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A b s t r a c t 

The w o r k p r e s e n t e d in this t h e s i s p r o v i d e s an e x a m p l e 

of how i n e l a s t i c and q u a s i - e l a s t i c 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 m a y be u s e d to g i v e d e t a i l e d i n f o r m a t i o n a b o u t the 

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

The v i b r a t i o n a l and r o t a t i o n a l m o t i o n of the s i d e 

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

l e n g t h , a n d v a l u e s of t o r s i o n a l f r e q u e n c i e s and r o t a t i o n a l 

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

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

b a r r i e r h e i g h t s to r o t a t i o n , leading to a d i s c u s s i o n of the 

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

s t e r e o r e g u l a r i t y o n the v a l u e s of these p a r a m e t e r s is a l s o 

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

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

u r e f a c t o r ( E I S F ) as a m e a n s of c h a r a c t e r i s i n g c o m p l e t e l y 

the g e o m e t r y of the m e t h y l g r o u p r o t a t i o n is d i s c u s s e d in 

g r e a t d e t a i l for b o t h m e t h y l g r o u p s . A s e r i e s of s u p p l e m e n -

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

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

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

R e s u l t s o b t a i n e d from n e u t r o n s c a t t e r i n g e x p e r i m e n t s 

h a v e b e e n u s e f u l in leading to a g r e a t e r u n d e r s t a n d i n g of 

the d y n a m i c s of p o l y m e r n e t w o r k s . Q u a s i - e l a s t i c s c a t t e r i n g 

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

s h o w n the e f f e c t i v e n e s s of h y d r o g e n b o n d s in f o r m i n g a h i g h 

d e g r e e of c r o s s l i n k i n g , and thus a t o t a l l y h y d r o g e n - b o n d e d 

n e t w o r k . M e a s u r e m e n t s on p o l y e s t e r n e t w o r k s c o n t a i n i n g p e r m -

a n e n t c h e m i c a l c r o s s s l i n k s h a v e b e e n m a d e to i n v e s t i g a t e the 

r e l a t i v e m o t i o n of the c r o s s l i n k p o i n t s and c h a i n s b e t w e e n 

c r o s s l i n k s . l t is f o u n d that the c r o s s l i n k s a r e m o v i n g at 

a b o u t h a l f the r a t e of the c h a i n s , and f u r t h e r m o r e , t h a t the 

c h a i n s b e t w e e n c r o s s l i n k p o i n t s are o b s e r v e d to b e h a v e 

e x a c t l y as free c h a i n s in the m e l t . 
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C h a p t e r 1 . I n t r o d u c t i o n 

T h e a p p l i c a t i o n of n e u t r o n s c a t t e r i n g to the s t u d y 

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

w i d e l y e s t a b l i s h e d t e c h n i q u e in r e c e n t y e a r s 1 2 3 . T h e m a i n 

a r e a to b e n e f i t from the i n t r o d u c t i o n o f n e u t r o n s c a t t e r i n g 

is in the u n d e r s t a n d i n g of a m o r p h o u s p o l y m e r s , s i n c e c o n s i d -

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

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

t e c h n i q u e s . 

T h e r m a l n e u t r o n s h a v e w a v e l e n g t h s in the r a n g e 2 - 2 0 8 

and e n e r g i e s b e t w e e n 400 and 0.4 J / m o l . I t is t h i s c o m b i n a t i o n 

w h i c h m a k e s the n e u t r o n such a v a l u a b l e t o o l in the s t u d y 

of the s t r u c t u r e a n d d y n a m i c s o f m a t t e r , since the n e u t r o n 

w a v e l e n g t h s a r e of a m a g n i t u d e a p p r o x i m a t e l y e q u a l to t h a t 

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

a r e o f the s a m e o r d e r as m o l e c u l a r v i b r a t i o n s . I n a d d i t i o n , 

s i n c e the n e u t r o n is an u n c h a r g e d p a r t i c l e , it c a n p e n e t r a t e 

d e e p l y into m a t t e r , and as it p o s s e s s e s a m a g n e t i c m o m e n t 

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

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

s y s t e m . 

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

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

m e a s u r e m e n t of c o h e r e n t s c a t t e r i n g (which g i v e s i n f o r m a t i o n 

a b o u t the r e l a t i v e p o s i t i o n s o f d i f f e r e n t n u c l e i ) a n d 

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

- t h i s d i s t i n c t i o n is d i s c u s s e d in g r e a t e r d e p t h in s e c t i o n 

2 . 1 . 3 . T h e s c a t t e r i n g m a y then b e f u r t h e r s u b d i v i d e d into 

e l a s t i c and i n e l a s t i c s c a t t e r i n g . 

T h e f o l l o w i n g table s u m m a r i s e s the v a r i o u s 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 , and t h e i r a p p l i c a b i l i t y to o b t a i n i n g 

s p e c i f i c i n f o r m a t i o n a b o u t p o l y m e r s y s t e m s (from 3 ) . 
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T a b l e 1 . 1 A p p l i c a t i o n of N e u t r o n S c a t t e r i n g to the 

I n v e s t i g a t i o n of P o l y m e r S y s t e m s . 

T y p e o f E x p e r i m e n t A p p a r a t u s S a m p l e F o r m I n f o r m a t i o n 

U s e d O b t a i n e d 

E l a s t i c c o h e r e n t D i f f T a c t -
o m e t e r 

P o l y m e r 
c r y s t a l s 

S h o r t - r a n g e 
s t r u c t u r e 

S m a l l -
a n g l e 
s c a t t e r i n g 

R u b b e r s , 
m e l t s , 
g l a s s e s , 

s p e c t r o m e t e r s o l u t i o n s 

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

Q u a s i e l a s t i c H i g h M e l t s , M o l e c u l a r 
c o h e r e n t & r e s o l u t i o n s o l u t i o n s , d y n a m i c s 
i n c o h e r e n t T . O . F a n d g l a s s e s 

b a c k s c a t t e r i n g 

I n e l a s t i c 
c o h e r e n t 

T r i p l e a x i s 
and T . O . F 

P o l y -
c r y s t a l s , 
s i n g l e 
c r y s t a l s 

D i s p e r s i o n 
c u r v e s , e l a s t i c 
c o n s t a n t s and 
i n t e r m o l e c u l a r 
p o t e n t i a l s 

M o l e c u l a r 
s p e c t r a and 
l a t t i c e v i b r a t i o n s 
- i n t e r & i n t r a 
m o l e c u l a r p o t e n -

t i a l s 

Having o u t l i n e d the g e n e r a l u s e f u l n e s s o f n e u t r o n 

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

the f o l l o w i n g d i s c u s s i o n w i l l be c o n f i n e d to the a p p l i c a t i o n 

o f the t e c h n i q u e to s t u d y i n g l o c a l d y n a m i c s o n l y , and w i t h 

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

n e t w o r k s , and s i d e c h a i n m o t i o n s o f p o l y ( m e t h y l m e t h a c r y l a t e ) 

( P M M A ) . F r o m t a b l e 1 . 1 it is c l e a r t h a t the m o s t u s e f u l 

t e c h n i q u e for s t u d y i n g these s y s t e m s w i l l be the m e a s u r e m e n t 

of q u a s i - e l a s t i c c o h e r e n t and i n c o h e r e n t s c a t t e r i n g , and 

i n e l a s t i c i n c o h e r e n t s c a t t e r i n g . C o n s e q u e n t l y , the w o r k pre-

s e n t e d in this t h e s i s has b e e n a l m o s t e x c l u s i v e l y i n v o l v e d 

w i t h these a s p e c t s of n e u t r o n s c a t t e r i n g . 

I n e l a s t i c T . O . F R u b b e r s & 
i n c o h e r e n t g l a s s e s 
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Th e a i m s o f the s e r i e s of e x p e r i m e n t s p e r f o r m e d o n 

the n e t w o r k s w e r e t w o - f o l d . F i r s t l y , it w a s h o p e d to o b t a i n 

d e t a i l e d i n f o r m a t i o n a b o u t the c o n t r i b u t i o n of h y d r o g e n -

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

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

s i d e g r o u p s . T h i s i n v e s t i g a t i o n a r o s e as a r e s u l t of c o l l a b -

o r a t i o n w i t h w o r k e r s from the M a l a y s i a n R u b b e r P r o d u c e r s 

R e s e a r c h A s s o c i a t i o n ( M R P R A ) , w h o w e r e i n t e r e s t e d in m o d i f i -

c a t i o n s to n a t u r a l r u b b e r w h i c h w o u l d d e c r e a s e the r a t e o f 

c r y s t a l l i s a t i o n at low t e m p e r a t u r e s (below 0°C), and thus 

i m p r o v e the s t o r a g e p r o p e r t i e s of the m a t e r i a l b e f o r e p r o c e s s -

i n g . In i n t e r p r e t i n g the r e s u l t s r e l a t i n g to the d e g r e e o f 

c r y s t a l l i s a t i o n , i t is d i f f i c u l t to know to w h a t e x t e n t l o s s 

of s t e r e o r e g u l a r i t y , s t e r i c h i n d r a n c e d u e to the size of 

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

c h a i n s c o n t r i b u t e to the o b s e r v e d e f f e c t . C o n s e q u e n t l y c o n c -

l u s i v e n e u t r o n s c a t t e r i n g r e s u l t s c o n f i r m i n g the e f f e c t of 

at l e a s t o n e o f t h e s e (in t h i s c a s e the e f f e c t o n c h a i n 

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

w o u l d be of s o m e u s e in i n t e r p r e t i n g the rate of c r y s t a l l i s -

a t i o n d a t a . 

The aim o f the s e c o n d s e r i e s of e x p e r i m e n t s was to 

o b s e r v e the d i f f e r e n c e (if a n y ) b e t w e e n the m o t i o n of the 

c r o s s l i n k p o i n t s and c h a i n s b e t w e e n c r o s s l i n k p o i n t s in a 

n e t w o r k . T o d a t e , no e x p e r i m e n t s h a v e b e e n r e p o r t e d w h i c h c a n 

s u c c e s s f u l l y s e p a r a t e the m o t i o n of the two c o m p o n e n t s o f 

the s y s t e m , so c o n c l u s i v e i n f o r m a t i o n o b t a i n e d using n e u t r o n 

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

The u s e of q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g to o b t a i n 

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

in the bulk h a s b e e n w i d e s p r e a d in r e c e n t y e a r s . T h e q u a s i -

e l a s t i c s p e c t r a o b t a i n e d from p o l y m e r s in the bulk are 

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

w i d t h is s t r o n g l y Q d e p e n d e n t (where Q is the m o m e n t u m t r a n s f e r 

in the s c a t t e r i n g p r o c e s s ) . S u c h b e h a v i o u r is i n d i c a t i v e o f 

t r a n s l a t i o n a l m o t i o n in the s y s t e m , and s i n c e the m e l t is 

the l i q u i d s t a t e of a p o l y m e r , p r e l i m i n a r y i n v e s t i g a t i o n s 

i n v o l v e d a n a l y s i n g the d a t a in t e r m s of an e f f e c t i v e d i f f u s i o n 
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c o e f f i c i e n t , by a s s u m i n g t h a t the s c a t t e r i n g l a w for the 

s y s t e m c o u l d be d e s c r i b e d in t e r m s of a s i n g l e L o r e n t z i a n 

w h o s e f u l l w i d t h half m a x i m u m (FWHM) s h o u l d v a r y as Q 2 , in 

a n a l o g y to a s i m p l e liquid 1 4 5 6 . H o w e v e r , it w a s c l e a r that the 

Q d e p e n d e n c e of the F W H M of the s p e c t r a w a s m u c h g r e a t e r t h a n 

Q 2 , and in a d d i t i o n , the m e a s u r e d d a t a w a s o n l y p o o r l y f i t t e d 

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

t h e o b s e r v e d s p e c t r a and f i t t e d L o r e n t z i a n in the w i n g s . 

In the low Q r e g i o n , it w a s p r o p o s e d t h a t the m o t i o n 

o f a p o l y m e r m i g h t w e l l be d e s c r i b e d by the R o u s e m o d e l 7 , 

in w h i c h the p o l y m e r c h a i n is d e s c r i b e d in t e r m s of the 

n o r m a l m o d e s of a set of b e a d s c o n n e c t e d by H o o k e a n s p r i n g s . 

U s i n g the R o u s e m o d e l as a b a s i s , a s c a t t e r i n g law m a y b e 

c a l c u l a t e d 8 . T h e s c a t t e r i n g l a w in this case is p r e d i c t e d to 

h a v e g r e a t e r i n t e n s i t y in the w i n g s than a s i m p l e L o r e n t z i a n , 

a n d a F W H M v a r y i n g as Q 1*.Much w o r k in r e c e n t y e a r s has 

i n v o l v e d v e r i f y i n g the a p p l i c a b i l i t y of the R o u s e m o d e l to 

p o l y m e r s in the m e l t 9 1 0 and c o n c l u s i o n s r e a c h e d m o s t r e c e n t l y 1 1 

s u g g e s t t h a t in the range 1 / R < Q < l / a (where R is the r a d i u s 

o f g y r a t i o n of the c h a i n , a n d a the l e n g t h of o n e b e a d -

s p r i n g s e g m e n t ) the l o c a l m o t i o n of the p o l y m e r b a c k b o n e m a y 

b e w e l l d e s c r i b e d by this m o d e l . 

A s i m i l a r s i t u a t i o n h a s a r i s e n for the c a s e of p o l y m e r s 

in d i l u t e s o l u t i o n , w h e r e it is f o u n d that the m o t i o n c a n n o t 

b e a d e q u a t e l y d e s c r i b e d in t e r m s o f a s i n g l e L o r e n t z i a n 

( c o r r e s p o n d i n g to B r o w n i a n d i f f u s i o n ) in the Q r a n g e e x p l o r e d 

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

h a v e s h o w n 1 2 1 3 l k t h a t the m a i n c h a i n m o t i o n of p o l y m e r s in 

d i l u t e s o l u t i o n is b e s t d e s c r i b e d in t e r m s of t h e Zimm m o d e l 1 5 

a g a i n a p p l i c a b l e in the r a n g e 1 / R g < Q<l/cr.In this c a s e , the 

s c a t t e r i n g law c a l c u l a t e d b y de G e n n e s 1 6 p r e d i c t s a F W H M 

v a r i a t i o n of t h e q u a s i - e l a s t i c c o m p o n e n t w i t h Q 3 . 

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

h a v e b e e n m a d e o n p o l y m e r n e t w o r k s 1 7 , v e r y l i t t l e q u a s i -

e l a s t i c s c a t t e r i n g w o r k has b e e n d o n e to s t u d y the l o c a l m o t i o n s 

o f the c h a i n s in the s y s t e m . O n e e x c e p t i o n is t h a t o f W a l s h 

et a l 1 8 , w h o i n v e s t i g a t e d the e f f e c t of h y d r o g e n b o n d i n g o n 
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c h a i n m o b i l i t y in u r e t h a n e n e t w o r k s . L i t t l e t h e o r e t i c a l w o r k 

h a s b e e n d o n e in terms of p r e d i c t i n g the s c a t t e r i n g law f o r 

p o l y m e r n e t w o r k s , or i n d e e d , to d e s c r i b e the c h a i n m o t i o n 

q u a n t i t a t i v e l y in any w a y at a l l . A r e c e n t p a p e r 19r h o w e v e r , 

d i s c u s s e s the r e l a t i v e m o t i o n o f the c r o s s l i n k p o i n t s and 

c h a i n s in a n e t w o r k , and is t h e r e f o r e of s o m e r e l e v a n c e to 

the w o r k d i s c u s s e d in c h a p t e r 4 . 

O n the o t h e r h a n d , a c o n s i d e r a b l e a m o u n t of w o r k h a s 

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

o b t a i n e d u s i n g n o t o n l y n e u t r o n s c a t t e r i n g , b u t N M R a n d 

m e c h a n i c a l and d i e l e c t r i c r e l a x a t i o n t e c h n i q u e s as w e l l . 

W i t h r e g a r d to n e u t r o n s c a t t e r i n g , the m o t i o n o f the s i d e 

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

to o b t a i n the r o t a t i o n a l s c a t t e r i n g l a w , a n d a l s o i n e l a s t i c 

i n c o h e r e n t s c a t t e r i n g m e t h o d s to o b t a i n the f r e q u e n c y 

d i s t r i b u t i o n f u n c t i o n and v i b r a t i o n a l f r e q u e n c i e s of the 

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

r o t a t i o n . 

W i t h p a r t i c u l a r r e f e r e n c e to P M M A , some i n t e r e s t i n g 

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

m o t i o n of the two m e t h y l g r o u p s h a v e b e e n r e p o r t e d 2 0 2 1 2 2 . 

It has b e e n f o u n d that the t o r s i o n a l f r e q u e n c i e s (and thus 

the b a r r i e r h e i g h t ) of the a - m e t h y l g r o u p a r e s t r o n g l y d e p -

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

f i n a l r e s u l t s q u o t e d 2 2 g i v e a v a l u e of V^ of 3 3 k J / m o l for 

s y n d i o t a c t i c P M M A , and 2 3 k J / m o l for i s o t a c t i c P M M A . A v a l u e 

o f 5 . 0 k J / m o l is a l s o q u o t e d 2 1 for the e s t e r m e t h y l g r o u p in 

an a t a c t i c s a m p l e of P M M A . T h i s s t r o n g d e p e n d e n c e of V^ o n 

t a c t i c i t y for the a - m e t h y l g r o u p h a s a l s o b e e n o b s e r v e d by 

o t h e r w o r k e r s using N M R and o t h e r r e l a x a t i o n t e c h n i q u e s 2 3 2 4 2 5 2 6 2' 

V a l u e s of E ^ 2 9 o b t a i n e d are as f o l l o w s ; for s y n d i o t a c t i c 

P M M A , 2 3 - 3 5 k J / m o l and for i s o t a c t i c P M M A , 16 k J / m o l . In 

o r d e r to c o m p a r e the v a l u e s of E o b t a i n e d u s i n g r e l a x a t i o n 
a 

t e c h n i q u e s w i t h the v a l u e s of V ^ o b t a i n e d using i n e l a s t i c 

n e u t r o n s c a t t e r i n g , the p r o b l e m of q u a n t u m m e c h a n i c a l t u n n e l l -

ing m u s t be c o n s i d e r e d . S t r o n g e v i d e n c e for q u a n t u m m e c h a n i c a l 

t u n n e l l i n g at low t e m p e r a t u r e s in the m e t h y l g r o u p s in P M M A 

h a s b e e n p r e s e n t e d by v a r i o u s w o r k e r s 2 7 2 9 3 0 3 1 .This m e a n s t h a t 
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v a l u e s o f E a n d V~ a r e n o t d i r e c t l y c o m p a r a b l e , b u t if E 
a J a 

is u s e d to o b t a i n a v a l u e of V ^ ( N M R ) as s u g g e s t e d in 2 2 , 

V ^ ( N M R ) a n d V ^ ( n e u t r o n s c a t t e r i n g ) m a y be c o m p a r e d . A d o p t i n g 

this a p p r o a c h , V ^ ( N M R ) for the a - m e t h y l g r o u p in i s o t a c t i c 

P M M A is f o u n d to be 22.6 k J / m o l and V 3 ( N M R ) for s y n d i o t a c t i c 

P M M A to b e 30 k J / m o l . T h e s e r e v i s e d v a l u e s a r e now in e x c e l l e n t 

a g r e e m e n t w i t h the n e u t r o n s c a t t e r i n g v a l u e s of V ^ q u o t e d 

a b o v e . 

S o m e w h a t less i n f o r m a t i o n is a v a i l a b l e r e g a r d i n g the 

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

s c a t t e r i n g v a l u e of the b a r r i e r h e i g h t o b t a i n e d (for a t a c t i c 

P M M A ) is t h a t q u o t e d a b o v e , of 5.0 k J / m o l . S i n c e this r o t a t i o n 

sets in a t e x t r e m e l y low t e m p e r a t u r e s (below 4.2K) 2 1 2 7 3 2 , it 

is d i f f i c u l t to o b t a i n r e l i a b l e N M R d a t a , and the o n l y v a l u e 

of E q u o t e d is a g a i n for a t a c t i c PMMA21* .This is t e n t a t i v e l y 
a 

g i v e n as 2.9 k J / m o l , a l t h o u g h the r e s u l t is s o m e w h a t un-

c e r t a i n . N o v a l u e s o f e i t h e r V-, or E for the e s t e r m e t h y l 3 a 
g r o u p in s t e r e o r e g u l a r P M M A h a v e b e e n f o u n d in the l i t e r a t u r e . 

A s i n d i c a t e d e a r l i e r , i n a d d i t i o n to o b t a i n i n g v a l u e s 

of V ^ for t h e m e t h y l g r o u p s using i n e l a s t i c s c a t t e r i n g 

t e c h n i q u e s , it is a l s o p o s s i b l e to o b t a i n r o t a t i o n a l f r e q -

u e n c i e s f r o m q u a s i - e l a s t i c m e a s u r e m e n t s . I f this is d o n e o v e r 

a r a n g e o f t e m p e r a t u r e s , a n a c t i v a t i o n e n e r g y , E , m a y be 
a 

o b t a i n e d for d i r e c t c o m p a r i s o n w i t h v a l u e s of E g i v e n by 
a 

r e l a x a t i o n t e c h n i q u e s . N o v a l u e s of E q f o r e i t h e r o f the 

m e t h y l g r o u p s in P M M A u s i n g q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g 

are r e p o r t e d in the l i t e r a t u r e to d a t e . 

T h e s e r i e s of i n e l a s t i c and q u a s i - e l a s t i c n e u t r o n 

s c a t t e r i n g e x p e r i m e n t s p e r f o r m e d o n P M M A w a s i n t e n d e d to 

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

to the m o t i o n o f the two m e t h y l s i d e g r o u p s . F o r the a - m e t h y l 

g r o u p , v a l u e s o f V ^ o b t a i n e d o n s t e r e o r e g u l a r s a m p l e s w o u l d 

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

m e a s u r e m e n t o f the r o t a t i o n a l f r e q u e n c y at s e v e r a l t e m p e r a t u r e s 

s h o u l d p r o v i d e a v a l u e of E ^ for c o m p a r i s o n w i t h r e l a x a t i o n 

m e a s u r e m e n t s . S i n c e no m e a s u r e m e n t s h a v e b e e n r e p o r t e d in the 

l i t e r a t u r e r e l a t i n g the s t e r e o r e g u l a r i t y o f the p o l y m e r to 
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the m o t i o n of the e s t e r m e t h y l g r o u p , it w a s i n t e n d e d t h a t 

c o n c l u s i v e e v i d e n c e w o u l d be o b t a i n e d using n e u t r o n s c a t t e r i n g 

to e s t a b l i s h the e f f e c t of t a c t i c i t y o n E and V - . 
a 3 

In a d d i t i o n to p r o v i d i n g a v a l u e of the r o t a t i o n a l 

f r e q u e n c y , q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g d a t a from s i d e -

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

m e t r y of the r o t a t i o n 3 3 . N e u t r o n s c a t t e r i n g is the o n l y 

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

ed from the m e a s u r e m e n t s is the E l a s t i c I n c o h e r e n t S t r u c t u r e 

F a c t o r ( E I S F ) , w h i c h is the time a v e r a g e d s p a t i a l d i s t r i b u t i o n 

f u n c t i o n o f the m o v i n g p r o t o n s in the s y s t e m . A l t h o u g h the 

E I S F h a s n e v e r b e e n m e a s u r e d for the two m e t h y l g r o u p s in 

P M M A , its u s e f u l n e s s h a s b e e n d e m o n s t r a t e d by a n u m b e r o f 

w o r k e r s 3 3 34 3 5 3 6 3 7 3 8 , w h o h a v e s h o w n t h a t c a r e f u l m e a s u r e m e n t 

o f the E I S F a l l o w s e x a c t d e t e r m i n a t i o n of the g e o m e t r y o f the 

r o t a t i o n , so that of a n u m b e r of d i f f e r e n t p o s s i b l e m o t i o n s 

in a s y s t e m , a l l m a y be d i s c o u n t e d e x c e p t o n e . T h u s the 

m e a s u r e m e n t of the E I S F for the e s t e r m e t h y l g r o u p in P M M A 

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

c o m b i n a t i o n o f m o t i o n s i n v o l v e d in the r o t a t i o n of this 

g r o u p . 

In c h a p t e r s 3 a n d 4 , the r e s u l t s r e f e r r e d to b r i e f l y 

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

w i t h r e s u l t s o b t a i n e d f r o m the set of e x p e r i m e n t s d e s c r i b e d 

in this t h e s i s . 
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C h a p t e r 2 . G e n e r a l N e u t r o n S c a t t e r i n g 

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

s c a t t e r i n g . T h e b a s i c t h e o r y is d i s c u s s e d , f o l l o w e d by a 

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

p r e s e n t e d in c h a p t e r s 3 a n d 4 . A n o u t l i n e of the m e t h o d s 

u s e d to a n a l y s e the raw d a t a c o n c l u d e s the c h a p t e r . M o r e 

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

s p e c i f i c a l l y to s i d e c h a i n m o t i o n and the d y n a m i c s o f m a i n 

c h a i n s are g i v e n in t h e a p p r o p i a t e c h a p t e r s . 

2 . 1 B a s i c P r i n c i p l e s of N e u t r o n S c a t t e r i n g T h e o r y 

In o r d e r to d e s c r i b e a s c a t t e r i n g e v e n t b e t w e e n a 

n e u t r o n and a n u c l e u s , c o n s i d e r a t i o n m u s t be g i v e n to two 

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

- this is k n o w n as n u c l e a r s c a t t e r i n g . A n a l t e r n a t i v e inter-

a c t i o n is p o s s i b l e if there a r e u n p a i r e d e l e c t r o n s p r e s e n t , 

w h e n t h e m a g n e t i c m o m e n t o f the n e u t r o n m a y i n t e r a c t w i t h 

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

m a g n e t i c s c a t t e r i n g . M a g n e t i c s c a t t e r i n g is not e n c o u n t e r e d 

in the p o l y m e r s y s t e m s u n d e r d i s c u s s i o n in this t h e s i s , so 

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

ing p r o c e s s e s by t h e r m a l n e u t r o n s . 

T h e b a s i c t h e o r y d e s c r i b e d in this s e c t i o n is inten-

d e d b y w a y of a g e n e r a l o u t l i n e o n l y , and a m o r e d e t a i l e d 

d e s c r i p t i o n m a y b e f o u n d e l s e w h e r e 3 9 1+0 111 . 

2 . 1 . 1 E n e r g y and M o m e n t u m T r a n s f e r in the S c a t t e r i n g P r o c e s s 

k 0-2ir/A 

C o n s i d e r an i n c i d e n t b e a m of n e u t r o n s w i t h i n i t i a l 

e n e r g y and w a v e v e c t o r Eq and kg r e s p e c t i v e l y to be s c a t t e r e d 

by a s a m p l e at an a n g l e 0 , as s h o w n s c h e m a t i c a l l y in the 
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v e c t o r d i a g r a m a b o v e . I f the e n e r g y and w a v e v e c t o r a f t e r the 

s c a t t e r i n g e v e n t are E and J<, then the e n e r g y t r a n s f e r in 

the p r o c e s s , A E , is g i v e n by 

AE = ftu) = E - E q (2.1) 

and the m o m e n t u m t r a n s f e r , "FiQ, by 

fiQ = fi (k — isq) (2.2) 

U s i n g ( 2 . 1 ) , (2.2) a n d e l e m e n t a r y g e o m e t r y , 

Q = ( k 2 + k 2 - 2 k k 0 c o s 9 )
J 5 (2.3) 

In a p u r e l y e l a s t i c p r o c e s s , k = k g a n d (2.3) r e d u c e s to 

Q = 4iTsinO 

2.1.2 S c a t t e r i n g from a S i n g l e N u c l e u s - R e l a t i o n s h i p 

B e t w e e n the S c a t t e r i n g L e n g t h , b , and the C r o s s -

S e c t i o n , a 

T h e i n t e r a c t i o n p o t e n t i a l b e t w e e n the i n c o m i n g 

n e u t r o n and the s c a t t e r i n g n u c l e u s is v e r y s h o r t r a n g e -
- 1 5 

of the o r d e r of 1 . 5 x 1 0 m . S i n c e this is c o n s i d e r a b l y 

less t h a n the w a v e l e n g t h o f the i n c i d e n t n e u t r o n ( t y p i c a l l y 

^ 1 0 m ) , the n e u t r o n - n u c l e u s s c a t t e r i n g f u n c t i o n w i l l 

c o n t a i n o n l y s - w a v e components 1* 1 a n d the s c a t t e r i n g w i l l be 

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

g r e a t e r t h a n r^ (where r^ d e f i n e s the r a n g e of the i n t e r a c -

tion) it c a n be shown 1* 1 t h a t the a m p l i t u d e of the s c a t t e r e d 

w a v e m a y be d e f i n e d by o n l y a s i n g l e p a r a m e t e r , the s c a t t -

e r i n g l e n g t h , b . b is u s u a l l y p o s i t i v e , a l t h o u g h it m a y be 

n e g a t i v e , o r e v e n c o m p l e x , in w h i c h c a s e the i m a g i n e r y 

c o m p o n e n t r e p r e s e n t s a b s o r p t i o n (which is s m a l l , in m o s t 

c a s e s ) . T h e s c a t t e r i n g l e n g t h v a r i e s in a r a n d o m m a n n e r 

t h r o u g h o u t the p e r i o d i c t a b l e , and for any g i v e n a t o m i c 

s p e c i e s , it v a r i e s b e t w e e n i s o t o p e s . 
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2 . 1 . 3 S c a t t e r i n g f r o m a n A r r a y o f N u c l e i - C o h e r e n t a n d 

I n c o h e r e n t S c a t t e r i n g 

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

in a m a t e r i a l a r e n o t c o n s t a n t , a n d i n a d d i t i o n , c a n b e 

s h o w n to d e p e n d o n t h e r e l a t i v e n u c l e a r s p i n o r i e n t a t i o n 

o f t h e n e u t r o n - n u c l e u s s y s t e m k 0 , t h e i n c i d e n t n e u t r o n 

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

e r i n g p o t e n t i a l g i v e s r i s e t o i n t e r f e r e n c e e f f e c t s b e t w e e n 

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

T h i s m e a n s c a t t e r i n g is p r o p o r t i o n a l to b , so t h e c o h e r e n t 

c r o s s - s e c t i o n is g i v e n b y 4TT|B|2. 

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

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

g i v e n b y 4TT ( | b| 2 - | b | 2 ) . C l e a r l y , t h e s e d e v i a t i o n s a r e r a n d o m , 

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

d e s i g n e d to m e a s u r e i n c o h e r e n t s c a t t e r i n g . 

T h u s , m e a s u r e m e n t of c o h e r e n t s c a t t e r i n g g i v e s 

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

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

i n d i v i d u a l a t o m s . 

T a b l e 2 . 1 l i s t s t h e s c a t t e r i n g c r o s s - s e c t i o n s f o r 

s o m e c o m m o n a t o m s (from 4 2 ) . 

T a b l e 2 . 1 S c a t t e r i n g C r o s s - s e c t i o n s f o r s o m e C o m m o n A t o m s 

A t o m S p i n a c Q h ( 1 0 _ 2 4 c m 2 ) a
i n c o h d 0 " 2 4 ™ 2 > 

1 6 0 0 4.2 

12 

C 0 5.5 

1 4 N 1 1 1 . 6 0.3 

D 1 5.6 2.0 

H h 1 . 7 6 7 9 . 7 
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W h i l s t o x y g e n , c a r b o n and n i t r o g e n are a l m o s t p u r e l y c o h e r e n t 

s c a t t e r e r s , h y d r o g e n is a v e r y s t r o n g , a l m o s t p u r e l y inc-

o h e r e n t s c a t t e r e r . S i n c e d e u t e r i u m is a r e l a t i v e l y w e a k 

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

h a s b e c o m e an i m p o r t a n t t e c h n i q u e for s t u d y i n g s p e c i f i c 

g r o u p s in the m o l e c u l e s . 

2.1.4 T h e D o u b l e D i f f e r e n t i a l C r o s s - s e c t i o n 

The q u a n t i t y m e a s u r e d e x p e r i m e n t a l l y in a n e u t r o n 

s c a t t e r i n g e x p e r i m e n t is the d o u b l e d i f f e r e n t i a l c r o s s -

s e c t i o n , 9 2a/9ft9E.This is the p r o b a b i l i t y t h a t n e u t r o n s w i l l 

be s c a t t e r e d by an a r r a y of N a t o m s w i t h c r o s s - s e c t i o n a 

into s o l i d a n g l e 9£2 w i t h e n e r g y c h a n g e 9 E . 

i . e . 

9 2 a _ n o . n e u t r o n s w i t h e n e r g y E to E + 6 E s c a t t e r e d into 6ft 
9ft 9E 

p e r s e c o n d , d i v i d e d by the i n c i d e n t flux x6ft x 6 E . 

It c a n be s h o w n 3 9 that 9 2a/9ft9E m a y be g i v e n by the 

f o l l o w i n g e x p r e s s i o n : 

9 2 a = k f m 2 ^ p ^ p ^ ^ | <ksA | V | k 0 s 0 V I
 2<$ ( ̂  E

x ) < 2 - 4 ) 

>„,$<> As 9ft9E kfl 

m 
12TT*2J 

T h i s is the f i r s t B o r n a p p r o x i m a t i o n to the c r o s s -

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

T h e t e r m s i n c l u d e d in the e x p r e s s i o n m a y be i d e n t i f i e d w i t h 

the f o l l o w i n g p r o b a b i l i t i e s : 

(1) the p r o b a b i l i t y t h a t a n e u t r o n w i t h w a v e v e c t o r 
A 

k^ w i l l b e s c a t t e r e d w i t h w a v e v e c t o r k , w h e r e V is the 

i n t e r a c t i o n p o t e n t i a l in the s c a t t e r i n g p r o c e s s . 

(2) the p r o b a b i l i t y t h a t the n u c l e u s w i l l g o from 

i n i t i a l s t a t e A^ to f i n a l s t a t e A w h e n it u n d e r g o e s an 

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

m u s t be c o n s e r v e d , i . e . 

e n e r g y g a i n e d by n u c l e u s = E ^ -

= e n e r g y l o s t by n e u t r o n 
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This is represented by the S-function term in the expression, 
(3) the p r o b a b i l i t y t h a t if t h e i n i t i a l s p i n s t a t e 

o f the n e u t r o n is Sq, t h e f i n a l s p i n s t a t e w i l l be s . 

The application of first order perturbation theory 
to obtain this expression is not strictly valid, since 
although the nuclear forces are very short range, they are 
also extremely large.However, it is a good approximation 
well outside the range of these forces (i.e r»rg)and so 
appropiate for the discussion of neutron scattering spect-
roscopy. 

I n o r d e r t o e v a l u a t e (2.4) f u r t h e r , it is n e c e s s a r y 
A A 

to f i n d s o m e a p p r o p i a t e f o r m o f V ( £ ) . T h e o n l y f o r m o f V ( r ) 

w h i c h g i v e s t h e c o r r e c t s - w a v e s c a t t e r i n g in t h e B o r n 

a p p r o x i m a t i o n 2 1 , 1 is t h e F e r m i p s e u d o - p o t e n t i a l , 

V (r) = 2rrhjb S(r-R) 
m 

w h e r e £ is t h e p o s i t i o n v e c t o r o f the n e u t r o n , a n d 

R is t h e p o s i t i o n v e c t o r o f the n u c l e u s . 
A , 

S u b s t i t u t i n g f o r V ( £ ) , t h e f i n a l f o r m o f 9zcr/9ft9E is g i v e n 

b y , 

a _ k < p p . ^ > < s X \l b,exp(iQ.R.)| s 0X 0>|
 2 6 ( h w + R - E ) (2.5) 

9 E ~ k n U V t 1 9 Q 9 E 

T h i s is t h e e q u a t i o n o n w h i c h n e u t r o n s c a t t e r i n g t h e o r y is 

b a s e d . 

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

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

i . e . 

