reduction in overall chain mobility then a c ^ q . 
By contrast no such sharp change is expected for local segmen-
tal motion and x continues to increase with the same 

P concentration exponent (c ) T = 0.4 as for CXC^. P 
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Table 5.22 Summary of results from Kerr-effect, 
viscosity and PCS measurements for ethyl cellulose. 

Techni que Parameter" kg m Information Comment 

Kerr effect T / T r e 

20 

. 3±0 ! 1 C<C r 
M . 1+0. 1 O C r 

Change in 
mechanism ? 

3 0.8-0.55 C<C r 

'v 0.55 O C r 

Tending to single 
exponential for 
low concentration 

Strong devation 
from single 
exponential 

0.75 C<C r 
1.75 O C r 

( 5 C J T P 
0.4 for all C No break in slope 

Viscosity <1.0 c < c Change in slope 

17 
2.2 O C « not as sharp as 

for V 

PCS D., D C<C* l m 0^ continuously 

23 
D . , D . D„ O C " l m V. 

increases as 
t, c + 0 

D ̂ (t+0,c+0) isolated 

^Isolated chain? 
undefined C< C r 

0 c>c r 

< o D 
'x.-l C<0 r 
-2 O C r 

t C is the critical concentration at which there is sharp 
change in slope nf the In r (or D)/ln C pints. 
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As concentration decreases, the contribution of the 
faster component to the Kerr effect decay transient decreases and 
the curve approaches single exponential behaviour. This is 
reflected in the increase of the spread parameter 8 from a 
constant value of 0.55 above C= C^ towards a value of unity 
at lower concentrations (Fig 5.28). Such a behaviour probably 
reflects the fact that as concentration decreases, the two 
relaxation times become closer in value. Eventually the rate 
of whole molecule rotation becomes comparable with or even 
faster than that for the rather restricted segmental motion of 
the stiff chain. In such circumstances both components of the 
dipole moment will relax via the faster whole molecule 
mechanism and in dilute solution it is possible that only one 
relaxation time would be observed. 

This is in agreement with the work of Rjumtsev et al [54] on 
dilute solutions of cellulosis in dioxane . 

It should be mentioned that the polydispersity of the 
sample is a potential source of non-exponential behaviour in 
the Kerr transients. However, although this will affect the 
interpretation of the relaxation times in terms of individual 
chain characteristics, and influence the precise values of t 

and observed , it is unlikely to be the source of the dist-
inct relaxation times or the marked changes in their 
concentration dependence observed here. 

Another interesting feature which chang es with concentr— 
ation is the relative shape of the rise and decay transients. 
At high concentration, C > C^, they are essentially identical 
and t /t , - 1. Such a situation can arise for at least two r d 
reasons: 
(i) the relative contribution of the induced dipole moment 
term,Q, is very large (Q >> P) (see section 2.5.5(d)) 
(ii) the highly entangled ethyl cellulose molecules are 
relaxing by fluctuation (jump) mechanism (see section 2.5.6). 

By contrast, as the concentration was decreased below 
C r the shapes of the rise and decay transients become increas-
ingly different. T

r/ T
cj increased with decreasing concentration, 

reaching a value of 1.4 for. the lowest concentrations studied. 

The reversing pulse unit could not be applied to establ-
ish the relative contributions of the induced and permanent 
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dipole moments because the field required to orientate ethyl 
cellulose is higher than the design capacity of the unit. 
However previous studies of ethyl cellulose derivatives suggest 
that the permanent dipole effect is dominant for these systems 
[54] and it is extremely unlikely that the relative 
contributions of P and Q would change significantly as the 
polymer concentration was increased. This suggests that the 
change in the shapes of the rise and decay transients as C 
increases through C^ may be due to a change in the orientation 
mechanism. The simple model suggested ealier indicates a 
physical mechanism whereby the molecules in the highly inter-
acting state at C > C^ can only rotate by a series of discrete 
jumps as persistence length segments become in turn free to 
rotate small distances as the molecules move past one another. 
For C < C , T /t, does increase althouqh not to the ideal r r d * 
rotational diffusion value of 4 for P >> Q. The source of this 
change in the shape of the transients with concentration 
obviously requires more detailed investigation. 

( c) \liscosi ty 

The increase of viscosity with concentration showed a 
continually varying concentration e x p o n e n t , T o r C < C^ 
which levelled out to an essentially constant value of about 
2 above C^. This again indicates a significant change in the 
nature of the chain interactions in the region of C - 10 - 20 
kg m . Moreover the exponent of 2 indicates that the pres-
ent experiments have been conducted in a moderately concentra-
ted regime rather than a highly entangled system, for which 
much higher values of (-5) would be expected [8l]. An 
indication of the extent of coil overlap can be obtained by 
using the interaction parameter C [n] of Simha [82]/ A value 
of unity for this parameter corresponds to the concentration 
CH for the onset of coil overlap. Cornet [83] has interpreted 
C** as the concentration at which a uniform segment density is 
attained in the solution. The observed intrinsic viscosity of 
the ethyl cellulose sample used in this work in toluene is 

-2 3 - 1 - 3 5 x 10 m kg ; using this value gives CJj = 20 kg m , in 
good agreement with the critical concentration observed in 
the Kerr experiments. 
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(d) Photon Correlation Spectroscopy. 

The correlation functions obtained with this technique 
have been characterised in terms of the diffusion coefficients 
D. and D for C < C . At C > C a lonq time tail emerqed, 1 m r r y y 

leading to characterisation of the autcorrelation function at 
high concentrations in terms of D.,D and D n. The concentration Y 1 M £ 
dependence of these coefficients has been illustrated in 
Figs 5.3 4 and 5.3 5. The fact that the. long time tail does not 
persist into the regime C < C^ suggests that D^ is in someway 
associated with the transient network structure characteristic 
of the high concentration region. Here D^ is ascribed to 
co-operative motions characteristic either of the network as 
a whole or of portions of the chains contained within it. 0n c e 

significant chain overlap has occurred such motion would be 
expected to be relatively insensitive to the chain concentrat-
ion ( i . e . ^ - 0). 

•n the other hand, D^ in this region is ascribed to the 
translational diffusion of individual chains through the highly 
interacting chain system. Such a process becomes increasingly 
slower as concentration rises, and at the higher concentration 
studied (57 kg m ) the motion becomes so constrained that 
D m tends towards D^, the experimental correlation function 
being essentially single exponential in form. Over the concen-

- 3 - 2 
tration range 57 kg m > C > C^, D^ varies as C (see Fig 5.34). 
This behaviour is characteristic of reptative motion of chains 
in a semi - concentrated system [l 6,96]and will be discussed in 
further detail presently. 

Below C = C^, the cooperative motion characterised by 
•^disappears and the concentration dependence of the entangled 
chain diffusion coefficient D m decreases markedly. The 
accuracy of the data from these weakly scattering solutions 
is not sufficiently high to define the concentration exponent 
in this region within narrow limits; it appears to be of order 
unity. 