6 (hu) + E E ^ ) = 1 d t e x p f - i t ( fioo + E ^ - E x)^ 
2ifh J ^ "ft 

-OO 

S u b s t i t u t i n g in (2.5) it m a y b e shown 1* 3 t h a t t h e d o u b l e 

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

r 0 0 

9 2 q k 1 
9ft9E k n 2irh j 

U -oO 

d t e x p ( - i w t ) ^ > b^b , < e x p ( - i Q . R t ( 0 ) ) e x p (iQ.R (t))> 

U' L 

(2.6) 
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w h e r e < > d e n o t e s t h e t h e r m a l a v e r a g e a n d 

* ° 

w h e r e b^b^i is a n a v e r a g e o v e r r a n d o m s p i n o r i e n t a t i o n s a n d 

i s o t o p e d i s t r i b u t i o n s o f b ^ b ^ 

i . e . b ^ b ^ = ^ T p ^ < A 0 1 b ^ b ^ | A 0 > 

2 . 1 . 5 T h e S c a t t e r i n g L a w , S(Q,o)),and t h e V a n H o v e 

C o r r e l a t i o n F u n c t i o n s 

In a s y s t e m w h e r e the v a l u e o f b^ is i n d e p e n d e n t o f 

L , i . e . a s y s t e m w h i c h is c o m p o s e d o f a s i n g l e c h e m i c a l 
— 

s p e c i e s o n l y , t h e a v e r a g e b^b^z m a Y b e t a k e n o u t s i d e the su 

o v e r I , a n d e q u a t i o n (2.6) r e w r i t t e n a s U 3 

3 2 g = N k b*b,, S(Q,(d) (2.7) 
dQZE k Q 

S ( Q , w ) is t h e s c a t t e r i n g l a w f o r the s y s t e m . I t 

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

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

c o n d i t i o n s . I n a d d i t i o n , it m a y be s h o w n t h a t 3 9 

S(Q,(d) = e x p f - W N S(-Q,-03) 
\ k T J 

T h i s is d u e to t h e c o n d i t i o n o f d e t a i l e d b a l a n c e , 

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

fiu), f r o m t h e s y s t e m m u s t b e e q u a l to t h e n u m b e r o f n e u t r o n s 

l o s i n g fioj. 

A s y m m e t r i c a l s c a t t e r i n g l a w , S(Q,o)) m a y b e d e f i n e d 

b y , 

§(Q,cu) = e x p /-"fiuAs (Q,o)) 
\ kT^ 

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

f o r t h e p u r p o s e s o f d a t a a n a l y s i s t h a n the a s y m m e t r i c S(Q,o)). 

S i n c e t h e r e is n o c o r r e l a t i o n b e t w e e n the s c a t t e r i n g 
t h f t h 

l e n g t h s o f t h e 1 a n d 1 n u c l e u s , t h e n 
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* • 2 _ I u I 2 if 1 = 1 then b ^ = | b 1 r = |b 

and if 1 f t then b ^ = |b 

thus (2.7) m a y be s e p a r a t e d into a c o h e r e n t and i n c o h e r e n t 

c o m p o n e n t , 

( l 2 _ o \ = N k | b | 2 S , (Q,OJ) 
u l C n c o h ^ ' ' 

v ' c o h 0 

w h e r e 

Scoh(Q,W) = 

and 

__1_ j dt exp(-ia)t)Z <exp(-iQ.R L(0)) e x p (iQ.R (t) )> 

f i f e ) . m f I b " b " l 2 S i n c ^ ) 
m c 

w h e r e 

S i n c ( ^ , a ) ) = i - f d t e x P (~iwt)£"<exp (-iQ.R (0) ) exp (iQ.R (t) )> 
2N"HN J L  L  L  

In r e a l t e r m s , the a s s u m p t i o n that the s c a t t e r i n g 

is l i m i t e d to o n l y o n e c h e m i c a l species is r e a s o n a b l e for 

the p o l y m e r s u n d e r i n v e s t i g a t i o n in this t h e s i s , since the 

o b s e r v e d s c a t t e r i n g w i l l be l a r g e l y incoherent s c a t t e r i n g 

from the h y d r o g e n in the s y s t e m . 

For future r e f e r e n c e , it is informative to c o n s i d e r 

the F o u r i e r t r a n s f o r m s in both time and space of the c o h e r e n t 

and i n c o h e r e n t s c a t t e r i n g l a w s . 

The i n c o h e r e n t s c a t t e r i n g function is the 

Fourier t r a n s f o r m of the i n t e r m e d i a t e scattering 

I. (Q, t)1+1 , i . e . 
m c 

time 

f u n c t i o n , 
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S i n c ( S ' u ) = — r°° e xP(- i u t) I i n c ( ^ ' t ) d t 

2tt J 

w h e r e I
i n c ( Q ' t ) = < e x p { - i Q . r ( 0 ) } e x p { i Q . r ( t ) } > 3 5 

w h e r e < > a g a i n d e n o t e s a t h e r m a l a v e r a g e . 

T h e space F o u r i e r t r a n s f o r m i n t r o d u c e s the self p a i r 

c o r r e l a t i o n f u n c t i o n , G (r,t) 3 5 3 9 

s — 

wh ere I i n c ( Q r t ) = J exp(iQ.r) G g ( r f t ) d r 

and G ( 
s 

r,t) = fdr'<6{r-r' +R1(0)}6{r'-R1(t)} > 
N i J 

H e n c e , S . (Q,w) = _1_ f fexp{ i (Q. r - ut) } G (r,t) dr 
2tt J J s 

dt 

S i m i l a r d e f i n i t i o n s a p p l y for the c o h e r e n t s c a t t e r i n g l a w , 

l e a d i n g to 

S c o h ( Q , . w ) = _1_ jyexp{i (Q.r - cot) } G ( r , t ) d r d t 

w h e r e G(.r,t) is the p a i r c o r r e l a t i o n f u n c t i o n , a n d 

G ( r , t ) = f d r ' <6{r - r ' + ^ (0) }6{r • - R ^ ( t ) } > 
Nie J 

T h e p h y s i c a l m e a n i n g s of G(r_ ft) and G g ( £ , t ) are 

m a d e c l e a r e r if the s y s t e m is c o n s i d e r e d in the c l a s s i c a l 

l i m i t , so that a l l n u c l e i are e q u i v a l e n t . In t h i s c a s e , 

the a v e r a g e l r m a y be dropped 1* 3 and 
N I 

G f ( r , t ) = < 6 { r - R Q ( t ) + R q ( 0 ) } > 

a n d G c l ( r , t ) = < 6 { r - R ^ ( t ) + R Q ( 0 ) } > 
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c l 
that i s , G g (j:,t) is the p r o b a b i l i t y t h a t if a g i v e n 

s c a t t e r i n g c e n t r e is at Rq at time t = 0 , then the same 
c 1 

s c a t t e r i n g c e n t r e w i l l b e at _r at t i m e t = t . G ( £ f t ) is 

the p r o b a b i l i t y t h a t if a n u c l e u s is a t Rq at time t = 0 , 

then a n y s c a t t e r i n g c e n t r e (including the o r i g i n a l o n e ) 

w i l l be at _r at time t = t . 

2.2 E x p e r i m e n t a l T e c h n i q u e s and I n s t r u m e n t a t i o n 

A w i d e range of s p e c t r o m e t e r s is a v a i l a b l e for 

n e u t r o n s c a t t e r i n g e x p e r i m e n t s , c o v e r i n g v a r i o u s e n e r g y and 

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

p r o p e r t i e s . To o b t a i n the r e s u l t s p r e s e n t e d in c h a p t e r s 3 

and 4 , f i v e i n s t r u m e n t s w e r e u s e d . Q u a s i - e l a s t i c e x p e r i m e n t s 

to s t u d y the r o t a t i o n a l m o t i o n of the e s t e r m e t h y l g r o u p in 

p o l y ( m e t h y l m e t h a c r y l a t e ) w e r e p e r f o r m e d o n the t i m e - o f -

f l i g h t s p e c t r o m e t e r , I N 5 , at the I n s t i t u t L a u e - L a n g e v i n 

(ILL), G r e n o b l e , F r a n c e , a n d the n e w t i m e - f o c u s s i n g t i m e - o f -

f l i g h t s p e c t r o m e t e r , I N 6 , a l s o at the I L L . O b s e r v a t i o n of 

the s l o w e r r o t a t i o n a l m o t i o n of the a - m e t h y l g r o u p r e q u i r e d 

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

t h e s e e x p e r i m e n t s w e r e p e r f o r m e d o n the h i g h r e s o l u t i o n 

b a c k - s c a t t e r i n g s p e c t r o m e t e r , I N 1 0 , a t the I L L , F r a n c e . 

IN10 w a s a l s o u s e d for s t u d y i n g the d y n a m i c s of the p o l y m e r 

n e t w o r k s . I n e l a s t i c m e a s u r e m e n t s to o b t a i n the h y d r o g e n -

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

p a r t i a l l y d e u t e r a t e d s a m p l e s o f P M M A w e r e m a d e o n 4K5 , 

A E R E , H a r w e l l , a n d a d d i t i o n a l i n e l a s t i c d a t a r e l a t i n g to 

the e f f e c t o f s t e r e o r e g u l a r i t y o n the m o t i o n of the two 

s i d e g r o u p s m a d e o n the t i m e - o f - f l i g h t s p e c t r o m e t e r , I N 6 . 

In a d d i t i o n , s u p p l e m e n t a r y e x p e r i m e n t s to m e a s u r e the 

c o h e r e n t s c a t t e r i n g f r o m P M M A w e r e m a d e o n the p o w d e r d i f f -

r a c t o m e t e r , 1 0 H , a l s o at H a r w e l l . 

A b r i e f d e s c r i p t i o n of each i n s t r u m e n t n o w f o l l o w s . 

M o r e d e t a i l e d i n f o r m a t i o n m a y be f o u n d e l s e w h e r e ( 4 4 - 5 1 ) . 
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2.2.1 Use of a Cold Source 

Neutrons from a reactor pile have a thermal neutron 
wavelength distribution which peaks at about 1 8. However, 
the most useful incident wavelength in many experiments 
(particularly time-of-flight) is likely to be greater than 
4 8, where the neutron flux is far removed from its peak 
value. The problem of low flux at longer wavelengths may be 
overcome by suitable adjustment of the moderator temperature, 
and this is achieved in practice by the use of so-called 
'cold sources' which shift the peak of the Maxwellian wave-
length distribution to longer wavelengths. The cold source 
usually takes the form of a small volume of liquid hydrogen. 

All the time-of-flight spectrometers described 
below, and IN10, are located on a cold source, giving a peak 
flux at greater than 4 8. 

2.2.2 The Backscattering Spectrometer, IN10 

INI0 is intended for the measurement of very small 
energy transfers in the range ±10peV. It is a high resol-
ution instrument, having a typical full width half maximum 
(FWHM) elastic resolution of the order of lueV. 

The instrument is shown schematically in figure 2.1. 
Cold neutrons, with a flux x 1 0 ^ neutrons/s/cm2 and 
incident wavelength peaked around 7 8 travel along the main 
guide tube to the monochromator crystal, where they are 
back-scattered along their incident path. On returning, they 
strike a (0 0 1) oriented graphite crystal, positioned 
slightly higher than the incident beam, from which about 40% 
of the back-scattered beam is reflected along the guide to 
the sample. After passing through a chopper (to pulse the 
beam and ensure that neutrons scattered directly into the 
detectors are not counted) and monitor, the neutrons are 
scattered by the sample onto one of several curved analyser 
plates arranged around the wall of the helium container. 
These back-reflect the scattered beam into 3He detectors 
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Fig. 2,1 Back Scattering Spectrometer IN 10 

1 Shielding 

2 Analyzer Crystals 
3 3He Defectors 
k Sample 
5 Monitor 
6 Auxiliary Chopper 
7 Neutron Guide 

8 Graphite Crystal 
9 Monochromator Crystal 
10 Doppler Drive 
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p o s i t i o n e d a r o u n d the s a m p l e . Since this a r r a n g e m e n t w i l l 

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

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

b a c k w a r d s and forwards in the d i r e c t i o n of the beam by a 

D o p p l e r d r i v e , thus s l i g h t l y v a r y i n g the i n c i d e n t e n e r g y of 

the n e u t r o n s striking the s a m p l e . O n l y those n e u t r o n s 

w h i c h r e c e i v e e q u a l and o p p o s i t e energy t r a n s f e r in the 

s c a t t e r i n g p r o c e s s w i l l be r e f l e c t e d by the a n a l y s e r s into 

the d e t e c t o r s . 

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

are a v a i l a b l e , the former g i v i n g b e t t e r r e s o l u t i o n , and the 

l a t t e r , i n c r e a s e d f l u x . T h e a n a l y s e r p l a t e s are s u p p o r t e d 

o n rails and c a n be m o v e d a r o u n d the w a l l of the h e l i u m 

box to be set in v a r i o u s p o s i t i o n s c o r r e s p o n d i n g to d i f f -

e r e n t Q v a l u e s , b e t w e e n 0.6 and 2.0 8 ^ . T y p i c a l l y , m e a s u r e -

m e n t s w i l l be m a d e at six or seven a n g l e s . In a d d i t i o n , 

for r e l a t i v e l y s m a l l a n g l e scattering e x p e r i m e n t s (Q<0.3l8 
a system of s e v e n c o n c e n t r i c a n a l y s e r c i r c l e s m a y be u s e d . 

The Q r e s o l u t i o n is ±0.017 8 " 1 for Q < 0 . 3 1 8 " 1 , and 

of the o r d e r of 0.05 8 " 1 for Q>0.57 8 " 1 . 

P e r f e c t B a c k - s c a t t e r i n g to A c h i e v e H i g h R e s o l u t i o n 5 1 

H i g h r e s o l u t i o n on IN10 is a c h i e v e d by using Bragg 

r e f l e c t i o n t h r o u g h 180° (i.e. p e r f e c t b a c k - s c a t t e r i n g ) as 

a m e t h o d of m o n o c h r o m a t i o n . 

G = 2ksin9 w h e r e G = 2 7 T / d
h k i and k = 2TT/X 

T h e s p r e a d in e n e r g y of the r e f l e c t e d beam is thus 

g i v e n by 

AE = 2Ak = 2 A G + 2 c o t 9 A 6 
E k G 

T h e s p r e a d , A 0 , is d u e to the m o s a i c s p r e a d of the 

c r y s t a l and d i v e r g e n c e of the b e a m . The term AG o r i g i n a t e s 

b e c a u s e o n l y a finite n u m b e r of lattice p l a n e s are cont-
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r i b u t i n g to the Bragg r e f l e c t i o n , leading to a b r o a d e n i n g 

of the r e c i p r o c a l l a t t i c e p o i n t s . H i g h r e s o l u t i o n m a y be 

a c h i e v e d by r e d u c i n g the d i v e r g e n c e o f the b e a m , or a l t e r -

n a t i v e l y , by m i n i m i s i n g the cotQ term by m a k i n g 0=ir/2, in 

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

the e n e r g y r e s o l u t i o n . In this c a s e the r e s o l u t i o n is 

d e t e r m i n e d o n l y by the term A G / G , w h i c h is of the o r d e r o f 
-4 

10 for a g o o d m o n o c h r o m a t o r c r y s t a l . 

T h e r e s o l u t i o n f u n c t i o n is w e l l a p p r o x i m a t e d by 

a L o r e n t z i a n . 

D a t a A c q u i s i t i o n 

T h e i n s t r u m e n t is c o n t r o l l e d b y a P D P 1 1 c o m p u t e r . 

D u r i n g e a c h r u n , d a t a is u p d a t e d from c o r e to d i s k at p r e -

set i n t e r v a l s (typically e v e r y two h o u r s ) . A t the end of 

e a c h r u n , d a t a is t r a n s f e r r e d from the d i s k to the IN10 

area o n the m a i n D E C 1 0 c o m p u t e r . 

2.2.3 T h e T i m e - o f - F l i g h t S p e c t r o m e t e r , IN5 

IN5 is a h i g h r e s o l u t i o n t i m e - o f - f l i g h t s p e c t r o m e t e r 

c a p a b l e of a c h i e v i n g its b e s t e n e r g y r e s o l u t i o n of a b o u t 

24 y e V (FWHM) at an i n c i d e n t w a v e l e n g t h of 10 8 w i t h the 

c h o p p e r f r e q u e n c y at 165 H z . F i g u r e 2.2 s h o w s s c h e m a t i c a l l y 

the m o d e o f o p e r a t i o n of the i n s t r u m e n t . F o u r d i s c c h o p p e r s 

r o t a t e in a v e r t i c a l p l a n e a b o u t a c o m m o n h o r i z o n t a l a x i s . 

T h e o v e r a l l f r e q u e n c y of r o t a t i o n is v a r i a b l e b e t w e e n 100 

and 165 H z . T h e r e l a t i v e p h a s e of c h o p p e r 1 and c h o p p e r 4 

d e f i n e s the i n c i d e n t w a v e l e n g t h , w h i c h is v a r i a b l e b e t w e e n 

1 8 a n d 10 8 . P e a k flux of 1 x 10^ n / s / c m at the s a m p l e 

p o s i t i o n is a c h i e v e d a t a b o u t 4.5 8 . C h o p p e r 2 e l i m i n a t e s 

h i g h e r o r d e r s , and c h o p p e r 3 is r o t a t e d at a m u l t i p l e o f 

the o v e r a l l p e r i o d to r e d u c e p u l s e rate a n d e l i m i n a t e frame 

o v e r l a p w h e n this is a p r o b l e m (i.e at long w a v e l e n g t h ) . 

N e u t r o n s l e a v i n g the f o u r t h c h o p p e r are m o n i t o r e d , and then 

s t r i k e the s a m p l e . S o m e w i l l be s c a t t e r e d , the rest w i l l 

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

b e t w e e n 5° and 135° by a l a r g e n u m b e r of 3 H e d e t e c t o r s 

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

along D e b y e - S c h e r r e r r i n g s , or h o r i z o n t a l l y to d e t e c t the 

s c a t t e r e d n e u t r o n s o v e r a r a n g e of Q v a l u e s (the Q r a n g e 

a v a i l a b l e is d e f i n e d by the i n c i d e n t w a v e l e n g t h and s a m p l e 

o r i e n t a t i o n to the b e a m ) . T h e s a m p l e box and f l i g h t p a t h 

are f i l l e d w i t h h e l i u m to p r e v e n t air s c a t t e r i n g . 

T h e r e s o l u t i o n f u n c t i o n is w e l l f i t t e d by a G a u s s i a n -

in f a c t , it is v e r y n e a r l y t r i a n g u l a r , w i t h o n l y v e r y s m a l l 

w i n g s , a f e a t u r e w h i c h is v e r y u s e f u l in q u a s i - e l a s t i c 

a n a l y s i s . 

D a t a A c q u i s i t i o n 

IN5 is c o n t r o l l e d by a P D P 1 1 c o m p u t e r . D u r i n g an 

e x p e r i m e n t , d a t a is c o n t i n u o u s l y u p d a t e d , and o n c o m p l e t i o n 

of the r u n , w r i t t e n to d i s k . T r a n s f e r is then m a d e to the 

D E C 1 0 . 

2.2.4 T h e T i m e - o f - F l i g h t S p e c t r o m e t e r , IN6 

IN6 is a n e w , t i m e - f o c u s s i n g , t i m e - o f - f l i g h t s p e c -

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

for i n c i d e n t w a v e l e n g t h s in the r a n g e 4-6 8 . T h e e l a s t i c 

r e s o l u t i o n is s i m i l a r to t h a t of IN5 in this w a v e l e n g t h 

r a n g e (FWHM o f 170 y e V a t 4.16 8 and 60 y e V at 5.9 8 ) , 

b u t w i t h a t h r e e - f o l d i n c r e a s e in f l u x at the s a m p l e p o s i t i o n . 

T h i s is a c h i e v e d by the u s e of t h r e e c u r v e d , v e r t i c a l l y 

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

h e i g h t o f the g u i d e b e a m (20cm) to be f o c u s s e d to a h e i g h t 

o f 5cm a t the s a m p l e p o s i t i o n . H o w e v e r , this m e t h o d o f 

i n c r e a s i n g the flux i m p l i e s a l a r g e i n c r e a s e in t h e e n e r g y 

s p r e a d , AEq, of the p r i m a r y b e a m . T h i s p r o b l e m is r e s o l v e d 

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

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

by p u l s i n g the beam w i t h a F e r m i c h o p p e r . By s p i n n i n g 
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this c h o p p e r in the r i g h t s e n s e , o n e a l l o w s the slow n e u t r o n s 

o f the p r i m a r y b e a m to d e p a r t e a r l i e r than the f a s t e r o n e s . 

T h e d e t e c t o r is p l a c e d at the d i s t a n c e w h e r e t h e fast 

n e u t r o n s are o n the p o i n t o f o v e r t a k i n g the s l o w o n e s . 

A s a r e s u l t , a f a i r l y s h o r t p u l s e of n e u t r o n s is o b t a i n e d , 

w i t h a r e s o l u t i o n 6 (hw) w h i c h c a n be c o n s i d e r a b l y b e t t e r 

t h a n the e n e r g y s p r e a d AEq. H o w e v e r , p e r f e c t t i m e - f o c u s s i n g 

c a n o n l y be a c h i e v e d for o n e e n e r g y t r a n s f e r , a n d this 

l o s s of g e n e r a l i t y is the p r i c e p a i d for i n c r e a s e d i n t e n s i t y . 

T h e s a m p l e to d e t e c t o r d i s t a n c e is 2 m , a n d the 

d e t e c t o r bank h o u s e s 369 3 H e d e t e c t o r s , g i v i n g a u s e f u l 

d e t e c t o r area o f 3 . 3 m 2 . T h e i n c i d e n t w a v e l e n g t h used in 

the e x p e r i m e n t s d e s c r i b e d in c h a p t e r 3 was 4 . 1 8 , g i v i n g 

a Q range of 0.4 to 2.6 8 

D a t a A c q u i s i t i o n 

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

be c o l l e c t e d in a v e r y s h o r t t i m e . T h e d a t a is r e c o r d e d by 

a P D P l l c o m p u t e r in e x a c t l y the s a m e w a y as I N 5 . 

2.2.5 T h e T i m e - o f - F l i g h t S p e c t r o m e t e r , 4H5 

4H5 is a t i m e - o f - f l i g h t s p e c t r o m e t e r w h i c h i s , in 

p r i n c i p l e , v e r y s i m i l a r to I N 5 . H o w e v e r , o n e m a j o r d i f f e r -

e n c e lies in the m e t h o d u s e d to p r o d u c e the p u l s e d , m o n o -

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

4H5 e m p l o y s two r o t o r s of h e l i c a l s l o t d e s i g n to p u l s e 

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

w a v e l e n g t h is a c h i e v e d by a d j u s t i n g the s p e e d a n d p h a s e of 

t h e s e two r o t o r s . Six and t w e l v e s l o t r o t o r s a r e a v a i l a b l e , 

and b e s t r e s o l u t i o n is a c h i e v e d w i t h 2 x 1 2 s l o t . H o w e v e r , 

the flux is r e d u c e d by a f a c t o r of 12 by c h a n g i n g from a 

2 x 6 s l o t s y s t e m to a 2 x 1 2 s l o t a r r a n g e m e n t , s o a g a i n , 

r e s o l u t i o n c a n o n l y be a c h i e v e d at the c o s t of i n t e n s i t y . 

T h e r e s o l u t i o n , AA/A is t y p i c a l l y 1 - 5 % . 

T h e use of a c o l d s o u r c e m e a n s that g o o d c o u n t i n g 
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rates c a n be o b t a i n e d at i n c i d e n t w a v e l e n g t h s 4-10 8 , w i t h 

p e a k flux at 5.3 8 . D e t e c t o r s are a r r a n g e d in fixed p o s i t i o n s 

b e t w e e n 13° and 90°. T h e l e n g t h of the f l i g h t p a t h v a r i e s 

from 1.2m at 90° to 1 . 9 m at low a n g l e s . T h e i n s t r u m e n t is 

s h o w n s c h e m a t i c a l l y in f i g u r e 2 . 3 . 

S a m p l e C h a n g e r 

U s e of the s a m p l e c h a n g e r o n 4H5 is s t a n d a r d p r a c t i c e . 

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

c y c l e s up to t h r e e s a m p l e s into and o u t o f the b e a m . O n e 

of the t h r e e a v a i l a b l e p o s i t i o n s is p e r m a n e n t l y o c c u p i e d 

by a p l a t e of v a n a d i u m for c a l i b r a t i o n p u r p o s e s . T h e aim 

of this c y c l i n g p r o c e s s is to a l l o w for f l u c t u a t i o n s in 

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

d e n t flux and b a c k g r o u n d . 

S a m p l e s are a r r a n g e d in a h o l d e r along a c e n t r a l 

a x i s , u s u a l l y o r i e n t e d at 45° to the b e a m , in t r a n s m i s s i o n . 

T h e s a m p l e s are m o v e d a l o n g the a x i s into p o s i t i o n in the 

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

the e x a c t p o s i t i o n i n g . C y c l i n g is c o n t r o l l e d by the P D P 8 

c o m p u t e r v i a an i n t e r f a c e c o n t r o l u n i t . 

D a t a C o l l e c t i o n 

T h e C a s s a n d r a s y s t e m , b a s e d o n the PDP8 d a t a p r o -

c e s s i n g u n i t is u s e d to c o n t r o l 4H5 a n d c o l l e c t the d a t a . 

D u r i n g an e x p e r i m e n t , e v e r y s c a t t e r i n g e v e n t is r e c o r d e d 

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

t i o n , d e t e c t o r n u m b e r (scattering a n g l e ) and time of f l i g h t 

( c h a n n e l n u m b e r ) . A t t h e end of a r u n , the d a t a is t r a n s f e r r e d 

v i a a c o r e b u f f e r u n i t to a DEC t a p e for s u b s e q u e n t a n a l y s i s . 

2.2.6 T h e P o w d e r D i f f r a c t o m e t e r , 10H 

T h i s i n s t r u m e n t is d e s i g n e d for s t r u c t u r e s t u d i e s 

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

is 1.0 8 , a n d the a v a i l a b l e a n g u l a r r a n g e 8° to 130°,giving 
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Fig 2.4 

10H Powder Diffracfomefer 

Y / / / / I — B e a m Stop 
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a Q r a n g e of 0.8 to 11.4 8 The d i f f T a c t o m e t e r has g o o d 

a n g u l a r r e s o l u t i o n (^0.5°) ov e r a l l a n g l e s . D a t a a c q u i s i -

t i o n is by p u n c h e d tape a n d t e l e t y p e . 10H is s h o w n in 

f i g u r e 2 . 4 . 

2.2.7 U s e of V a n a d i u m as a S t a n d a r d 

S i n c e v a n a d i u m is an a l m o s t p u r e i n c o h e r e n t e l a s t i c 

s c a t t e r e r , it is u s e d as a s t a n d a r d for m e a s u r i n g the 

r e s o l u t i o n f u n c t i o n of an i n s t r u m e n t . A v a n a d i u m r u n is 

r e c o r d e d u n d e r e x a c t l y the same c o n d i t i o n s as the s a m p l e 

run (i.e s a m e o r i e n t a t i o n to the b e a m , s a m e s a m p l e c o n t a i n e r 

a n d so o n ) . For q u a s i - e l a s t i c e x p e r i m e n t s it is p a r t i c u l a r l y 

i m p o r t a n t to o b t a i n g o o d s t a t i s t i c s in the v a n a d i u m c a l -

i b r a t i o n , s i n c e this o f t e n p l a y s a v i t a l p a r t in c o n v o l u t i o n 

p r o g r a m s in s u b s e q u e n t d a t a a n a l y s i s . 

2.2.8 S a m p l e H e a t i n g D u r i n g E x p e r i m e n t s 

In a l l c a s e s w h e n it was r e q u i r e d to h e a t the s a m p l e s 

d u r i n g the n e u t r o n s c a t t e r i n g e x p e r i m e n t , the s t a n d a r d 

f u r n a c e o n the i n s t r u m e n t w a s u s e d . D e t a i l s of t h e s e m a y 

be f o u n d in the a p p r o p i a t e U s e r ' s G u i d e . 

2.2.9 S a m p l e C o n t a i n e r s 

(A) IN10 

D u r i n g the e x p e r i m e n t s p e r f o r m e d o n p o l y ( m e t h y l 

m e t h a c r y l a t e ) it w a s n e c e s s a r y to h e a t the s a m p l e . T h e 

s a m p l e c a n s u s e d in this c a s e are c o m p o s e d of two h a l v e s 

w h i c h s c r e w t o g e t h e r . E s s e n t i a l l y , t h e y c o m p r i s e two a l u m -

inium d i s c s , e a c h of the o r d e r of 5mm t h i c k , and 7cm in 

d i a m e t e r . T h e c e n t r e of e a c h is m i l l e d o u t to p r o v i d e a 

c i r c u l a r r e c e s s 5cm in d i a m e t e r , and 2mm d e e p , in w h i c h to 

p l a c e the s a m p l e . T h e two h a l v e s are s c r e w e d t o g e t h e r w i t h 

a l u m i n i u m s c r e w s , using T e f l o n w a s h e r s . T h e use o f a n 
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O-ring to provide a leak-proof seal means that these sample 
cans are also suitable containers for viscous fluids. The 
cans are shown schematically below. 

O-ring groove 
screw-hole 

*HcnH 

^ ^ [ /V X , / , / . / / , >• 7 y r ^ y - . -

The network films were also held in these cans. The 
rubber solutions were contained in cells designed specific-
ally for polymer solutions. These are shown below. 

8cm 

6cm 
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T h e s e c a n s are a l s o m a d e of a l u m i n i u m , and are r e c t a n g u l a r , 

w i t h d i m e n s i o n s a p p r o x i m a t e l y 8 c m x 5 c m . C a n s of d i f f e r i n g 

t h i c k n e s s e s are a v a i l a b l e , t h e a p p r o p i a t e t h i c k n e s s r e q u i r e d 

d e p e n d i n g o n the p e r c e n t a g e of h y d r o g e n in the s a m p l e . 

T h e c a n s are f i l l e d t h r o u g h the s c r e w h o l e s at the t o p , 

u s i n g a s m a l l s y r i n g e . A f t e r f i l l i n g , they are s e c u r e l y 

s e a l e d u s i n g s c r e w s and T e f l o n w a s h e r s . D u r i n g a n e x p e r i m e n t , 

the c a n is m o u n t e d o n a c a n d l e - s t i c k , e n s u r i n g t h a t the 

h e i g h t is c o r r e c t l y a d j u s t e d so t h a t the s c r e w h o l e s are 

a b o v e the b e a m . T h e s e c a n s are n o t s u i t a b l e for u s e in the 

IN10 f u r n a c e . 

(B) IN5 

T h e P M M A s a m p l e s i n v e s t i g a t e d o n IN5 w e r e h e l d in 

s t a n d a r d IN5 s a m p l e h o l d e r s . T h e s e c o n s i s t of two r o u n d 

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

a p p r o x i m a t e l y 5cm in d i a m e t e r a n d 1cm t h i c k , and are des-

i g n e d for u s e in t h e IN5 f u r n a c e . 

(C) IN6 

R o o m t e m p e r a t u r e m e a s u r e m e n t s o n l y w e r e m a d e o n the 

P M M A . S i n c e the p r e s s e d f i l m is s e l f - s u p p o r t i n g u n d e r these 

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

o r t e d o n a c a n d l e s t i c k , a l i g n e d to b e c e n t r a l in the b e a m . 

(D) 4H5 

T h e P M M A s a m p l e s w e r e h e l d b e t w e e n s h e e t s of a l u m -

inium f o i l in the s t a n d a r d 4H5 s a m p l e c h a n g e r . 

(E) 10H 

S i n c e m e a s u r e m e n t s w e r e m a d e a t room t e m p e r a t u r e , 

a g a i n a c a n w a s n o t r e q u i r e d , a n d the PMMA s i m p l y s u p p o r t e d 
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on a c a n d l e s t i c k d u r i n g the e x p e r i m e n t . 

2.3 D a t a A n a l y s i s 

2 . 3 . 1 A n a l y s i s of Q u a s i - e l a s t i c D a t a from IN10 

W i t h r e f e r e n c e to s e c t i o n 2 . 2 . 2 , it c a n b e s e e n that 

the s c a t t e r i n g a n g l e b e t w e e n the i n c i d e n t and s c a t t e r e d 

n e u t r o n s w i t h r e g a r d to the d e t e c t o r a r e kept f i x e d , so 

that the a n a l y s e r r e f l e c t s o n l y n e u t r o n s of a f i x e d e n e r g y , 

w h i c h s a t i s f y the c o n d i t i o n 5 1 

E M 1 A E D T A E S = E A 

w h e r e E ^ = E A = e n e r g y of B r a g g r e f l e c t e d n e u t r o n s from the 

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

AEg = e n e r g y c h a n g e by s c a t t e r i n g from s a m p l e 

and AEd = e n e r g y c h a n g e by D o p p l e r shifting 

T h u s , A E d _ AEg 

a n d so d i r e c t e n e r g y a n a l y s i s of the s c a t t e r e d n e u t r o n s is 

p e r f o r m e d . 

F r o m 2 . 1 . 4 , the d o u b l e d i f f e r e n t i a l c r o s s - s e c t i o n 

is d e f i n e d by the r a t i o of the n u m b e r of n e u t r o n s w i t h 

e n e r g y b e t w e e n E a n d E + 6E s c a t t e r e d into s o l i d a n g l e 6ft 

p e r s e c o n d , to the i n c i d e n t flux x 6ft x 5 E . O n I N 1 0 , this 

is m e a s u r e d d i r e c t l y , a l l o w i n g the s c a t t e r i n g l a w S ( Q , w ) , 

to be s i m p l y o b t a i n e d v i a the r e l a t i o n s h i p 

d2o = Nk | b-b| 2 S (Q,to) 
3ft9E kg 

T h i s m e a s u r e d s c a t t e r i n g law S ^ f Q , ^ ) is the c o n v o l -

u t i o n of the true s c a t t e r i n g law w i t h the i n s t r u m e n t 

r e s o l u t i o n f u n c t i o n , and s u b s e q u e n t d a t a a n a l y s i s i n v o l v e s 

e x t r a c t i n g S (Q,w). 
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Initial Profile Fitting 

Before running the programs designed to make detailed 
convolution analysis, it is necessary to run the program 
FIRST 5 2 to obtain starting parameters, such as position, 
height and width of the measured spectra. FIRST calculates 
these variables by simply fitting a single Lorentzian 
through the data, after subtracting a flat background. The 
observed spectrum is a convolution of the resolution function 
with the true sample scattering law, but an approximation 
of the true width of S T R U E ( Q , w ) may be made in the following 
way. 

Since Sqbs(Q,U)) = Strue(Q,(D) * R(Q) 

where R(Q) is the resolution function, then if both S-^..^ (Q,OJ) 
1 K U b — 

and R(Q) are single Lorentzians, the convoluted result 
S O B S(Q,o)) will also be a single Lorentzian and 

FWHM = FWHM - FWHM TRUE OBS RESOL 

Although it is likely that the measured resolution 
function and scattering law are not true Lorentzians, so 
that strictly speaking the above relationship is not true, 
the widths obtained using this expression will be quite 
adequate as starting parameters. 

Convolution Analysis 

As indicated above, the measured spectrum is a 
convolution of the true scattering law with the resolution 
function of the instrument. Since deconvolution to obtain 
Strue(Q,O)) is, in general,a difficult and inaccurate process, 
an alternative approach is used, in which the experimental 
resolution function (measured using a vanadium standard) 
is convoluted with a theoretical model of the sample scatter-
ing law, and the resulting curve then fitted to the measured 
data, until an acceptable fit is obtained. 
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Two p r o g r a m s w e r e u s e d to a n a l y s e the r e s u l t s from 

e x p e r i m e n t s p e r f o r m e d on P M M A to s t u d y the r o t a t i o n a l 

m o t i o n of the a - m e t h y l g r o u p - p r o g r a m S A N D 5 2 , in w h i c h a 

6 - f u n c t i o n p l u s a s i n g l e L o r e n t z i a n is f i t t e d to the d a t a , 

and p r o g r a m S U P E R 5 2 , in w h i c h two L o r e n t z i a n s of d i f f e r e n t 

w i d t h s , but c e n t r e d at the s a m e o r i g i n are f i t t e d to the 

d a t a . T h e w i d t h of the f i r s t c o m p o n e n t is a s s u m e d to v e r y 

s m a l l , c o r r e s p o n d i n g to the e l a s t i c 6 - f u n c t i o n , w h i l s t the 

s e c o n d L o r e n t z i a n is f i t t e d to the b r o a d e n e d q u a s i - e l a s t i c 

c o m p o n e n t a s s o c i a t e d w i t h the r o t a t i o n a l m o t i o n . (The form 

of the r o t a t i o n a l s c a t t e r i n g law is d i s c u s s e d in c h a p t e r 3 ) 

Results from the polymer networks were analysed 
using a fitting program POLLY 5 2 . In this program, a model 
s c a t t e r i n g law is a g a i n c o n v o l u t e d w i t h the r e s o l u t i o n 

function and then fitted to the experimental data. It is 
n o t c l e a r e x a c t l y w h a t form the m o d e l s c a t t e r i n g law s h o u l d 

take for the p o l y m e r n e t w o r k s (see 4 . 1 ) , but f o l l o w i n g the 

same a n a l y s i s p r o c e d u r e as u s e d for m e l t s a m p l e s , two 

d i f f e r e n t f o r m s o f S . (Q,w) w e r e f i t t e d to the d a t a . 
m c — 

(1) a s i n g l e L o r e n t z i a n , c o r r e s p o n d i n g to B r o w n i a n 

d i f f u s i o n , for w h i c h , A E , the F W H M of the s c a t t e r i n g law 

is e x p e c t e d to v a r y as Q 2 . 

(2) a m o d e l s c a t t e r i n g law S . (Q,o)) , b a s e d on the ^ m c — 
R o u s e m o d e l (see 4 . 1 ) , w h i c h p r e d i c t s a F W H M v a r i a t i o n of 

Q * . 

O u t p u t f r o m P O L L Y t a k e s the form of a l i n e - p r i n t e r 

l i s t i n g , g i v i n g b o t h the o b s e r v e d and f i t t e d v a l u e s o b t a i n e d . 

E x t r a c t i o n of the E I S F f r o m S ( Q , u ) 

O u t p u t f r o m SUPER a n d SAND takes the form of a line-

p r i n t e r l i s t i n g , g i v i n g b o t h the o b s e r v e d and f i t t e d S(Q,OJ), 
as w e l l as the f i n a l p a r a m e t e r s u s e d in o b t a i n i n g an a c c e p -

t a b l e f i t . In a d d i t i o n , a r e a s and i n t e g r a t e d i n t e n s i t i e s 

o f the e l a s t i c a n d q u a s i - e l a s t i c c o m p o n e n t s are g i v e n , so 

t h a t the EISF m a y be c a l c u l a t e d d i r e c t l y , u s i n g , 
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EISF = I . 
e l 

I , + I 
e l g e l 

(see c h a p t e r 3) 

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

F U R Y 5 3 , w h i c h h a s r e c e n t l y b e e n w r i t t e n a n d w h i c h c a l c u l a t e s 

t h e F o u r i e r T r a n s f o r m of t h e s c a t t e r i n g l a w , i . e S ( Q , t ) . 

T h i s m a y b e u s e d to g i v e the E I S F d i r e c t l y , in the f o l l o w -

ing w a y . 

F o r a r a n d o m m o l e c u l a r m o t i o n , such as r o t a t i o n , 

the i n c o h e r e n t s c a t t e r i n g l a w is g i v e n by (see c h a p t e r 3 ) , 

S r o t ( Q , o ) ) = A 0(Q ) 5 ( w ) + [ A n ( Q ) M T ^ ) 

OO 

so t h a t S ( Q , t ) = A n ( Q ) + [ A n ( Q ) e x p ( - x n t ) 

T h u s the E I S F m a y b e e x t r a c t e d d i r e c t l y . 

O u t p u t f r o m F U R Y is in the f o r m of a l i n e - p r i n t e r 

l i s t i n g , g i v i n g the F o u r i e r d e c o n v o l u t e d c o e f f i c i e n t s a n d 

t h e i r l o g a r i t h m , t o g e t h e r w i t h e r r o r t a b l e s . 

2 . 3 . 2 A n a l y s i s o f Q u a s i - e l a s t i c D a t a from IN5 

D a t a r e d u c t i o n in t h i s c a s e is s l i g h t l y m o r e c o m p l e x , 

s i n c e it is f i r s t n e c e s s a r y to o b t a i n the s c a t t e r i n g law 

S(Q,(d) f r o m the m e a s u r e d t i m e - o f - f l i g h t s p e c t r u m , 3 2a/9ft9x, 

as o u t l i n e d b e l o w . 

C o r r e c t i o n a n d C o n v e r s i o n o f T i m e - o f - F l i g h t D a t a to S(Q,o)) 

T h i s is a c h i e v e d u s i n g t w o p r o g r a m s , P R I M E a n d C R O S S X 5 * . 

T h e p u r p o s e o f P R I M E is to p e r f o r m m o n i t o r p e a k a n a l y s i s 

a n d v a n a d i u m p e a k e v a l u a t i o n to c a l c u l a t e v a r i o u s e x p e r i m e n t a l 

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

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

in b i n a r y to b e r e f e r r e d to l a t e r w h e n r u n n i n g C R O S S X . 
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CROSSX is used to obtain an absolute value of the 
scattering law, S(Q,w) from the experimental measurements 
by comparison with the results obtained from the vanadium 
standard. 

The counts, S , in a given channel at a given scattering 
angle are given by51* 

S = n 92cr. AT .E 
M a x 

where Ax = channel width in usee ^ 
Qq = solid angle subtended by the detector at the 

sample 
n = no. of incident neutrons 

N = no. of atoms in unit area of the beam s 
e^ = efficiency of detector to neutrons with 

time-of-flight, x. 

Similarly, for vanadium, if the total counts in the elastic 
peak are denoted by V, then, 

V = n 1 8a (elastic) . . N T , , X T . e JQ 0 V A N To 

Strictly, this is only true for the limiting case of an 
infinitely thin plane; corrections for scattering and 
absorption by a sample of finite thickness will be discussed 
later. 

If the monitor 1 efficiency is a and the observed 
To 

monitor counts for vanadium and the sample are M and M r v s 
respectively, then 

M = a n and M = a n 1 
s x0 v x0 

The scattering by the vanadium is dependent only 
on the Debye-Waller factor, i.e 
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e x p ( - 2 W ) 

VAN L 4 77 / VAN 

w h e r e W is the D e b y e - W a l l e r f a c t o r . 

It is n o w p o s s i b l e to c o m p a r e the flux of n e u t r o n s 

d e t e c t e d f r o m the s a m p l e a f t e r n o r m a l i s a t i o n to that d e t e c t e d 

from the v a n a d i u m at the s a m e a n g l e , to e l i m i n a t e i n s t r u m e n t a l 

c o r r e c t i o n s , to g i v e , 

S/M 
V/M 

V 

8 a 
8FT8T, SAM 

AT.N .E 
s x 

N „ e 
V T0 

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

s e c t i o n , YC, g i v e n by 

YC = 8 2 A. 4TT 
8FT8T a SAM 

so YC = A1(S-B S)_ A2(B-B B) 

V, V B 

1 . 1 .-NV.QVAN GT0 

AT A3 N c a c . M E T S SAM T 

w h e r e S = s a m p l e c o u n t s (gouped for b e t t e r s t a t i s t i c s , 

if r e q u i r e d ) 

B g , B B = f l a t b a c k g o u n d 

V e , V_, = v a n a d i u m e l a s t i c p e a k c o u n t s for s a m p l e a n d O J3 
b a c k g r o u n d r u n s . 

B = e m p t y c o n t a i n e r c o u n t s 

A l , A 2 = n o r m a l i s a t i o n f a c t o r s 

A3 = c o r r e c t i o n f a c t o r c a l c u l a t e d to a c c o u n t for 

s a m p l e (or v a n a d i u m ) s c a t t e r i n g a n d a b s o r p -

tion of the i n c i d e n t b e a m 
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C a l c u l a t i o n of C o r r e c t i o n F a c t o r , A3 

T h e f o l l o w i n g d i a g r a m shows a b e a m of n e u t r o n s w i t h 

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

f i n i t e t h i c k n e s s L . a d e f i n e s the r e l a t i v e o r i e n t a t i o n 

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

is s c a t t e r e d t h r o u g h an a n g l e 0 to e m e r g e w i t h f i n a l 

i n t e n s i t y I . A3 is a f a c t o r to c o r r e c t for loss of i n t e n s i t y 

due to s c a t t e r i n g and a b s o r p t i o n by a s a m p l e of f i n i t e 

t h i c k n e s s . 

T h i s m e t h o d of c a l c u l a t i n g A3 a s s u m e s t h a t the s c a t t e r i n g 

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

w h e r e a^, = t o t a l ( a b s o r p t i o n + s c a t t e r i n g ) c r o s s - s e c t i o n 
3 

p = n o . of a t o m s per cm 

and o t h e r v a r i a b l e s a r e as i n d i c a t e d in t h e d i a g r a m . 

/ 

N o w z L - l L - l 
s i n a s i n (7T- (a+0) ) s i n ( a + 0 ) 

so z = (L-l) s ina (L-l)S w h e r e S s i n a 
s i n ( a + 0 ) s i n ( a + 0 ) 

T h e n 
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g i v i n g l_ _ p / 9 g \ L 
I n ~ 

e x p ( - x A S ) - e x p ( - x T ) 

w h e r e x = pcr,L t\ t\ 
a n d 

x T - x A S 

x T = p a T L 

T h e term o u t s i d e t h e b r a c k e t s g i v e s the i n t e n s i t y 

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

the s c a t t e r e d b e a m by a b s o r p t i o n o r s e c o n d s c a t t e r i n g is 

i g n o r e d . T h u s 

A3 = x T - x A S 

e x p ( - x A S ) - e x p ( - x T ) 

H a v i n g o b t a i n e d Y C , the c o r r e c t e d c o u n t s , the 

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

is e a s i l y o b t a i n e d , u s i n g the e x p r e s s i o n 5 5 

9 C7 d <3 
9ft9E "hrn \9ft9x, 

and t h e n c e the s c a t t e r i n g l a w , S ( Q , w ) , v i a 

S (Q,ui) = k n ld2o \ 

N k | b - b I 2 

A l i n e - p r i n t e r l i s t i n g and p l o t s o f the s c a t t e r i n g 

l a w , S(Q,OJ), o r the s y m m e t r i s e d s c a t t e r i n g l a w , £5(0,0)) 
a r e a v a i l a b l e as r e q u i r e d . 

T r e a t m e n t o f C R O S S X D a t a to o b t a i n the E I S F 

C R O S S X d a t a is s u b s e q u e n t l y a n a l y s e d u s i n g the p r o g r a m 

W O N D E R P R O G 5 6 .This p r o g r a m is a v a i l a b l e b o t h at the I L L a n d 

at the R u t h e r f o r d L a b o r a t o r y . C R O S S X d a t a to be a n a l y s e d 

in E n g l a n d is w r i t t e n to a m a g n e t i c t a p e a t the I L L , u s i n g 

the p r o g r a m T E N I B M 5 2 w h i c h c o n v e r t s it i n t o a c c e p t a b l e 

f o r m a t for the I B M 360 c o m p u t e r at t h e R u t h e r f o r d L a b o r a t o r y . 

T w o s t a g e s a r e i n v o l v e d in u s i n g W O N D E R P R O G . T h e 
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f i r s t s t a g e is to c r e a t e an input file for the f i t t i n g 

p r o g r a m by taking the r e q u i r e d r e s o l u t i o n and s a m p l e d a t a 

and w r i t i n g them o n t o a s e p a r a t e d i s k f i l e . 

T h e s e c o n d s t a g e i n v o l v e s f i t t i n g a m o d e l to the 

e x p e r i m e n t a l d a t a . A s in S U P E R and S A N D , the f i t t i n g p r o g r a m 

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

law and fits to the m e a s u r e d s a m p l e s c a t t e r i n g d a t a . V a r i o u s 

m o d e l s c a t t e r i n g laws are a v a i l a b l e - these i n c l u d e s i m p l e 

j u m p m o d e l s (e.g the B a r n e s m o d e l 5 7 for N - f o l d j u m p r o t a t -

i o n a l m o t i o n ) w h i c h are d e s i g n e d for e x t r a c t i n g the E I S F 

a n d r o t a t i o n a l time c o n s t a n t s from the q u a s i - e l a s t i c d a t a 

(see c h a p t e r 3 ) , and a l s o m o r e g e n e r a l m o d e l s , w h i c h are 

a b l e to fit a sum of 6 - f u n c t i o n s , L o r e n t z i a n s a n d G a u s s i a n s 

to the d a t a , as r e q u i r e d . 

V a r i o u s s t a r t i n g p a r a m e t e r s are used to d e f i n e the 

a p p r o x i m a t e q u a s i - e l a s t i c w i d t h , p o s i t i o n of the e l a s t i c 

p e a k e t c . , a n d in a d d i t i o n , for r e o r i e n t a t i o n a l m o d e l s , 

the n u m b e r of s i t e s and r a d i u s of g y r a t i o n of the r o t a t i n g 

g r o u p are also r e q u i r e d for c a l c u l a t i o n of the m o d e l S(Q,oo). 

O u t p u t is in the form of a l i n e - p r i n t e r l i s t i n g 

w h i c h g i v e s f i n a l f i t t e d p a r a m e t e r s including the q u a s i -

e l a s t i c w i d t h and the e x p e r i m e n t a l v a l u e of the E I S F . 

2.3.3 A n a l y s i s of I n e l a s t i c D a t a from 4H51*7 

S i n c e 4H5 is a l s o a t i m e - o f - f l i g h t s p e c t r o m e t e r , m u c h 

of the i n i t i a l a n a l y s i s is s i m i l a r to that d e s c r i b e d p r e v i o u s -

ly for I N 5 . A g a i n , a p r e l i m i n a r y p r o g r a m is run for m o n i t o r 

and v a n a d i u m p e a k a n a l y s i s to c a l c u l a t e run p a r a m e t e r s to be 

u s e d s u b s e q u e n t l y . T h i s p r o g r a m at H a r w e l l is k n o w n as 

P R E S C A T 4 7 and is e x a c t l y a n a l o g o u s to P R I M E . T h e c o r r e c t e d 

t i m e - o f - f l i g h t c r o s s - s e c t i o n , Y C , and the s y m m e t r i s e d 

s c a t t e r i n g law £3(Q,u)) are c a l c u l a t e d e x a c t l y as in C R O S S X , 

using the H a r w e l l form of the p r o g r a m c a l l e d CIRCA 1* 7 . 
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A m o s t u s e f u l f u n c t i o n o b t a i n e d from i n e l a s t i c 

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

f r e q u e n c y d i s t r i b u t i o n f u n c t i o n , P(CJO) (or p ( B ) , s i n c e 

B=ho)/kT) (see c h a p t e r 3 ) , and this c a l c u l a t e d using the 

p r o g r a m F L O R E N C E 5 8 . 

,o)) is r e l a t e d to S ( a , B ) v i a the r e l a t i o n s h i p s 

a = fi 2Q 2 and 6 = 1 ™ 
2Mk T kT 

(where a l l s y m b o l s h a v e their u s u a l m e a n i n g s ) 

a n d p(3) = lim / I n S (a, B) ̂  x 2 B s i n h B / 2 
a+0 V a J 

S i n c e the f l i g h t p a t h is d i f f e r e n t for e v e r y 

s c a t t e r i n g a n g l e , the e n e r g y t r a n s f e r ( or B) for a g i v e n 

c h a n n e l n u m b e r v a r i e s w i t h d i f f e r e n t a n g l e s . T h e e x p e r i -

m e n t a l v a l u e s of sf(a,B) and a are s o r t e d into s e t s w i t h 

s i m i l a r v a l u e s of B . (The d e v i a t i o n o f B v a l u e s in e a c h set 

is l i m i t e d to l e s s t h a n 1% from the m e a n and less than the 

i n s t r u m e n t r e s o l u t i o n ) . T h i s r e s u l t s in three a r r a y s -

o n e c o n t a i n i n g the a v e r a g e v a l u e s of Br B , and the o t h e r two 

d i m e n s i o n a l a r r a y s d e f i n i n g a and S ( a , B ) for e a c h a n g l e 

and e a c h v a l u e of B . A l e a s t s q u a r e s s t r a i g h t l i n e fit is 

m a d e for each v a l u e o f B to g i v e 

In S ( a , B ) a g a i n s t a 
a 

to a l l o w the e x t r a p o l a t i o n to zero a (i.e zero Q) to be 

m a d e . 

O u t p u t t a k e s the form of a l i n e - p r i n t e r l i s t i n g 

w i t h p l o t s as r e q u i r e d . V a l u e s o f P(B) are p r i n t e d , along 

w i t h 2 B s i n h B / 2 , a n d S ( a , B ) / a . 
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2.3.4 A n a l y s i s of IN6 D a t a 

R a w data o b t a i n e d from IN6 is i n i t i a l l y a n a l y s e d using 

P R I M E and C R O S S X 5 4 , e x a c t l y as for IN5 and 4 H 5 . S u b s e q u e n t 

a n a l y s i s of the i n e l a s t i c s p e c t r a to o b t a i n the h y d r o g e n -

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

i d e n t i c a l to that p e r f o r m e d on 4H5 i n e l a s t i c d a t a , using 

F L O R E N C E . Q u a s i - e l a s t i c a n a l y s i s is i d e n t i c a l to that 

p e r f o r m e d o n IN5 d a t a , using the p r o g r a m W O N D E R P R O G . 

2.3.5 A n a l y s i s of 1 0 H D a t a 

O u t p u t of the d a t a from an e x p e r i m e n t o n 10H takes the 

form of a t e l e t y p e listing of the n u m b e r of n e u t r o n s d e t e c t e d 

at each a n g l e of s c a t t e r . P r e l i m i n a r y a n a l y s i s s i m p l y 

i n v o l v e s s u b t r a c t i n g a b a c k g r o u n d r e c o r d e d o v e r the same 

Q r a n g e as the s a m p l e r u n . The c o r r e c t e d i n t e n s i t y as a 

f u n c t i o n of Q now g i v e s the s t r u c t u r e f a c t o r , S ( Q ) , d i r e c t l y . 
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C h a p t e r 3 A p p l i c a t i o n of N e u t r o n S c a t t e r i n g to the S t u d y 

of S i d e c h a i n M o t i o n in P o l y ( m e t h y l m e t h a c r y l a t e ) 

m o t i o n s of the two m e t h y l g r o u p s in p o l y ( m e t h y l m e t h a c r y l a t e ) 

(PMMA) w i l l be d i s c u s s e d . It w i l l be s h o w n that d e t a i l e d 

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

to r o t a t i o n for the two s i d e g r o u p s m a y be o b t a i n e d from 

i n e l a s t i c n e u t r o n s c a t t e r i n g m e a s u r e m e n t s . A f u n c t i o n , the 

h y d r o g e n - a m p l i t u d e - w e i g h t e d d e n s i t y of s t a t e s at zero m o m e n t u m 

t r a n s f e r , p(co), is i n t r o d u c e d , w h i c h a l l o w s d i r e c t c o m p a r -

ison b e t w e e n n e u t r o n and o p t i c a l d a t a . L a t e r , it w i l l be 

s h o w n that the g e o m e t r y of the r o t a t i o n a l m o t i o n of the 

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

i n c o h e r e n t s t r u c t u r e f a c t o r ( E I S F ) w h i c h is a d i r e c t m e a s u r e 

of the s p a t i a l d i s t r i b u t i o n of the p r o t o n s . In a d d i t i o n , 

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

t e m p e r a t u r e in o r d e r to c a l c u l a t e a c t i v a t i o n e n e r g i e s are 

p r e s e n t e d , and c o m p a r e d to b a r r i e r h e i g h t s o b t a i n e d from the 

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

S i n c e the s y s t e m s u n d e r s t u d y c o n t a i n a large per-

c e n t a g e of h y d r o g e n , the s c a t t e r i n g is e x p e c t e d to be a l m o s t 

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

c r o s s - s e c t i o n of h y d r o g e n . A n y c o h e r e n t s c a t t e r i n g arising 

w i l l be from e l a s t i c (Bragg) r e f l e c t i o n s , and the p r o b l e m s 

a s s o c i a t e d w i t h a c c o u n t i n g for c o h e r e n t s c a t t e r i n g are 

d i s c u s s e d in s e c t i o n 3.3.6 

3 . 1 T h e o r e t i c a l C o n s i d e r a t i o n s 

3 . 1 . 1 T h e o r y of I n c o h e r e n t S c a t t e r i n g from a P o l y m e r M o l e c u l e 

A s s h o w n in c h a p t e r 2 , the i n c o h e r e n t s c a t t e r i n g 

l a w , S ( Q , w ) is d i r e c t l y r e l a t e d to the s p a c e - t i m e d i s t r i b u t i o n 

f u n c t i o n of the m o v i n g p r o t o n , via 

In this c h a p t e r the r o t a t i o n a l and v i b r a t i o n a l 

S i n c ( Q , o ) ) s (r , t) e x p i (Q.r - w t ) d r d t 
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w i t h f s . (Q,w)du) = I. (Q,t=0) = 1 
I m c — m c — 

-OO J 

so t h a t in p r i n c i p l e , at l e a s t , a n e u t r o n s c a t t e r i n g e x p e r -

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

s y s t e m . 

O n the o t h e r h a n d , h o w e v e r , b e c a u s e the n e u t r o n d o e s 

f o l l o w the m o t i o n of the m o v i n g p r o t o n s so c l o s e l y , a l l 

p o s s i b l e k i n d s o f m o t i o n ( t o r s i o n , r o t a t i o n , d i f f u s i o n etc.) 

u n d e r g o n e by the p r o t o n s a r e r e f l e c t e d t o g e t h e r in the 

o b s e r v e d s p e c t r a , and s e p a r a t i o n o f the i n d i v i d u a l comp-

o n e n t s is an a l m o s t i m p o s s i b l e task w i t h o u t m a k i n g some 

s i m p l i f y i n g a s s u m p t i o n s . 

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

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

v i b r a t i o n and l i b r a t i o n , and l o n g - t i m e m o t i o n s , to include 

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 . This s e p a r a t i o n into 

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

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

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

C o n s i d e r the p o s i t i o n v e c t o r , R T , of a p r o t o n in a 

m o l e c u l e . T h i s m a y be e x p a n d e d into the f o l l o w i n g form: 

—L = —L + —L + 

w h e r e c T is the p o s i t i o n v e c t o r of the c e n t r e of m a s s —"LI 
b t h e m e a n p o s i t i o n v e c t o r of the p r o t o n r e l a t i v e Ju 

to the c e n t r e o f m a s s 

a n d u ^ is its d i s p l a c e m e n t f r o m the m e a n 

c T , b a n d u T a r e t i m e - v a r y i n g f u n c t i o n s , w h e r e u T d e p e n d s —"LI —LJ —LI LI 
o n the i n t e r n a l m o l e c u l a r v i b r a t i o n s , b L v a r i e s w i t h o v e r a l l 

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

If e a c h is e x p r e s s e d as an i n d e p e n d e n t 

o p e r a t o r , t h e n the o v e r a l l s c a t t e r i n g l a w , to 

for a l l t h r e e t y p e s of m o t i o n is g i v e n by1*3 

H e i s e n b e r g 

i n c l u d e terms 
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S i n c ( Q , w ) = 1 fdt e x p ( - i w t ) ^ p n < 4 ; n | e x p { - i Q . ( c (0)+b (0)+^L(0))} 
27T"hN J n 

x e x p { - i Q . ( c ^ t j + b ^ t j + u ^ t ) ) 

A t t h i s p o i n t t h e f i r s t m a j o r a s s u m p t i o n f o r s i m p l i f y -

ing S ( Q , w ) is m a d e . T h e t h r e e m o t i o n s - t r a n s l a t i o n , r o t a t i o n 

and v i b r a t i o n - a r e a s s u m e d to b e d y n a m i c a l l y u n c o u p l e d , 

so t h a t t h e t o t a l w a v e f u n c t i o n \p c a n b e e x p r e s s e d as a 
n 

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

ip = ill (trans) ̂  (rot) ty (vib) 

a n d S . (Q,u>) = 1 f d t e x p ( - i w t ) ^ F < e x p ( - i Q . c r (0)) e x p (iQ. c J t)) > 
I N C 2T?EN J a ' u ^ 

A A 

x < e x p ( - i Q . b L (o) ) e x p (iQ.b L/( t) ) > 

x < e x p ( - i Q . u L ( 0 ) )exp(iQ.u Li(t) ) >'
+3 

S i n c e t h e F o u r i e r t r a n s f o r m of a p r o d u c t is a c o n v o l u t i o n , 

m c — 2frtiN — i n c 

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

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

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

m u c h s h o r t e r t i m e s c a l e t h a n the o t h e r t w o m o t i o n s . H o w e v e r , 

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

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

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

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

s y m m e t r i c , so the c o u p l i n g is e x p e c t e d to be small 1* 2 . 

In a d d i t i o n , s i n c e the r o t a t i o n a l m o t i o n is b e i n g o b s e r v e d 

at t e m p e r a t u r e s b e l o w t h e g l a s s t r a n s i t i o n , n o t r a n s l a t -

i o n a l c o n t r i b u t i o n to the o v e r a l l s c a t t e r i n g law is e x p e c t e d . 

T h e i n d e p e n d e n t c o n t r i b u t i o n s to the o v e r a l l s c a t t -

e r i n g law w i l l n o w b e c o n s i d e r e d in g r e a t e r d e t a i l . A s 

m e n t i o n e d p r e v i o u s l y , t r a n s l a t i o n a l m o t i o n of the p r o t o n s 
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in the m e t h y l g r o u p s w i l l n o t be e n c o u n t e r e d for P M M A u n d e r 

the g i v e n e x p e r i m e n t a l c o n d i t i o n s , so ^ ^ ^ ( Q ^ a i ) w i l l 

n o t be d i s c u s s e d . 

3.1.2 T h e S c a t t e r i n g L a w for M o l e c u l a r V i b r a t i o n s , s y ^ ( Q , ( o ) , 

a n d the H y d r o g e n - A m p l i t u d e - W e i g h t e d D e n s i t y of S t a t e s 

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

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

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

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

t e c h n i q u e a l o n e is s u f f i c i e n t to r e v e a l a l l of the v i b r a t -

i o n a l f r e q u e n c i e s , b e c a u s e of o p t i c a l s e l e c t i o n r u l e s , a n d 

it is n e c e s s a r y to use the two t e c h n i q u e s in c o n j u n c t i o n . 

F u r t h e r m o r e , there a r e e v e n some n o r m a l m o d e s (e.g m e t h y l 

t o r s i o n s ) w h e r e the e l e c t r i c d i p o l e m o m e n t c h a n g e and p o l a r -

i s a b i l i t y c h a n g e o f the m o l e c u l e are so s m a l l t h a t the m o d e 

is i n a c c e s s i b l e w i t h e i t h e r t e c h n i q u e . N e u t r o n s p e c t r o s c o p y 

is n o t l i m i t e d by s u c h s e l e c t i o n r u l e s , and it w i l l be s h o w n 

t h a t m o d e s s u c h as m e t h y l t o r s i o n s are e x p e c t e d to a p p e a r 

s t r o n g l y in the i n e l a s t i c n e u t r o n s p e c t r u m . In a d d i t i o n , 

d a t a at a p p r e c i a b l e m o m e n t u m t r a n s f e r s are m e a s u r e d in an 

i n e l a s t i c n e u t r o n s c a t t e r i n g e x p e r i m e n t , thus a l l o w i n g the 

w h o l e d e n s i t y of s t a t e s for both i n t r a - a n d i n t e r m o l e c u l a r 

m o d e s o f v i b r a t i o n to be m e a s u r e d , in c o n t r a s t to o p t i c a l 

s p e c t r o s c o p y in w h i c h o n l y m o d e s c l o s e to zero m o m e n t u m 

t r a n s f e r m a y be o b s e r v e d . 

It c a n be s h o w n t h a t the d o u b l e d i f f e r e n t i a l c r o s s -

s e c t i o n for i n c o h e r e n t i n e l a s t i c s c a t t e r i n g m a y b e g i v e n b y 5 9 

3 2 g r k < S ( W W ( k ) ) 1i(n, +h±h) x y b 2 | Q . U n(k)|
 2 e x p ( - 2 W ) 

3ft3E A — * x 4 m p p 
A r k

 0 2 w
X

( k ) P 

w h e r e the f i r s t sum (over w a v e v e c t o r s k and n o r m a l m o d e s A) 

is o v e r a l l i n t e r n a l a n d e x t e r n a l m o d e s of the m o l e c u l e , 

and the s e c o n d sum is o v e r a l l a t o m s of m a s s M w i t h i n the P 
m o l e c u l e . 
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n^ = {expChw/kT - 1} ^ (i.e the Bose-Einstein distribution) 

As defined previously, Q is the momentum transfer, and fi 03 

the energy transfer on scattering. U p is the mass-weighted 
displacement vector of the atom, and exp(-2W p) the Debye-
Waller factor. 

It is possible to transform the summation over 
k and X to an integration over a density of states, g (03) 59 

so that, 

(IsIEV 1 l < binc ) 2° 2 (n x+%±%)exp(-2W v) M I ^ (3-1) > ' 0 V 03 

where g(o3) = 7 |c (k) I 2 6 fho)- fiuK(k) } 
k, X p A 

and C (k) are the normalised position vectors 
X p 

(I (C (k) )2 =1) for each atom of type p in the normal mode X 
P P 

C (k) is directly related to u (k) via 
p -1 P 

u (k) = 
P 

coth [ fio)̂  (k)| 
2 m p w X ( k ) \ 2kl* 

k . C (k) 
p 

In equation (3.1) the upper sign in ±h refers to neutron 
energy loss - so-called 'down scattering' and the lower 
sign to neutron energy gain, corresponding to 'up scattering' 

v now represents the sum over those atoms having a 
large incoherent scattering cross-section, b. , since inc 
g(o)) is heavily weighted by these59 . Since the incoherent 
scattering cross-section for hydrogen is an order of 
magnitude greater than that of any other common element,and 
in addition, because of its small mass,<u^ 2>, the amplit-
ude of displacement is expected to be large (<u 2> is 
inversely related to mass). Thus for hydrogenous materials, 
such as the poly(methyl methacrylate) under investigation 
in this thesis, the incoherent scattering cross-section is 
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d o m i n a t e d by the h y d r o g e n o u s c o n t r i b u t i o n . It is t h e r e f o r e 

p o s s i b l e to r e m o v e the £ in e q u a t i o n (3.1) and c o n s i d e r 

v 

the i n c o h e r e n t i n e l a s t i c s c a t t e r i n g to be s o l e l y d u e to 

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

v i b r a t i o n s m a y then be o b t a i n e d from 

= k / V G \ 
M V i n c k n V ^ E j . 
N b „ 0 * / inc 

n 

w h e r e / 3 2 a \ is n o w g i v e n by 
I /. 
\ / inc 

d 2 o \ k ( b * n c ) 2 Q 2 (n,+%±^)exp(-2W) Ng(h>) 
3 n 3 E J i n c " k 0 

(3.2) 

C o m b i n a t i o n of t h e s e last two e x p r e s s i o n s a l l o w s 

g(to) to b e o b t a i n e d d i r e c t l y . H o w e v e r , s i n c e n e u t r o n s c a t t e r i n g 

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

w h i c h h a v e e i t h e r g a i n e d ojr lost e n e r g y , it is o f t e n u s e f u l 

to c o n s i d e r the s y m m e t r i s e d s c a t t e r i n g law S(Q,o)), in 

w h i c h c a s e it c a n be shown 1* 3 5 5 that g (w) , the h y d r o g e n -

a m p l i t u d e - w e i g h t e d d e n s i t y of s t a t e s , is g i v e n b y 

g(oj) = s i n h (fiw/2kT) e x p ( 2 W ) 

Q2 

T h e q u e s t i o n now a r i s e s of r e l a t i n g the s p e c t r a 

o b s e r v e d u s i n g i n e l a s t i c 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 to 

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

b e h a v i o u r a r e p o s s i b l e . F i r s t l y , the o p t i c a l and n e u t r o n 

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

(although w i t h d i f f e r e n t i n t e n s i t i e s ) . S e c o n d l y , s i n c e 

n e u t r o n s c a t t e r i n g is n o t s u b j e c t to o p t i c a l s e l e c t i o n r u l e s , 

it m i g h t be e x p e c t e d t h a t the n e u t r o n s p e c t r a s h o u l d r e v e a l 

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

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

in the s y s t e m , it c o u l d be e x p e c t e d t h a t it m i g h t c o n t a i n 
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fewer v i b r a t i o n a l f e a t u r e s than the o p t i c a l s p e c t r u m , d u e 

to lack of i n f o r m a t i o n a b o u t a t o m s o t h e r than h y d r o g e n . 

A s p o i n t e d o u t e a r l i e r , an i n e l a s t i c n e u t r o n s c a t t e r i n g 

e x p e r i m e n t m e a s u r e s the i n t e n s i t y of the s c a t t e r e d n e u t r o n s 

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

(i.e the n e u t r o n s p e c t r u m r e p r e s e n t s a c u t t h r o u g h e n e r g y -

t r a n s f e r a n d m o m e n t u m t r a n s f e r s p a c e ) , so that it is n o t 

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

at c l o s e to zero m o m e n t u m t r a n s f e r . A f u n c t i o n f o u n d to be 

m o r e s u i t a b l e t h a n the i n e l a s t i c s c a t t e r i n g law for d i r e c t 

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

a m p l i t u d e - w e i g h t e d d e n s i t y of s t a t e s f u n c t i o n at z e r o Q , 

P((D) (also k n o w n as the h y d r o g e n - a m p l i t u d e - w e i g h t e d f r e q u e n c y 

d i s t r i b u t i o n f u n c t i o n at zero Q ) . T h i s is o b t a i n e d f r o m the 

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

to zero m o m e n t u m t r a n s f e r , a n d is g i v e n b y 5 9 , 

p (oj) = lim 
Q + 0 

S(Q,A>) 
Q 2 

sinh (fia)/2kT) e x p ( 2 W ) 

C l e a r l y p(o)) is d i r e c t l y r e l a t e d to g (w) , the d i f f e r e n c e 

b e t w e e n the two lying in the e x t r a p o l a t i o n to zero Q . 

It h a s b e e n s h o w n 5 9 by d i r e c t c o m p a r i s o n t h a t the 

f e a t u r e s o b s e r v e d in p(w) are e s s e n t i a l l y i d e n t i c a l to t h o s e 

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

o p t i c a l i n t e n s i t i e s are p r o p o r t i o n a l to t r a n s i t i o n p r o b a b i l -

i t i e s , w h e r e a s n e u t r o n s c a t t e r i n g is o n l y i n t e n s e w h e r e there 

is a l a r g e a m p l i t u d e of m o t i o n of h y d r o g e n . It is w o r t h 

m e n t i o n i n g b r i e f l y the u s e of i s o t o p i c s u b s t i t u t i o n as an 

a i d to m a k i n g v i b r a t i o n a l a s s i g n m e n t s . In o p t i c a l s p e c t r o s c o p y 

the m e t h o d d e p e n d s u p o n s e l e c t i v e s u b s t i t u t i o n o f , for 

e x a m p l e , h y d r o g e n by d e u t e r i u m , and n o t i n g the s u b s e q u e n t 

s h i f t s in the IR or R a m a n s p e c t r u m . In n e u t r o n s c a t t e r i n g , 

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

b e c a u s e o f the large d i f f e r e n c e in c r o s s - s e c t i o n of h y d r o g e n 

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

o c c u r , a n d so the m o d e s w i t h large h y d r o g e n a m p l i t u d e s 

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

s u b s t i t u t i o n . 
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F o r the PMMA i n v e s t i g a t e d in this w o r k , it m i g h t 

be e x p e c t e d that s u b s t i t u t i o n of the h y d r o g e n by d e u t e r i u m 

s h o u l d lead to l a r g e s h i f t s in the b a n d s o b s e r v e d in the 

f r e q u e n c y d i s t r i b u t i o n f u n c t i o n , s i n c e the peak p o s i t i o n 

is d e t e r m i n e d by the m e a n a m p l i t u d e of d i s p l a c e m e n t of the 

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

of h y d r o g e n by d e u t e r i u m s h o u l d lead to a c h a n g e in p e a k 

p o s i t i o n g i v e n by a f a c t o r of H o w e v e r , the v i b r a t i o n a l 

m o t i o n b e i n g s t u d i e d is n o t that of s i n g l e h y d r o g e n a t o m s , 

but of the e n t i r e m e t h y l g r o u p - w h o s e a t o m i c w e i g h t is 1 5 . 

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

is 1 8 , thus the c h a n g e o f peak p o s i t i o n is p r e d i c t e d to 

be o n l y of the o r d e r of / 1 8 / 1 5 , a m u c h s m a l l e r c h a n g e than 

e x p e c t e d at f i r s t s i g h t . 

F o r the b a n d a s s i g n m e n t s m a d e later in the c h a p t e r , 

use is m a d e b o t h of the d i f f e r e n c e in i n t e n s i t i e s of d i i f -

e r e n t p e a k s due to the d i f f e r i n g h y d r o g e n c o n t e n t of the 

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

b e t w e e n p(u>) and o p t i c a l m e a s u r e m e n t s . 