The physical significance of the coefficient D^ is not 
entirely clear since in general the value of the initial slope 
from which it has been derived increased as the channel time 
in the experiment was decreased. Consequently the values of 
D. are only an approximation to the values obtained in the 
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0 limit. These quantities, on extrapolation to C=0, should 
correspond to the translational diffusion coefficient D of O 
the isolated ethyl cellulose chains in toluene. A linear 
extrapolation of the present data suggests a v/alue of D ^ 7.5 

- 1 1 2 -1 ° x 10 m s (estimated Ru = 5.2 nm) H 

Quantitative interpretation of data in terms of theoretical 
models: 

Regarding ethyl cellulose as a fully extended rigid 
chain (containing M n/M 0

 = monomer units) and using 
Broersma's equation (with £ q=0.515 nm, and d Q= 0.8 nm [54]) 
the calculated dilute solution relaxation times associated 
with the sample is 0.58 JJS. On the other hand, regarding it 
as a random.coil and using the experimental value of the 

- 2 3 -1 
intrinsic viscosity, of 5 x 10 m kg , the first normal 
mode relaxation time is 0.36 ys applying the Rouse model 
(eqn 2.1) or 0.25 us using the Zimm non-free draining model 
(eqn 2.2). 

The extrapolated, zero concentration value for x^ is 1.2 
±0.4ys, which is in disagreement with random coil model 
especially the Zimm value. Certainly the EC behaviour is far 
from being a fully extended rigid rod. Dilute solution 
dielectric studies [95] on ethyl cellulose in dioxane gave a 
relaxation time of 4*0ys for a narrow fraction of molecular 
weight 2.85 x 10 close to 1*1 of the present sample. Using 
x K = Tq/3 this value corrected for the viscosity differences, 
corresponds to 0.7 us, in reasonable agreement with the values 
obtained here. These workers examined a wide range of molecular 
weights and concluded that EC behaves as a rigid coil molecule 
which orientates as an entire unit in an electric field, in 
agreement with the interpretation of x^ put forward here. 

A semi-quantitative measure of the extent of the inter-
action of polymer chains in solution at a concentration C, can 
be obtained by considerations based on the volume of the sphere 
of influence of a single molecule, V as presented in section 
5.1.5. Equations 5.3 - 5.6 may be used to evaluate V , the 
mean number of chains occupying this volume n , and the 
critical concentration for the onset of strong chain inter-
actions, C*f. At C = C* any one chain interacts on average with 
two other chains at the periphery of the swept volume \J , 
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(see Fig 5.37). Above C-, it will also interact closely with 
those chains which on average occupy part of the volume V . 
Conseqently at C>C'"', the number of close chain-chain inter-
actions ('entanglement junctions') per chain, v, is simply 
n^+1 . The approximate mean distance between these entangle-
ment points at a concentration C, a^, is given by 

= = _ ! a _ 5 . 1 7 
V - 1 

For the present case, where we have ethyl cellulose of' 
M = 2.6 x 10A corresponding to n = 107 monomer units, each 
of length £ Q = 0.515 nm [54] we can estimate the above 
quantities for two extreme chain conformations: 
(a) if the polymer behaves as a completely fully extended chain; 

(a) (b) ( c ) ( d ) 
Fig 5*37 Chain confjguraWon and p r o b a b l e in te raf ion model -

(a) Sphere of i n f l u e n c e of a c h a i n (b) c o m p l e t e l y r ig id rod 
molecule lc) coi led r andom coil molecule (d) s impl i f ied r e p r e s e n -
t a t i o n of the s i t u a t i o n f o r c = c * 

the contour length L = 55 nm and the volume it sweeps out, V 
-23 3 m 

is 8.7 x 10 m . This corresponds, by equation 5.3, to a 
critical concentration C** of 0.50 kg m~ 3. 
(b) if the polymer behaves as a random coil, the radius of 

7 7 T gyration, £L would be 2.2 nm and V = 44.6 x 10 m . Thi^ U M ^ 
gives a critical concentration C w = 980 kg m . 

The experimentally observed critical concentration C 
- 3 r 

= 20 kg m indicates that the behaviour of ethyl cellulose 
in toluene lies between that of a rigid rod and a random coil, 
i.e. it is a relatively stiff coil. The radius of the sphere of 
influence r m= £ j 2 ( s e p e q n } ..corresponding to the 
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— 8 observed critical concentration is 1.6 x 10 m. This value is • 

- 8 

similar to the persistence length of l.U±0.3 x 10 m determined 
by Ryumtsev et al [54] using hydrodynarnic properties and lends 
support to the interpretation of C^ in this way (see also 
section 5.1.5 ). Using q =10 nm shows that the present chains 
correspond to only about 5 (=L/q) persistence segments, again 
confirming the relative stiffness of the coil. 

Table 5.2 3 gives the values of n , v and a calculated 
— 8 ^ a using this £ value 1.6 x 10 m, for rm in the equation of the 

simple model given here. This shows that over the range of 
concentration studied in this work 5 - 57 kg m 3, the mean 
number of close intermolecular interactions per chain increases 
from zero to ^ 5. Above C = C the mean separation between 

R _ 3 
such points decreases markedly until by C=50 kg m a - 50 x 

-10 C 
10 m, a value which is small compared with both the chain 
contour length and the spatial extent of the chain. 

Table 5.23 The concentration variation of the number 
of chains n , per volume V , the number of interaction 

y — m 

points,v, and the mean distance between chains, a . 

Concentration 
0/ kg m~ 3 

Number of chains 
in volume V =n 

1000CN n \l m U 

PI A m 

Number of inter 
action points 
per chain v = n +1 

c 

Mean distance 
between chair 
, a = £ /n 

a 9 Q u 

3r x 1 0 

• 
1 

is 

1 0.05 _ 

• 
1 

is 

5 0.25 _ _ 

• 
1 

is 

10 0.5 _ _ 

• 
1 

is 

20 1.0 2.0 16.1 

• 
1 

is 

30 1.5 2.5 10.7 

• 
1 

is 

40 2.0 3.0 8,1 

• 
1 

is 

50 2.5 3.5 6.5 

• 
1 

is 

60 3.0 4.0 5.4 

• 
1 

is 

75 3. 75 4. 75 4.3 

• 
1 

is 

100 5.0 6.0 3.2 

• 
1 

is 
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Although it appears that the ethyl cellulose used in this 
work behaves as a stiff coil rather than a fully extended rigid 
rod, it is interesting to compare the results with the predict-
ion of Doi-Edwards (DE) model (sections 2.3.2 and 2.6.3). For 
the Kerr effect the rotational diffusion for C>C'"" should scale 
as 

t = (6D r 1 « C 2 . 2.25 r 
The experimental relaxation time T^ , corresponding to this 
whole molecule rotation, varies as C 1 * 7 5 for Although 
this does not, and would not be expected to, agree exactly with 
the DE prediction, it is significant that this is the only one 
of the five systems studied in this work for which a value of 
XL - 2 has been observed. The value of (x: ) observed below 

£ 
C^, 0.75, is comparable with that obtained for the more rigid 
polymers over a wider concentration range. 

For PCS studies of the translational motion of rigid m 
macromolecules in the semi-dilute regime the DE model predicts 
that the autocorrelation function should have a concentration 
independent slope 

r, ^ D K 2 cc K 2C° 2.98 
1 3 o 

where D is the zero concentrationtranslational diffusion 
° - r t 

coefficient and a slower long time portion of form, exp 2 
where 

I = ( K 2 D D ) 2 cc K C " 1 2 . 1 0 2 
2 r o 

Although the EC experimental autocorrelation functions agree 
qualitatively with this prediction of long time exponential 
behaviour with increasing slope at low times, the concentration 
dependence of these slopes is not in line with the DE theory. 
The long time slope of logarithmic correlation functions for 
C> C^ vary as ^ K 2C° (see Figs 5.32 (b) ); despite the exp-
erimental scatter, the data are of sufficient accuracy to 
definitely preclude KC 1 behaviour. The intermediate time 
slope, corresponding to D m > varies as K 2C" 2 for C > C^ (see 
Figs 5.37 and 5.38) and is also inconsistent with the DE model, 
although it does tend towards C° behaviour at lower 
concentrations. 