3.1.3 C a l c u l a t i o n of B a r r i e r H e i g h t s from I n e l a s t i c D a t a 

F o r p o l y ( m e t h y l m e t h a c r y l a t e ) , the i n e l a s t i c p e a k s 

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

of the m e t h y l g r o u p s in the m o l e c u l e , and in c e r t a i n 

c i r c u m s t a n c e s it is p o s s i b l e to c a l c u l a t e a b a r r i e r to 

r o t a t i o n . T h e c o n d i t i o n s to be s a t i s f i e d a r e , f i r s t l y , that 

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

V(4>) c a n be r e a s o n a b l y a s s u m e d to be a f u n c t i o n of o n l y 

b a r r i e r h e i g h t (V^) and t o r s i o n a l a n g l e <f>, and s e c o n d l y t h a t 

the o b s e r v e d i n e l a s t i c p e a k is d u e m a i n l y to the 1 0 

t r a n s i t i o n . C l e a r l y , for P M M A , the f i r s t c o n d i t i o n is s a t i s -

f i e d , a n d the s e c o n d is r e a s o n a b l y a s s u m e d , b a s e d o n 

c o m p a r i s o n w i t h the s i m p l e h a r m o n i c o s c i l l a t o r 3 4 - a s i m p l e 

c a l c u l a t i o n of the s c a t t e r i n g law for this c a s e s h o w s that 

m o r e t h a n 88% of the i n e l a s t i c i n t e n s i t y is d u e to the 1 + 0 

t r a n s i t i o n at 3 7 3 K . 
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T h e r o t a t i o n of a m e t h y l g r o u p h i n d e r e d by a p o t e n t i a l 

b a r r i e r V(4>) m a y be w e l l a p p r o x i m a t e d by the f i r s t term in 

a F o u r i e r s e r i e s 

V((f>) = V3 (1 - cos34)) 
2 

S i n c e the m e t h y l g r o u p s are a t t a c h e d to r e l a t i v e l y 

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

i l l a t i o n s and o t h e r n o r m a l m o d e s m a y be i g n o r e d . 

F o r a CH^ g r o u p u n d e r g o i n g r o t a t i o n a b o u t the C - C 

b o n d , the S c h r o d i n g e r w a v e e q u a t i o n is 6 0 

- F 8 2 + V(<J>)lip (<M = E iff (<p) 
r v a V Y va rva 

w h e r e v is the t o r s i o n a l q u a n t u m n u m b e r , F is a 

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

c o n s t a n t o f the g r o u p and a s p e c i f i e s the p e r i o d i c i t y of the 

w a v e f u n c t i o n s , \p. E is the t o r s i o n a l e i g e n v a l u e . 

T h i s e q u a t i o n m a y be t r a n s f o r m e d into M a t h i e u ' s 

d i f f e r e n t i a l e q u a t i o n 6 1 

pi 2 
U L + (b - s c o s 2 x ) y = 0 (3.3) 
9 x 2 

by s u b s t i t u t i n g 2x = 3a + Tr y (x) = ^V(J(<J>) 

It c a n t h e n be s h o w n 5 0 6 1 

V- = 9Fs E = 9F b (3.4) 
3 —7— vo -r- va v 

4 4 

In e q u a t i o n (3.3) s a n d b are d i m e n s i o n l e s s p a r a m e t e r s 

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

F o r e a c h v a l u e of s , t h e r e is a set of e i g e n v a l u e s b , 

f u r t h e r s p e c i f i e d by the p a r a m e t e r a , w h i c h i d e n t i f i e s the 

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

a are 0 and ±1G0 6 1 and the e i g e n f u n c t i o n s h a v e A or E 

s y m m e t r y c h a r a c t e r r e s p e c t i v e l y . W h e n V^ is n o t too low 

(> 1 k c a l / m o l ) the e n e r g y d i f f e r e n c e b e t w e e n the two s t a t e s 

is s m a l l for the g r o u n d l e v e l , a n d m a y be c o n s i d e r e d neg-

l i g i b l e , so the s u b c r i p t m a y be o m i t t e d . 

T h u s , E 1 - E q = ÎCOQ 

w h e r e "fiojg is the o b s e r v e d p o s i t i o n of the p e a k in the 

n e u t r o n s p e c t r u m , and from (3.4) 

b 0 " b l = 4 a J 0 
9F 

If the g e o m e t r y of the m o l e c u l e is k n o w n , F , and 

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

to A b c a n be o b t a i n e d from t a b l e s listing v a l u e s of b as 

f u n c t i o n s of s , a n d f i n a l l y V^ m a y be f o u n d , u s i n g 

V 3 = 9 Fs 

3 . 1 . 4 T h e R o t a t i o n a l S c a t t e r i n g L a w , s 5 o t (Q,o)) 

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

b u t w i t h no t r a n s l a t i o n a l m o t i o n o f the b a c k b o n e (i.e b e l o w 

T , the g l a s s t r a n s i t i o n t e m p e r a t u r e ) it c a n be s h o w n 3 3 t h a t 

the i n c o h e r e n t q u a s i - e l a s t i c s c a t t e r i n g law is e x p e c t e d to 

t a k e the form o f a 6 - f u n c t i o n , a t t r i b u t e d to f i x e d c e n t r e 

o f m a s s m o t i o n of the g r o u p , s u p e r i m p o s e d o n a b r o a d q u a s i -

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

o f r o t a t i o n i.e in the m o s t g e n e r a l c a s e , 

S ^ O t ( Q , 0 3 ) = A (Q) 6 (03) + S? e l(Q,o)) 
inc - o — m c -

(Later in the c h a p t e r , s p e c i f i c m o d e l s of r o t a t i o n 

a p p l i c a b l e to the m e t h y l g r o u p m o t i o n in P M M A w i l l be 
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c o n s i d e r e d , and it w i l l be s e e n t h a t in a l l c a s e s the 

r o t a t i o n a l s c a t t e r i n g law is o f t h i s g e n e r a l f o r m . ) 

^ Q ^ 

S c h e m a t i c a l l y , S i n c ( Q ' w ) m a Y r e p r e s e n t e d in t h e 

f o l l o w i n g w a y 

elastic £ fn 

J\lz broadened component' 

mr 

A E 

H o w e v e r , d u e to the f i n i t e r e s o l u t i o n o f a n y s p e c t -

r o m e t e r , the m e a s u r e d s p e c t r u m u s u a l l y has an a p p e a r a n c e 

s i m i l a r to t h a t s h o w n b e l o w . 

M(Q,(J) M(Q,(J) 

— e l a s t i c component now reflects 
resolution function 

—" 
A E 

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

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

i . e 

M ? 0 t ( Q , ( D ) = s 5 O t ( Q , 0 3 ) * R ( Q ) 
inc — inc — — 

w h e r e R ( Q ) r e p r e s e n t s the r e s o l u t i o n f u n c t i o n . 

T h e m e t h o d s o f d e c o n v o l u t i o n to o b t a i n S r. o t (Q ,uj) i n r — 
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the t r u e r o t a t i o n a l s c a t t e r i n g law h a v e b e e n d i s c u s s e d in 

c h a p t e r 2 . 

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

m o t i o n m a y be o v e r c o m e b y w o r k i n g b e l o w the g l a s s t r a n s -

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

to t h e o b s e r v e d s p e c t r u m m u s t be c o n s i d e r e d . If t h e v i b -

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

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

-fiW 33
 3 6 1+2 a n d it c a n b e shown 1* 2 t h a t t h e o n l y v i b r a t i o n a l 

c o n t r i b u t i o n to t h e q u a s i - e l a s t i c s c a t t e r i n g l a w is e x p e c t e d 

to b e t h r o u g h t h e D e b y e - W a l l e r f a c t o r , e x p ( - Q 2 < u 2 > ) , w h e r e 

< u 2 > is the m e a n s q u a r e a m p l i t u d e o f v i b r a t i o n . 

T h u s , 

S o b s ( Q , o > ) = e x p ( - Q 2 < u 2 >) S ^ ( Q f o j ) 

w h e r e S ^ o t ( Q , w ) is t h e s c a t t e r i n g l a w w h i c h w o u l d be o b s e r v e d 
inc -

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

r a n d o m r e o r i e n t a t i o n a l m o t i o n . 

F i n a l l y , M i n c ( S ' w ) = S o b s ( ^ f ( J j ) * 

If < u 2 > is s m a l l in t h e r e g i o n c o v e r e d b y the q u a s i -

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

e x p a n d e d , a n d a f l a t b a c k g r o u n d f i t t e d to the d a t a d u r i n g 

a n a l y s i s . H o w e v e r , it m a y b e t h a t < u 2 > is n o t s u f f i c i e n t l y 

s m a l l f o r t h i s a p p r o x i m a t i o n to b e v a l i d , in w h i c h c a s e the 

f u l l e x p o n e n t i a l f o r m of t h e D e b y e - W a l l e r f a c t o r m u s t b e 

c o n s i d e r e d . 

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

r o t a t i o n a l s c a t t e r i n g l a w o b t a i n e d , S . (Q,to) is p r e d i c t e d 
inc — 

to be o f t h e f o r m 3 3 "2 

S r. o t(Qrm) = A n (Q) 6 (to) + S ? e l ( Q , t o ) 
inc 0 — N ' inc -

A n ( Q ) , w h i c h d e f i n e s the i n t e n s i t y o f the p u r e l y e l a s t i c 
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c o m p o n e n t (provided the s c a t t e r i n g law is n o r m a l i s e d , so t h a t 

fsr.ot (Q. oj) dcj = 1) is k n o w n as the e l a s t i c i n c o h e r e n t J m c -

s t r u c t u r e f a c t o r (EISF) a n d g i v e s the time a v e r a g e d s p a t i a l 

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

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

p r o t o n p o s i t i o n is c o n t a i n e d in the q u a s i - e l a s t i c t e r m . 

A n e x p e r i m e n t a l v a l u e of the E I S F m a y be o b t a i n e d 

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

r e s o l u t i o n to s e p a r a t e the two c o m p o n e n t s o f the s c a t t e r i n g 

l a w , in w h i c h c a s e the e x p e r i m e n t a l E I S F is g i v e n b y , 

E I S F = I , 
e l 

I , + I i 
e l q e l 

In some c a s e s the s e p a r a t i o n o f the p u r e l y e l a s t i c 

c o m p o n e n t from the q u a s i - e l a s t i c c o n t r i b u t i o n m a y be m a d e 

by n a t u r a l e x t r a p o l a t i o n , a f t e r the s u b t r a c t i o n of a f l a t 

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

and in the r e l a t i v e i n t e n s i t y and s e p a r a t i o n of the i n e l a s t i c 

b a c k g r o u n d g i v e s the a c c u r a c y in the e x p e r i m e n t a l l y d e t e r -

m i n e d A Q(Q) . 

It m a y be t h a t the two c o m p o n e n t s are n o t s u f f i c i e n t l y 

w e l l d e f i n e d to s e p a r a t e them in this w a y . In this c a s e , the 

r e l a t i v e i n t e n s i t i e s , a n d h e n c e the E I S F m a y be o b t a i n e d 

using c o m p u t e r f i t t i n g p r o g r a m s , as o u t l i n e d in c h a p t e r 2 , 

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

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

T h e f o l l o w i n g s e c t i o n s s h o w the c a l c u l a t i o n of Aq (Q) 
for v a r i o u s m o d e l s o f r o t a t i o n , w i t h a v i e w to c o m p a r i s o n 

b e t w e e n the c a l c u l a t e d Aq(Q) and the e x p e r i m e n t a l E I S F 

o b t a i n e d for the r o t a t i o n o f the a - m e t h y l and e s t e r m e t h y l 

g r o u p s in p o l y ( m e t h y l m e t h a c r y l a t e ) . 
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3 . 1 . 5 R o t a t i o n a l M o t i o n B e t w e e n N E q u i v a l e n t S i t e s o n 

a C i r c l e of R a d i u s r 

C a l c u l a t i o n of the r o t a t i o n a l s c a t t e r i n g law m a y 

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

f o l l o w s that of D i a n o u x and V o l i n o 3 5 . 

It is a s s u m e d that the m o t i o n c o n s i s t s of a n u m b e r of 

i n s t a n t a n e o u s j u m p s b e t w e e n N e q u i v a l e n t s i t e s o n a c i r c l e 

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

t i m e , T. 

Z 

and (p are the a n g u l a r p o s i t i o n s o f the s c a t t e r i n g 

n u c l e u s o n a c i r c l e of r a d i u s r , at times t=0 and t = t , 

r e s p e c t i v e l y . 

It is f i r s t n e c e s s a r y to o b t a i n an e x p r e s s i o n for 

the m o t i o n in t e r m s of a d i s t r i b u t i o n f u n c t i o n d e s c r i b i n g 

the p o s s i b l e p o s i t i o n s , <f>. T h i s d i s t r i b u t i o n f u n c t i o n is 

g i v e n by the F o k k e r - P l a n c k e q u a t i o n 3 5 . 

3 P r o t ^ ' * 0 ; t ) = " I * e o t < * ' V t ) + i { P r o t ( 4 , " a ' * 0 ; t ) 

at T 2 T 

+ P r Q t (<f>+a,4>0; t) } (3.5) 

w h e r e a is t h e j u m p a n g l e a n d T the time b e t w e e n s i t e s . 
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Th e m o s t g e n e r a l s o l u t i o n to (3.5) is 

P r o t ( 4 > f ^ 0
; t ) = i Vexp{in(<f>-(j) 0) } e x p 

2TT 7~~ - ao 

_ ( 1 - c o s n a ) | t | 
T (3.6) 

F o r a r a n d o m w a l k a m o n g N e q u i v a l e n t s i t e s , A = 2TT/N. 
S u b s t i t u t i n g f o r a , a n d l e t t i n g 

T = 
n 

1 - c o s n a 

(3.6) b e c o m e s 

T , = T ( p = i n t e g e r ) 
n + p n n ^ r 

N-/ f f l 1 
r o t ( < { ) , ( p 0 ; t ) = " i l l exp{in(<p-<p Q)} x (4>-<f>0-27rp/N) 

N 0=0 _ T
n 

T h e i n t e r m e d i a t e s c a t t e r i n g l a w , I ^ o t ( Q , t ) is t h e n 
i n c — 

g i v e n b y 3 5 

lrot(Q, inc — 
t) = J J e x p { - i Q . r (0) } e x p { i Q . r (t)} P r Q t C d> / 4>0 71) d<f>dcf)0 

S u b s t i t u t i n g f o r P r o t (<J> /<f>g; t) a n d p e r f o r m i n g t h e i n t e g r a l , 

N-l 
Iinc (^' t ) = ^ a n ( Q r s i n 0 ) exp(-|t|A n) 

n = o 
N 

w h e r e a ( Q r s i n Q ) = 1 V" J n{2Qrsin8sin-(Trp/N) } c o s (n2irp/N) 
n N W P=I 

a n d the r o t a t i o n a l s c a t t e r i n g l a w is g i v e n b y , 

tsl-l 
„ r o t = a 0 ( Q r s i n 9 ) 6 ( o 3 ) + 1 y a n ( Q r s i n O ) T n ( 3 > 7 ) 

n=i 1 + (COT ) x n 

w h e r e T n = T-^sin TT/N a n d x^ = r 
:—5 777 1-(COS2TT/N) 

s i n nir/N ' 

T h i s r e s u l t h a s b e e n o b t a i n e d b y B a r n e s 5 7 . 

E q u a t i o n (3.7) is for a s i n g l e c r y s t a l , a n d f o r a n a m o r p h o u s 

m a t e r i a l it is n e c e s s a r y to p e r f o r m a n i s o t r o p i c a v e r a g e 
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o v e r 0 , to g i v e , 

tf-i 

S i n c ( ^ / a ) ) = A
0

( Q ) 6 ( W ) + 1 J)"" T n 
77 /i=/ l+(coT n)

2 

A7 

w h e r e A n (Q) = 1 J T j Q { 2 Q r s i n (irp/N) }cos (n2iTp/N) n N 

jg(x) is the z e r o o r d e r s p h e r i c a l B e s s e l f u n c t i o n 

F i g u r e s 3 . 1 and 3.2 s h o w the b e h a v i o u r of A g ( Q ) for 

s o m e s p e c i f i c c a s e s . C o m p a r i s o n of the c u r v e s l e a d s to s o m e 

g e n e r a l c o n c l u s i o n s r e g a r d i n g the s h a p e o f Aq(Q), applicabl* 

to a l l v a l u e s of N and r for a p o w d e r s a m p l e . 

F o r a g i v e n v a l u e o f N , i n c r e a s i n g r m o v e s the 

m i n i m u m of the c u r v e i n , t o w a r d s Q = 0 , in d i r e c t p r o p o r t i o n 

to the i n c r e a s e in r (i.e if r is d o u b l e d , t h e n the Q v a l u e 

at the p o s i t i o n o f the m i n i m u m is h a l v e d ) , a l t h o u g h the 

a c t u a l v a l u e o f the E I S F at the m i n i m u m is c o n s t a n t . A 

c l e a r d i f f e r e n c e b e t w e e n c u r v e s w i t h the s a m e N , b u t d i f f e r -

e n t r e x i s t s e v e n at low v a l u e s of Q . 

F o r a g i v e n r , b u t w i t h the p o s s i b i l i t y o f v a r y i n g 

N , the p o s i t i o n of the m i n i m u m is n o t m u c h c h a n g e d , b u t the 

v a l u e of the E I S F at its m i n i m u m p o i n t is no l o n g e r c o n s t a n t 

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

h i g h e r Q v a l u e s . 

3.1.6 C a l c u l a t i o n of the E I S F for a M o r e C o m p l e x R o t a t i o n 

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

o f the E I S F to the s p e c i f i c c a s e of the r o t a t i o n of the 

m e t h y l g r o u p s in P M M A , it is u s e f u l to i n v e s t i g a t e the 

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

be u n d e r g o i n g . 

T h e c a s e o f the a - m e t h y l g r o u p is q u i t e s i m p l e . A l m o s t 



Fig 3.1 R a n d o m j u m p b e t w e e n 3 s i t e s 

\ 

\ 

\ 
\ 

\ 
s 

0.2 OA 0.6 0.8 1.0 



-67-

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

m o t i o n b e t w e e n t h r e e e q u i v a l e n t s i t e s , or p o s s i b l y c o n t -

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

a t h e o r e t i c a l v a l u e of the e x p e c t e d E I S F c a n b e c a l c u l a t e d 

u s i n g e q u a t i o n ( 3 . 7 ) , w i t h r = 1 . 0 3 2 8 and N = 3 in the f i r s t 

c a s e , or r = 1 . 0 3 2 2 a n d in the s e c o n d , 

i.e for the f i r s t c a s e , 

A q ( Q ) = 1 {1+2j q ( Q r ) } (3.8) 

a n d for the s e c o n d c a s e , 

An(Q) = 

C a l c u l a t i o n of the E I S F for the e s t e r m e t h y l g r o u p 

d o e s n o t a p p e a r to be so s t r a i g h t f o r w a r d , s i n c e , in p r i n c i p l e , 

at l e a s t , v a r i o u s c o m b i n a t i o n s o f m o t i o n s a b o u t s e v e r a l 

d i f f e r e n t a x e s c o u l d be p o s s i b l e . H o w e v e r , a f t e r c o n s i d e r -

a t i o n o f the m o s t l i k e l y c o n f i g u r a t i o n of the P M M A c h a i n 5 2 63 , 

it is c l e a r t h a t o n l y o n e p o s s i b i l i t y r e a l l y e x i s t s . T h e 

e s t e r g r o u p in P M M A a d o p t s a p l a n a r c o n f i g u r a t i o n , as s h o w n 

b e l o w , w i t h the e s t e r m e t h y l g r o u p p o s i t i o n e d at e i t h e r (A) 

or (B) . 

r C H 3 (B) 

C o n s i d e r a t i o n o f h e a t s of formation 5 1* h a s s h o w n 

p o s i t i o n (A) to b e m o r e e n e r g e t i c a l l y f a v o u r a b l e . 

In v i e w of t h i s , the e s t e r m e t h y l g r o u p is e x p e c t e d 

to be u n d e r g o i n g a c o m b i n a t i o n o f o n l y two m o t i o n s - the 

f i r s t is the s i m p l e t h r e e - f o l d j u m p a b o u t the 0 - C a x i s (as 

in the c a s e of the a - m e t h y l g r o u p ) and the s e c o n d , a 180° 

j u m p c o r r e s p o n d i n g to the w h o l e e s t e r p l a n e f l i p p i n g a b o u t 

the C - C . b o n d . 
X t£ 
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A g a i n , t h e r e is m o r e t h a n o n e m e t h o d to c a l c u l a t e 

t h e E I S F for a c o m p l e x r o t a t i o n , b u t the o n e d e s c r i b e d 

h e r e f o l l o w s D i a n o u x a n d V o l i n o 3 5 

T h e s c a t t e r i n g c e n t r e P ( e q u i v a l e n t to a p r o t o n in 

the e s t e r m e t h y l g r o u p ) m o v e s o n a c i r c l e o f r a d i u s p1 

w h o s e n o r m a l O ' Z 1 is m a k i n g a n a n g l e A w i t h t h e d i r e c t o r OZ. 

T h e c e n t r e o f t h e c i r c l e 0 ' i t s e l f m o v e s o n a c i r c l e o f 

r a d i u s p a r o u n d O Z (to c o r r e s p o n d w i t h the 1 8 0° p l a n a r 

f l i p p i n g m o t i o n ) 

a a n d 9 a r e t h e p o l a r a n g l e s o f Q w i t h r e s p e c t to 

t h e l a b o r a t o r y f r a m e O x y z . (Q is the m o m e n t u m t r a n s f e r , 

as b e f o r e ) . 

A t t i m e t r 0 0 ' m a k e s a n a n g l e <p w i t h O x a n d O ' P 

m a k e s a n a n g l e <f>' w i t h t h e n o r m a l to t h e p l a n e 0 0 ' Z . 

b e s h o w n 3 5 t h a t t h e d i s t r i b u t i o n f u n c t i o n s in t h i s c a s e a r e 

g i v e n b y 

N—l * 
P r o t = - yexp(-|t | /T£)exp{in ( (F> -<F> 0 ) }X {$-<*>Q-(2TTP/N) } 

N • 

z 

z' 

y 

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

p- -co 

P 
/ 

r o t 
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P e r f o r m i n g the i n t e g r a l s o v e r <f>, 4>1 a n d CJ)Q, <J>Q to 

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

N-l N-l 
I I N C ( 2 ' T ) ^ e x p { - | T | (1/T£ + 1/T£ »Ann,(Q) (3.9) 

w h e r e t h e c o e f f i c i e n t s A n n , ( Q ) a r e g i v e n b y 

A I (Q) = _L > > J n ( Q sinQ ( R 2 + S 2 ) ^ } c o s ( T Q ) COS9COS{2TT (np+rip)} 
n n NN'f-: , , N N ' p=l p./ 

w h e r e 

R = p'cos (2-rrp/N) c o s { + (2TTP'/N)} -p 1 c o s ^ - psin(27rp/N) 

- p'cosX sin(27rp/N) sin{<J> Q + (2Trp'/N)} 

S = p'sin (2irp/N) c o s {(|)Q + (27fp'/N) } - p'cos Xsincf)^ - 2 p s i n 2 (irp/N) 

+ p'cosXcos (2irp/N) s i n ^ ^ + (2TTP'/N)} 

T = 2p'sinX sin(irp>'N/) c o s + (Trp^N') } 

T h e i s o t r o p i c a v e r a g e o v e r the i n i t i a l p o s i t i o n 

m u s t be d o n e n u m e r i c a l l y for the a c t u a l v a l u e s o f p , p ' , X , 0 

a n d Q . In a d d i t i o n , for a p o w d e r s a m p l e , it is a l s o n e c e s s a r y 

to a v e r a g e o v e r 8 , in w h i c h c a s e , 

A/ N ' 

(Q) = 1 7 y ~ j n ( Q ( R 2 + s 2 + T 2 ) 3 cos{2rr (np + n ' p * ) } 
n n N N 1 ~— N N 1 

P=/ P'-I 

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

r o t a t i o n is n o w g i v e n by t h e F o u r i e r t r a n s f o r m o f (3.9) w i t h 

A n n , ( Q ) r e p l a c e d b y A n n , ( Q ) . T h e E I S F is g i v e n b y A Q 0 ( Q ) , i.e 

N N' v 

E I S F = A n n ( Q ) = _1_ Y y j { Q ( R 2 + S 2 + T 2 ) 2 } (3.10) 

N N 1 f-7 4 T 
P" H 

w h e r e R , S a n d T r e t a i n t h e i r o r i g i n a l d e f i n i t i o n s . 
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A simple p r o g r a m to c a l c u l a t e the E I S F for the ester 

m e t h y l g r o u p in P M M A w a s w r i t t e n , a s s u m i n g a c o m b i n a t i o n of 

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

w a s p e r f o r m e d u s i n g S i m p s o n ' s r u l e , w i t h the o p t i o n of v a r y i n g 

the s t e p size as r e q u i r e d . In a d d i t i o n , p r o v i s i o n w a s a l s o 

m a d e for v a r y i n g the two r a d i i of g y r a t i o n , and their r e l a t i v e 

a n g l e , A . The f i n a l p a r a m e t e r s u s e d w e r e b a s e d o n b o n d a n g l e s 

and b o n d l e n g t h s t a k e n from 62 and 6 3 , w i t h p=1.16 8 , 

p 1 = 1 . 0 3 2 8 and A=4°. F i g u r e 3.3 s h o w s the E I S F o b t a i n e d in 

this c a s e , for c o m p l e x r o t a t i o n , c o m p a r e d to a s i m p l e three-

fold j u m p m o t i o n . 

E x p e r i m e n t a l D e t e r m i n a t i o n of the E I S F for a C o m p l e x R o t a t i o n 

E q u a t i o n (3.10) p r e d i c t s the E I S F for a c o m p l e x 

r o t a t i o n , such as t h a t u n d e r g o n e by the e s t e r m e t h y l g r o u p 

in P M M A . H o w e v e r , the true E I S F w i l l o n l y be o b t a i n e d 

e x p e r i m e n t a l l y if the t i m e s c a l e of b o t h kinds o f m o t i o n are 

c o m p a r a b l e , and o n l y if this is less than 1 / A w ^ , w h e r e 

1/Ao)^ is the f u l l w i d t h half m a x i m u m (FWHM) of the r e s o l u t i o n 

f u n c t i o n of the s p e c t r o m e t e r u s e d for m a k i n g the m e a s u r e m e n t . 

I f , in the p a r t i c u l a r c a s e of P M M A , the c o r r e l a t i o n 

time of the two f o l d j u m p is v e r y m u c h s h o r t e r (or l o n g e r ) 

t h a n t h a t of the r o t a t i n g e s t e r m e t h y l g r o u p , the e x p e r i m e n t a l 

E I S F w i l l r e f l e c t o n l y one of the two p o s s i b l e m o t i o n s (which 

o n e d e p e n d s o n the i n s t r u m e n t a l r e s o l u t i o n ) . 

3.1.7 T e m p e r a t u r e D e p e n d e n c e of the M e a n J u m p T i m e and 

C a l c u l a t i o n o f the A c t i v a t i o n E n e r g y 

T h e m e a n j u m p t i m e , T, is g i v e n by the F W H M o f the 

q u a s i - e l a s t i c c o m p o n e n t of the r o t a t i o n a l s c a t t e r i n g l a w . 

F o r a s i m p l e j u m p m o d e l , the b r o a d c o m p o n e n t is p r e d i c t e d 

to be a s i n g l e L o r e n t z i a n , c h a r a c t e r i s e d by the F W H M , T. 

F o r this m o d e l , t is n o t e x p e c t e d to v a r y w i t h Q . 

A s s u m i n g an A r r h e n i u s law to d e s c r i b e the v a r i a t i o n 



Fig 3.3 E I S F for C o m p l e x R o t a t i o n 

— c o m b i n e d 2 and 3 - f o l d , p 1 = 1 . 0 3 2 8 , p = l . 1 6 8 , A = 4 0 
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o f T w i t h t e m p e r a t u r e 3«+ 

T = T0 e x p ( - E a / k T ) 

T h u s m e a s u r e m e n t of T o v e r a range of t e m p e r a t u r e s 

w i l l a l l o w an a c t i v a t i o n e n e r g y to be e x t r a c t e d d i r e c t l y . 

3.1.8 R e l a t i o n s h i p B e t w e e n E and 3I* e a 3 

In d e r i v i n g this r e l a t i o n s h i p , it is a s s u m e d that 

the jump p r o b a b i l i t y T ^ is p r o p o r t i o n a l to the p r o b a b i l i t y 

that the s y s t e m is in an a c t i v a t e d e n e r g y s t a t e E = V ^ . 

For a t h e r m a l l y a c t i v a t e d process 3** , 

T" 1 = kT Z _ 1 e x p { - ( V - E ) / k T } (3.11) 
h 

oO 

w h e r e Z = ^ e x p { - ( E v - E Q ) / k T } 

V-o 

and is the v i b r a t i o n a l p a r t i t i o n f u n c t i o n of the a c t i v a t e d 

s t a t e . 

T h u s , T " 1 = kT Z _ 1 

U h 

In p r i n c i p l e , the r i g h t h a n d side o f e q u a t i o n (3.11) 

c a n be c a l c u l a t e d if V^ is k n o w n . If the m o d e l c h o s e n to 

c a l c u l a t e V ^ f r o m i n e l a s t i c d a t a is c o r r e c t , the v a r i a t i o n 

of (3.11) w i t h t e m p e r a t u r e s h o u l d r e p r o d u c e t h a t of T ^ 
d e d u c e d from the v a r i a t i o n of q u a s i - e l a s t i c w i d t h s . 

3 . 1 . 9 T h e Q u e s t i o n of Q u a n t u m M e c h a n i c a l T u n n e l l i n g 

V a r i o u s w o r k e r s 2 1 2 7 3 0 3 1 h a v e p r o p o s e d t h a t q u a n t u m 

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

at low t e m p e r a t u r e s for b o t h the m e t h y l g r o u p s in P M M A . 
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T h e e v i d e n c e s u p p o r t i n g this p r o p o s a l w i l l be d i s c u s s e d 

in s e c t i o n 3 . 3 . 1 1 . I f , h o w e v e r , t u n n e l l i n g is a m a j o r 

r e l a x a t i o n p r o c e s s , the a c t i v a t i o n e n e r g y , E , c a n n o t be 

a 

e s t i m a t e d from s i m p l e A r r h e n i u s p l o t s as o u t l i n e d in 3 . 1 . 7 , 

b e c a u s e the f r e q u e n c y - t e m p e r a t u r e ^ p l o t s are no l o n g e r 

l i n e a r at low t e m p e r a t u r e s . S t e j s k a l a n d G u t o w s k y 1 7 h a v e 

c a l c u l a t e d the a v e r a g e t u n n e l l i n g f r e q u e n c y as a f u n c t i o n 

o f t e m p e r a t u r e for a s e r i e s o f b a r r i e r h e i g h t s . A r e g u l a r s e t 

o f c u r v e s is o b t a i n e d , as s h o w n in f i g u r e 3 . 4 , and it is o n 

the b a s i s of these c a l c u l a t i o n s that v a l u e s of V ^ ( t u n n e l l i n g ) 

s h o u l d be o b t a i n e d from q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g d a t a 

a n d N M R T^ m e a s u r e m e n t s for c o m p a r i s o n w i t h the v a l u e s o f 

V_ f o u n d u s i n g i n e l a s t i c 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 . 

3.2 S a m p l e P r e p a r a t i o n 

V a r i o u s s e l e c t i v e l y d e u t e r a t e d f o r m s of a t a c t i c 

p o l y ( m e t h y l m e t h a c r y l a t e ) w e r e p r e p a r e d by D r . R . H . H a l l of 

I m p e r i a l C o l l e g e . The t h r e e s a m p l e s u s e d in the n e u t r o n 

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

(1) D e u t e r a t i o n of the e s t e r m e t h y l g r o u p , to a l l o w o b s e r -

v a t i o n of the a - m e t h y l g r o u p o n l y . 

H CH. 

P M M A l M W ~ 5 2 0,0 00 

(2) D e u t e r a t i o n of the <x-methyl g r o u p to a l l o w i n d e p e n d e n t 

s t u d y of the e s t e r m e t h y l g r o u p . 

P M M A 2 

H CD 

M W ~ 4 5 0 , 0 0 0 
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(3) R e p l a c e m e n t of h y d r o g e n by d e u t e r i u m in b o t h the a - m e t h y l 

g r o u p , and the b a c k b o n e , a g a i n to a l l o w s t u d y of the e s t e r 

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

e n t e l a s t i c s c a t t e r i n g from the b a c k b o n e h y d r o g e n . 

D CD. 

P M M A 3 —f C C j— MW-^250 ,000 

-CH3 
NMR m e a s u r e m e n t s m a d e o n the s a m p l e s (in d i l u t e C D C l ^ 

s o l u t i o n ) s h o w e d t h e p e r c e n t a g e of d e u t e r a t i o n to be ^ 9 7 % 

for PMMA3 and c l o s e to 100% for P M M A l and P M M A 2 . In a d d i t i o n , 

a n a l y s i s of t a c t i c i t y s p l i t t i n g 5 5 of the a - m e t h y l peak 

s h o w e d P M M A l to a p p r o x i m a t e l y 50% s y n d i o t a c t i c , 40% a t a c t i c 

a n d 10% i s o t a c t i c . It is m o r e d i f f i c u l t to e s t i m a t e the 

p e r c e n t a g e of d i f f e r e n t t a c t i c i t y t r i a d s for the o t h e r two 

s a m p l e s , P M M A 2 a n d P M M A 3 , from i n v e s t i g a t i o n of the e s t e r 

m e t h y l p e a k , s i n c e the t a c t i c i t y s p l i t t i n g is m u c h less c l e a r . 

H o w e v e r , s i n c e the s a m p l e s w e r e p r e p a r e d in the same w a y 

as P M M A l , the r e l a t i v e p e r c e n t a g e s w i l l p r o b a b l y be m u c h 

the s a m e . T h e N M R s p e c t r u m for P M M A 2 is s h o w n in figure 3.5 

(sweep f r e q u e n c y 1 0 0 M H z ) . 

A s m a l l q u a n t i t y of p o l y ( m e t h y l m e t h a c r y l a t e ) c a t a -

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

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

P M M A from P o l y m e r L a b o r a t o r i e s L t d . , C h u r c h S t r e t t o n , 

S h r e w s b u r y , for u s e in the i n v e s t i g a t i o n of the e f f e c t of 

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

r e f e r r e d to as I S O T l a n d S Y N D I O l . 

N M R m e a s u r e m e n t s w e r e m a d e to c h e c k the s t e r e o r e g u l a r i t y 

o f the c o m m e r c i a l s a m p l e s . F i g u r e 3.6 s h o w s the r e l e v a n t 

s e c t i o n of the s p e c t r u m for I S O T l (sweep f r q u e n c y 2 5 0 M H z ) . 

T h e i n t e n s e p e a k a t 1.2 ppm is a s s o c i a t e d w i t h the i s o t a c t i c 

r e s o n a n c e of the a - m e t h y l g r o u p . T h e a l m o s t i m p e r c e p t i b l e 

h u m p s at 0.9 a n d 1.06 p p m a r e a s s o c i a t e d w i t h the s y n d i o -

t a c t i c and a t a c t i c r e s o n a n c e s r e s p e c t i v e l y . C o m p a r i s o n of the 

i n t e g r a t e d i n t e n s i t i e s i n d i c a t e s that the s a m p l e is b e t t e r 



Fig 3.5 

NMR spectrum for PMMA2 

ester methyl 

4 CHEMICAL SHIFT 3 
( ppm) 

i 

CTi 
I 



4 CHEMICAL SHIFT 3 ( p p m ) 
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t h a n 95% i s o t a c t i c . T h e p e a k s p o s i t i o n e d b e t w e e n 1.4 and 

2.4 ppm are m e t h y l e n e r e s o n a n c e s , and the peak at 3.6 p p m 

is a t t r i b u t e d to the e s t e r m e t h y l g r o u p . 

F i g u r e 3.7 s h o w s the N M R s p e c t r u m for S Y N D I 0 1 (sweep 

f r e q u e n c y 250 M H z ) . T h i s s a m p l e is p r e d o m i n a n t l y s y n d i o t a c t i c , 

b u t not as s t e r e o r e g u l a r as I S O T l . C a l c u l a t i o n of i n t e g r a t e d 

i n t e n s i t i e s s h o w s t h a t it c o n t a i n s 76% s y n d i o t a c t i c s e q u e n c e s , 

21% a t a c t i c a n d 3% i s o t a c t i c t r i a d s . T h e s h a r p p e a k at 1.6 p p m 

is a t t r i b u t e d to e i t h e r t r a c e i m p u r i t i e s , o r , a m o r e l i k e l y 

e x p l a n a t i o n , to w a t e r in the s a m p l e . 

A l l s a m p l e s of p o l y ( m e t h y l m e t h a c r y l a t e ) u s e d in the 

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

their c h e m i c a l c o m p o s i t i o n , a n d name by w h i c h they are 

r e f e r r e d to l a t e r in the t h e s i s . 

H C H 

P M M A l 
50% s y n d i o t a c t i c 

40% a t a c t i c 

1 0 % i s o t a c t i c 

5 0 % s y n d i o t a c t i c 

P M M A 2 H C C J- 4 0 % a t a c t i c 

1 0 % i s o t a c t i c 
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PMMA3 
50% syndiotact 
40% atactic 
10% isotactic 

^ O CH. 

SYNDIOl 

0 O CH. 

H CH. H 

H 
/ 

0 O- CH. 

H CH. 

76% syndiotactic 
21% atactic 
3% isotactic 
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In a l l c a s e s the s a m p l e s w e r e h o t p r e s s e d ( at a p p r o x . 

120 °C) for n e u t r o n s c a t t e r i n g e x p e r i m e n t s , the t h i c k n e s s of 

e a c h s a m p l e being c a l c u l a t e d to g i v e 10% s c a t t e r . (This is 

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

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

s t a t i s t i c s in r e a s o n a b l e c o u n t i n g t i m e s ) . T h e r e q u i r e d 

t h i c k n e s s is c a l c u l a t e d u s i n g the B e e r - L a m b e r t l a w , 

N = Nq e x p ( - s t ) 

w h e r e N and Ng are the f i n a l a n d i n c i d e n t n e u t r o n flux (in the 

c a l c u l a t i o n N / N Q is set to 0.9) and t is the s a m p l e t h i c k n e s s 

s is the m a c r o s c o p i c c r o s s - s e c t i o n , and is g i v e n by 

s = CTtotal'A-p-M 

w h e r e a
t o t a i

 = s u m s c a t t e r i n g c r o s s - s e c t i o n s o v e r a l l 

s p e c i e s in a s i n g l e m o n o m e r 

A = A v o g a d r o ' s n u m b e r 

p = s a m p l e d e n s i t y 

M = m o l e c u l a r w e i g h t of o n e r e p e a t u n i t . 

so for a p o l y m e r c o m p o s e d of d i f f e r e n t a t o m i c s p e c i e s , i , 

s = A p Y m . T a . 
h l h l 
l l 

w h e r e i d e n o t e s the sum o v e r o n e m o n o m e r . 

3.3 E x p e r i m e n t a l R e s u l t s a n d I n t e r p r e t a t i o n 

3 . 3 . 1 I n e l a s t i c N e u t r o n S c a t t e r i n g R e s u l t s 

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

d e u t e r a t e d s a m p l e s , P M M A l , P M M A 2 and P M M A 3 . For t h e s e 

e x p e r i m e n t s , the t i m e - o f - f l i g h t s p e c t r o m e t e r , 4 H 5 , w a s u s e d , 

w i t h a 6+12 s l o t r o t o r c o n f i g u r a t i o n , and an i n c i d e n t w a v e -
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length of 4.8 8 . T h i s g a v e a F W H M e l a s t i c r e s o l u t i o n of the 

o r d e r of 400 y e V . A l l d a t a w e r e r e c o r d e d at a m b i e n t t e m p e r -

a t u r e . 

T h e p o s i t i o n of the i n e l a s t i c p e a k s in the raw time-

of-f l i g h t d a t a was n o t e d for e a c h a n g l e of s c a t t e r . S i n c e the 

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

c o n c l u d e d that d i s p e r s i o n e f f e c t s in the s y s t e m w e r e s m a l l , 

and t h e r e f o r e it w o u l d be p o s s i b l e to sum d a t a t a k e n o v e r a l l 

a n g l e s . T h e raw d a t a w e r e t h e r e f o r e a n a l y s e d as i n d i c a t e d 

in s e c t i o n 2 . 3 , to o b t a i n , f i r s t l y , Z g ( w ) , i.e the d e n s i t y 

of s t a t e s f u n c t i o n , g(u)), s u m m e d o v e r a l l a n g l e s , to i m p r o v e 

s t a t i s t i c s , and s e c o n d l y , p ( w ) , the h y d r o g e n - a m p l i t u d e -

w e i g h t e d d e n s i t y of s t a t e s f u n c t i o n , e x t r a p o l a t e d to zero Q . 

In g e n e r a l , p r o v i d e d that d i s p e r s i o n e f f e c t s are s m a l l , P (to) 

and Eg(o)) w i l l be v e r y s i m i l a r , a l t h o u g h the e x t r a p o l a t i o n 

to zero m o m e n t u m t r a n s f e r m a y s h a r p e n some of the m o r e 

i n d i s t i n c t p e a k s . 

B o t h Zg(u)) and p(w) for e a c h of the three s a m p l e s are 

s h o w n in f i g u r e s 3.8 to 3 . 1 3 , as a f u n c t i o n of e n e r g y 

t r a n s f e r . 

F u r t h e r i n e l a s t i c d a t a from PMMA3 w e r e r e c o r d e d using 

I N 6 , a n d , in a d d i t i o n , m e a s u r e m e n t s w e r e a l s o m a d e o n the 

s t e r e o r e g u l a r s a m p l e s I S O T l and S Y N D I O l . A n i n c i d e n t w a v e -

l e n g t h of 4 . 1 8 was u s e d , g i v i n g a F W H M e l a s t i c r e s o l u t i o n 

of the o r d e r of 250 y e V (i.e i d e n t i c a l to that of IN5 at the 

same i n c i d e n t w a v e l e n g t h ) . 

F i g u r e s 3 . 1 4 , 3 . 1 5 a n d 3.16 s h o w the f i n a l f r e q u e n c y 

d i s t r i b u t i o n f u n c t i o n s e x t r a p o l a t e d to zero Q , for I S O T l , 

S Y N D I O l and P M M A 3 . 

3 . 3 . 2 C o n s i d e r a t i o n of E r r o r s in E x t r a c t i n g P(UJ) 

T h e m a g n i t u d e of the error bars in the p l o t s of P(UJ) 
i n d i c a t e s the s t a n d a r d d e v i a t i o n s of the d a t a p o i n t s from the 

c a l c u l a t e d line of b e s t fit o n the i n t e r m e d i a t e l o g a r i t h m i c 
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Fig 3.10 p (03) for PMMA2 
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Fig 3.12 p (03) for PMMA 3 
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p l o t s . T h e size of t h e s e e r r o r s m a y be c o n s i d e r a b l y r e d u c e d 

by the e l i m i n a t i o n of o n e or two bad a n g l e s , and s o , to some 

e x t e n t , the p u r p o s e of t h e s e e r r o r b a r s o n p (to) is for 

r e l a t i v e c o m p a r i s o n o f a d j a c e n t p o i n t s , and a l s o as an aid 

in d e c i d i n g w h i c h (if a n y ) of the d a t a s h o u l d be d i s c a r d e d in 

the e x t r a p o l a t i o n to zero Q . T h e e r r o r in d e c i d i n g at e x a c t l y 

w h i c h f r e q u e n c y a p e a k in p(w) is p o s i t i o n e d is r a t h e r 

d i f f i c u l t to q u a n t i f y . T h i s d i f f i c u l t y a r i s e s b e c a u s e of two 

f a c t o r s . T h e f i r s t of t h e s e is the i n h e r e n t b r o a d n e s s of 

the p e a k s b e i n g s t u d i e d in p o l y ( m e t h y l m e t h a c r y l a t e ) , and the 

s e c o n d is in r e s o l v i n g p e a k s f a l l i n g r a t h e r c l o s e t o g e t h e r , 

w h i c h t e n d to a p p e a r m e r e l y as ' s h o u l d e r s ' in the f r e q u e n c y 

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

peak at 350 cm 1 (see f i g u r e 3.8) is p r o b a b l y l o c a t e d r e l i a b l y 

to ±10 cm w h e r e a s the p r e c i s e p o s i t i o n of the s h o u l d e r s 

n o m i n a l l y q u o t e d as b e i n g at 280 cm 1 and 220 cm 1 are 

p r o b a b l y o n l y a c c u r a t e to ±20 cm , at b e s t . 

3.3.3 I n t e r p r e t a t i o n of I n e l a s t i c M e a s u r e m e n t s , and 

A s s i g n m e n t of P e a k s in p (oo) 

A s s i g n m e n t of p e a k s in p(o)) is m a d e e a s i e r by c o m p a r i s o n 

of the i n e l a s t i c n e u t r o n s c a t t e r i n g d a t a w i t h far i n f r a - r e d 

m e a s u r e m e n t s , as s u g g e s t e d in s e c t i o n 3 . 1 . 2 . A l t h o u g h the 

r e l a t i v e i n t e n s i t i e s of s p e c i f i c p e a k s m e a s u r e d using the two 

m e t h o d s are l i k e l y to be r a t h e r d i f f e r e n t , s i n c e the f r e q u e n c y 

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

s c a t t e r i n g is h y d r o g e n - a m p l i t u d e w e i g h t e d , w h e r e a s the peak 

i n t e n s i t i e s in the IR s p e c t r a a r e n o t r e l a t e d to the m o t i o n 

of the h y d r o g e n in the s a m p l e , t h e p e a k p o s i t i o n s in b o t h 

c a s e s a r e e x p e c t e d to be i d e n t i c a l , p r o v i d e d t h e r e are no 

d i s p e r s i o n e f f e c t s . 

F a r i n f r a - r e d s t u d i e s o n s y n d i o t a c t i c P M M A h a v e b e e n 

m a d e by M a n d l e y 6 6 , w h o o b s e r v e d t r a n s i t i o n b a n d s at 35 cm 1 , 

58 cm"" 1, 95 c m " 1 , 225 c m " 1 , 320 c m " 1 and 400 c m " 1 . H e w a s 

able to a s s i g n some of t h e s e b a n d s to s k e l e t a l m o t i o n of the 

P M M A , by c o m p a r i s o n of the o b s e r v e d f r e q u e n c i e s w i t h n o r m a l 

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

a s s i g n e d by c o m p a r i s o n w i t h IR d a t a o n P M M A from o t h e r s o u r c e s , 

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

p o l y m e r s . The f i n a l r e s u l t s o b t a i n e d are s u m m a r i s e d b e l o w . 

(6 = b e n d i n g ) 

P o s i t i o n of O b s e r v e d B a n d (cm I d e n t i f i c a t i o n 

II 

400 6(C-O-C) o u t - o f - p l a n e 

320 (shoulder) 6 (C-C-C) i n - p l a n e 

225 6 (C-C-C) o u t - o f - p l a n e 

190 6(C-O-C) i n - p l a n e 

95 6(C-C-C) o u t - o f - p l a n e 

58 

34 
h i n d e r e d r o t a t i o n 

Far i n f r a - r e d i n v e s t i g a t i o n s h a v e a l s o b e e n m a d e by 

T a d o h o r o et a l 6 7 o n i s o t a c t i c P M M A . P e a k a s s i g n m e n t s in this 

c a s e w e r e m a d e by c o m p a r i s o n of o b s e r v e d b a n d s w i t h t h o s e 

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

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

that the t o t a l l y s y m m e t r i c A s p e c i e s g a v e rise to 19 f u n d a -

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

a x i s (i.e e q u i v a l e n t to i n - p l a n e m o t i o n in the a b o v e n o m e n -

c l a t u r e ) a n d that the d o u b l y d e g e n e r a t e E, s p e c i e s g a v e r i s e 

to t r a n s i t i o n m o m e n t s p e r p e n d i c u l a r to the m o l e c u l a r a x i s 

(i.e o u t - o f - p l a n e ) . A d o p t i n g the f o l l o w i n g n o t a t i o n for 

l a b e l l i n g the a t o m s in P M M A , 

M , 

C 1(-l)- -C-,, H 
H " 2 -<ji C n H 2 ( + 1). 

C-

0. 

• H I °I1 

M 
11 
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t h e i r results m a y be s u m m a r i s e d as f o l l o w s : 

( 6 = b e n d i n g , w = w a g g i n g , T = t o r s i o n ) 

S p e c i e s A 

O b s e r v e d F r e q u e n c y (cm A s s i g n m e n t 

3 9 1 ( II ) w e a k (sh) 

365 ( 

314 ( 

217 ( 

165 ( 

109 (| 

v e r y strong 

m e d i u m 

s t r o n g 

v e r y w e a k 

m e d i u m 

w ( C 1 M 1 ) + 6 ( C ] 1 C 1 C i l (+1)) 

6 ( C m° l M I L ) 

T ( C m 0 1 ) + w ^ C ^ ) 

6 ( C 1 C m 0 1 ) + 5 ( 0 ^ ) 

T ( C m 0 l ) 

T ( C 1 C ] I L ) 

S p e c i e s E^ 

O b s e r v e d F r e q u e n c y (cm A s s i g n m e n t 

406 (jJ m e d i u m 6 ( C M = ° I L » 

368 (jj v e r y s t r o n g 6 ( C m 0 1 M I L ) + 6 ( 0 ^ ) 

338 (jJ m e d i u m (sh) w ( C 1 M 1 ) + 6 ( C 1 C m 0 I L ) 

232 (i) s t r o n g 6 ( C 1 C m ) + 6 ( ^ 0 ^ 0 . ^ 

188 (jJ v e r y w e a k < S ( c I c H I ) + 5 ( c ] 1 c 1 c I L ( + i ) ) 

140 (jJ v e r y w e a k T ( C ^ 

113 (jJ w e a k T ( C l C m ) 

It is n o w p o s s i b l e to a s s i g n the p e a k s in p(to) 

o b s e r v e d in f i g u r e s 3 . 8 , 3 . 1 0 , 3 . 1 2 , 3 . 1 4 , 3.15 and 3.16 
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F i g u r e 3.14 s h o w s the f r e q u e n c y d i s t r i b u t i o n f u n c t i o n 

e x t r a p o l a t e d to zero Q for i s o t a c t i c P M M A . T h r e e d o m i n a n t 

p e a k s m a y be o b s e r v e d at 260 cm , 300 cm and 360 cm 

C o m p a r i s o n w i t h the r e s u l t s q u o t e d a b o v e s u g g e s t s t h a t the 

b a n d at 360 cm m a y be a s s i g n e d to ester m e t h y l g r o u p 

b e n d i n g , and t h a t at 260 cm 1 c o r r e s p o n d s (within e x p e r i m e n t a l 

e r r o r ) to the b a n d o b s e r v e d at 232 cm 1 in the i n f r a - r e d 

s p e c t r u m , involving b e n d i n g of the e s t e r g r o u p . T a d o h o r o 

a s s i g n s the peak at 314 cm 1 to t o r s i o n a l m o t i o n w i t h i n the 

e s t e r g r o u p a b o u t the C ^ O ^ b o n d , c o m b i n e d w i t h C ^ C ^ w a g g i n g . 

H o w e v e r , A l l e n et a l 2 2 h a v e p r e v i o u s l y o b s e r v e d an i n t e n s e 

p e a k p o s i t i o n e d at 300 cm 1 in the i n e l a s t i c n e u t r o n s c a t t e r i n g 

s p e c t r u m from a p u r e i s o t a c t i c s a m p l e of P M M A , w h i c h h a d b e e n 

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

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

the s p e c t r u m - t h u s the peak at 3 0 0 c m ^ c o u l d c o n f i d e n t l y be 

a s s i g n e d to a - m e t h y l m o t i o n . In v i e w of this r e s u l t , and 

a l s o b e c a u s e T a d o h o r o et a l h a v e n e i t h e r o b s e r v e d nor 

c a l c u l a t e d any o t h e r f r e q u e n c y a s s o c i a t e d w i t h the a - m e t h y l 

t o r s i o n , the p e a k at 300 cm 1 in f i g u r e 3.14 is a s s i g n e d to 

a - m e t h y l t o r s i o n in an i s o t a c t i c s a m p l e (although it is 

p o s s i b l e that this is c o m b i n e d w i t h the m o t i o n s m e n t i o n e d 

by T a d o h o r o et al) . 

C o m p a r i s o n o f f i g u r e 3 . 1 6 , the f r e q u e n c y d i s t r i b u t i o n 

f u n c t i o n of p u r e s y n d i o t a c t i c P M M A w i t h the r e s u l t s of 

M a n d l e y a l l o w s the f o l l o w i n g a s s i g n m e n t s to be m a d e . T h e p e a k 

at 240 cm 1 m a y b e a s s i g n e d to o u t - o f - p l a n e m a i n c h a i n 

b e n d i n g , and the s h o u l d e r at 320 cm 1 to i n - p l a n e m a i n c h a i n 

b e n d i n g . No p e a k in the r e g i o n of 360 cm 1 w a s o b s e r v e d by 

M a n d l e y , and so this peak is a s s i g n e d to a - m e t h y l t o r s i o n , 

for two r e a s o n s . F i r s t l y , of a l l m o t i o n s o b s e r v e d in the 

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

w i t h the two m e t h y l g r o u p s a r e l i k e l y to h a v e the g r e a t e s t 

i n t e n s i t y , s i n c e t h e y i n v o l v e the h y d r o g e n m o t i o n w i t h the 

g r e a t e s t a m p l i t u d e . A s d i s c u s s e d l a t e r , the e s t e r m e t h y l 

t o r s i o n a l peak is e x p e c t e d to a p p e a r at m u c h l o w e r f r e q u e n c i e s , 

s u g g e s t i n g that this peak at 360 cm be a s s i g n e d to a - m e t h y l 

m o t i o n . F u r t h e r m o r e , this is in g o o d a g r e e m e n t w i t h H i g g i n s 

et a l 2 1 2 2 , w h o e s t a b l i s h e d the p o s i t i o n of the a - m e t h y l 
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t o r s i o n in s y n d i o t a c t i c P M M A to be at 360 cm 

F i g u r e s 3.12 a n d 3.15 b o t h s h o w p(w) for P M M A 3 (the 

f o r m e r o b t a i n e d using 4 H 5 , a n d the l a t t e r , IN6) and so are 

e x p e c t e d to be i d e n t i c a l . B o t h s h o w a peak at a p p r o x i m a t e l y 

190 cm \ a l t h o u g h at l o w e r f r e q u e n c i e s , the r e l a t i v e 

i n t e n s i t y of the s p e c t r u m a p p e a r s to be l o w e r in f i g u r e 3.15 

t h a n in f i g u r e 3 . 1 2 . T o s o m e e x t e n t , this is n o t s u r p r i s i n g , 

s i n c e the f r e q u e n c y d i s t r i b u t i o n f u n c t i o n in this f r e q u e n c y 

r a n g e is v e r y d e p e n d e n t o n i n s t r u m e n t a l p a r a m e t e r s (in 

p a r t i c u l a r , the i n e l a s t i c r e s o l u t i o n ) a n d , as y e t , the e x a c t 

b e h a v i o u r of IN6 is n o t k n o w n . 

F i g u r e 3.10 s h o w s p(co) for P M M A 2 . T h i s is e x p e c t e d to 

be v e r y s i m i l a r to 3 . 1 2 , s i n c e the o n l y d i f f e r e n c e b e t w e e n 

the two s a m p l e s is t h a t PMMA3 is m o r e f u l l y d e u t e r a t e d . In 

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

f e a t u r e s of the s p e c t r u m are e x p e c t e d to be d u e to e s t e r 

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

and w i t h r e f e r e n c e to the IR m e a s u r e m e n t s , the f o l l o w i n g 

p e a k a s s i g n m e n t s c a n be m a d e . T h e p e a k at 320 cm 1 in b o t h 

c a s e s is a s s i g n e d to i n - p l a n e m a i n c h a i n b e n d i n g . It s h o u l d 

be n o t e d that this p e a k is r a t h e r m o r e i n t e n s e for P M M A 2 . 

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

of the s p e c t r u m - in P M M A 3 the b a c k b o n e h y d r o g e n is d e u t e r a t e d , 

in P M M A 2 it is n o t , thus the p e a k r e f l e c t i n g b a c k b o n e 

m o t i o n is m o r e i n t e n s e for P M M A 2 . T h e s h o u l d e r a t 240 cm 1 

is a s s i g n e d to o u t - o f - p l a n e b a c k b o n e b e n d i n g . T h e r e g i o n 

b e t w e e n 50 and 200 cm 1 is a s s o c i a t e d w i t h the e s t e r m e t h y l 

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

be f u r t h e r s p e c i f i e d by c o m p a r i s o n w i t h f i g u r e 3 . 8 , w h i c h 

s h o w s p(u>) for P M M A l , a n d is t h e r e f o r e e x p e c t e d to b e 

d o m i n a t e d by m o t i o n o f the a - m e t h y l g r o u p . A r e l a t i v e l y 

i n t e n s e p e a k is o b s e r v e d in the r e g i o n 20-90 cm S i n c e the 

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

d e u t e r a t i o n , this p e a k is a s s i g n e d to c r y s t a l l i n e l a t t i c e 

m o d e s . R e f e r r i n g b a c k to f i g u r e 3 . 1 2 , it is n o w p o s s i b l e to 

s e p a r a t e the b r o a d b a n d b e t w e e n 50 and 200 cm 1 i n t o two 

s p e c i f i c r e g i o n s . C r y s t a l l i n e b a c k b o n e m o d e s d o m i n a t e in the 

r e g i o n 50-90 cm \ a n d the h i g h e r f r e q u e n c y r e g i o n 9 0 - 2 0 0 cm 1 
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is a s s o c i a t e d w i t h ester g r o u p m o t i o n . M a n d l e y ' s r e s u l t s 

s u g g e s t that a peak at 190 cm 1 be a t t r i b u t e d to ester g r o u p 

bending m o t i o n . It is f u r t h e r e x p e c t e d that the ester m e t h y l 

t o r s i o n a l f r e q u e n c y s h o u l d lie b e t w e e n 90 a n d 200 cm""1 -

T a d o h o r o p r e d i c t s p e a k s d u e to t o r s i o n a l m o t i o n of the e s t e r 

g r o u p as a w h o l e , and i n t e r n a l m o t i o n w i t h i n the g r o u p in 

this f r e q u e n c y r e g i o n for i s o t a c t i c P M M A . A l t h o u g h it is n o t 

y e t known w h e t h e r t a c t i c i t y a f f e c t s the p o s i t i o n of the 

t o r s i o n a l peak for the e s t e r m e t h y l g r o u p (as it c l e a r l y 

d o e s for the a - m e t h y l g r o u p , t h e s e r e s u l t s s h o w i n g the 

t o r s i o n a l peak for i s o t a c t i c P M M A to be at 300 cm and 

for s y n d i o t a c t i c P M M A at 360 cm in e x c e l l e n t a g r e e m e n t w i t h 

H i g g i n s et a l 2 1 2 2 ) , it is u n l i k e l y to s h i f t it e n t i r e l y o u t 

of this f r e q u e n c y r a n g e . F u r t h e r m o r e , H i g g i n s et al 2 1 r e p o r t 

the p o s i t i o n of the ester m e t h y l t o r s i o n a l p e a k in p r e d o m -

i n a n t l y s y n d i o t a c t i c P M M A to be at a b o u t 100 cm 

As a l r e a d y m e n t i o n e d , f i g u r e 3.8 s h o w s the f r e q u e n c y 

d i s t r i b u t i o n f u n c t i o n for P M M A l (a s a m p l e p r e p a r e d to be 

a t a c t i c , b u t , in f a c t , ^ 5 0 % s y n d i o t a c t i c ) w h i c h is e x p e c t e d 

to be d o m i n a t e d by the m o t i o n of the a - m e t h y l g r o u p , s i n c e 

the ester m e t h y l g r o u p is d e u t e r a t e d . T h e r e g i o n b e t w e e n 

20 and 90 cm 1 is a s s o c i a t e d w i t h c r y s t a l l i n e b a c k b o n e m o d e s . 

T h e s h o u l d e r at 240 cm ^is a s s i g n e d to o u t - o f - p l a n e b a c k b o n e 

b e n d i n g , a n d t h a t at 300 cm ^to e i t h e r i n - p l a n e b a c k b o n e 

b e n d i n g ( e x p e c t e d to be r e l a t i v e l y i n t e n s e , s i n c e the 

b a c k b o n e of t h i s s a m p l e is h y d r o g e n o u s ) or t o r s i o n a l m o t i o n 

of the a - m e t h y l g r o u p w i t h i n i s o t a c t i c s e q u e n c e s in the s a m p l e , 

w h i c h w o u l d a l s o lead to a r e l a t i v e l y i n t e n s e p e a k , d u e to 

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

p e r c e n t a g e of i s o t a c t i c s e q u e n c e s in P M M A l is q u i t e s m a l l . 

T h e peak at 360 cm ^is a s s i g n e d to a - m e t h y l t o r s i o n in 

e i t h e r a t a c t i c or s y n d i o t a c t i c s e q u e n c e s . T h i s a s s i g n m e n t is 

m a d e on the b a s i s t h a t t h i s p e a k is the m o s t i n t e n s e in the 

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

s c a t t e r i n g d a t a 2 1 2 2 . A l t h o u g h this d a t a is n o t fully 

c o n c l u s i v e at h i g h e r f r e q u e n c i e s , the a p p e a r a n c e of a peak 

at 400 cm 1 is p r e d i c t e d by M a n d l e y , and is a s s i g n e d to 

o u t - o f - p l a n e ester g r o u p b e n d i n g . 
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T h e f o l l o w i n g t a b l e , 3 . 1 , s u m m a r i s e s the a s s i g n m e n t 

of b a n d s o b s e r v e d in the i n e l a s t i c n e u t r o n s c a t t e r i n g s p e c t r a . 

T a b l e 3 . 1 A s s i g n m e n t of P e a k s in p(o)) 

S a m p l e B a n d P o s i t i o n (cm A s s i g n m e n t 

I S O T l 

(Fig 3.14) 

260 

300 

360 

e s t e r g r o u p b e n d i n g 

a - m e t h y l t o r s i o n 

e s t e r m e t h y l b e n d i n g 

S Y N D I O l 

(Fig 3.16) 

240 

320 

360 

o u t - o f - p l a n e m a i n c h a i n 

b e n d i n g 

i n - p l a n e m a i n c h a i n b e n d i n g 

a - m e t h y l t o r s i o n 

P M M A l 

(Fig 3.8) 

20-90 

240 

300 

360 

400 

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

o u t - o f - p l a n e b a c k b o n e 

b e n d i n g 

e i t h e r i n - p l a n e b e n d i n g , o r 

a - m e t h y l t o r s i o n in iso-

t a c t i c s e q u e n c e s 

a - m e t h y l t o r s i o n (atactic 

o r s y n d i o t a c t i c s e q u e n c e s ) 

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

P M M A 2 and 

P M M A 3 

(Figs. 3 . 1 0 , 

3.12 & 3 . 1 5 

20-90 

9 0 - 2 0 0 

240 

320 

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

e s t e r m e t h y l t o r s i o n 

o u t - o f - p l a n e b a c k b o n e 

b e n d i n g 

i n - p l a n e b a c k b o n e b e n d i n g 

H a v i n g a s s i g n e d a l l the p e a k s o c c u r r i n g in the 

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

n e u t r o n s c a t t e r i n g , it is p o s s i b l e to s p e c i f y the b a n d s 

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

using e q u a t i o n (3.4) to c a l c u l a t e the b a r r i e r s to r o t a t i o n . 
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The f o l l o w i n g t a b l e s u m m a r i s e s the v a l u e s of the 

t o r s i o n a l f r e q u e n c y , , and b a r r i e r h e i g h t , V ^ , o b t a i n e d 

for a l l s a m p l e s . 

Table 3.2 T o r s i o n a l F r e q u e n c i e s and B a r r i e r H e i g h t s 

O b t a i n e d from I n e l a s t i c M e a s u r e m e n t s 

S a m p l e v (cm V ^ ( k J / m o l ) 

I s o t a c t i c P M M A , 

a - m e t h y l t o r s i o n 
300 23 

S y n d i o t a c t i c PMMA ^gg 3 3 

a - m e t h y l t o r s i o n 

P r e d o m i n a n t l y 

s y n d i o t a c t i c PMMA 9 0 - 2 0 0 3 . 2 - 1 0 . 5 

ester m e t h y l t o r s i o n 

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

for the e s t e r m e t h y l g r o u p is d i s c u s s e d l a t e r in the c h a p t e r 

3.3.4 Q u a s i - e l a s t i c N e u t r o n S c a t t e r i n g R e s u l t s R e l a t i n g 

to the R o t a t i o n a l M o t i o n of the E s t e r m e t h y l G r o u p 

in P o l y ( m e t h y l m e t h a c r y l a t e ) 

Q u a s i - e l a s t i c s p e c t r a w e r e o b t a i n e d from P M M A 3 , u s i n g 

the t i m e - o f - f l i g h t s p e c t r o m e t e r , I N 5 . A n i n c i d e n t w a v e l e n g t h 

o f 4.7 8 , c o m b i n e d w i t h a c h o p p e r s p e e d of 10,000 rpm g a v e 

a F W H M e l a s t i c r e s o l u t i o n of the o r d e r of 200 y e V . D a t a 

w e r e r e c o r d e d at 25°C, 47°C, 60°C, 88°C a n d 118°C o v e r the 

Q r a n g e 0.3 to 2.3 8 In a d d i t i o n , a s i n g l e r u n at room 

t e m p e r a t u r e (25°C) w a s r e c o r d e d for the p u r e i s o t a c t i c 

s a m p l e , I S O T l . 

F i g u r e s 3.17 to 3.20 show the s c a t t e r i n g law o b t a i n e d 

for P M M A 3 at 47°C for s e v e r a l Q v a l u e s . S p e c t r a r e c o r d e d at 
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o t h e r t e m p e r a t u r e s a p p e a r a l m o s t i d e n t i c a l to t h e s e . F i g u r e s 

3 . 2 1 and 3.22 show the s p e c t r a o b t a i n e d from I S O T l at two 

a n g l e s of s c a t t e r . T h e g r e a t l y i n c r e a s e d e l a s t i c i n t e n s i t y 

in this c a s e is m a i n l y d u e to i n c o h e r e n t s c a t t e r i n g from 

the h y d r o g e n in the b a c k b o n e and a - m e t h y l g r o u p (since the 

F W H M o f the q u a s i - e l a s t i c c o m p o n e n t a s s o c i a t e d w i t h the 

r o t a t i o n a l m o t i o n of the a - m e t h y l g r o u p is less than 8 y e V 

at r o o m t e m p e r a t u r e , its c o n t r i b u t i o n to the q u a s i - e l a s t i c 

w i d t h o b s e r v e d in t h e s e s p e c t r a (FWHM ^ 8 0 0 yeV) is n e g l i g i b l e , 

and m a y be c o n s i d e r e d p u r e l y e l a s t i c . ) 

In a d d i t i o n to t h e s e e x p e r i m e n t s p e r f o r m e d o n I N 5 f 

room t e m p e r a t u r e m e a s u r e m e n t s w e r e m a d e o n P M M A 3 , I S O T l and 

S Y N D I O l using I N 6 . A n i n c i d e n t w a v e l e n g t h of 4 . 1 2 was u s e d , 

g i v i n g a F W H M e l a s t i c r e s o l u t i o n of the o r d e r of 250 y e V , 

and a Q r a n g e 0.4 to 2.6 8 

It s h o u l d be e m p h a s i s e d that a l l q u a s i - e l a s t i c s c a t t e r -

ing m e a s u r e m e n t s w e r e m a d e b e l o w the g l a s s t r a n s i t i o n 

t e m p e r a t u r e of the s a m p l e s , in o r d e r to e l i m i n a t e p r o b l e m s 

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

3 . 3 . 5 C o r r e c t i o n s to the C a l c u l a t e d E I S F for C o m p a r i s o n 

w i t h E x p e r i m e n t a l V a l u e s 

T h e E I S F c a l c u l a t e d a c c o r d i n g to e q u a t i o n (3.8) or 

(3.10) a s s u m e s t h a t a l l the e l a s t i c i n t e n s i t y m e a s u r e d in 

the o b s e r v e d s p e c t r u m is d u e to c e n t r e of m a s s m o t i o n of 

the r o t a t i n g g r o u p . H o w e v e r , for the P M M A s a m p l e s u s e d in 

this s e r i e s of e x p e r i m e n t s , this a s s u m p t i o n is n o t t r u e , 

and b e f o r e c o m p a r i n g the E I S F c a l c u l a t e d for a s p e c i f i c m o d e l 

to t h e E I S F o b t a i n e d e x p e r i m e n t a l l y , it is n e c e s s a r y to 

c o r r e c t the t h e o r e t i c a l v a l u e s to t a k e a c c o u n t of e x t r a 

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

e l a s t i c i n t e n s i t y . F o r P M M A 3 , this w i l l be a r e l a t i v e l y s m a l l 

c o r r e c t i o n , due o n l y to i n c o m p l e t e d e u t e r a t i o n of the a - m e t h y l 

and b a c k b o n e h y d r o g e n . H o w e v e r , for the p u r e s t e r e o - i s o m e r s , 

a n d P M M A l , the c a l c u l a t e d E I S F w i l l be c o n s i d e r a b l y d i f f e r e n t 

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

T h e m e t h o d u s e d to c a l c u l a t e t h e c o r r e c t e d E I S F 

f o l l o w s Dianoux 3 1* , a n d is o u t l i n e d b e l o w for t h e s p e c i f i c 

c a s e o f P M M A 3 . 

I n d e r i v i n g t h e c o r r e c t e d E I S F , t h e i n c o h e r e n t 

c o n t r i b u t i o n o f t h e a - m e t h y l a n d b a c k b o n e d e u t e r i u m (a. = 

inc 

2 . 2 6 b for d e u t e r i u m ) a n d t h e s m a l l p e r c e n t a g e , z , o f 

h y d r o g e n ( a ^ n c ( h y d r o g e n ) = 7 9 . 7 b) w h i c h h a s n o t b e e n r e p l a c e d 

b y d e u t e r i u m o n l y is c o n s i d e r e d , s i n c e the i n c o h e r e n t c r o s s -

s e c t i o n s o f t h e o t h e r n u c l e i ( o x y g e n a n d c a r b o n ) a r e c o n -

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

c o n s i d e r e d to b e r o t a t i n g ( b e c a u s e , a s p o i n t e d o u t e a r l i e r , 

t h e r o t a t i o n o f t h e a - m e t h y l g r o u p is m u c h t o o s l o w to be 

o b s e r v e d o n the t i m e s c a l e of t h i s e x p e r i m e n t ) , t h e c o n t r i b u t i o n 

to t h e s c a t t e r i n g l a w by t h e d e u t e r i u m a n d u n s u b s t i t u t e d 

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

a f f e c t o n l y t h e 6 - f u n c t i o n c o m p o n e n t o f the r o t a t i o n a l 

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

w i l l b e p r o p o r t i o n a l to 

{5GHZ + 5 a D ( l - z ) } 6(A>) + 3AR S ^°£(Q ,U ) ) 

i 

w h e r e (Q,AJ) = A Q ( Q ) 6 (W) + 1 { 1 - A Q ( Q ) } 2T/3 
77 1 +032 ( 2T/3) 2 

w i t h A q ( Q ) = 1 { 1 + 2j g ( Q r ) } 

(in f a c t , t h i s c o r r e c t i o n is c a l c u l a t e d f o r t h e c a s e o f 

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

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

c h a p t e r . O f c o u r s e , t h e m e t h o d is e q u a l l y a p p l i c a b l e to 
r o t 

c o m p l e x r o t a t i o n s , w i t h s u i t a b l e f o r m s o f A q ( Q ) a n d S i n c ( Q ' w ) 

i n s e r t e d in t h e a b o v e e x p r e s s i o n s ) . 

In o r d e r to o b t a i n a n o r m a l i s e d s c a t t e r i n g l a w , 

_ o))dw = 1 , S ( Q , w ) is d e f i n e d b y 

-co /

oO 

S ( Q , . 
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S(Q,o)) = P f 6(03) + P m 

P P 
t t 

w i t h P f = (5/3)z + ( 5 / 3 ) ( a D / a H ) ( 1 - z) 

P t 1 + (5/3)z + ( 5 / 3 ) ( a D / a H ) ( 1 - z) 

a n d P,. + P = P^ 
f m t 

P^ and P r e p r e s e n t t h e t o t a l n u m b e r o f f i x e d and 
r m 

r o t a t i n g s c a t t e r i n g s i t e s , e x p r e s s e d in u n i t s o f o„ . ' S i n c e 
n 

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

i n t e n s i t y to the e l a s t i c c o m p o n e n t of the s c a t t e r i n g l a w , 

the c o e f f i c i e n t Aq (Q) of the 6 (OJ) p e a k is no l o n g e r the true 

E I S F , b u t m a y be c o n s i d e r e d as an a p p a r e n t E I S F , r e l a t e d to 

the t r u e v a l u e , A n ( Q ) , by 

A ^ ( f i ) = | f + P A 0 ( f l ) 

t t 

F o r P M M A 3 , z = 0 . 0 3 , g i v i n g P . / P u = 0.0864 a n d P / P t = 0 . 9 1 3 6 . 
3 f t m t 

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

the s a m e w a y for P M M A l and the p u r e s t e r e o - i s o m e r s , I S O T l 

a n d S Y N D I 0 1 . 