Doi [84] and Doi and Edwards [4] also analysed the con-
centration dependence of the zero shear rate viscosity n For 
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rigid rods. They predicted that , 

n = ns(l + c L 3 ) C < C* 5.18 

D n s( 1 + (C L 3 ) 3 c > c* 5 # 1 9 

where h sis the solvent viscosity. Experimentally the concent-
ration exponent changed from - 1 below C^ to a constant value 
of about 2 above C . Aqain the concentration dependencej is r 
weaker than that predicted by the DE theory. 

For the dynamic Kerr effect and viscosity, therefore , 
a semi-quantitative understanding of the experimental results 
for ethyl cellulose can be obtained in terms of the rigid rod 
theory. However, the PCS results are in direct conflict with 
the expectations for such molecules in the semi-dilute regime 
and it is not possible even semi-quantitatively to reconcile 
the rotational and translational dynamics of ethyl cellulose 
in terms of the Doi-Edwards model. 

Edward and Evans [19] extended the rigid rod translat-
ional dynamics to much higher concentrations towards the 
critical concentration of the isotropic nematic transition, C*Hf*. 
As seen in section 2.6.2 they predicted a diffusion 
coefficient - concentration relationship of the form D « C^* 8 

for C * < < C C and the cessation of mobility, D — * 0, at 
a sufficiently large concentration, corresponding to the onset 
of a glass-type transition. It is unlikely that the concent-
rations used in the present studies were sufficiently high to 
lead to such dramatic decreases in the chain mobility. Although 
the distinction between the chain diffusion coefficient D 

M 
and the co-operative term D^ essentially disappeared at the 
highest concentrations studied, there was no evidence of the 
behaviour predicted by Edwards and Evans. 

Jamieson et al [lOO] have studied the dynamics in 
concentrated solution of a very flexible polymer, polystyrene, 
and a rigid polymer, xanthan gum (a polysaccharide) by PCS. 

( o ) 
The intensity autocorrelation function, g ', observed by 
Jamieson et al for xanthan were similar to those observed in 
the present work for ethyl cellulose, in that they were also 
non-exponential overall, but consisted of distinct exponential 
regions over several decades of time. They analysed their 
data in terms of a bimodal decay of the type used here, and 
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their results are illustrated in Fig 5.38 below. They observed 
= - 2 for their long time slope, which compares well with 

the value of -2 for T ) in this work. They also observed 
M M 

a faster initial region, characterised by which, unlike 
T.(D.) in the present work, was independent of concentration . I I _ ̂  
in the C T region and then decreased at lower concentraions 
They did not observe the equivalent of the long time of 
this work. They interpreted the concentration exponent of T 
4 = -2, to be consistent with the DE theory [4 ]. However this -
C - 2 - 1 

interpretation is not C but C (see section 2,6,3). So in.-
both their case and ours there is qualitative disagreement 
between the experimental observations and the DE theoretical 
predictions. 

A two exponential decay was also observed in their study 
of polystyrene, which they interpreted in terms of the model 
of Reihanian and Jamieson (RJ) |52| see section 2.6.3. This 
model can be applied to the present ethyl cellulose data by 
identifying Tm with F^ and T^ with T^ i n equations 2.96 and 
2.91 which may be rearranged to give, 

rm = + ( 0c + ° t ) K 2 5 - 2 0 

1 1 1 + 0 , 0 . C = ° T * 2 C
D ; T 

.06 .09 
CONCENTRATION (%} 

T l q 5.38 lha concentration dependence of T for Kanthan gum 
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Fiq 5.39 (a),(b) show plots of T m versus K 2 and Tp 1 versus K~ 2 

for the 44 kg m 3 solution of ethyl cellulose. As predicted by 
eqns 5.20 and 5.21 these plots are indeed linear within the 
data scatter. However, the essentially zero intercept of Fig 
5.39 (a) leads to a very high value for the entanglement 
relaxation time t^. As well as being physically unrealistic, 
it is incompatible with the value extracted from Fig 5.39 (b), 
even allowing for the large uncertainties in the exacft values 
of the slope and intercept ( see Table 5. 24 )• Hence this 
theory of the PCS behaviour of semi-dilute solutions of very 
flexible macromolecules is not quantitativelycompatible with • 
the data obtained for the stiff chain ethyl cellulose. 

Table 5.24 Reihanian and Jamieson parameters 
for 44kq m 3 ethyl cellulose at 298 K 

From T (Fig 5. (a)) mv y T r/ys -1 3 2 -1 D + D, x 10 m s c t From T (Fig 5. (a)) mv y 

oo 12 

F rom T^(Fi 
Line 

g 5. (b) 
i/ins n in 14 2 -1 D^ x 10 m s c in 1 4 2 - 1 x 10 m s c 

a 0.0 5.4 6.8 

b 8.4 7.0 5.0 

c 17.0 8.0 4.0 
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Section Two 

Equilibrium Properties 

The concentration dependence of those properties of the 
molecules which characterise their interaction with an electric 
field, including the Kerr constant, the permanent dipole 
moment and the induced dipole moment were studied where 
possible. These properties are referred to as 'electrical 
properties' in this work. 

For the polymer solutions the relative contributions of 
the permanent and induced dipole moments were measured using 
the reversing pulse technique, to give the ratio P/Q using 
equation 2.59. The values were used in equation 2.47, 2.44 
and 2.46 to evaluate dipoie moments and po'larisability anisotropics. 
The assumption has been made Here that these equations,derived for-

dilute solutions of rigid molecules, may be applied unmodified 
to the systems studied. The presence of molecular flexibility 
and molecular interactions and hence presumably of considerable 
internal field effects, in the present experiments will mean 
that only effective values of the dipole moment and polarisab-
ility are obtained in this way, through changes in the 
relative contributions of permanent and induced effects as 
concentration is increased should be revealed. 

5.6 Solvents and standards. 

Firstly the Kerr constant of some solvents (toluene and 
carbon tetrachloride) and of standards used to characterise 
the time constant of the detection circuit (nitrobenzene and 
a 10% solution of nitrobenzene in toluene) were measured and 
compared wi.th literature values. The field dependence of the 
'birefringence signals, plotted in Fig 5.40, was used to eval-
uate the Kerr constan.ts. The values given in Table 5.25 are 
in reasonable agreement with the. literature values after 
corrections have been made for the wavelength difference. The 
Kerr constant B has been observed to be strongly wavelength 
dependent [ll2], and the results here correlate well with 
B * A" 1. 
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Fig 5*40 T h e f ie ld dependence of f h e b i r e f r i n g e n c e of f h e s o l v e n t s 
to luene ( • ) , c a r b o n t e t r ach lo r ide ( • ) , n i t r o b e n z e n e ( 1 0 % ) in t o l u e n e , A, 
a n d s t a n d a r d compound n i t robenzene ( o ) . 
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Table 5.25 The Kerr constants of solvents 

Solvent 

1 

This work 
13 -2 B x 10'L V m 

at A = 44i.6nm 

Reference |73| 
13 - 2 3 x 10 \l m 

at A=589 nm 

Values correc-
ted to A = 441.6 
nm using BA=a 
constant. 