F i g u r e 3.23 s h o w s A Q ( Q ) a n d Aq(Q) f o r P M M A 3 , and 

a l s o for a p u r e l y h y d r o g e n o u s s a m p l e of P M M A . 

3 . 3 . 8 E x p e r i m e n t a l V a l u e s o f the E I S F and the P r o b l e m 

o f C o h e r e n t S c a t t e r i n g 

F o r d a t a r e c o r d e d o n I N 5 , e x p e r i m e n t a l v a l u e s of the 

E I S F for P M M A 3 w e r e o b t a i n e d u s i n g the fitting p r o g r a m 

W O N D E R P R O G (see s e c t i o n 2 . 3 . 1 for a d e s c r i p t i o n of this 

p r o g r a m ) , a s s u m i n g a s i m p l e t h r e e - f o l d j u m p m o d e l , w i t h 



Fig 3 . 2 3 EISF for rotat ion of ester methyl group in PMMA 



- 1 0 4 -

r = 1.032 8 . P l o t s showing the s c a t t e r i n g law o b t a i n e d 

using this m o d e l (referred to as W3 o n the f i g u r e s ) c o m p a r e d 

w i t h the a c t u a l d a t a are s h o w n for a r a n g e of Q v a l u e s a n d 

t e m p e r a t u r e s in f i g u r e s 3.24 to 3 . 2 7 . The e l a s t i c and q u a s i -

e l a s t i c c o m p o n e n t s are i n d i c a t e d by a d a s h e d l i n e in e a c h 

f i t . If the e s t e r m e t h y l g r o u p is u n d e r g o i n g o n l y a s i m p l e 

t h r e e - f o l d j u m p , the q u a s i - e l a s t i c c o m p o n e n t is p r e d i c t e d 

to be a s i n g l e L o r e n t z i a n , w h o s e w i d t h is c h a r a c t e r i s e d 

o n l y by t e m p e r a t u r e , and is i n d e p e n d e n t of Q . T h u s a m o d e l 

c o m p r i s i n g a s i n g l e L o r e n t z i a n p l u s an e l a s t i c 6 - f u n c t i o n 

s h o u l d fit the e x p e r i m e n t a l d a t a to g i v e e x a c t l y the s a m e 

v a l u e s of the E I S F as t h o s e o b t a i n e d u s i n g the B a r n e s 1 

t h r e e - f o l d j u m p m o d e l . F i t s b a s e d on a s i n g l e L o r e n t z i a n p l u s 

a 6 - f u n c t i o n are s h o w n in f i g u r e 3.28 for P M M A 3 at room 

t e m p e r a t u r e . T h e c o m p o n e n t s c o m p r i s i n g the s c a t t e r i n g law 

are a g a i n s e p a r a t e d by a d a s h e d l i n e . 

F i g u r e 3.29 shows the s c a t t e r i n g law f i t t e d at two 

a n g l e s of s c a t t e r for the i s o t a c t i c s a m p l e , I S O T l , o b t a i n e d 

using the t h r e e - f o l d j u m p m o d e l fitting p r o g r a m , W 3 . 

T h e q u a s i - e l a s t i c d a t a r e c o r d e d on IN6 for P M M A 3 , 

I S O T l and S Y N D I O l w e r e a l s o a n a l y s e d using W O N D E R P R O G , 

fitting a s i m p l e t h r e e - f o l d j u m p m o d e l to the d a t a . H o w e v e r , 

d u e to its s l i g h t l y g r e a t e r e n e r g y r a n g e , an a p p r e c i a b l e 

i n e l a s t i c c o m p o n e n t due to the d e n s i t y of s t a t e s f u n c t i o n 

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

l a w , and it is no longer a d e q u a t e to a s s u m e a flat i n e l a s t i c 

b a c k g r o u n d (as s u g g e s t e d in 3 . 1 . 4 ) w h e n f i t t i n g to the d a t a . 

I n s t e a d , to o b t a i n an a c c u r a t e f i t , it is n e c e s s a r y to 

e s t i m a t e a v a l u e o f < u 2 > a n d c a l c u l a t e the D e b y e - W a l l e r f a c t o r 

a c r o s s the q u a s i - e l a s t i c s p e c t r u m . A n a l t e r n a t i v e a p p r o a c h 

is to l i m i t t h e e n e r g y r a n g e of the f i t t i n g r o u t i n e , so t h a t 

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

f l a t . R e s u l t s o b t a i n e d in t h i s w a y are e s s e n t i a l l y i d e n t i c a l 

to those o b t a i n e d a p p l y i n g the f u l l e x p o n e n t i a l form of the 

D e b y e - W a l l e r f a c t o r , e x p ( - Q 2 < u 2 > ) . 

It w i l l b e c o m e c l e a r later in the c h a p t e r that due 

to the t i m e s c a l e of the n e u t r o n s c a t t e r i n g e x p e r i m e n t s , o n l y 

the t h r e e - f o l d j u m p c o m p o n e n t of the e s t e r m e t h y l g r o u p 
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Fig 3.24 
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m o t i o n is b e i n g o b s e r v e d , w i t h no c o n t r i b u t i o n o f the t w o -

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

o f the w h o l e e s t e r g r o u p . F o r t h i s r e a s o n , f u r t h e r a n a l y s i s 

c o n c e n t r a t e s m a i n l y in t e r m s o f the B a r n e s ' t h r e e - f o l d j u m p 

m o d e l to d e s c r i b e the o b s e r v e d m o t i o n . 

F i g u r e 3 . 3 0 s h o w s the e x p e r i m e n t a l v a l u e s of the E I S F 

o b t a i n e d from P M M A 3 from IN5 for the e s t e r m e t h y l g r o u p 

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

m o d e l f i t to the d a t a , c o m p a r e d w i t h Aq(Q), the c o r r e c t e d 

c a l c u l a t e d E I S F for a t h r e e - f o l d j u m p . C l e a r l y t h e r e is a 

large discrepancy between the observed and predicted EISF 
( a l t h o u g h it s h o u l d be n o t e d t h a t the a l t e r n a t i v e m o d e l 

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

larger discrepancy, since the EISF for this model drops off 
e v e n m o r e q u i c k l y w i t h Q ) . F i g u r e 3 . 3 1 s h o w s the E I S F o b t a i n e d 

by f i t t i n g a s i n g l e L o r e n t z i a n p l u s a 6 - f u n c t i o n to the 

e x p e r i m e n t a l s c a t t e r i n g law for the IN5 d a t a . T h e v a l u e s 

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

o b t a i n e d u s i n g the t h r e e - f o l d j u m p m o d e l f i t t i n g p r o g r a m , W 3 . 

In addition, in both cases, the width of the quasi-elastic 
c o m p o n e n t is f o u n d to be i n d e p e n d e n t o f Q , as p r e d i c t e d 

b y the B a r n e s ' m o d e l . A l s o s h o w n in f i g u r e 3 . 3 1 is the 

e x p e r i m e n t a l E I S F o b t a i n e d f r o m P M M A 3 from d a t a m e a s u r e d 

u s i n g I N 6 . T h e s e v a l u e s w e r e o b t a i n e d u s i n g the t h r e e - f o l d 

j u m p m o d e l f i t t i n g p r o g r a m , W 3 , w i t h a v a l u e o f < u 2 > o f 0.5 

u s e d to c a l c u l a t e the D e b y e - W a l l e r f a c t o r , e x p ( - Q 2 < u 2 > ) . 

(As i n d i c a t e d e a r l i e r in the c h a p t e r , d u e to the s l i g h t l y 

g r e a t e r e n e r g y t r a n s f e r r a n g e c o v e r e d b y I N 6 , t h e e x p e r i m e n t a l 

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

l a w , S ^ o t ( Q , o j ) , b u t i n s t e a d S ^ o t ( Q , w ) c o m b i n e d w i t h a 
inc — inc — 

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

f u n c t i o n (which a p p e a r s in the s p e c t r u m at h i g h e r e n e r g i e s ) . 

U n l e s s d u e a c c o u n t is t a k e n to c o r r e c t for t h i s e x t r a i n e l a s t i c 

i n t e n s i t y , the v a l u e s o f the E I S F o b t a i n e d w i l l n o l o n g e r 

be correct, since the calculation to obtain the EISF will no 
l o n g e r be s o l e l y d e f i n e d by the r a t i o o f the a r e a s o f the 

e l a s t i c c o m p o n e n t o f the r o t a t i o n a l s c a t t e r i n g l a w to the 

q u a s i - e l a s t i c c o m p o n e n t , b u t i n s t e a d by the r a t i o o f the 
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Fig 3.31 EISF for PMMA3- Comparison of IN5 and IN6 data 
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area of the e l a s t i c c o m p o n e n t of t o a r e a of 

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

to the c o n t r i b u t i o n of the d e n s i t y o f s t a t e s f u n c t i o n . T h i s 

w i l l t h e r e f o r e g i v e v a l u e s of the E I S F w h i c h are s m a l l e r 

than the true v a l u e s . 

T h e i n e l a s t i c c o n t r i b u t i o n is thus c o r r e c t e d for 

by e i t h e r e s t i m a t i n g a v a l u e of < u 2 > and c a l c u l a t i n g the 

D e b y e - W a l l e r f a c t o r a c r o s s the s p e c t r u m , o r by a n a l y s i n g 

the d a t a a c r o s s a n a r r o w e r e n e r g y t r a n s f e r r a n g e , thus 

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

s c a t t e r i n g ) 

T h e E I S F c a l c u l a t e d a s s u m i n g the s c a t t e r i n g law to 

c o m p r i s e a 6 - f u n c t i o n p l u s a s i n g l e L o r e n t z i a n , b u t f i t t e d 

a c r o s s a n a r r o w e r e n e r g y r a n g e than for W 3 , was f o u n d to 

g i v e i d e n t i c a l r e s u l t s to t h o s e o b t a i n e d u s i n g W 3 w i t h a v a l u e 

of < u 2 > of 0 . 5 , and f i t t i n g a c r o s s the e n t i r e s p e c t r u m . 

T h e e x c e l l e n t a g r e e m e n t of the e x p e r i m e n t a l v a l u e s 

of the E I S F o b t a i n e d from two d i f f e r e n t f i t t i n g r o u t i n e s , 

and f u r t h e r m o r e , from two d i f f e r e n t i n s t r u m e n t s , w o u l d 

s u g g e s t t h a t the t h r e e - f o l d j u m p m o d e l is a p p r o p i a t e for 

d e s c r i b i n g the o b s e r v e d m o t i o n on the t i m e s c a l e of a n e u t r o n 

s c a t t e r i n g e v e n t , and the a p p a r e n t d i s c r e p a n c y m u s t be 

a t t r i b u t e d to some o t h e r f a c t o r . 

F i g u r e 3.32 s h o w s t h e E I S F o b t a i n e d for I S O T l , f r o m 

IN5 m e a s u r e m e n t s , and t h a t o b t a i n e d for b o t h I S O T l a n d 

S Y N D I O l f r o m IN6 m e a s u r e m e n t s . A g a i n , for IN6 m e a s u r e m e n t s , 

d u e a c c o u n t w a s t a k e n o f the D e b y e - W a l l e r f a c t o r in the d a t a 

a n a l y s i s . It s h o u l d be p o i n t e d o u t t h a t a n a l y s i s for t h e s e 

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

for the p a r t i a l l y d e u t e r a t e d P M M A 3 , d u e to the e n o r m o u s 

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

in the s a m p l e s . H o w e v e r , t h e r e is a g a i n f o u n d to be e x c e l l e n t 

a g r e e m e n t b e t w e e n IN5 and IN6 d a t a , and in a d d i t i o n , the 

E I S F is f o u n d to be i d e n t i c a l for the two s t e r e o r e g u l a r 

f o r m s of the p o l y m e r . T h i s is as e x p e c t e d , s i n c e the E I S F 
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r e f l e c t s o n l y the g e o m e t r i c a l m o t i o n of the r o t a t i n g m e t h y l 

g r o u p , w h i c h is p r o b a b l y i n d e p e n d e n t of t a c t i c i t y . C o m p a r i s o n 

o f f i g u r e s 3 . 3 1 and 3.32 show t h a t the v a l u e s of the E I S F 

for the p u r e s t e r e o - i s o m e r s , I S O T l a n d S Y N D I 0 1 c o v e r a 

r a t h e r m o r e l i m i t e d Q r a n g e t h a n the v a l u e s o b t a i n e d for the 

p a r t i a l l y d e u t e r a t e d s a m p l e P M M A 3 . T h i s is due to p r o b l e m s 

in o b t a i n i n g an a c c e p t a b l e fit at the e x t r e m e Q v a l u e s for 

t h e p u r e l y h y d r o g e n o u s s a m p l e s . A l s o s h o w n in f i g u r e 3 . 3 2 

is the c a l c u l a t e d E I S F , A q ( Q ) , c o r r e c t e d for a p u r e l y h y d r o -

g e n o u s s a m p l e . A g a i n , a l a r g e d i s c r e p a n c y is o b s e r v e d 

b e t w e e n the p r e d i c t e d a n d o b s e r v e d d a t a . 

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

E I S F a n d the e x p e r i m e n t a l v a l u e s for a l l the P M M A s a m p l e s 

is a t t r i b u t e d to e l a s t i c c o h e r e n t s c a t t e r i n g from the s a m p l e . 

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

s t r u c t u r e f a c t o r , S ( Q ) , for P M M A 3 , u s i n g the p o w d e r d i f f T a c -

t o m e t e r , 1 0 H . T h e r e s u l t s o b t a i n e d are s h o w n in f i g u r e 3 . 3 3 . 

C l e a r l y there is a s i g n i f i c a n t c o h e r e n t c o n t r i b u t i o n a c r o s s 

the w h o l e Q r a n g e c o v e r e d by the IN5 and IN6 e x p e r i m e n t s . 

F i g u r e 3.34 s h o w s the w i d e a n g l e X - r a y d i f f r a c t i o n p a t t e r n 

for c o m m e r c i a l P M M A 6 3 . A l t h o u g h it w a s n o t p o s s i b l e to 

m e a s u r e the p r i m a r y d i f f r a c t i o n p e a k p o s i t i o n e d at a b o u t 1 8 ^ 

o n 1 0 H , d u e to e x p e r i m e n t a l l i m i t a t i o n s , in a l l o t h e r 

r e s p e c t s the s t r u c t u r e f a c t o r , S ( Q ) , m e a s u r e d u s i n g n e u t r o n 

d i f f r a c t i o n t e c h n i q u e s is i d e n t i c a l to t h a t o b t a i n e d u s i n g 

X - r a y s c a t t e r i n g . 

S i n c e it s e e m s m o s t l i k e l y t h a t the d i f f e r e n c e s 

b e t w e e n the p r e d i c t e d a n d o b s e r v e d E I S F , M ( Q ) , a r e d u e 

p r i n c i p a l l y to c o h e r e n t s c a t t e r i n g , it is p o s s i b l e to 

c o r r e c t M ( Q ) in the f o l l o w i n g w a y . 

M ( Q ) = E l . C o h . + E l . I n c 

E l . C o h + E l . I n c + Q . E l . I n c 

T h e d i f f r a c t i o n p a t t e r n for P M M A 3 s h o w n in f i g u r e 

3.33 r e f l e c t s the t o t a l s c a t t e r i n g f r o m the s a m p l e i.e 

b o t h t h e c o h e r e n t and i n c o h e r e n t c o n t r i b u t i o n s . It is 

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



Fig 3.33 Coherent scattering from PMMA3 
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to shorter distances being explored in the polymer chain) 
coherent effects in the sample will be lost, and at high Q 
values, an almost constant, flat incoherent scattering 
level will be reached. In fact, the incoherent level will 
not be exactly flat across the spectrum, but decrease 
slightly with Q. This arises because the static approximation 
(i.e k = kg) is not strictly true. Calculations to correct 

for the effect of inelasticity (so-called Plazcek corrections, 
since the problem was first considered by Plazcek 9 5 ) are 
complex, and not well understood. However, it is believed 5 8 

that for neutrons of high incident energy and heavy scattering 
centres the correction will be only a few percent. The 
scattering centres in PMMA may be considered as heavy, since 
they are all attached to a long polymer chain, thus recoil 
(inelastic) effects from the scattering event will be small. 
For the purposes of this analysis, the incoherent level is 
assumed to be constant across the entire Q range, and the 
static approximation to be valid, so that the coherent 

> scattering is assumed to be purely elastic. This assumption 
has been made by other workers involved in analysing coherent 
scattering data, principally to overcome the difficulties 
in making inelastic corrections 6 8 , and is shown to be a 
valid approximation at low Q values. The problem of contam-
ination of the incoherent quasi-elastic spectrum by 
coherent scattering has also been encountered by Richardson 
et al69 in the measurement of the EISF for liquid crystals. 
In their treatment of the data to correct the observed EISF, 
the coherent scattering was again assumed to be purely 
elastic. 

Thus the ratio, 

x = El Coh 
Inc. Total 

at any Q value may be found from the measured S(Q). 
Also, 

El.Inc. = A'(Q) x Inc.Total 
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T h u s , M ( Q ) = x + Aq ( Q ) 
1 + x 

T h i s r e s u l t h a s a l s o b e e n u s e d by R i c h a r d s o n et a l 6 9 . 

K n o w i n g x , M ( Q ) a n d Aq ( Q ) for a l l Q v a l u e s , it is 

p o s s i b l e to o b t a i n an e x p e r i m e n t a l v a l u e o f the EISF, Aq (exp) < 

f o r a l l Q v a l u e s for c o m p a r i s o n w i t h the c a l c u l a t e d Aq(Q). 

A ^ f e x p ) for P M M A 3 is s h o w n in f i g u r e 3 . 3 1 ( d e n o t e d by ( + ) ) . 

H a v i n g a c c o u n t e d for the c o h e r e n t c o n t r i b u t i o n , as w e l l as 

i n c o m p l e t e d e u t e r a t i o n , it is n o w c l e a r t h a t t h e m o t i o n 

b e i n g o b s e r v e d in the e s t e r m e t h y l g r o u p is t h a t of the 

t h r e e - f o l d j u m p c o m p o n e n t o n l y . 

D u e to e x p e r i m e n t a l l i m i t a t i o n s o n 1 0 H , it w a s n o t 

p o s s i b l e to m e a s u r e S ( Q ) b e l o w Q = 1 . 2 2 \ a n d c o n s e q u e n t l y 

it is n o t p o s s i b l e to c o r r e c t the e x p e r i m e n t a l v a l u e s of 

the E I S F b e l o w t h i s Q v a l u e . H o w e v e r , h a v i n g e s t a b l i s h e d 

t h e v a l i d i t y o f t h e t h r e e - f o l d j u m p m o d e l to d e s c r i b e the 

o b s e r v e d s c a t t e r i n g l a w , it is p o s s i b l e to p e r f o r m the 

r e v e r s e o p e r a t i o n to t h a t d e s c r i b e d a b o v e , a n d e x t r a c t S ( Q ) 

f r o m the d e v i a t i o n of the m e a s u r e d E I S F f r o m A q ( Q ) , 

for c o m p a r i s o n w i t h S ( Q ) , n u a n d S ( Q ) «—, s i n c e 
— iUn — x _ r a y 

S ( Q ) = E l . C o h = M ( Q ) ~ Aq(Q) 
I n c . T o t a l 1 - M ( Q ) 

T h e c o m p a r i s o n b e t w e e n S ( Q ) m e a s u r e d d i r e c t l y o n 1 0 H 

for P M M A 3 a n d t h a t o b t a i n e d u s i n g the a b o v e e x p r e s s i o n is 

s h o w n in f i g u r e 3 . 3 5 . W i t h i n e x p e r i m e n t a l e r r o r , the two 

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

It w a s n o t p o s s i b l e to m e a s u r e ^ ^Q) 1 0 H 

i s o t a c t i c o r s y n d i o t a c t i c s a m p l e s o f P M M A , t h u s it is n o t 

p o s s i b l e to c o r r e c t the m e a s u r e d E I S F and o b t a i n A g ( e x p ) . 

H o w e v e r , a l s o s h o w n in f i g u r e 3 . 3 5 is the s t r u c t u r e f a c t o r 

S ( Q ) c a l c u l a t e d u s i n g t h e a b o v e e x p r e s s i o n . A l t h o u g h t h e 
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r e l a t i v e i n t e n s i t i e s of the two c u r v e s , S ( Q ) I S 0 T 1 and 

S ( Q ) p M M A 3 are d i f f e r e n t , p r i m a r i l y b e c a u s e of d i f f e r e n c e in 

s a m p l e t h i c k n e s s , in e s s e n c e , the s h a p e of the s t r u c t u r e 

f a c t o r is i d e n t i c a l in b o t h c a s e s . 

T h e c o n t a m i n a t i o n of the q u a s i - e l a s t i c s p e c t r u m by 

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

It w a s i n d i c a t e d e a r l i e r in the c h a p t e r t h a t the e x t e n s i v e 

e n e r g y r a n g e of IN6 led to i n c l u s i o n of p a r t of the d e n s i t y 

of s t a t e s f u n c t i o n in the m e a s u r e d q u a s i - e l a s t i c s p e c t r u m , 

and in o r d e r to s u b t r a c t this c o n t r i b u t i o n , a Q - v a r y i n g 

b a c k g r o u n d , e x p ( - Q 2 < u 2 > ) w a s i n t r o d u c e d . T h e m o s t c o n v e n i e n t 

w a y 3 6 of e s t a b l i s h i n g the v a l u e of < u 2 > is from the s l o p e 

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

of the s p e c t r u m a g a i n s t Q 2 . T h i s m e t h o d is c l e a r l y v a l i d 

if the s p e c t r u m is c o m p o s e d o n l y of i n c o h e r e n t s c a t t e r i n g . 

H o w e v e r , this is o b v i o u s l y n o t the c a s e for the P M M A 

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

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

in the v a l u e of the i n t e g r a t e d i n t e n s i t i e s at a b o u t 1 X 

and 1.6 8 ^ , r e f l e c t i n g the d o m i n a n t p e a k s in S ( Q ) . S i n c e 

it w a s n o t p o s s i b l e to v e r i f y the v a l u e of < u 2 > in the 

u s u a l w a y , it w a s n e c e s s a r y to m a k e a n e s t i m a t e in o r d e r 

to fit the i n e l a s t i c c o n t r i b u t i o n to the s p e c t r u m . 

O n c o n s i d e r i n g the v a r i a t i o n of the i n t e g r a t e d 

i n t e n s i t y w i t h Q , an i n t e r e s t i n g p o i n t a r i s e s . T h e i n t e g r a t e d 

i n t e n s i t y (area) o f the o b s e r v e d s p e c t r u m is g i v e n by 
f<D 

jS(Q,io)da), and s i n c e this i n c l u d e s b o t h c o h e r e n t and i n c o h e r e n t 

c o n t r i b u t i o n s , is e x p e c t e d to be i d e n t i c a l to S ( Q ) , the 

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

o b t a i n i n g S ( Q ) . H o w e v e r , d u e to i n s u f f i c i e n t d a t a p o i n t s , 

it is n o t r e a l l y p o s s i b l e to e x t r a c t S(Q) in t h i s w a y w i t h 

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

the d o m i n a n t f e a t u r e s in S(Q) a r e a p p a r e n t as s h a r p v a r i a t i o n s 

in the i n t e g r a t e d i n t e n s i t y . 
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3.3.7 E x p e r i m e n t a l V a l u e s of R o t a t i o n a l F r e q u e n c i e s and 

A c t i v a t i o n E n e r g i e s for the E s t e r m e t h y l G r o u p 

T a b l e 3.3 lists the a v e r a g e v a l u e o f the F W H M of the 

q u a s i - e l a s t i c c o m p o n e n t of the r o t a t i o n a l s c a t t e r i n g law 

for P M M A 3 for v a r i o u s t e m p e r a t u r e s . T h e s e v a l u e s w e r e a l l 

f o u n d to c o n f o r m to the Q i n d e p e n d e n c e p r e d i c t e d by the 

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

p o n d i n g to e a c h w i d t h is a l s o g i v e n . 

T a b l e 3.3 V a r i a t i o n of Q u a s i - e l a s t i c W i d t h w i t h T e m p e r a t u r e 

for P M M A 3 

T (°C) F W H M (meV) v . x l O 1 1 (Hz) 
—rot — 

25 (IN6) 

25 (IN5) 

47 

60 

88 

118 

0.84 ± 0 . 1 

0.7 ± 0.07 

0 . 8 8 ± 0 . 0 6 
0.99 ± 0.08 

1.16 ± 0.1 
1 . 5 7 ± 0.16 

2.04 ± 0.15 

1.7 ± 0.17 

2.13 ± 0.15 

2.4 ± 0 . 2 

2.81 ± 0.2 
3.8 ±0 . 3 

T a b l e 3.4 l i s t s the v a l u e s o b t a i n e d for I S O T l a n d S Y N D I O l 

T a b l e 3.4 V a r i a t i o n of t h e Q u a s i - e l a s t i c W i d t h for t h e 

P u r e S t e r e o - i s o m e r s 

S a m p l e T (°C) F W H M (meV) v . x 1 0 1 1 (Hz) 
—rot * -

I S O T l (IN5) 25 

I S O T l (IN6) 25 

S Y N D I O l (IN6) 25 

0.52 ± 0 . 1 

1.6 ± 0.44 

2.07 ± 0.6 

1.26 ± 0.2 
3 . 8 8 ± 1 . 1 

5.0 ±1 . 6 

F i g u r e 3.36 s h o w s an A r r h e n i u s p l o t for P M M A 3 . A l i n e a r 

r e g r e s s i o n to o b t a i n the l i n e o f b e s t fit t h r o u g h the IN5 
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Fig 3.36 Arrhenius plot for ester methyl group 
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d a t a g i v e s a v a l u e of v^ o f 3 . 7 8 x 1 0 1 1 H z a n d a v a l u e o f 

E o f 7.62 k J / m o l . 
a 

3 . 3 . 8 R e s u l t s O b t a i n e d U s i n g Q u a s i - e l a s t i c N e u t r o n S c a t t e r i n g 

R e l a t i n g to the R o t a t i o n a l M o t i o n o f the a - m e t h y l 

G r o u p in P o l y ( m e t h y l m e t h a c r y l a t e ) 

S i n c e the r o t a t i o n a l f r e q u e n c y of the a - m e t h y l g r o u p 

is m u c h l o w e r t h a n t h a t o f t h e e s t e r m e t h y l g r o u p , an 

i n s t r u m e n t w i t h c o n s i d e r a b l y b e t t e r r e s o l u t i o n t h a n IN5 o r 

IN6 is r e q u i r e d to o b s e r v e t h e m o t i o n , a n d c o n s e q u e n t l y , 

e x p e r i m e n t s w e r e p e r f o r m e d o n I N 1 0 . A s t a n d a r d S i (111) 

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

p o s i t i o n e d a t Q = 0 . 2 9 ( c o m b i n a t i o n of two o u t e r c i r c l e s at 

0 = 1 5 . 5° an d 0=17.8°), 0 . 5 8 6 , 0 . 8 1 5 , 1 . 1 5 , 1 . 6 5 a n d 1 . 9 1 8 " 1 . 

T h e f a s t D o p p l e r d r i v e w a s u s e d (11.57 H z ) g i v i n g an e n e r g y 

w i n d o w of the o r d e r of ±14 y e V . 

T h e q u a s i - e l a s t i c s p e c t r a for the a - m e t h y l g r o u p 

r o t a t i o n w e r e r e c o r d e d at t e m p e r a t u r e s of 80°C, 100°C a n d 

120°C. T h e e x p e r i m e n t a l E I S F a t e a c h t e m p e r a t u r e w a s o b t a i n e d 

u s i n g the f i t t i n g p r o g r a m s S A N D , Q U A S I a n d F U R Y (see s e c t i o n 

2 . 3 . 1 ) . F i g u r e 3.37 s h o w s the v a l u e s of the E I S F o b t a i n e d 

u s i n g S A N D , the e r r o r b a r s i n d i c a t i n g the p u r e l y s t a t i s t i c a l 

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

in this f i g u r e is the v a r i a t i o n o f the v a l u e s o f the E I S F 

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

F i g u r e 3 . 3 8 s h o w s the r e s u l t s o b t a i n e d for t h e a - m e t h y l 

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

u s i n g Q U A S I . A t e a c h t e m p e r a t u r e , the F W H M o f t h e q u a s i -

e l a s t i c c o m p o n e n t w a s f i x e d a t the v a l u e g i v e n u s i n g S A N D , 

in o r d e r to o b t a i n a f i t . 

In a d d i t i o n , f i g u r e 3 . 3 8 s h o w s a c o m b i n a t i o n of the 

d a t a r e c o r d e d at 80°C on IN10 w i t h s o m e m e a s u r e m e n t s m a d e 

s o m e y e a r s a g o on IN5 ( a l s o at 80°C)to o b s e r v e the a - m e t h y l 

r o t a t i o n . In t h e m s e l v e s , the IN5 d a t a w e r e n o t f o u n d to be 
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v e r y i n f o r m a t i v e , but t a k e n in c o n j u n c t i o n w i t h the IN10 

d a t a , a n d a l s o knowing n o w t h a t t h e r e is a c o n s i d e r a b l e 

a m o u n t o f e l a s t i c c o h e r e n t s c a t t e r i n g a t Q = 1 . S it c a n be 

s e e n t h a t the IN5 d a t a lie e x a c t l y as e x p e c t e d w i t h r e s p e c t 

to the c a l c u l a t e d E I S F . 

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

c o m p o n e n t o b t a i n e d u s i n g S A N D , and c o r r e s p o n d i n g r o t a t i o n a l 

f r e q u e n c i e s are g i v e n b e l o w . 

T a b l e 3.5 V a r i a t i o n of Q u a s i - e l a s t i c W i d t h w i t h T e m p e r a t u r e 

for P M M A l 

W i d t h (ueV) R o t a t i o n a l F r e q u e n c y (Hz) T (K) 

8.72 ± 0.4 2 . 1 1 x 1 0 9 353 

1 1 . 3 6 ± 1.4 2.74 x 1 0 9 373 

1 4 . 6 9 ± 0.8 3 . 5 5 x 1 0 9 393 

F i g u r e 3.39 s h o w s a n A r r h e n i u s p l o t of the f r e q u e n c y 

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

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

h a v e b e e n c o m b i n e d w i t h N M R m e a s u r e m e n t s for a t a c t i c P M M A 

(taken f r o m 2 4 ) . T h e s l o p e of the l i n e g i v e s an a c t i v a t i o n 

e n e r g y o f 2 9 . 1 k J / m o l . F o r c o m p a r i s o n , N M R d a t a 2 5 2 6 o n p u r e 

s t e r e o - i s o m e r s is a l s o s h o w n , g i v i n g a c t i v a t i o n e n e r g i e s of 

23.3 k J / m o l for s y n d i o t a c t i c P M M A and 1 5 . 8 k J / m o l for 

i s o t a c t i c P M M A . C o r r e s p o n d i n g v a l u e s of VQ a r e 2.9 x 1 0 1 3 H z , 

9.7 x 1 0 u H z a n d 1 . 4 5 x 1 0 n H z for a t a c t i c , s y n d i o t a c t i c a n d 

i s o t a c t i c P M M A r e s p e c t i v e l y . 

3.3.9 C o n s i d e r a t i o n of E r r o r s for Q u a s i - e l a s t i c D a t a 

S t a t i s t i c a l e r r o r s o n the f i n a l p a r a m e t e r s o b t a i n e d 

(i.e t h e f i n a l v a l u e of the E I S F or F W H M of the q u a s i - e l a s t i c 



- 1 2 9 -

Fig 3.39 

Arrhenius plots for a^-methyl rotation 
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c o m p o n e n t , for e x a m p l e ) u s i n g the fitting p r o g r a m s are 

l a r g e l y d e t e r m i n e d by the q u a l i t y of the raw d a t a . T h e s e 

e r r o r s m a y be r e d u c e d by c o u n t i n g for as long as is p r a c t i c a l l y 

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

f r o m P M M A , these s t a t i s t i c a l e r r o r s w e r e f o u n d to be typ-

i c a l l y 5-10% o f the v a l u e of the p a r a m e t e r o b t a i n e d . 

A p a r t from the i n h e r e n t q u a l i t y of the raw d a t a , t h e 

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

s c a t t e r i n g . T h i s is r e d u c e d by u s i n g as thin a s a m p l e as 

p o s s i b l e , w i t h i n the c o n s t r a i n t of o b t a i n i n g g o o d s t a t i s t i c s 

in r e a s o n a b l e c o u n t i n g t i m e s , b u t some e r r o r f r o m m u l t i p l e 

s c a t t e r i n g e f f e c t s w i l l s t i l l be i n t r o d u c e d . 

T h e e f f e c t of m u l t i p l e s c a t t e r i n g o n the E I S F h a s 

b e e n c o n s i d e r e d in some d e t a i l by v a r i o u s w o r k e r s 3 6 6 9 7 0 . T o 

a c t u a l l y c a l c u l a t e the c o r r e c t i o n s n e e d e d to a c c o u n t for 

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

M o n t e - C a r l o s i m u l a t i o n , r e q u i r i n g a g r e a t d e a l of c o m p u t e r 

t i m e . H o w e v e r , H e r v e t et a l 7 0 e s t i m a t e the e f f e c t o n the v a l u e 

of the E I S F d u e to m u l t i p l e s c a t t e r i n g to be o n l y a few 

p e r c e n t , w h i l s t R i c h a r d s o n et a l 6 9 s u g g e s t an e r r o r o n the 

E I S F of the o r d e r of 1 0 % . In a d d i t i o n , G a r d n e r et a l 3 6 h a v e 

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

t e n d s to i n c r e a s e the o b s e r v e d v a l u e of the E I S F , and s u g g e s t 

an u p p e r l i m i t o f 1 5 % . 

If m u l t i p l e s c a t t e r i n g and s t a t i s t i c a l e r r o r s are 

t a k e n into a c c o u n t , it is e x p e c t e d t h a t a n a v e r a g e e r r o r 

o f ±15% m a y b e r e a s o n a b l y a t t r i b u t e d to the v a l u e s of the 

E I S F o b t a i n e d . A l l e r r o r s i n d i c a t e d o n the e x p e r i m e n t a l 

v a l u e s of the E I S F are c a l c u l a t e d o n this b a s i s , u n l e s s 

s p e c i f i e d o t h e r w i s e • 

3 . 3 . 1 0 I n t e r p r e t a t i o n of the S t r u c t u r e F a c t o r , S ( Q ) 

F i g u r e 3.35 shows the s t r u c t u r e f a c t o r o b t a i n e d for 

P M M A 3 and I S O T l at room t e m p e r a t u r e , c a l c u l a t e d by the 

s u b t r a c t i o n of the c a l c u l a t e d E I S F , A i ( Q ) from the m e a s u r e d 
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E I S F , M ( Q ) , as o u t l i n e d in s e c t i o n 3 . 3 . 6 . A l s o s h o w n in 

t h i s f i g u r e is S(Q) for P M M A 3 , m e a s u r e d d i r e c t l y using 1 0 H . 

A s p o i n t e d o u t in s e c t i o n 3 . 3 . 6 , the s t r u c t u r e f a c t o r o b t a i n e d 

f r o m M ( Q ) is i d e n t i c a l to t h a t m e a s u r e d d i r e c t l y using a 

p o w d e r d i f f T a c t o m e t e r , and b o t h are i d e n t i c a l to S(Q) 

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

o n c o m m e r c i a l P M M A 6 3 . 

T h e m a i n f e a t u r e s of the s c a t t e r i n g p a t t e r n m a y be 

a c c o u n t e d for in a m o d e l p r o p o s e d by L o v e l l a n d W i n d l e 6 3 . 