\ 

Nitrobenzene 64 46 61 

Toluene 0.12 0.087 Q .12 

Carbon tetra-

chloride 
0 . 0 1 1 0.009 0.012 

10% Nitrobenzene 
in toluene 0.46 - -

5.7 Poly-y-benzyl-L-glutamate, PBLG 

Fig 5.41 shows plots of the phase retardation 6 against 
the square of the field strength for various concentrations 
of PBLG I in chloroform-formamide solution. The plots are 
linear at low values of the field strength but show increasing 
curvature at high fields, well known for macromolecules in 
solution [93], As will be shown later, the observed retardation 
is due to a combination of the permanent molecular dipole 
moment and the anisotropy of molecular polarisability. As the 
concentration decreases, higher fields are required to reach 
saturation and at a fixed value of the field, the retardation 
increases with increasing concentration. For example the 10 
kg m concentration under an applied field of 100 kV m 1 

gave a retardation of about 120° while 5.0 kg m~ 3 and 2.0 
kg m 3 under the same conditions had retardations of 40° and 
7° respectively. 

The solution Kerr constants, B at low field strengths 
are plotted as a function of concentration in the insert Fig 5. 41 
The plot shows that the Kerr constant increased non-linearly 
with concentration ( B « G 2). This is suggestive of some coop-
erative effect for this semi-rigid system by which the extent 
of orientation for a given field gradient is enhanced by the 
close proximity of the partially aligned rigid molecules. 
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Fig 5 - 4 1 The field dependence of the r e t a r d a t i o n , 5*, f o r PBLG I 
of c o n c e n t r a t i o n s , 10 kg w r * [ o ) , 5 ' 0 k g m " 3 ( n ) , Z - O k g n r ' l A ) , 
a n d 0 -8 kg n r * ( • ) . 

The inser t is the c o n c e n t r a t i o n d e p e n d e n c e of the Kerr c o n s t a n t s . 
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The orientation mechanism and the dipole moment 

The reversing pulse unit was employed to determine the 
relative contributions of the permanent and the induced dipole 
moments to the orientation process for PBLG. The values of the 
permanent dipole and the polarisability anisotropy are shown 
in Table 5.26 

Table 5.2 6 Electrical parameters u, a^for PBLG I 
at different concentrations in mixed C-F solvent at 298 K 

Concentration 
C/ kg m" 3 

r = P/Q 
( re v. 
pulse) 

Apparent 
dipole 

27 
y^xlO Cm 

Apparent 
dipole 

M Y ( 3Xl° 2 7C M 

Apparent 
(aJL - a 2 ) 
x l 0 3 3 F m 2 

r= P/Q 
(areas 
method) 

0.8 0. 47 3.5 3.4 6.0 1.72 

1.0 0.45 3.9 3.5 6.5 1. 80 

2.0 0.40 4.8 4.2 10.9 1. 50 

5.0 0. 31 8.2 6. 2 30. 6 1.47 

10.0 0. 29 14.2 9.6 60.2 1.61 

The ratio r of the permanent dipole to the induced dipole 
term shows both orientation mechanisms to be significant. This 
ratio decreases with increasing concentration, r may also be 
determined from the ratio of areas above the rise to that below 
ibhe decay transient, (see eqn 2.70). The values obtained by 
this alternative procedure are significantly greater than the 
reversing pulse values, indicating that the simple dilute 
solution equations do not transfer directly to concentrated 
solutions. 

As the orientation is due to both induced and permanent 
dipole moments, it was thought appropriate to use the full 
orientation factor equations 2.47 and 2.44 - 2.45. The dipole 
moment evaluated using the full expression is designated 
while the one evaluated assuming that the induced dipcle term 
is negligible is designated Table 5.2 shows that the 
error incurred by neglecting the the induced contribution is 
small, for low concentrations(^10% at C<2.0 kg m 3 ) but 
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increases considerably with concentration reaching 50% by 
C>5.0 kg m~ 3. 

The concentration dependence of the apparent dipole 
moment in Fig 5.4 2 (a) shows that the apparent dipole moment 
varies linearly with concentration over the range studied and 

- 27 
yields a zero concentration value of 2.9 ± 0.3 x 10 C m , 
inclusion or neglect of induced effects having little effect on 
this infinite dilution value. For a sample of the same 
molecular weight (M = 2.1 x 10 ) Watanabe et al[. 9 4] hav e W -27 reported an approximate value of 11 - 16.3 x 10 C m using 
the Kerr effect for concentration 1.85 kg m in ethylene 
dichloride (EDC) in which PBLG is known to be strongly aggreg-
ated [72, 32]. Other workers obtained a value of 9.7 x 10 C m 
for 1.0 kg m 3 EDC solution of a slightly higher molecular 
weight PBLG ( M =3.15 x 10 3) using Kerr effect methods. Values -27 U - 27 of 6.0 x 10 and 9.2 x 10 Cm were derived by Pyzuk and 
Krupkowski [ _88] for PBLG (1*1 = 1.8 x 10 5) in dioxane and EDC 
respectively (noted that q was independent of C in the region 
0.4 to 1.5 kg m 3 covered ). With the average monomer dipole 

- 29 1 1 momemt q Q of about 1.15 x 10 C m determined by Wada |23 | 
using dielectric methods in EDC, a total dipole moment for 

- 27 
PBLG I of 11.0 x 10 C m would be expected, a value about 
four times the present value. This probably reflects differ 
ences in the extent of aggregation at finite concentrations 
in the various solvents involved. 

The apparent polarisability anisotropy is linearly 
dependent on concentration, (see Fig 5.42(b)), extrapolating 
essentially to zero at infinite dilution. This suggests that 
isolated PBLG molecules are oriented in an electric field by 
virture of the permanent dipole moment with essentially no 
induced effects. As the polymer concentration increases, the 
polarisability of the system increases due to interactions 
between the molecules and the orientation process becomes more 
complex. 

5. 8 Poly ( n-butylisocyanate) ,PBIC 

An investigation of the field strength dependence of 
the birefringence was conducted on various concentrations of 
PBIC =29 in carbon tetrachloride and the measured retardation, 
6 as a function of the applied field strength is shown in 
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(b) C/kg rn -3 

Fig 5 - 4 2 (a) Concentration dependence of the induced potarisability 

anisotropy ,(a t- aJ(-A).and (b) the dipole moments, \i ,(o); p -- (•) . 

f o r PBLG I 
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Fig 5.43. For all concentrations, the variation of optical 
retardation with values of the square of the applied field 
is linear at low values of the applied field, but significant 
curvature is observed at higher fields. 

The Kerr constants calculated from the initial linear 
portions are given in Table 5.2 (a) and the variation of the 
Kerr constant with concentration is shown as an insert in 
Fig 5.43. Below the critical concentration determined in the 
dynamic studies, = 0.9 kg m , the Kerr constant is approx-
imately linearly dependent on concentration but with increasing 
concentration, large deviations from linearity are observed. 
However, in contrast to PBLG, the slope of the B - c curve 
decreases rather than increases with concentration. 

The orientation mechanism and electrical properties 

The ratio, r = P/Q ,was measured using the reversing 
pulse unit for a 1.07 kg m solution of PBIC =29 at various 
field strengths. The results in Table 5.27 show that r 
increases with field strength, reaching essentially a steady 
value at higher fields. 

Table 5.27 (a) The field dependence of ratio, r. of 
-1.07 kg m~ 3 PBTG fpq ^ carbon tntr^nhl nn vHP. a+ 9Q7 ^ 

Applied field 
gradent,E/kV m ^ 90 120 130 165 170 180 200 

Ratio,r = P/Q 0. 56 0. 61 0. 68 0. 72 0. 72 0.73 0.72 

Table 5.2 7 (b) The field dependence of ratioyT.at two 
concentrations for PBIC fl 21 in CC1, at 294 K 

Field,E/k\l m" 1 

Cone./kg m 3 
70 110 130 170 200 

0.73 0.35 0.43 0. 45 0. 50 0. 52 

1.40 0.31 0.37 0.45 0.44 0.45 ' 

This PBIC #29 is unfractionated and a wide range of molecular 
species are present whose permanent dipoles require varing 
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Fig 5-4-3 The field st rength dependence of the retardat ion, h , 
f o r 5-3kg rn3 (•), 2-67 kg m3 (A), 1-07 kg m 3 (o), 0-53kg nf3 ( • ) , 

and 0 2 7 kg r n 3 I D for PBIC # 2 9 . 
The in se r t is the Kerr c o n s t a n t , B , ( • ) of P B I C ^ 2 9 in 

CCl^ a t 2 0 °C as f u n c t i o n of c o n c e n t r a h ' o n . 
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field strengths to align them. The value of r = 0.72 shows 
that the orientation mechanism at the field levels investigat-
ed involves both induced and permanent dipole moments. The 
value of the applied field for which r reaches its steady 
value is still well within the Kerr law region and all sub-
sequent measurements were made in this plateau region. 

Similar measurements on two concentrations for the lower 
molecular weight PBIC #21 in Table 5.27 (b) also show that 
the ratio, r, increases with field strength, reaching a steady 
value at a slightly lower value of the field 260 V) than 
for PBIC #29. This suggests that the effect is not associated 
with polydispersity but with the effect of the field on the 
interacting molecular system. 

Table 5.28 (a) shows the apparent permanent dipole m 
moments Mg»y anc* P^ calculated using eqns 3.35 and 3.37 resp-
ectively. The ratio, r, was found to be 0.72, independent of 
concentration. This value was used to calculate the apparent 
electric polarisability anisotropy a^ - a^ using eqns 2.45 
and 3.35. Both the apparent dipole moments and polarisabilities 
are significantly concentration dependent, and are found to 
increase with increasing concentration. Table 5.28 (b) shows 
the equivalent properties evaluated for the fractionated sample 
PBIC # 21. The error resulting from neglecting the induced 
contributions in evaluating p^ again increase with concentrat-
ion, ranging from < 1% for lowest molecular weight sample at 
low concentrations to 27% for the higher molecular weight 
sample at high concentrations. 

Fig 5.44 illustrates the linear concentration depen-
dence of the apparent dipole moment p Q and the apparent 

p > Y 
polarisability anisotropy, a,- a*. Extapolation of the data to 

- 27 
zero concentration yields for PBIC #29 of 4.2 1 0.3 x 10 Cm 

- 27 
and p for PBIC #21 of 3 . 4 ± 0 . 5 x 10 £ m . The zero concent-
ration electric polarisability anisotropics were 0 for PBIC 
#21 (as for PBLG) and 0.4 x 10" 3 2F m 2 for PBIC #29. The zero 
concentration dipole moment for PBIC #21 compares well with 

- 27 
the infinite dilute dipole moment of 3.87 x 10 C m 
determined using dielectric relaxation technique [24^. 
Jennings and Brown [36] obtained a dipole moments in the . 

-27 
range 3.4 to 4.08 x 10 C m for the same PBIC #21 in benzene, 
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depending on the value they took for the solute volume. A 
-27 

value of 3.83 x 10 C m has also been reported by Beevers 
et al [27] in carbon tetrachloride. 

For perfect rod macromolecules, the ratio of the rod 
lengths should be equal to the ratio of the dipole moments. 
The ratio of zero concentration dipole moments for PBIC #29 
and PBIC #21 is 1.24. For the two samples the ratio of the 
weight average molecular weight is 4.8 and of the number 
average molecular weights is 1.1. The ratio of the number 
average molecular weights is in better agreement with the 
the dipole moment ratio, than the weight average ratio. Similar 
observations based on relaxation times for this system have 
been made by Jennings and Brown. 

Fig 5*44 C o n c e n t r a t i o n dependence of t h e a p p a r e n t dipole 
m o m e n t , for P B I C # 7 1 ( A ) , P B I C # 2 9 ( • ) and t h e 
p o l a r i s a b i l i t y a n i s o t r o p i c s , Aoc , f o r P B I C # 2 1 ( A ) , P B I C # 2 9 ( • ) . 
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Table 5.28 (a) PBIC #29 electrical properties 

( p, Aa = a. - a„ and B) 

Concentr-
ation , C 
i 
kg m 

r = P/Q 
Apparent 

27 

U 3 X L 0 

C m 

Apparent 

P 0 , Y X l ° ~ 2 

27 x 10 Cm 

Apparent 
7 
al" a 2 

32 2 xlO Fm 

Kerr 

constants 
12 - 2 BxlO • V m 

0.27 0. 72 1.9 4.27 0.39 1.9 

0. 53 0. 71 3. 29 4.35 0.47 4.3 

C = 0 . 9 r 

1.07 0.7 3.72 4.93 0.6 7.6 

3.67 0. 72 5.01 6. 63 1.09 12.9 

5. 34 0. 73 5.6 7. 43 1. 36 14.8 

Table 5.2fl (b)PBIC#21 electrical properties 

( p,Aa= a. - a 7 and B ) 

Concentr-
ation, c / 

kg m 
r = P/Q 

Apparent 
, n 2 7 MgX 10 

C m 

Apparent 
ue;Yxin2-
C :m 

Apparent 

Aa=a 1-
x 1 0 3 2 F m 2 

Kerr 

constants 
12 -12 BxlO v ^ m 

0. 73 0.45 4.43 4.14 0.94 2.1 

1.0 0.6 3.4 3. 87 0.62 2.4 

H-• • 0.45 4. 66 4. 66 1.07 2.7 

1. 73 0. 36 5. 63 4. 53 1.45 3.2 
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5.9 F1exible macromoi ecules. 

For poly(2-methyl-pentene -1 sulphone) and the polypro-
pylene glycols/oxides, only the Kerr constants are considered. 
These molecules produce relatively small optical retardations 

/ 

and require fields in excess of those available from the 
reversing pulse unit to achieve sufficient orientation. Hence 
the mechanism of orientation, and the chain electrical 
properties could not be evaluated by this technique. 
5.9.1 Poly(2-methyl pentene-1 sulphone) PMP5 

Because of the low birefringence produced by this macro-
molecule it was necessary to explicitly subtract the retard-
ation due to the solvent and the cell windows from the solution 
value. The cell strain birefringence, 6 q was evaluated using 
eqns 3.5 and 3.13. The optical retardation due to the solute 
as a function of applied field is shown in Fig 5.45; the plots 
exhibit curvature even at low field strengths.Evaluation of 
the.limiting initial slopes of these curves obviously involves 
large uncertainties. The Kerr constants evaluated from these 
slopes are given in Table 5. 2 9 . A more accurate study of the . 
birefringence at low fields would be necessary in order to 
comment on the concentration dependence of the Kerr constants. 