T h i s m o d e l is s h o w n s c h e m a t i c a l l y in f i g u r e 3 . 4 0 . E a c h of 

t h e t h r e e d i f f r a c t i o n m a x i m a m a y be r e l a t e d to i m p o r t a n t 

p e r i o d i c i t i e s in the m o l e c u l e . F i g u r e 3 . 4 0 ( a ) r e p r e s e n t s 

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

a t i o n , looking at the o u t s i d e edge of the c u r v e d c h a i n . T h e 

f i r s t i n t r a m o l e c u l a r p e a k at Q = 1 . 2 8 c o r r e s p o n d s to a 

p e r i o d i c i t y of 5.2 8 . F i g u r e 3 . 4 0 ( a ) i n d i c a t e s t h e p r o b a b l e 

o r i g i n s of this p e a k . F i g u r e 3 . 4 0 ( b ) shows t h a t the p e r i o d i c i t y 

of the s e c o n d i n t r a m o l e c u l a r p e a k (2.85 8) c o r r e s p o n d s to 

the r e p e a t d i s t a n c e b e t w e e n e s t e r g r o u p s as p r o j e c t e d o n t o 

the s e g m e n t a x i s (i.e t a n g e n t to the m i d p o i n t o f the m o l e -

c u l a r s e g m e n t ) . L o v e l l and W i n d l e 6 3 p o i n t o u t t h a t this 

r e p e a t is l o n g e r than the 2.5 8 a x i a l r e p e a t d i s t a n c e 

t y p i c a l of a m o l e c u l e in the a l l - t r a n s c o n f o r m a t i o n , and 

s u g g e s t that this is a d i r e c t r e s u l t of c u r v a t u r e of the c h a i n . 

F i g u r e 3 . 4 0 ( c ) , w h i c h is a s c h e m a t i c r e p r e s e n t a t i o n of the 

p r o p o s e d c o n f o r m a t i o n v i e w e d n o r m a l to the p l a n e of c u r v a t u r e 

d e m o n s t r a t e s this e f f e c t . It a l s o s h o w s t h a t the r e p e a t 

d i s t a n c e of 2.15 8 c o r r e s p o n d i n g to the t h i r d h a l o at 

Q = 2 . 9 5 8 c a n be a c c o u n t e d for by the c a r b o n - s e c o n d c a r b o n 

d i s t a n c e along the b a c k b o n e , a g a i n p r o j e c t e d o n t o the s e g m e n t 

a x i s . It is c l e a r t h a t the f o r e - s h o r t e n i n g w h i c h o c c u r s in 

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

r e s p o n s i b l e for the a v e r a g e c a r b o n - s e c o n d c a r b o n d i s t a n c e 

b e i n g less t h a n 2.5 8 . 

F i g u r e 3.35 s h o w s that the s t r u c t u r e f a c t o r is i d e n t i c a l 

for i s o t a c t i c and p r e d o m i n a n t l y s y n d i o t a c t i c f o r m s of P M M A . 

T h i s has a l s o b e e n o b s e r v e d by L o v e l l and W i n d l e 6 3 , w h o 
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i n t e r p r e t it as an i n d i c a t i o n that the c o n f o r m a t i o n of PMMA 

r e m a i n s c l o s e to a l l - t r a n s , i r r e s p e c t i v e of t a c t i c i t y . 

3 . 3 . 1 1 D i s c u s s i o n and C o m p a r i s o n of V n and E 
j a 

U n d e r some c i r c u m s t a n c e s , it is p o s s i b l e to c o m p a r e 

d i r e c t l y the v a l u e s o f V^ o b t a i n e d from i n e l a s t i c m e a s u r e m e n t s 

w i t h the v a l u e s of E o b t a i n e d from an A r r h e n i u s p l o t . F o r 
a 

the two m e t h y l s i d e g r o u p s in P M M A , h o w e v e r , this is n o t 

p o s s i b l e , b e c a u s e of the e f f e c t of q u a n t u m m e c h a n i c a l 

t u n n e l l i n g . S t r o n g e v i d e n c e i n d i c a t i n g the p r o b a b i l i t y of 

t u n n e l l i n g at low t e m p e r a t u r e s has b e e n p r e s e n t e d by v a r i o u s 

w o r k e r s 2 7 2 9 30 3 1 , using p r o t o n N M R m e t h o d s such as s p i n - l a t t i c e 

r e l a x a t i o n , l i n e w i d t h and s e c o n d m o m e n t s t u d i e s . As the 

t e m p e r a t u r e is l o w e r e d , m i n i m a in the s p i n - l a t t i c e r e l a x a t i o n 

time and i n c r e a s e s in l i n e w i d t h o c c u r , c o r r e s p o n d i n g to a 

f r e e z i n g in of the m e t h y l m o t i o n . In each type of e x p e r i m e n t , 

a f r e q u e n c y v m a y be a s s o c i a t e d w i t h the m o t i o n 7 1 and 

c o r r e l a t e d w i t h the t e m p e r a t u r e . H e n c e f r e q u e n c y - t e m p e r a t u r e 

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

m o t i o n s . 

T h e t e m p e r a t u r e d e p e n d e n c e of g r o u p m o t i o n s s u c h as 

b a r r i e r h o p p i n g is o f t e n e x p r e s s e d by an A r r h e n i u s e q u a t i o n , 

as q u o t e d in s e c t i o n 3 .1.7 . T h i s p r e d i c t s a l i n e a r r e l a t i o n -

s h i p b e t w e e n lnv a n d 1 / T , w i t h a s l o p e p r o p o r t i o n a l to the 

a c t i v a t i o n e n e r g y E ^ . 

L o w t e m p e r a t u r e N M R s t u d i e s o n m e t h y l - c o n t a i n i n g 

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

b e h a v i o u r 7 2 7 3 , and the f r e q u e n c y - t e m p e r a t u r e p l o t is o b s e r v e d 

to be c u r v i l i n e a r . S u c h d e v i a t i o n s from an A r r h e n i u s be-

h a v i o u r a r e a t t r i b u t e d to low t e m p e r a t u r e q u a n t u m m e c h a n i c a l 

t u n n e l l i n g . R o t a t i o n a l q u a n t u m m e c h a n i c a l t u n n e l l i n g has 

b e e n t r e a t e d from a t h e o r e t i c a l p o i n t of v i e w by v a r i o u s 

w o r k e r s 2 9 7 2 714 7 5 7 6 7 7 7 8 . T h e t h e o r y m o s t r e l e v a n t to this w o r k , 

p r e s e n t e d by S t e j s k a l and G u t o w s k y , has b e e n u s e d to c a l c -

u l a t e the a v e r a g e t u n n e l l i n g f r e q u e n c y as a f u n c t i o n of 
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t e m p e r a t u r e for b a r r i e r h e i g h t s V^ o v e r the r a n g e 2.36 to 

7.92 k c a l / m o l . (these r e s u l t s are p r e s e n t e d in s e c t i o n 3 . 1 . 9 ) . 

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

i.e in the a b s e n c e of t u n n e l l i n g , the f r e q u e n c y o b e y s an 

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

in the p r e s e n c e o f Q M t u n n e l l i n g , it f l a t t e n s o u t , u l t i m a t e l y 

b e c o m i n g i n d e p e n d e n t of t e m p e r a t u r e . A w i d e r a n g e of N M R 

e x p e r i m e n t a l r e s u l t s a r e in a g r e e m e n t w i t h this h y p o t h e s i s 7 2 7 9 8 0 . 

In p a r t i c u l a r , the l i n e w i d t h r e s u l t s of O d a j i m a 7 9 a n d 

K o s f e l d 8 0 are of p a r t i c u l a r r e l e v a n c e , s i n c e t h e y d e m o n s t r a t e 

the l e v e l l i n g o f f of the c o r r e l a t i o n f r e q u e n c y of m e t h y l 

m o t i o n in P M M A . 

F u r t h e r e v i d e n c e for q u a n t u m m e c h a n i c a l t u n n e l l i n g 

of m e t h y l g r o u p s h a s e m e r g e d from o t h e r t y p e s of e x p e r i m e n t , 

i n c l u d i n g ESR s t u d i e s 8 2 8 3 m 8 5 and n u c l e a r d o u b l e r e s o n a n c e 8 6 . 

H a v i n g e s t a b l i s h e d the p r e s e n c e of Q M t u n n e l l i n g , 

it is c l e a r t h a t the d i r e c t c o m p a r i s o n b e t w e e n E ^ and V^ 

s u g g e s t e d in s e c t i o n 3 . 1 . 8 is n o t p o s s i b l e . I n s t e a d , 

G u t o w s k y ' s t h e o r y m u s t be f o l l o w e d to e x t r a c t a v a l u e of 

V-j ( t u n n e l l i n g ) f r o m t h e E v a l u e , a n d a c o m p a r i s o n b e t w e e n 
3 a 

V ^ ( t u n n e l l i n g ) a n d V ^ ( i n e l a s t i c n e u t r o n s c a t t e r i n g ) m a y t h e n 

be m a d e . 

T a b l e 3.6 c o m p a r e s the b a r r i e r h e i g h t s o b t a i n e d 

u s i n g i n e l a s t i c n e u t r o n s c a t t e r i n g w i t h E a n d V - ( t u n n e l l i n g ) 
a J 

f r o m o t h e r s o u r c e s for the a - m e t h y l g r o u p in P M M A . T h e 

s a m p l e u s e d for o b t a i n i n g the v a l u e of V^ q u o t e d is g i v e n 

in b r a c k e t s , a n d , for d a t a p r e s e n t e d from r e s u l t s in this 

t h e s i s , the i n s t r u m e n t u s e d for m a k i n g the n e u t r o n s c a t t e r i n g 

m e a s u r e m e n t s . 

T a b l e 3.7 c o m p a r e s v a l u e s of V^ o b t a i n e d f r o m d i f f e r e n t 

s o u r c e s for the e s t e r m e t h y l g r o u p in p o l y ( m e t h y l m e t h a c -

r y l a t e ) . 



T a b l e 3.6 C o m p a r i s o n o f V ^ a n d E ^ from V a r i o u s S o u r c e s for the a - m e t h y l G r o u p 

V , (kJ/mol) (this w o r k ) E (kJ/mol) (this w o r k ) V _ ( t u n n e l ) E (NMR) V - ( t u n n e l ) V ~ ( o t h e r 
—j a j —a —j —j 

from E from N M R 2 5 2 6 I E N S ) 2 1 2 2 

33 ( P M M A l , 4 H 5 ) 

33 ( S Y N D I 0 1 , I N 6 ) 

23 ( I S O T l , I N 6 ) 

2 9 . 1 ( P M M A l , I N I 0 

w i t h N M R ) 

3 1 . 1 

23.3 (synd) 3 0 ( s y n d ) 3 3 ( p r e d . synd) 

1 5 . 5 ( i s o t ) 2 2 . 6 ( i s o t ) 23 (isot) 

T a b l e 3.7 C o m p a r i s o n o f V^ and E^ from V a r i o u s S o u r c e s for the E s t e r m e t h y l G r o u p 
U1 I 

V (kJ/mol) (this w o r k ) E (kJ/mol) (this w o r k ) V- (tunnel) V - ( t u n n e l ) (from N M R ) 2 2 V~ (other IENS) 2 2 

from E 

3.2 - 1 0 . 5 (PMMA3 

4 H 5 , IN6) 

7.6 ( P M M A 3 , I N 5 ) 8.82 10.1 5.04 

* from o n e d a t u m o n l y . 
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These results show that the values of V^ for the 
a - m e t h y l g r o u p for s y n d i o t a c t i c and i s o t a c t i c P M M A (33 and 

23 k J / m o l , r e s p e c t i v e l y ) o b t a i n e d from i n e l a s t i c n e u t r o n 

s c a t t e r i n g d a t a p r e s e n t e d in this thesis are in e x c e l l e n t 

a g r e e m e n t w i t h t h o s e o b t a i n e d by o t h e r w o r k e r s a l s o using 

i n e l a s t i c n e u t r o n s c a t t e r i n g 2 1 2 2 ( it s h o u l d p e r h a p s be 

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

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

a t t h i s time this w a s n o t p o s s i b l e , b u t i n s t e a d o n s a m p l e s 

o f p o l y ( a - c h l o r o m e t h a c r y l a t e ) in w h i c h the h y d r o g e n in 

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

t h e e x a c t e f f e c t of t h i s s u b s t i t u t i o n on the i n e l a s t i c n e u t r o n 

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

e a r l i e r r e s u l t s w e r e n o t f u l l y c o n c l u s i v e . A s the r e s u l t s 

p r e s e n t e d in this t h e s i s ( p e r f o r m e d o n s o m e w h a t b e t t e r 

s a m p l e s ) are in s u c h g o o d a g r e e m e n t with this e a r l i e r w o r k , 

it w o u l d s u g g e s t t h a t the c h l o r i n e s u b s t i t u t i o n h a d l i t t l e 

e f f e c t in i n f l u e n c i n g i n t e r a c t i o n s r e l a t i n g to the v a l u e s 

o f the b a r r i e r h e i g h t etc.) and w i t h v a l u e s of V ^ ( t u n n e l l i n g ) 

o b t a i n e d from E^ m e a s u r e d u s i n g N M R t e c h n i q u e s . 

T h e v a l u e of E o b t a i n e d for P M M A l ( 2 9 . 1 k J / m o l ) 
a 

u s i n g q u a s i - e l a s t i c 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 c o m b i n e d 

with data measured using NMR gives a value of V^(tunnelling) 
o f 3 1 . 1 k J / m o l . T h i s c o m p a r e s w e l l w i t h the v a l u e of V^ of 

33 k J / m o l o b s e r v e d u s i n g i n e l a s t i c n e u t r o n s c a t t e r i n g . H o w e v e r , 

although the values of E from NMR measurements would suggest a 

a d i f f e r e n c e b e t w e e n a t a c t i c a n d s y n d i o t a c t i c P M M A , b e c a u s e 

t h e v a l u e of V ^ for t h e two c a s e s are a l m o s t i d e n t i c a l , it 

is n o t p o s s i b l e to r e s o l v e the two p e a k s in t h e i n e l a s t i c 

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

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

a t l o w f r e q u e n c i e s , t h e i n e l a s t i c d a t a r e l a t i n g to the 

t o r s i o n a l m o t i o n of t h e e s t e r m e t h y l g r o u p in P M M A w e r e n o t 

f u l l y c o n c l u s i v e , g i v i n g a v a l u e of V^ in the r a n g e 3.2 -

1 0 . 5 k J / m o l . H o w e v e r , this is in g o o d a g r e e m e n t w i t h the 

v a l u e of V ^ ( t u n n e l l i n g ) of 8.82 k J / m o l o b t a i n e d f r o m m e a s u r e -

m e n t s o f E u s i n g q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g , and t h a t 

a 
of 1 0 . 1 k J / m o l o b t a i n e d from N M R d a t a . U n f o r t u n a t e l y , it 
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w a s o n l y p o s s i b l e to o b t a i n the v a l u e of E for P M M A 3 . 
a 

H o w e v e r , if s o m e c o n s i d e r a t i o n is g i v e n to the v a l u e of the 

p r e - e x p o n e n t i a l p r e f i x , v ^ , in the A r r h e n i u s r e l a t i o n s h i p 

it is p o s s i b l e to c o m m e n t on p r e d i c t e d v a l u e s of E g for the 

e s t e r m e t h y l g r o u p r o t a t i o n in s t e r e o r e g u l a r f o r m s of P M M A . 

A n a p p r o x i m a t e v a l u e of m a y be o b t a i n e d in the 

f o l l o w i n g w a y . E q u a t i o n (3.11) s u g g e s t s that VQ is g i v e n 

by the f o l l o w i n g e x p r e s s i o n 

w h e r e Z is the v i b r a t i o n a l p a r t i t i o n f u n c t i o n of the 

s y s t e m . In the c l a s s i c a l l i m i t , it c a n be s h o w n 9 6 that Z 

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

by h^ij-j/kT w h e r e is the f u n d a m e n t a l f r e q u e n c y of the 

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

i n c o h e r e n t n e u t r o n s c a t t e r i n g for P M M A , thus v^ = v ^ . 

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

to the s y s t e m is d e f i n e d by the c o n d i t i o n hv ^ kT , t h e n 

its u s a g e in this c a s e for P M M A is e x p e c t e d to b e a c c e p t a b l e , 

s i n c e hv ^ 300 c m " 1 and for T = 3 0 0 K , kT = 207 c m " 1 , thus 

hv ^ k T . For the N M R m e a s u r e m e n t s m a d e at r a t h e r l o w e r 

t e m p e r a t u r e s , kT is r a t h e r l e s s , leading to p e r h a p s a f a c t o r 

o f two or t h r e e in t h e c o m p a r i s o n of v with VQ. F u r t h e r 

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

f u n d a m e n t a l f r e q u e n c y of the h a r m o n i c o s c i l l a t o r , and v ^ , the 

p r e - e x p o n e n t i a l f a c t o r is g i v e n by B r o t 9 7 , w h o s u g g e s t s 

t h a t for a p l a n e r o t a t o r (i.e o n e in w h i c h the r o t a t i o n a l 

m o t i o n is a b o u t o n l y a s i n g l e a x i s , such as the m e t h y l 

g r o u p s in P M M A ) the f r e q u e n c y f a c t o r v^ s h o u l d be a p p r o x -

i m a t e l y e q u a l to the v i b r a t i o n a l f r e q u e n c y . 

T h u s the v a l u e s of v ., o b t a i n e d using i n e l a s t i c 

v i b 

s c a t t e r i n g , o f 1 . 1 x 1 0 1 3 Hz a n d 9 x 1 0 1 2 Hz for the a - m e t h y l 

g r o u p in s y n d i o t a c t i c and i s o t a c t i c forms of P M M A r e s p e c t -

i v e l y , m a y be c o m p a r e d to the v a l u e s of v^ o b t a i n e d from 

the e x t r a p o l a t i o n of the A r r h e n i u s p l o t , w h i c h are 2.9 x 10 1 3 H z 
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9.7 x 1 0 1 1 Hz and 1.45 x 1 0 1 1 H z r e s p e c t i v e l y , for a t a c t i c , 

s y n d i o t a c t i c and i s o t a c t i c P M M A . 

A l t h o u g h the v a l u e s a r e n o t in t o t a l a g r e e m e n t , 

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

l o n g e x t r a p o l a t i o n r a n g e of t h e A r r h e n i u s p l o t , they a r e 

c e r t a i n l y w i t h i n an o r d e r of m a g n i t u d e . 

T h e v a l u e of VQ o b t a i n e d for the e s t e r m e t h y l g r o u p 

in P M M A using this m e t h o d o f c o m p a r i o n w i t h is p r e d i c t e d 

to be b e t w e e n 3.0 and 6.0 x 1 0 1 2 H z , and the a c t u a l v a l u e 

o b t a i n e d from the A r r h e n i u s p l o t to be 3.8 x 1 0 1 1 H z . 

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

of VQ is m u c h l e s s s e n s i t i v e to t a c t i c i t y t h a n f o u n d 

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

t h a t it v a r i e s w i t h t a c t i c i t y in e x a c t l y the s a m e w a y as E , 
a 

i . e 

E (atact) > E (synd) > E (isot) 
a a a 

and VQ (atact) > v Q ( s y n d ) > V Q ( i s o t ) 

for the a - m e t h y l g r o u p . (This i s , in f a c t , an o b v i o u s r e s u l t , 

s i n c e Vq d e p e n d s o n l y o n the f u n d a m e n t a l f r e q u e n c y of the 

p o t e n t i a l w e l l , w h i c h is d e f i n e d by E ). 
a 

If VQ for the e s t e r m e t h y l g r o u p is a s s u m e d to b e h a v e 

in the s a m e w a y , so t h a t it is of the s a m e o r d e r of m a g -

n i t u d e for p u r e s t e r e o r e g u l a r f o r m s as it is for P M M A 3 , 

a n d t h a t a n y i n c r e a s e in E l e a d s to a c o r r e s p o n d i n g i n c r e a s e 
a 

in VQ, it is p o s s i b l e to c o m m e n t o n the e x p e c t e d v a l u e s of 

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

s t e r e o r e g u l a r P M M A , k n o w i n g the f r e q u e n c y o f r o t a t i o n at 

o n l y o n e t e m p e r a t u r e . 

T h e r e s u l t s p r e s e n t e d in T a b l e 3.4 s u g g e s t that the 

e s t e r m e t h y l g r o u p is r o t a t i n g f a s t e r in s y n d i o t a c t i c P M M A 

than in i s o t a c t i c P M M A (at r o o m t e m p e r a t u r e ) , t h u s s u g g e s t i n g 

t h a t the b a r r i e r to r o t a t i o n is l o w e r for the s y n d i o t a c t i c 
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isomer than the isotactic f o r m . U n f o r t u n a t e l y , there is a 

rather large d i s c r e p a n c y b e t w e e n the a c t u a l v a l u e s of v 
^ rot 

o b t a i n e d for i s o t a c t i c PMMA from IN5 and I N 6 . In some 

r e s p e c t s , this large d i s c r e p a n c y is s u r p r i s i n g , b e c a u s e the 

v a l u e s of v . o b t a i n e d for PMMA3 from d a t a r e c o r d e d from the 
rot 

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

the E I S F o b t a i n e d for i s o t a c t i c P M M A using IN5 w a s found to 

be i d e n t i c a l to that o b t a i n e d using I N 6 . H o w e v e r , it has 

been p o i n t e d o u t that data a n a l y s i s for the p u r e l y hydro-

g e n o u s s a m p l e s is rather m o r e d i f f i c u l t than for the p a r t i a l l y 

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

c o m p r i s e s such a large p e r c e n t a g e of the t o t a l area of the 

s p e c t r u m . This m e a n s that a l t h o u g h a c h a n g e in w i d t h of the 

q u a s i - e l a s t i c c o m p o n e n t w i l l o b v i o u s l y lead to a c h a n g e in 

the q u a s i - e l a s t i c i n t e g r a t e d i n t e n s i t y , b e c a u s e the E I S F 

is so h e a v i l y d o m i n a t e d by the e l a s t i c c o n t r i b u t i o n , it w i l l 

appear to be r e a s o n a b l y s i m i l a r for q u i t e a w i d e range of 

q u a s i - e l a s t i c w i d t h s , and m o r e o v e r , s t i l l a g o o d fit to the 

d a t a . T h i s is n o t true for the p a r t i a l l y d e u t e r a t e d s a m p l e s , 

w h e r e the r e l a t i v e e l a s t i c i n t e n s i t y is m u c h l o w e r , due to 

the a b s e n c e of e x t r a i n c o h e r e n t e l a s t i c s c a t t e r i n g from 

h y d r o g e n . An a l t e r n a t i v e s u g g e s t i o n to a c c o u n t for the d i f f e r -

ences in v a l u e s of v . o b t a i n e d for I S O T l from IN5 and IN6 rot 
is some kind of i n s t r u m e n t a l e f f e c t . C o m p a r i s o n of the 

v a l u e s of v , o b t a i n e d from IN5 and IN6 (see t a b l e s 3.3 
rot 

and 3.4) show that for b o t h PMMA3 and I S O T l , v . i s g r e a t e r 
rot 

for IN6 than for I N 5 , a l t h o u g h the d i f f e r e n c e is m u c h m o r e 

c o n s i d e r a b l e for the i s o t a c t i c s a m p l e . It is d i f f i c u l t to 

p r o p o s e an i n s t r u m e n t a l e f f e c t that could a c c o u n t for the 

o b s e r v e d d i f f e r e n c e s in v , , b u t as m e n t i o n e d e a r l i e r , r o t 

b e c a u s e IN6 is such a new i n s t r u m e n t , its c h a r a c t e r i s t i c s 

are n o t w e l l u n d e r s t o o d , so the p o s s i b i l i t y of a s y s t e m a t i c 

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

D u e to the u n c e r t a i n t y in the d a t a , this d i s c u s s i o n 

of b a r r i e r h e i g h t s for the e s t e r m e t h y l g r o u p r o t a t i o n is 

c l e a r l y of a r a t h e r s p e c u l a t i v e n a t u r e , but it is not 

u n r e a s o n a b l e to s u g g e s t E (isot) > E (syndio). For the 
a a 

a - m e t h y l g r o u p it has also b e e n found c o n c l u s i v e l y that 

E (syndio) > E (isot). 
a a 
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T h e s e d i f f e r e n c e s in a c t i v a t i o n e n e r g y for d i f f e r e n t 

s t e r e o r e g u l a r f o r m s of the p o l y m e r m a y be e x p l a i n e d in 

s i m p l e terms w i t h the a i d of a s c h e m a t i c d i a g r a m . 

X X X X X 
X 

(a) (b) 

F i g u r e (a) r e p r e s e n t s p u r e l y i s o t a c t i c P M M A , a n d (b) 

p u r e l y s y n d i o t a c t i c P M M A , a s s u m e d to be in the c l o s e to 

a l l - t r a n s c o n f o r m a t i o n s u g g e s t e d by W i n d l e 6 3 . T h e c r o s s 

d e n o t e s the p o s i t i o n of the a - m e t h y l g r o u p , a n d the s q u a r e , 

the m u c h b u l k i e r e s t e r g r o u p . F o r the a - m e t h y l g r o u p , t h e r e is 

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

f o r m o f the p o l y m e r , thus E (isot) < E ( s y n d i o ) . H o w e v e r , for 
a a 

the e s t e r m e t h y l g r o u p , t h e c o n v e r s e w o u l d a p p e a r to be t r u e , 

so E (syndio) < E ( i s o t ) . T h i s d e p e n d e n c e o f b a r r i e r h e i g h t 
a a 

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

d i s c u s s e d by A l l e n et a l 2 2 , w h o c o n s i d e r in s o m e d e t a i l 

the d i f f e r e n t v a l u e s o f V ^ o b t a i n e d for the a - m e t h y l g r o u p in 

s y n d i o t a c t i c a n d i s o t a c t i c P M M A . It is s u g g e s t e d t h a t the 

o b s e r v e d d i f f e r e n t v a l u e s o f V ^ m a y b e a c c o u n t e d for in t e r m s 

of n o n - b o n d e d r e p u l s i o n s w h i c h i n f l u e n c e the b a r r i e r s to 

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

V^ m a d e i n c l u d i n g a term to a c c o u n t for t h e s e r e p u l s i o n s 

r e v e a l e d t h a t the v a l u e of V ^ for i s o t a c t i c P M M A w o u l d be 

p r e d i c t e d to b e less t h a n t h a t for s y n d i o t a c t i c P M M A , in g o o d 

a g r e e m e n t w i t h e x p e r i m e n t . 

U n f o r t u n a t e l y a p r o b l e m a r i s e s in e x p l a i n i n g the 

v a l u e s of E for the a t a c t i c f o r m of P M M A , u s i n g the s i m p l e 
a 

m o d e l p r e s e n t e d a b o v e . E x p e r i m e n t a l r e s u l t s for the a - m e t h y l 

g r o u p s h o w t h a t E ( a t a c t i c ) is s l i g h t l y h i g h e r t h a n E ( s y n d i o ) . 
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The problem is intensified for the case of the ester methyl 
group, where experimental results suggest that E (atactic) a 
is greater than E (syndio), but may be more or less than a 
E (isot), depending on whether the IN5 or IN6 data for ISOTl a 
are more reliable. In any event, the simple model proposed 
above allows no suggestions to be made about the expected 
behaviour of E (atactic). a 

The actual values of V^ obtained for the ester methyl 
group might, at first sight, seem rather low, considering 
how closely packed these groups must be in the bulk. However, 
this problem has been considered by Heatley92 , who suggests 
the following explanation. The motion of a single methyl 
group is dominated by firstly, a three-fold potential well 
in which it moves, and secondly, by the potential due to 
the proximity of other methyl groups, all of which are also 
moving in their own individual potential wells. Consideration 
of the situation shows that it would not be unreasonable 
for many of these interactions to be out-of-phase, thus 
effectively cancelling each other out, and leading to a barrier 
height which could conceivably be quite low, as observed 
in this case for the ester methyl group in PMMA. For different 
stereoregular forms of the polymer, this interaction pot-
ential could be quite different, thus further complicating 
the relationship between E and tacticity. a 

NMR studies of PMMA in dilute solution93 have further 
revealed that for the a-methyl group, a range of correl-
ation frequencies is observed at a single temperature. 
Since these measurements were made in solution, this 
distribution of frequencies is reasonably interpreted in terms 
of intramolecular effects, although the exact origins are 
uncertain. These results would suggest that the quasi-elastic 
component of the rotational scattering law observed using 
neutron scattering techniques is either not a single Lorentzian, 
but a sum of Lorentzians over all possible rotational 
frequencies, or alternatively, a single Lorentzian giving the 
average rotational frequency ^ r o t for a given temperature. 
Since no evidence of deviation from a single Lorentzian 

O t was found, either in S. (Q,w), or in the Fourier transform 
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S(Q,t) (which should show clearly any deviations from a 
single Lorentzian), this second explanation seems more 
reasonable. 

3.4 Final Discussion of Results and the Application of 
Neutron Scattering to the Investigation of Sidegroup 
Motion in Poly(methyl methacrylate) 

The results presented in this chapter have shown that 
inelastic neutron scattering can provide valuable information 
about torsional frequencies and barrier heights to rotation 
in PMMA. Values obtained for the barrier height for the 
a-methyl group were found to be in good agreement with those 
obtained by other workers, using inelastic neutron scattering 
and NMR techniques21 21 . 

The use of inelastic neutron scattering as a method 
of obtaining the frequency distribution function offers some 
advantages over more conventional techniques for certain 
bands. The major advantage lies in the method of partial 
deuteration to effectively remove some of the contributions 
to the inelastic spectrum, and thus make peak assignment 
easier. Indeed, since the vibrational peaks associated with 
purely hydrogenous polymers tend to be rather broad, a 
featureless and ill-defined inelastic spectrum may result 
without partial deuteration. However, even after eliminating 
some of the possible vibrations, the hydrogen-amplitude-
weighted frequency distribution function will still reflect 
all kinds of motion involving the hydrogen remaining in the 
sample, including bending, wagging etc., and so, as for 
infra-red analysis, for accurate peak assignment it is 
necessary to use some kind of normal co-ordinate analysis 
based on a model to predict peak position, for comparison with 
observed bands. 

For the particular case of poly(methyl methacrylate) 
(and, indeed, most other polymers), a difficulty arises in 
assigning peaks below 200 cm because of the problem of 
crystalline lattice modes. This leads to uncertainty in 
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accurate determination of torsional peaks associated with the 
ester methyl group. However,within the experimental un-
certainty, the value of V^ obtained for predominantly syndio-

tactic PMMA was in good agreement with that proposed by other 
workers using neutron and NMR techniques 21. Inelastic 
measurements made on pure stereo-isomers using IN6 showed 
clearly the dependence of the a-methyl torsion on tacticity, 
but the weaker vibrations of the ester methyl group were 
totally lost. This problem could be overcome, in principle, 
by the use of partially deuterated pure stereo-isomers, 
but the appearance of crystalline backbone modes mentioned 
above would probably still make definitive peak assignment 
in this low frequency region difficult, and the dependence 
of the ester methyl group motion on tacticity is more 
easily studied using quasi-elastic measurements over a range 
of temperatures to obtain an activation energy, as in the 
case of PMMA3. The measurement of E for the ester methyl a 
group for PMMA3 is seen as an important step, since to 
date, NMR measurements and neutron scattering data relating 
to the motion of this sidegroup have been rather inconc-
lusive. The value of E obtained is believed to be reliable, a 
and since it is difficult to obtain values of V^ from 
inelastic measurements for this group, it is believed that 
further quasi-elastic measurements to obtain E for the a 
ester methyl group in syndiotactic and isotactic PMMA would 
be extremely informative. 

As mentioned, the values of E obtained for the a-a 
methyl group are in good agreement with the inelastic 
scattering measurements of V^, and furthermore, reveal a 
difference in barrier height between syndiotactic and atactic 
PMMA. This difference is only of the order of 1 kJ/mol, 
and as such, is not expected to be detectable in the inelastic 
spectrum,since the resolution is not sufficient to resolve 
two peaks lying so close together. 

The good agreement of values of V^ obtained directly 
using inelastic scattering measurements and V^(tunnelling) 
calculated from E confirm conclusively the presence of a 
quantum mechanical tunnelling at low temperatures in these 
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s a m p l e s . 

It w a s s h o w n that n e u t r o n d i f f r a c t i o n m e a s u r e m e n t s of 

the s t r u c t u r e f a c t o r , S ( Q ) , a r e i d e n t i c a l to t h o s e o b t a i n e d 

f r o m w i d e a n g l e X - r a y s c a t t e r i n g . F u r t h e r m o r e , it is s e e n t h a t 

the d e v i a t i o n of M ( Q ) , the m e a s u r e d e l a s t i c i n c o h e r e n t 

s t r u c t u r e f a c t o r , from A Q ( Q ) , t h a t p r e d i c t e d t h e o r e t i c a l l y , 

a l s o p r o v i d e s a n o v e l m e t h o d o f m e a s u r i n g S ( Q ) , p r o v i d e d t h a t 

the g e o m e t r y of the m o t i o n is w e l l e s t a b l i s h e d . T h e m a i n 

f e a t u r e s of the c o h e r e n t s c a t t e r i n g p a t t e r n are f o u n d to be 

w e l l d e s c r i b e d by the m o d e l for P M M A s u g g e s t e d b y L o v e l l a n d 

W i n d l e 6 3 . 

T h e t i m e s c a l e of the n e u t r o n s c a t t e r i n g e x p e r i m e n t is 

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

a n d i n c o m p l e t e d e u t e r a t i o n , the r o t a t i o n a l m o t i o n of b o t h 

m e t h y l g r o u p s in P M M A w a s o b s e r v e d to be w e l l d e s c r i b e d in 

t e r m s of a s i m p l e j u m p m o t i o n b e t w e e n three e q u i v a l e n t s i t e s 

o n a c i r c l e of r a d i u s 1 . 0 3 2 8 . T h i s is as e x p e c t e d for the 

s i m p l e r c a s e of the a - m e t h y l g r o u p , b u t a q u e s t i o n a r i s e s 

r e g a r d i n g the t w o - f o l d f l i p e x p e c t e d to be o b s e r v e d for the 

e s t e r m e t h y l g r o u p . T h i s c o m p o n e n t of the m o t i o n is s i m p l y 

n o t o b s e r v e d , s i n c e its r o t a t i o n a l f r e q u e n c y ( e s t i m a t e d to 

b e a b o u t 1 H z a t r o o m t e m p e r a t u r e 2 3 ) is c o n s i d e r a b l y o u t s i d e 

the time l i m i t s of the n e u t r o n s c a t t e r i n g e x p e r i m e n t . T h i s 

u n d e r l i n e s the n e c e s s i t y of c h o o s i n g an i n s t r u m e n t w i t h 

a p p r o p i a t e r e s o l u t i o n for o b s e r v i n g the p a r t i c u l a r m o t i o n 

o f i n t e r e s t - d e t e r m i n e d by the F W H M e l a s t i c r e s o l u t i o n 

b e i n g of the s a m e o r d e r as the r o t a t i o n a l f r e q u e n c y . T h u s 

t h e 200 p e V r e s o l u t i o n of IN5 w a s a p p r o p i a t e for o b s e r v i n g 

the f a s t t h r e e - f o l d j u m p c o m p o n e n t of the e s t e r m e t h y l g r o u p , 

b u t c l e a r l y n o t s u i t a b l e for o b s e r v i n g the v e r y s l o w 1 H z 

t w o - f o l d f l i p ( i n d e e d , no n e u t r o n s p e c t r o m e t e r w o u l d be a b l e 

to m e a s u r e t h i s ) . A f u r t h e r f a c t o r of i n t e r e s t r e g a r d i n g the 

r e s o l u t i o n f u n c t i o n is its s h a p e . The a l m o s t t r i a n g u l a r 

r e s o l u t i o n f u n c t i o n of INS a l l o w s s e p a r a t i o n of the e l a s t i c 

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

e a s i l y than the L o r e n t z i a n r e s o l u t i o n f u n c t i o n o n I N 1 0 . It 

s h o u l d be f u r t h e r p o i n t e d o u t t h a t in o r d e r to o b t a i n 
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d e f i n i t i v e v a l u e s of the E I S F and r o t a t i o n a l f r e q u e n c i e s , it 

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

p a r t i c u l a r l y in the w i n g s of the s p e c t r u m . 

C o m p a r i s o n of IN5 and IN6 d a t a h a v e s h o w n the v a l u e s 

of the E I S F o b t a i n e d from the two i n s t r u m e n t s to be in g o o d 

a g r e e m e n t , and for the p a r t i a l l y d e u t e r a t e d s a m p l e , i d e n t i c a l 

v a l u e s of the r o t a t i o n a l f r e q u e n c y w e r e o b t a i n e d . T h e 

d i f f e r e n c e in the v a l u e s of v . o b t a i n e d for the i s o t a c t i c 
r o t 

s a m p l e are b e l i e v e d to be a s s o c i a t e d w i t h a d i f f i c u l t y in 

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

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

s u c h a large p e r c e n t a g e of the t o t a l a r e a . 