5.9.2 Polypropylene, qlycols,PPG/oxides 

Despite having a dipole component along the chain back-
bone, the low molecular weight glycols produce low birefring-
ence effects. The temperature of the liquid polymer was 
lowered in order to obtain sufficient birefringence to obtain 
accurate results with the available electric fields. Because 
of the low birefringence exhibited even at temperatures as 
low as 223 K it was necessary to subtract the cell window 
birefringence from the measured birefringence in all the cases. 
The field dependence of the retardation 6 of liquid PPG 2257 
and was studied at four temperatures and the results are shown 
in Fig 5.46(a). The 6 - E 2 relationship shows that the Kerr^is 
obeyed in the range studied, and the Kerr constants decreased 
with increasing temperature. The Kerr constants of the four 
PPG samples and one 50 v/v% solution of PPG 2257 in toluene 
were measured at 223 K. The results displayed in Fig 5.46(b) 
again show a linear 6 - E 2 relationship in all cases. The Kerr 
constants evaluated are plotted as a function of molecular 
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Table 5.29 The Kerr constants, B, based on the 
limiting slopes for PHP5 at various concentrations 
and temperature 290 K 

Concentration 
C/ kg m~ 3 

3.2 5. 5 12.7 20 • 

B x 10"1Zl\/2m"1 5. 3 8.5 15.8 32. 7 

Tig 5.45 T Leid de.pe.nde.nce. o£ the. Hine.-fL/iLng ence o-jL PflPS, £o/i 

3.2 kg ni'3(%),5.5 kg m~ 3 (u), 12.7 kg m~3(O) and 20 kg m~3(A). 

Indent : The o a c l ttog nam a/iowa the &.L/leaning ence at ua/ilouA 
- 3 

JLLetd* £o/i 5.5 kg m notation. 
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Fig 5-46 The field dependence of the retardation,?)0 for Poly-
propylene glycol (a) PPG 2257 af different temperatures,! K). 
(b) different molecular weights and diluted sample at 223 K . 
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wei qht. 
- 1 5 - 2 

The Kerr constant (4.2 x 10 M m) measured on the 
sample PPG 1002 (M = 1000) at 441.6 nm and 223 K is comparable 

- 1 5 - 2 
with a value of 3.1 x 10 V m measured by Beevers et al 
(29 ] on a sample of molecular weight 1025 at 226 K and 633,nm 
The Kerr constant of 8.9 x 10" 1 5 \l~2 m for sample PPG 2257 

— 15 - 2 
decreased to 2.9 x 10 M m when diluted to 50 v/v% using 
toluene. As the Kerr constant is a direct function of the 
dipole moments and polarisabilities of the polymer constituent 
bonds and of the chain geometric parameters, such a reduction 
may reflect a considerable conformational change on mixing the 
polymer and the solvent toluene. On the other hand the reduct 
ion by more than a factor of two may simply be due to changes 
in the polymer-polymer interactions and their replacement by 
polymer-sol vent interactions. It is nevertheless interesting 
that the Kerr law behaviour is observed for this solution in 
which the dynamics are significantly different from those for 
the undiluted polymer. 

O 

8 - 0 

6*0 

15 
10 

4*0 

2-0 

0 

O 

0 500 1000 

M 

vm 

Fig 5,41 bio lecular weight dependence of hern constant 
of Polypropylene glycol at 223 H, 
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Table 5.30 Polypropylene glycol Kerr constant variation 
with molecular weight and temperature. 

Sample 15 2 - 1 B x 1 0 1 3 \l m PPG 2257 

PPG 0402 3.2 Temperature /K B x 10J 5 V 2m" 1. 

PPG 1002 4.2 233 8.9 

PPG 2002 i 6.3 239 6.6 

PPG 2257 8.9 244 5.2 

PPG 2257 (50% ) 2.9 255 4.2 

Fig 5.48 shows representative 6 - E 2 plots for two 
concentrations of the high molecular weight polypropylene 
oxides, PPO S3.3 and PPO S4.4. The plots are linear for all 
concentrations at low field gradients but considerable depart-
ure from the Kerr law occurs at higher fields. This contrasts 
with the liquid glycols where the Kerr law was observed even 
at higher field gradients. The insert shows the concentration 
dependence of the Kerr constants for both samples is linear. 
The zero concentration Kerr constant, B c _ Q are 
4.0 x 10" 1* V~ 2m and 3.0 x 10" 1 A V" 2m for the samples. These 
values are in the ratio 1.3 as against their molecular weight 
ratio of 2.0. These zero concentration Kerr constants are 
about 5 times greater than the Kerr constant of the highest 
molecular liquid glycol PPG 2257 at even lower temperature. 

5.10 Ethyl cellulose 

Fig 5.49 shows a representative plot of the retardation, 
6 against the field strength for some concentrations of ethyl 
cellulose in toluene. This plot also contains the solvent 
retardation at various field strengths. The solvent obeyed the 
Kerr law throughout the field strength range used and has a 
Kerr constant B = 1,26 x 10~ 1 A V/"2m. The ethyl cellulose 
solutions deviate from the Kerr law at field strengths, E 2 

1 1 2 - 2 
greater than 1.0 x 10 M m . The deviations are similar to • 
those observed in the cases of PBLG and PBIC. The concent-
ration dependence of the Kerr constants is again linear over 
the range studied, with a zero concentration Kerr constants 
B _ of 5.4 x 10" 1 A V" 2m. a n d specific Kerr constant K ,(B/c) 
c=0 1 q 9 1 A / \ p 

© 4 3.6 x 10 V kg" 1 rn . (see insert Fig 5.49) 
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Ffg 5*48 The field dependence of the refardafion,6°, for PPO 
typified by fwo concenfrafions each from samples S3-3 ,3-2 kg 
m~3(#), 11-1 kg m~3(•) and S4'4 , 3-4kg m3(o),12-0 kg m ^ n ) . 

Inserf —Concenfrafion dependence of fhe Kerr constanfs. 
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Fig 5-4-9 The field dependence of f h e r e t a r d a t i o n , f o r 
e f h y l c e l l u l o s e af c o n c e n t r a t i o n s , 6-6 kg m 3 ( « ) , 9-9 kg m"3 ( • ) , 
16-6 kg , 4 0 - 0 k g RTF3(o), 57-2 kg m ^ o ) and fhe s o l v e n t 
t o luene (A) 
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COMPARISON OF SYSTEMS STUDIED AND CONCLUSIONS 

In this Chapter the different systems studied are comp-
ared with each other and an attempt is made to rationalise 
their contrasting behaviour. One of the objectives of this 
work has been to observe the effect of chain flexibility on 
the dynamics of polymers in solution. This factor has manifest-
ed itself in a variety of ways in the results obtained and a 
number of quantitative measures of chain flexibility can be 
defined. The parameters associated with these criteria for 
assessing flexibility are summarised for different systems in 
Table 6.1. 

Table 6.1 Criteria for assessing chain flexibility and 
the calculated parameters for the systems studied. 

Criteria 

Systems 
C /C* r rr T e / T B I xl0 ^ 

q 
(.•m) 

q p 
I h =n q o s C & Z ^c ^m 

PBLG III 6.1 1.25 27. 8 1.8 185 

see 

Fable 

6.3 

PBLG II 10.8 1.0 39. 8 2.2 265 

see 

Fable 

6.3 

PBLG I 13.6 0.5 60. 6 2.4 404 see 

Fable 

6.3 

see 

Fable 

6.3 

PBIC #21 > 35( est. 
150) 

1.5 - - -

see 

Fable 

6.3 

PBIC #29 209 0.06 131. 3 5.9 1094 

see 

Fable 

6.3 

PBIC CN-1 220 0.023 265.9 5.9 2216 

see 

Fable 

6.3 

see 

Fable 

6.3 PMPS 7143 0.018 55.4 19.2 112.5 

see 

Fable 

6.3 

PPO >4.5X10 £ ^8xl0" 5 _ - -

see 

Fable 

6.3 

EC 50 2.1 16.1 3.4 31. 3 

see 

Fable 

6.3 
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The first measure nf flexibility (A) is the ratio of the . ' 
observed critical concentration C . assumed to characterise r ' 
molecular overlap, to that calculated on the basis of a rigid 
chain using equation 5.5, . This ratio is expected to be 
unity for rigid molecules and to increase with increasing 
chain flexibility. On this basis the order of decreasing 
rigidity is: 

PBLG III> PBLG II > PBLG I > EC> PBIC #21 > PBIC H29 > 

PBIC CN-1 > PIMPS > PPO 

The PBLG samples are seen to deviate from rigid rod behaviour 
only slightly, confirming the ability of the Broersma equation 
to interpret the dilute solution Kerr relaxation times 
discussed in section 5.1. As expected for these weakly bending 
rods, increases slightly with molecular weight. A 
similar situation is observed for PBIC which, for the molecular 
weights studied, is significantly less rigid than the part-
icular PBLG samples studied. It will be seen shortly that this 
in part simply reflects the higher chain lengths of the PBIC 
molecules. Ethyl cellulose, despite being an extended chain 
rather than a helical molecule, is only slightly less stiff 
than PBLG on this criterion. By contrast PIMPS is considerably 
more flexible although, it must still be considered a stiff 

G 
coil in comparison to PPO, which has a C value 10 times 
that of the lowest molecular weight PBLG. 

Another quite different criterion of flexibility (B) is 
the ratio of the infinite dilution experimental relaxation 
time ascribed to whole molecule rotation, t^, to that calcul-
ated using Broersma's equation 2.6 assuming rigid rod behaviour 
(see Table 6.1). This ratio is expected to decrease 
from unity as molecular flexibility increases. The ranking of 
of the chain stiffness on this basis is: 

EC > PBIC ff21 > PBLG III > PBLG II > PBLG I > PBIC #29 

PBIC CN -1 > PIMPS > PPO. 

This order is essentially the same as that based on criterion 
A, except that EC and the lowest molecular weight PBIC #21 
are displaced to the head of the order. Again for both the 
PBLG and PBIC series there is the expected increase in f1ex-
ibility with chain length. The characterisation of EC as an 
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extended rigid chain, PIMPS as a rigid coil and PPO as a very 
flexible ccil is confirmed . The agreement of those two 
criteria based on dilute solution and concentrated solution 
behaviour is encouraging. 

A third measure of chain flexibilty (C) can be based on 
the length £ q, extracted from the experimental C^ values 
using equation 5.8, which has been interpreted here as a' 
measure of the chain persistence length (see section 5.2.5). 
The ratio.of the contour I length L to £ p, should give the 
number of persistence segments, n p, in the chain, which will • 
increase with decreasing chain stiffness. Although the physical 
basis of this criterion is similar to criterion A, the value 
of n does help to give a more absolute measure of chain stiff-
ness.. The order based on n is , 

P 
PBLG III > PBLG II > PBLG I > EC > PBIC #29 ~ PBIC CN-1 

> PIMPS 

which is in line with the previous conclusions. The small 
number of persistence segments in the PBLG and EC samples is 
partucularly striking. The number of monomer units per segment 
ns» = gives an additional interesting piece of .inform-
ation (see Table 6.1). This reveals that the intrinsic flax+ 
ibi>Tty of the chains based on n g is; rvpcrU.̂  

PBIC > PBLG > PIMPS > EC 

and that the order of chain flexibility observed for the actual 
samples used is in part a reflection of the fact that the EC 
sample is a very short chain (n=107), as are the PBLG samples 
(n= 340 - 960) in comparison to PBIC (n= 1.3xl0 3 - 1.3xl0 4) 
and PIMPS (n = 2160) . 

Other criteria of flexibility can be based on the concen-
tration and molecular weight dependence of the measured relax-
ation times. The predictions of the exponents and for 
theoretical models based on rigid rods and random coils are 
summarised in Table 6.2. Although the precise values of ^ 
and t,c vary with both concentration and the nature of the 
solvent, the models predict a general increase in the value 
as the molecules become more rigid. On this basis the order 
of chain stiffness suggested by the results of this work is; 

k c > c < c ( D ) ! 
r 
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Table 6.2 Theoretical predictions for concentration 
and molecular weight dependence of relaxation times 

Molecular type Dilute solution Semi-dilute 

Flexible 
random coil) 

Rouse [3] = 2 
Zimmflllc =1.5 L J ̂ m 

Doi-E dwards-de Gennes (.GDE) 
T d : ^m = 2 ^ c = 2 a + ^ a = l 
Tre ^ m = ^ c = 2 a + e> < H K = 1 - 5 

3 ^ 0 

Semi-flexible Hearst [l5] £ =1.5 

Hearst & Stockma-
yer flio] Cm = 2 

Schaefer et al|97], 
£ = 2a (assumed) c 
Good solvent a=0.75+C c=l•5 

g Marginal solvent a=0. 
1.0 

0-sol vent a=l.0+4 =2.0 c 
Concentrated solution a=0 

=0 
£2 

Rigid rod Broersma ^.4]^c = 3 Doi - Edwards (DE) [4] 

T u c = 7 , C = 2 K ^m ^c 
T(PGS) C c = - 1-0 

EC > PBIC #21 > PBLG II * PBLG III a, PBLG I a, PBIC CN-1 

PBIC #29 ^ PIMPS > PP0(?) 

^ c ) C > C r 
EC > (PBIC #21 ?) > PBLG III ^ PBLG II ^ PBLG I > PPO 

> PBIC #29 ^ PIMPS ̂  PBIC CN-1 

r 
PBLG > PBIC 

^ M ^ C ( G ) ; r 
PBLG > PPG > PBIC > PPO 
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In general, these rankings agree with those given by . ' 
criteria A - C. This comparison shows that, while the extent 
to which a polymer can be considered to be 'rigid' depends 
to some degree on the nature of the particular property under 
consideration, the range of criteria considered here are in 
broad agreement in the order in which they rank chain f.lex-
bility and can in some cases be used as a quantitative measure 
of this characteristic. In particular the role of increasing 
molecular weight in increasing chain flexibility has been 
quantified in the cases of PBLG, PBIC, and PPO/PPG. 

We now turn to a quantitative comparison of the exper-
imental concentration and molecular weight exponents with 
those predicted by various models. The experimental values of 
r and C are summarised in Table 6.3 for all the systems ^C M 
studied. These are to be compared with the theoretical values 
of Table 6.2, about which a few words of explanation are rel-
evant. The values for ideal rigid rods and ideal flexible 
chains are predicted by the Doi and Edwards (DE) [4] and -
de Gennes - Doi -Edwards (.GDE) [l 7 , 96] models respectively. 
x„ is the Kerr relaxation time for a rigid rod, x is the K y re 
tube renewal time in the GDE. reptation model and x^ is the 
characteristic time for faster chain wriggling motion within 
such a tube . F o r semi-flexible chains it has been assumed that 
(i) x r e depends on a c > the mean distance between chain contacts 
in the same way as for flexible chains (GDE) and rigid rods 
(DE): 

- 2 X « a re c 
(ii) a c depends on concentration in the same way predicted by 
Schaefer et al [97] i.e. 

„-a a * C c 
where a varies from 0.75, through 0.5 to 1.0 as concentration 
increases and the system passes from semi-d-i.l.ute good to 
semi-dilute medium to semi-dilute theta conditions, as 
described in section 2.3.2. 

2a Hence x C , £ = 2a re ^c 
giving the range of values quoted in Fig 6.2. 

Each of the systems can be examined in turn.in the light 
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Table 6.3 Summary of results of this work 

S ystems 

Concentration Molecular weight 

S ystems C < C r 

I C . 

c > c r C < C r c > c r 

PBLG (I,II,III),all . 
Ts j.25±0.05 1.3±0.1 2.2±0.2 3.5±0.8 

PBIC #21 T z 0.47±0.07 -

T P 0.37±0.14 -

PBIC #29 T £ 0.10±0.0 6 0.63±0.05 1.5±0.3 1.5±0.3 

T P 0. 20 0 . 1 1 

PBIC CN-1 T^ 0.2S±0.12 0.50±0.10 

T P 0.26±0.07 0.26±0.o7 

PMPS T , Pi 
-

T & T 0 e £ 0.12 0.6 ±0.07 
T. l n 0.47±0.07 0.41±0.0 7 

TI 
PPG T(primary) - - 1.25±0.2 

T(secondary - - 1.9 5±0.2 

PPO x 9 P2 - ^ 0.0 0,0. 0 

X 0 & X . £ pl - 1.0±0.1 1 . 3 ± 0 . 1 

EC (Kerr effect) 0.75±0.0E 1.75±0.2 

(PCS) D x m ^0.0 -2.0 - -

- n 0.0 - -
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of these .predi ctions. The most rigid system studied, on the 
basis of the previous discussion , was ethyl cellulose. The 
value of L (C>C ) for EC was the highest value observed in c r 
this work and is close to the DE rigid rod prediction. This 
is further evidence that in dynamic terms EC is the most rigid 
of the molecules studied. An alternative explanation for is 
in terms of the GDE semi-flexible model for good to theta 

_ 2 
solvent conditions. The PCS behaviour of D^, a c , also agrees 
with the GDE prediction for single chain diffusion in semi-
dilute theta conditions. Unfortunately no experimental 
values are available to distinguish between these alternative 
explanations. 

For PBLG, the dilute solution value of r (2.2 ±0.2) is M 
significamtly lower than the Broersma's prediction of 3, 
suggesting some deviation from rigid rod behaviour . For C>C r 

(3.5i 0.8) is much lower than the DE rigid rod value. Again 
flexibility of the helix is undoubtedly one source of this 
discrepancy. Another is probably that the DE theory neglects 
long range interactions such as dipolar and dispersion inter-
actions, which will be quite significant for polar molecules 
like PBLG. Deviations from the model which assumes molecules 
only interact on contact would be expected, independent of any 
flexibility considerations. The value o f ( C > C r ) is also 
significantly less than the DE value, of 2. Infact and for 
PBLG are reasonably consistent with the GDE semi-flexible model 
for t in good - medium solvent conditions; such an inter-re y 

pretation is consistent with the previous conclusions on the 
flexibility of PBLG. 

In the case of t^ for PBIC the dilute solution value 
of (1.5) is much less than the Broersma rigid rod value of 
3 and much more consistent with either the Zimm random coil 
or the Hearst 'worm-like' chain predictions, suggesting a sign-
ificantly more flexible helical chain than that observed for 
the PBLG samples. Again in contrast to "PBLG., hardly changes 
in increasing concentration above C^,being far less than both 
the DE prediction of 7 and the PBLG value of 3.5±0.8. It is 
even lower than that predicted by the reptation model for 
either t , or t . However, as noted ealier, since I is based d re ^m 
only on two points, no definite conclusions should be drawn 
from this. Nevertheless the concentration exponent for C>C 
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confirms Itihfis general view, being far lower than the DE pred-
iction and almost one half of those observed in the case of 
PBLG. This again suggests that the PBIC samples studied are 
considerably more flexible. Infact the values of r and r 
for PBIC at O C ^ a r e not explicable by any of the existing 
models for rigid, semi-f1exible or flexible molecules and are 
both much lower than all the predicted values. The x^ exponent 
of is less than that associated with x^ , thus suggesting 
that this x is not associated with movement of the whole • 

P 
chain but a portion of chain as described earlier. 

For PMPS, the(c c)^ >^ for x^ compares well with the 
values obtained for PBIC and is again far less than that exp-
ected for rigid rods (DE). It is also less than the GDE pred-
ictions for both flexible and semi-flexible chains. So here 
again we have exponents which are not explained by the present 
models. A much weaker concentration dependence appears to 
pertain for very flexible molecules than predicted by theory. 

PPG gave two types of relaxation processes. The exponent 
C m (=1.25±0.2) associated with the primary process is very low 
in comparison with the GDE predictions for either x r e or x^. 
This suggests that the process is not associated with motion 
of the whole molecule, as discussed in section 5.4. The 
secondary process exponent £ ' ( =1.. 95±0. 2) is in good agreen 
ment with the GDE x^ prediction and lower than that expected 
for x . This is rather surprising if x^ is indeed associated r 6 a/ 
with whole molecule rotation as x represents such motion in 

r e 3 the reptation model and is expected to scale as M even for 
flexible chains. Since these PPG molecules are expected to be 
relatively stiff (see ealier), might be expected to be, if 
anything, greater than 3. 

PPO, which on all the criteria is the most flexible of 
all the systems studied, has a concentration exponent 
which is reasonably consistent with GDE semi-f1exible model r 

for x r e in marginal solvent conditions. However, the molecular 
weight exponent (Cm)c>c ^1-3 ± 0.1 is extremely low 
compared with the value of 3 expected for this model. The 
value of fc K is considerably greater than those observed K cJC>Cr 
in PBIC and PMPS> suggesting that deviations from the GDE pre-
dictions (in the cases of PBIC and PMPS) cannot be entirely 
due to flexibility considerations. 



- 2 4 5 -

In conclusion., therefore, this work has systematically 
investigated the dynamics of polymers of varying flexibility 
in both dilute and semi-dilute conditions. It has provided 
quantitative measures of the effects of concentration and mole-
cular weight on the chain dynamics for molecules ranging from 
essentially rigid rods to very flexible coils. Several complem-
entary criteria for assessing chain flexibility have been 
proposed and shown to lead to consistent, and in some cases 
quantitative, conclusions regarding changes in chain stiffness 
with chain structure and molecular weight. The results have 
also been compared with available theories for rigid rod and 
flexible systems and with a modified theory for semi-flexible 
chains developed in this work. Although the experimental 
results can be understood in a semi-quantitative way using 
these models, a full quantitative theoretical explanation of 
the observations is not possible at the present stage of their 
development. In particular the much weaker concentration and 
and molecular weight dependences observed for the relaxation 
times of the more flexible molecules compared with theoretical 
predictions requires further investigations. 

The work has suggested a number of areas which might 
profitably be examined in more, detail in the future. The field 
strength dependence of the distorted birefringence transients 
may offer at high fields for the helical molecules PBLG and 
PBIC should be further investigated. Such peculiar transients • 
may offer more information on the possible distortion of helical 
polymers in solution by large electric fields. It is also 
suggested that the studies be extended to other molecular 
weights of ethyl cellulose (and its derivatives) in order to 
investigate the molecular weight dependence , and hence 
distinguish between the rigid rod and semi-f1exible chain 
interpretations of the dynamics of this molecule. Molecular 
weight studies should also be extended to PPO and PMPS. In 
most cases, particularly, PBIC and PMPS, it would be useful 
to carry out studies at even higher concentrations, to see if 
the experimental values of £ c do increase towards the theore-
tical predictions before the liquid crystalline transition 
region is reached. It was shown in this work that for ethyl 
cellulose , PCS provided useful complementary information to 
the Kerr effect studies in concentrated solution. The extension 
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of the PCS experiments to the other molecules in the present 
work would be extremely useful. On the theoretical side, the 
present experiments suggest that existing theories of the 
dynamics of concentrated polymer solutions based on idealised 
molecular models require some modifications if they are to 
explain the range or behaviour observed in practice for 
molecules of different conformational types. 
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