V a l u e s of the E I S F for the a - m e t h y l g r o u p o b t a i n e d 

u s i n g IN10 w e r e f o u n d to be in g o o d a g r e e m e n t w i t h t h o s e 

o b t a i n e d some y e a r s ago u s i n g IN5 - s i n c e , in s e c t i o n 3 . 3 . 8 , 

it was s u g g e s t e d that the r e s o l u t i o n of IN5 w o u l d be i n s u f f -

i c i e n t to m e a s u r e the q u a s i - e l a s t i c s c a t t e r i n g law for the 

a - m e t h y l g r o u p , it m i g h t s e e m i n c o n g r u o u s to h a v e a c t u a l l y 

o b t a i n e d v a l u e s of the E I S F for this g r o u p u s i n g IN5 d a t a . 

It is true t h a t s i n c e the b e s t r e s o l u t i o n of IN5 (24 yeV 

at an i n c i d e n t w a v e l e n g t h of 10 8 ) is r e a l l y i n s u f f i c i e n t 

to m a k e r e l i a b l e m e a s u r e m e n t s of a F W H M q u a s i - e l a s t i c 

c o m p o n e n t of 8 y e V , IN5 is n o t r e a l l y the b e s t i n s t r u m e n t to 

u s e to m a k e t h e s e m e a s u r e m e n t s . H o w e v e r , a t the time t h e s e 

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

c o m p o n e n t w a s n o t k n o w n , a n d w a s e x p e c t e d to be s o m e w h a t 

g r e a t e r than 10 p e V . In f a c t , a n a l y s i s of the d a t a to e x t r a c t 

the E I S F w a s e x t r e m e l y d i f f i c u l t . 

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

t o r s i o n a l f r e q u e n c i e s and b a r r i e r h e i g h t s w e r e f o u n d to be 

i d e n t i c a l for IN6 and 4 H 5 . 

It is c o n c l u d e d t h a t s i n c e b o t h q u a s i - e l a s t i c and 

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

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

a g r e e m e n t w i t h r e s u l t s p r e s e n t e d by o t h e r w o r k e r s , the 

v a l u e s of the p a r a m e t e r s o b t a i n e d are c o n s i d e r e d d e f i n i t i v e . 
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Chapter 4 Application of Quasi-elastic Neutron Scattering 
to the Observation of the Dynamics of Polymer 

Chains 

This chapter will show how the use of quasi-elastic 
neutron scattering can give detailed information about the 
motion of polymer networks. 

The first topic discussed is the effectiveness of 
hydrogen bonding in forming 'virtual' crosslink points, 
and thus a totally hydrogen-bonded network. Results from 
natural rubber samples in the bulk containing differing 
proportions of modifying sidegroups known to hydrogen bond 
are first presented. It is found that the samples containing 
the modifying groups move considerably more slowly than the 
unmodified natural rubber, thus confirming the formation 
of a hydrogen-bonded network. In order to show conclusively 
that the observed effect is genuinely due to interchain 
bonding, measurements in dilute solution are presented, 
since under these conditions the polymer chains are so widely 
separated that any intermolecular interactions are removed. 
Both modified and unmodified samples are observed to be 
moving at the same rate in solution, confirming that the 
slowing down effect in the bulk is truely intermolecular 
in origin, and thus showing conclusively the existence of 
intermolecular virtual hydrogen-bond crosslink points. 

The second subject discussed deals with networks 
containing permanent chemical crosslink points. The experi-
ments on these networks show that the crosslink points in 
the network are moving at about half the rate of the chains 
between crosslink points. Furthermore, the chains themselves 
are moving exactly at the same rate as free chains in the 
melt. In addition, evidence is presented for the presence 
of virtual hydrogen bond crosslink points in these networks, 
as well as the permanent chemical crosslinks, and the role 
of these temporary crosslinks in the system is discussed in 
some detail. 
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4 . 1 T h e o r e t i c a l C o n s i d e r a t i o n s 

T h e o r i e s to d e s c r i b e the m a i n c h a i n d y n a m i c s of 

p o l y m e r s h a v e g e n e r a l l y b e e n d e v e l o p e d in t e r m s of b e a d -

a n d - s p r i n g m o d e l s 7 1 5 , in w h i c h the p o l y m e r c h a i n is i m a g i n e d 

to be c o m p o s e d of a s e r i e s o f b e a d s , c o n n e c t e d by H o o k e a n 

s p r i n g s . B e f o r e p r o p o s i n g a form of the i n c o h e r e n t s c a t t e r i n g 

law to d e s c r i b e e i t h e r the m o t i o n of p o l y m e r c h a i n s in 

d i l u t e s o l u t i o n , or t h a t of c h a i n s in the m e l t , it is 

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

e x p l o r e d in a n e u t r o n s c a t t e r i n g e x p e r i m e n t , c h a r a c t e r i s e d by 

1 / Q . In m o s t e x p e r i m e n t s , the range Q a ^ 1 is e x p l o r e d , 

w h e r e a is the l e n g t h of o n e b e a d - s p r i n g s e g m e n t . 

1/Q » a c a n w e l l be d e s c r i b e d in terms of the R o u s e m o d e l 7 , 

in w h i c h the v e l o c i t y of e a c h s e g m e n t d e p e n d s o n l y o n the 

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

b e t w e e n d i s t a n t s e g m e n t s a r e i g n o r e d . In this r e g i o n , i n t e r n a l 

s e g m e n t a l m o t i o n of the c h a i n s a b o u t the b a c k b o n e (i.e 

m o t i o n s o f s e c t i o n s of the p o l y m e r c h a i n r e l a t i v e to each 

o t h e r ) is being o b s e r v e d . D e G e n n e s 8 has d e v e l o p e d the R o u s e 

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

has s h o w n t h a t , in the l i m i t 1/Q » a , an i n c o h e r e n t q u a s i -

e l a s t i c s c a t t e r i n g law w h o s e F W H M , A E , v a r i e s as Q k is 

p r e d i c t e d 1 0 . T h i s is g i v e n by the f o l l o w i n g e x p r e s s i o n . 

F o r a bulk p o l y m e r , d i s t a n c e s c o r r e s p o n d i n g to 

S . 
inc 

(Q,<D) = _1_ / I (Q, t) exp (-iajt)dt 
2TT 

w h e r e I. (Q,t) m c -

and AE ^ 1 0 ~ 2 W a u Q" 

A g a i n , a is a s t e p l e n g t h , and W 1 a c o r r e l a t i o n t i m e , of 

the o r d e r of 10 

T h e Q k d e p e n d e n c e of the F W H M a r i s e s b e c a u s e , a l t h o u g h , 
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in a t i m e t , a s i g n a l t r a v e l s d ('v/t) a l o n g t h e c h a i n , the 

c o r r e s p o n d i n g d i s t a n c e in s p a c e is o n l y o f t h e o r d e r of d ^ 

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

F o r d i s t a n c e s 1 / Q < a , l o c a l B r o w n i a n m o t i o n of the 

b e a d s is o b s e r v e d , l e a d i n g to Q 2 d e p e n d e n c e o f the F W H M 

o f t h e q u a s i - e l a s t i c s c a t t e r i n g l a w 1 1 1 2 . T y p i c a l v a l u e s o f 

a r a n g e f r o m 3 8 f o r p o l y ( d i m e t h y l s i l o x a n e ) to 24 8 f o r 

p o l y ( t e t r a h y d r o f u r a n ) a n d 37 8 f o r p o l y s t y r e n e 1 3 . 

S i n c e t h e n e u t r o n s c a t t e r i n g e x p e r i m e n t m e a s u r e s 

d i s t a n c e s c o r r e s p o n d i n g t o 1 / Q ^ a , a s c a t t e r i n g l a w 

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

h a s b e e n o b s e r v e d 1 1 8 7 . 

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

c h a p t e r c o n c e r n s n e t w o r k s , a n d n o t f r e e c h a i n s , it is 

e x p e c t e d t h a t t h e R o u s e m o d e l s h o u l d s t i l l b e a p p l i c a b l e , 

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

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

b e t w e e n c r o s s l i n k s is c o m p a r a b l e w i t h the d i s t a n c e s c a l e 

o f t h e e x p e r i m e n t s . 

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

s o l u t i o n a r e c o n s i d e r e d . A g a i n , f o r the r e g i o n 1 / Q < a , 

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

o b s e r v e d , l e a d i n g to a Q 2 d e p e n d e n c e o f t h e F W H M o f the 

s c a t t e r i n g l a w . H o w e v e r , m o b i l e s o l v e n t m o l e c u l e s in the 

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

m o d i f y the Q k d e p e n d e n c e o f t h e s c a t t e r i n g l a w to a Q 3 d e p e n -

d e n c e in t h e r e g i o n 1 / Q > a 1 2 1 3 1 6 . 

T h e i n c o h e r e n t s c a t t e r i n g l a w is n o w g i v e n b y 1 6 

S . (Q,w) = / de exp(-aQ 7*) cos(ai0) 

TTWE 

w h e r e £ = Q 2 a 2 / 6 , 9 = e * w | t | a n d w = u / w e V i 

w = J3 kT ( n Q is t h e s o l v e n t v i s c o s i t y ) 

7T n 0a 3 
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w c a n be c o n s i d e r e d as the m i c r o s c o p i c jump f r e q u e n c y of 

a s i n g l e m o n o m e r m o v i n g in the s o l v e n t , and is e x p e c t e d to 

be of the o r d e r of 1 0 1 0 - 1 0 1 3 H z . 

Thus the FWHM of the incoherent scattering law for 
a polymer in dilute solution will be given by13 

A E , ^ ( 2 . 2 ) / 3 kT Q 3 

(4.1) 

In c o n c l u s i o n , it is c l e a r that s i n c e the n e u t r o n 

s c a t t e r i n g m e a s u r e m e n t s are m a d e in an i n t e r m e d i a t e d i s t a n c e 

s c a l e , it is d i f f i c u l t to p r e d i c t the e x a c t form o f the 

i n c o h e r e n t q u a s i - e l a s t i c s c a t t e r i n g l a w . H o w e v e r , p a s t 

m e a s u r e m e n t s o n b u l k p o l y m e r s h a v e s h o w n 1 0 1 1 07 t h a t the 

d a t a is b e s t d e s c r i b e d in terms of the R o u s e m o d e l , a l t h o u g h 

the p o w e r d e p e n d e n c e of the F W H M o n Q is g e n e r a l l y f o u n d to 

b e r a t h e r less t h a n 4 . S i m i l a r l y , the r e s u l t s o b t a i n e d from 

d i l u t e s o l u t i o n a r e e x p e c t e d to b e b e s t d e s c r i b e d by the 

Zimm m o d e l 1 2 13 , w i t h some d e v i a t i o n from Q 3 b e h a v i o u r at 

h i g h e r Q , d e p e n d e n t o n the v a l u e of a for the m o l e c u l e . 

4.2 S a m p l e P r e p a r a t i o n 

4 . 2 . 1 P r e p a r a t i o n of M o d i f i e d N a t u r a l R u b b e r S a m p l e s 

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

w o r k e r s at the M a l a y s i a n R u b b e r P r o d u c e r s ' R e s e a r c h 

A s s o c i a t i o n ( M R P R A ) . 

E t h y l N - p h e n y l - c a r b a m o y l a z o f o r m a t e (ENPCAF) 8 8 is 

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

p e n d a n t g r o u p s w h i c h a r e h i g h l y p o l a r , and thus r e a d i l y 

u n d e r g o h y d r o g e n b o n d i n g w i t h each o t h e r . 

T h e E N P C A F m o d i f i c a t i o n is s h o w n s c h e m a t i c a l l y b e l o w . 
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N a t u r a l R u b b e r 

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

e x p e r i m e n t s : 

R l an u n m o d i f i e d n a t u r a l r u b b e r s a m p l e 

R5 5 m o l e % c o n c e n t r a t i o n of E N P C A F , e q u i v a l e n t to 

a b o u t o n e m o d i f y i n g g r o u p e v e r y 20 i s o p r e n e units 

R7 7 m o l e % m o d i f i c a t i o n , e q u i v a l e n t to a b o u t o n e 

m o d i f y i n g g r o u p e v e r y 14 i s o p r e n e u n i t s . 

In e a c h c a s e the s a m p l e took the form of a t h i n f i l m , 

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

to g i v e 10% s c a t t e r . 

4.2.2 P r e p a r a t i o n of P o l y e s t e r N e t w o r k s 

P o l y e s t e r n e t w o r k s a m p l e s w e r e p r e p a r e d by D r . R . H . H a l l . 

A d e t a i l e d a c c o u n t o f the p r e p a r a t i o n m a y b e f o u n d e l s e w h e r e 8 9 , 

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

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

e x p e r i m e n t s . S a m p l e N l , w h i c h w a s p u r e l y h y d r o g e n o u s , a l l o w e d 

m o t i o n of the e n t i r e n e t w o r k to be o b s e r v e d , w h e r e a s the 

p a r t i a l d e u t e r a t i o n of N2 a l l o w e d i n d e p e n d e n t s t u d y of the 

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

d i f f e r e n c e in the i n c o h e r e n t s c a t t e r i n g c r o s s - s e c t i o n of 
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h y d r o g e n and d e u t e r i u m . T h e two s a m p l e s are s h o w n in f i g u r e 

4 . 1 . E a c h s a m p l e w a s m o u l d e d into a thin f i l m , w i t h t h i c k n e s s 

c a l c u l a t e d to g i v e 10% s c a t t e r . 

4.2.3 M e a s u r e m e n t of the S h e a r M o d u l u s , G Q , of the 

P o l y e s t e r N e t w o r k s 

Y o u n g ' s m o d u l u s , E g , o b t a i n e d from the i n i t i a l s l o p e 

of a s t r e s s - s t r a i n c u r v e m a y be r e l a t e d to the s h e a r m o d u l u s , 

G q , using Gg = E g / 3 , if the P o i s s o n ' s r a t i o of the m a t e r i a l 

is a s s u m e d to be 0 . 5 . T h e s h e a r m o d u l u s g i v e s an i n d i c a t i o n 

of the d e g r e e of c r o s s l i n k i n g in the n e t w o r k 1 8 . Eg w a s 

d e t e r m i n e d e x p e r i m e n t a l l y for N l a n d N2 b y m e a s u r i n g the 

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

w e i g h t s up to 20 g . V a l u e s of the s h e a r m o d u l u s o b t a i n e d 

from the two s a m p l e s w e r e c o m p a r e d to t h o s e o b t a i n e d f r o m a 

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

w i t h 99% c r o s s l i n k e f f i c i e n c y 1 8 . 

T h e f o l l o w i n g r e s u l t s w e r e o b t a i n e d : 

H y d r o g e n o u s n e t w o r k N l G g ^ 8 6 7 g / c m 2 (= 73% c r o s s l i n k 

e f f i c i e n c y ) 

D e u t e r a t e d n e t w o r k N 2 G Q ^ 533 g / c m 2 (= 71% c r o s s l i n k 

e f f i c i e n c y ) 

T h i s i m p l i e s t h a t the d e u t e r a t e d s a m p l e , N 2 , h a d 

a p p r o x i m a t e l y 2% f e w e r c r o s s l i n k p o i n t s t h a n the h y d r o g e n o u s 

s a m p l e N l . 

In a d d i t i o n , the s h e a r m o d u l u s of two m o r e s a m p l e s 

w e r e m e a s u r e d , a n d the c r o s s l i n k e f f i c i e n c y c a l c u l a t e d . 

For s a m p l e N l ' , a p u r e l y h y d r o g e n o u s s a m p l e , this w a s f o u n d 

to be ^ 7 1 % . F o r s a m p l e N 2 ' , a p a r t i a l l y d e u t e r a t e d s a m p l e , 

an i d e n t i c a l v a l u e o f the s h e a r m o d u l u s w a s o b t a i n e d , a l s o 

g i v i n g a v a l u e of the c r o s s l i n k e f f i c i e n c y of 7 1 % . 

T h e low v a l u e - o f the c r o s s l i n k e f f i c i e n c y o b t a i n e d 
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in a l l c a s e s i n d i c a t e s that a t r i f u n c t i o n a l b r i d g e h e a d is 

not a l w a y s f o r m e d , r e s u l t i n g in l o n g e r d i s t a n c e s b e t w e e n 

c r o s s l i n k p o i n t s , and a free e n d , as s h o w n s c h e m a t i c a l l y 

b e l o w . 

/ 

P r o b l e m s i n t r o d u c e d by the p r e s e n c e of a large number 

of free ends in the n e t w o r k are d i s c u s s e d in s e c t i o n 4 . 5 . 2 . 

4.2.4 P r e p a r a t i o n of P o l y p r o p y l e n e O x i d e C h a i n s 

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

w e r e a l s o p r e p a r e d by D r . R . H . H a l l , using s t a n d a r d m e t h o d s . 

T h e s e c h a i n s w e r e u s e d for s u p p l e m e n t a r y e x p e r i m e n t s to 

i n v e s t i g a t e h y d r o g e n b o n d i n g , and as s u c h , w e r e p r e p a r e d 

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

P P 0 1 B i s ( h y d r o g e n s u c c i n a t e ) of p o l y p r o p y l e n e o x i d e d i o l 

i.e p o l y p r o p y l e n e o x i d e w i t h C O O H end g r o u p s . 

(MW ^ 2 0 0 0 ) . T h i s w a s p r e p a r e d by b o i l i n g a p y r i d i n e 

s o l u t i o n of a m i x t u r e of d i o l and e x c e s s s u c c i n i c 

a n h y d r i d e u n d e r r e f l u x for 5 h , and then r e m o v i n g 

the e x c e s s of the a n h y d r i d e . 

PP02 D i m e t h y l e t h e r of the p o l y p r o p y l e n e o x i d e d i o l i.e 

p o l y p r o p y l e n e w i t h m e t h y l end g r o u p s . (MW ^ 2 0 0 0 ) . 

T h i s w a s p r e p a r e d by the m e t h o d of C o o p e r a n d B o o t h 1 8 . 
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4.3 Q u a s i - e l a s t i c S c a t t e r i n g R e s u l t s from P o l y m e r N e t w o r k s 

4 . 3 . 1 R e s u l t s o b t a i n e d from M o d i f i e d N a t u r a l R u b b e r S a m p l e s 

in the B u l k 

T h e b a c k s c a t t e r i n g s p e c t r o m e t e r , I N 1 0 , w a s u s e d to 

m e a s u r e the q u a s i - e l a s t i c s p e c t r a of the t h r e e s a m p l e s , R l , 

R5 and R 7 . A s t a n d a r d S i ( 1 1 1 ) u n p o l i s h e d m o n o c h r o m a t o r w a s 

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

c o r r e s p o n d i n g to Q v a l u e s o f 0 . 1 7 , 0 . 2 9 , 0 . 6 , 0 . 9 7 , 1 . 3 5 a n d 

1.63 8 A n a d d i t i o n a l p o l i s h e d a n a l y s e r w a s p l a c e d at 

Q = 1 . 9 4 S " 1 . In a l l t h r e e c a s e s d a t a w e r e r e c o r d e d at 70°C (±1°C). 

T h e u n - n o r m a l i s e d raw d a t a for the u n m o d i f i e d n a t u r a l 

r u b b e r s a m p l e (Rl) a n d the 7% m o d i f i e d s a m p l e (R7) a f t e r 

c o u n t i n g for 18 h o u r s is s h o w n in f i g u r e s 4.2 and 4 . 3 , 

c l e a r l y s h o w i n g the s t r o n g Q d e p e n d e n c e of the w i d t h of the 

q u a s i - e l a s t i c s c a t t e r i n g l a w . S u b s e q u e n t d a t a a n a l y s i s 

i n v o l v e d o b t a i n i n g F W H M v a l u e s (i.e A E ) u s i n g the fitting 

p r o g r a m P O L L Y . A s e x p e c t e d , the f i t t i n g r o u t i n e b a s e d o n 

the R o u s e m o d e l , g i v i n g a w i d t h d e p e n d e n t o n Q1* w a s found 

to g i v e the b e s t fit to the d a t a . (The g o o d n e s s of a fit 

is d e t e r m i n e d by the v a l u e of the r e s i d u a l , d e f i n e d by the 

sum of the s q u a r e s of the d e v i a t i o n of the m o d e l s c a t t e r i n g 

law from the a c t u a l d a t a p o i n t s , w e i g h t e d to the a c t u a l 

n u m b e r of p o i n t s ) . 

D o u b l e l o g a r i t h m i c p l o t s of the F W H M v a l u e s o b t a i n e d 

u s i n g the Q 4 m o d e l v e r s u s Q for the t h r e e s a m p l e s are s h o w n 

in f i g u r e 4 . 4 . C l e a r l y the two m o d i f i e d s a m p l e s are m o v i n g 

m o r e s l o w l y t h a n the u n m o d i f i e d s a m p l e , a l t h o u g h no d i f f e r e n c e 

b e t w e e n R5 and R7 c a n be o b s e r v e d . E r r o r b a r s a r e c a l c u l a t e d 

a c c o r d i n g to the d i s c u s s i o n in s e c t i o n 4 . 4 . 

4 . 3 . 2 R e s u l t s O b t a i n e d from D i l u t e S o l u t i o n s of the 

M o d i f i e d R u b b e r S a m p l e s 

D i l u t e s o l u t i o n s (^2% w t / v o l ) of e a c h of the t h r e e 
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F i g 4 . 4 Results f rom R1.R5 * R 7 
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R7 

In(AE.ltf) 

5 6 7 

lnlQ.101") 



-158-

samples were made up in CS2. 

Quasi-elastic spectra for each solution were recorded 
at Q values of 0.11, 0.15, 0.19, 0.23, 0.27 and 0.31 8" 1, 
at a temperature of 25°C. 

Data were again analysed using POLLY, and in this 
case, the best fit was obtained using the Q 3 model scattering 
law, based on the Zimm model, as predicted for a dilute 
solution. The FWHM values obtained are plotted against Q 
in figure 4.5. Also shown is the theoretical dependence of 
the quasi-elastic width, calculated using equation (4.1) 
(denoted by the solid line). 

4.3.3 Results Obtained from Polyester Networks 

Quasi-elastic data for these networks were again 
recorded using IN10, and also at a temperature of 70°C. 
Measurements were made in t h e Q r a n g e 0.19 8 1 to 1.23 8 1 

for the samples Nl and N2, and over a slightly lower Q range 
for Nl' and N2 1. Within experimental error, Nl 1 was found 
to give identical results to Nl, implying that although both 
networks are rather poor, having a crosslink efficiency of 
only of the order of 70%, the 2% difference between Nl and 
Nl' is negligible. 

Figures 4.6 and 4.7 show the measured scattering 
law for the deuterated sample N2 at various angles of 
scatter. 

FWHM values of the scattering law were obtained 
using POLLY, and the results of the Q f i t are shown in 
figure 4.8. In addition to simply fitting to the data 
measured for each of the samples, a Q u model scattering 
law was fitted to data obtained by subtracting the spectra 
of N2 from those of Nl. It is believed that this gives a 
measure of the rate of motion of the chains between 
crosslink points, and these results are also shown in 
figure 4.8. (The solid lines are intended as guides to the 
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F i g 4>5 Results from R1.R5 t R7 in dilute solution 
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Fig U.6 S(Q,6o) for N2 
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Fig U1 S(Q,w) for N2 
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Fig 4.8 

Logarithmic plot of FWHM against Q for polyester networks 
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eye o n l y , a n d are of no p h y s i c a l s i g n i f i c a n c e ) . F i g u r e 4.9 

shows e x a c t l y the s a m e d a t a , but p l o t t e d d i f f e r e n t l y , to 

r e m o v e the f a s t Q d e p e n d e n c e , and this s h o w s m o r e c l e a r l y 

the d i f f e r e n c e s b e t w e e n t h e three sets of r e s u l t s . T h e d a t a 

p l o t t e d in f i g u r e 4.10 c o m p a r e s the rate of m o t i o n of c h a i n s 

b e t w e e n c r o s s l i n k p o i n t s in the n e t w o r k (i.e v a l u e s o b t a i n e d 

from(Nl-N2)) w i t h t h a t of a f r e e c h a i n of h i g h m o l e c u l a r 

w e i g h t p o l y p r o p y l e n e o x i d e in the b u l k (data t a k e n from 9 ) . 

4.3.4 R e s u l t s O b t a i n e d f r o m Low M o l e c u l a r W e i g h t 

P o l y p r o p y l e n e O x i d e C h a i n s 

Q u a s i - e l a s t i c s p e c t r a w e r e r e c o r d e d for P P 0 1 a n d 

PP02 u n d e r e x a c t l y the s a m e e x p e r i m e n t a l c o n d i t i o n s as the 

p o l y e s t e r n e t w o r k s . T h e d a t a w e r e a n a l y s e d in the s a m e w a y , 

using P O L L Y , and a g a i n t h e Q k m o d e l s c a t t e r i n g law w a s 

f o u n d to g i v e the b e s t f i t to the d a t a . 

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

using the Q** m o d e l a g a i n s t Q are s h o w n in f i g u r e 4 . 1 1 . 

F i g u r e 4.12 s h o w s p l o t s o f A E / Q 2 a g a i n s t Q for c o m p a r i s o n 

w i t h f i g u r e 4 . 9 . 

4.4 C o n s i d e r a t i o n of E r r o r s 

A p a r t f r o m d i f f e r e n c e s i n t r o d u c e d into A E by t h e 

c h o i c e o f m o d e l for S(Q , (D), t h e r e are two m a j o r s o u r c e s of 

e r r o r to be c o n s i d e r e d . T h e l e a s t s q u a r e s f i t to the m o d e l 

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

of the o r d e r o f 10% of t h e v a l u e of A E . T h i s is a p u r e l y 

s t a t i s t i c a l e r r o r , a n d it is f e l t to b e a r e a s o n a b l e 

e s t i m a t e o f the e r r o r at h i g h v a l u e s o f Q . H o w e v e r , a t low 

Q v a l u e s , w h e r e the v a l u e s o f AE o b t a i n e d a r e l i k e l y to be 

c o n s i d e r a b l y less t h a n the r e s o l u t i o n f u n c t i o n , this 10% 

e r r o r is p r o b a b l y an u n d e r e s t i m a t e . W h i l s t e x a m i n a t i o n of 

the m e a s u r e d S(Q,GJ) s h o w s c l e a r e v i d e n c e of b r o a d e n i n g 

( e s p e c i a l l y in the w i n g s of the s p e c t r a ) e v e n at l o w e s t Q 

v a l u e s (see f i g u r e 4 . 1 3 , w h i c h c o m p a r e s the r e s o l u t i o n 
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F i g 4 . 9 Variation of FWHM with Q 

• Subtraction, N1 -N2 

• N1 

X N2 
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Fig 4.10 

Double logarithmic plot of AE against Q, for N 1 - N 2 ( • ) and a high 

molecular weight sample of pure PPO ( • ) 
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Fig 4.11 

Comparison of variation of AE with Q for PPOI and PP02 
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Fig 4.12 

Variation of FWHM with Q for PPO chains 
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Comparison of spectrum obtained from N1-N2 

Fig 4.13 

with vanadium[Q=.19A"*] 
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f u n c t i o n w i t h (N1-N2) a t Q = 0 . 1 9 8 " 1 ) w h e r e A E ^ O . l y e V , it 

is b e l i e v e d t h a t the p r e c i s i o n in the d a t a p o i n t s t h e m s e l v e s 

c a n be no b e t t e r t h a n a b o u t 5% of the r e s o l u t i o n w i d t h , 

i.e ^ 0 . 0 5 y e V . E r r o r b a r s c a l c u l a t e d on t h e s e a s s u m p t i o n s 

are s h o w n in f i g u r e s 4.4 a n d 4 . 9 , b u t h a v e b e e n o m i t t e d 

f r o m s o m e of the o t h e r f i g u r e s for t h e s a k e of c l a r i t y . 

4.5 D i s c u s s i o n o f R e s u l t s 

4 . 5 . 1 D i s c u s s i o n of R e s u l t s O b t a i n e d f r o m M o d i f i e d 

N a t u r a l R u b b e r S a m p l e s 

F i g u r e 4.4- s h o w s t h e v a l u e s o f AE o b t a i n e d f o r t h e 

n a t u r a l r u b b e r s a m p l e s R l , R5 and R 7 , u s i n g a Q1* d e p e n d e n t 

m o d e l s c a t t e r i n g l a w . A s p r e d i c t e d , this m o d e l g a v e the 

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

s l o p e o f the b e s t l i n e t h r o u g h the d a t a is a l w a y s less t h a n 

4 , it is c l e a r t h a t the m o d e l is n o t r e a l l y i d e a l for 

d e s c r i b i n g the m o t i o n in this i n t e r m e d i a t e d i s t a n c e s c a l e 

r e g i o n (Qa ^ 1) . H o w e v e r , the a c t u a l c h o i c e of m o d e l c h o s e n 

to f i t the d a t a a n d its t r u e a p p l i c a b i l i t y in the e x p e r i -

m e n t a l Q r a n g e is n o t c r i t i c a l in this c a s e , s i n c e w h a t e v e r 

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

is o b s e r v e d b e t w e e n the m o d i f i e d a n d u n m o d i f i e d s a m p l e s . 

T h e i n t r o d u c t i o n of h i g h l y p o l a r g r o u p s i n t o R5 a n d R7 h a s 

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

of the r u b b e r , a l t h o u g h it is i n t e r e s t i n g to n o t e t h a t 

a p p a r e n t l y no d i f f e r e n c e c a n b e o b s e r v e d b e t w e e n R5 a n d R 7 . 

T h i s is n o t a l t o g e t h e r s u r p r i s i n g , h o w e v e r , s i n c e it is 

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

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

u n i t e v e r y 14 m o n o m e r s (R7) a n d t h a t f o r m e d f r o m a s a m p l e 

w i t h o n e m o d i f y i n g g r o u p e v e r y 20 i s o p r e n e u n i t s (R5) c o u l d 

be q u i t e s m a l l . 

D u e to the h i g h l y p o l a r n a t u r e of the m o d i f i c a t i o n , 

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

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

t r a n s i e n t , n o n - c h e m i c a l ) c r o s s l i n k p o i n t s . 
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R e s u l t s o b t a i n e d from the three s a m p l e s in d i l u t e 

s o l u t i o n are s h o w n in f i g u r e 4 . 6 . T h e rate of m o t i o n of 

the c h a i n s w o u l d n o w a p p e a r to be i d e n t i c a l in a l l t h r e e 

c a s e s . B y m a k i n g the m e a s u r e m e n t in d i l u t e s o l u t i o n , a l l 

i n t 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 e f f e c t i v e l y r e m o v e d , and o n l y 

i n t r a m o l e c u l a r e f f e c t s w i l l be o b s e r v e d . S i n c e the t h r e e 

s a m p l e s are n o w b e h a v i n g as i d e n t i c a l free c h a i n s , the i n t e r -

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

i n t e r c h a i n h y d r o g e n b o n d i n g is now c o n f i r m e d . 

T h e s o l u t i o n d a t a p l o t t e d in f i g u r e 4.6 s h o w s o m e 

s y s t e m a t i c d e v i a t i o n from t h e t h e o r e t i c a l Q 3 d e p e n d e n c e 

p r e d i c t e d by e q u a t i o n ( 4 . 1 ) . S i n c e the m e a s u r e m e n t s are 

being m a d e in an i n t e r m e d i a t e f r e q u e n c y r e g i o n (Qa ^ 1 ) , 

this d e v i a t i o n is n o t s u r p r i s i n g , and i n d e e d , such d e v i a t i o n s 

at h i g h e r Q v a l u e s h a v e b e e n o b s e r v e d by o t h e r w o r k e r s 1 2 1 3 . 

A k c a s u et a l 9 0 h a v e r e c e n t l y c a l c u l a t e d the s c a t t e r i n g f r o m 

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

t h r o u g h s e g m e n t a l m o t i o n (Zimm r e g i o n ) to l o c a l bond 

d i f f u s i o n . T h e t h e o r y p r e d i c t s t h a t w i t h i n c r e a s i n g Q a , 

the m o t i o n d e v i a t e s from Q 3 Zimm b e h a v i o u r t o w a r d s a s i m p l e 

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

in g o o d a g r e e m e n t w i t h the s h a p e of the c u r v e in 4 . 6 . 

It is b e l i e v e d t h a t the d a t a o b t a i n e d s h o w s c o n c -

l u s i v e l y the p r e s e n c e of i n t e r c h a i n h y d r o g e n b o n d i n g in the 

m o d i f i e d n a t u r a l r u b b e r s a m p l e s , leading to the f o r m a t i o n 

of a p u r e l y h y d r o g e n b o n d e d n e t w o r k . 

4.5.2 D i s c u s s i o n of P o l y e s t e r N e t w o r k R e s u l t s 

D a t a o b t a i n e d from the p o l y e s t e r n e t w o r k s a m p l e s , 

N l a n d N2 w e r e a g a i n f o u n d to be b e s t f i t t e d by a Q1* m o d e l 

s c a t t e r i n g l a w . T h e v a r i a t i o n of A E , for b o t h s a m p l e s , as a 

f u n c t i o n of Q , is s h o w n in f i g u r e s 4.8 a n d 4 . 9 , along 

w i t h r e s u l t s o b t a i n e d f r o m the s u b t r a c t i o n (N1-N2). M e a s u r e m e n t s 

m a d e on N l s h o w the o v e r a l l m o t i o n of the e n t i r e n e t w o r k , 

w h e r e a s N2 r e f l e c t s m o t i o n of the c r o s s l i n k p o i n t s a l o n e , 

a n d the s p e c t r a o b t a i n e d by the s u b t r a c t i o n (N1-N2)show the 
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m o t i o n of the c h a i n s b e t w e e n c r o s s l i n k p o i n t s . 

It is i m m e d i a t e l y c l e a r that the c r o s s l i n k p o i n t s 

are m o v i n g c o n s i d e r a b l y m o r e s l o w l y than the b u l k of the 

n e t w o r k . It w o u l d a p p e a r that the f a s t e r m o t i o n of the free 

c h a i n s , c o m b i n e d w i t h the s l o w e r m o t i o n of the c r o s s l i n k 

p o i n t s g i v e rise to the i n t e r m e d i a t e m o t i o n o b s e r v e d in the 

m e a s u r e m e n t of q u a s i - e l a s t i c s p e c t r a from N l . I n v e s t i g a t i o n 

o f the a c t u a l v a l u e s of AE o b t a i n e d i n d i c a t e s t h a t the 

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

the o v e r a l l n e t w o r k . 

F i g u r e s 4.9 and 4.10 c o m p a r e the r e s u l t s o b t a i n e d 

f r o m the s u b t r a c t i o n (N1-N2), w h i c h is b e l i e v e d to r e p r e s e n t 

the m o t i o n of the c h a i n s b e t w e e n c r o s s l i n k p o i n t s w i t h 

r e s u l t s o b t a i n e d u n d e r the same e x p e r i m e n t a l c o n d i t i o n s from 

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

a g a i n using the R o u s e m o d e l to o b t a i n v a l u e s of A E . W i t h i n 

e x p e r i m e n t a l error the two s e t s of d a t a are i d e n t i c a l , 

i n d i c a t i n g that the c h a i n s b e t w e e n c r o s s l i n k p o i n t s b e h a v e 

in e x a c t l y the s a m e w a y as free c h a i n s in the m e l t , at l e a s t 

o n the f r e q u e n c y s c a l e of the n e u t r o n s c a t t e r i n g e x p e r i m e n t s . 

S h e a r m o d u l u s m e a s u r e m e n t s i n d i c a t e d t h a t the n e t w o r k 

s a m p l e s w e r e of r a t h e r low c r o s s l i n k e f f i c i e n c y , and a 

q u e s t i o n now a r i s e s r e g a r d i n g the role of the f r e e ends in 

the n e t w o r k . P r e v i o u s m e a s u r e m e n t s m a d e on u r e t h a n e n e t w o r k s 1 8 , 

as w e l l as t h o s e d i s c u s s e d in the p r e v i o u s s e c t i o n , s h o w 

c l e a r l y the i m p o r t a n c e of h y d r o g e n b o n d i n g in m o d i f y i n g 

c h a i n d y n a m i c s , and it s e e m e d p o s s i b l e that an i n t e r a c t i o n 

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

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

n e t w o r k s . In o r d e r to i n v e s t i g a t e this p o s s i b i l i t y in d e t a i l , 

e x p e r i m e n t s u s i n g two m o d i f i e d s a m p l e s of low m o l e c u l a r 

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

m e a s u r e m e n t s w e r e m a d e u n d e r e x a c t l y the s a m e e x p e r i m e n t a l 

c o n d i t i o n s as for the p o l y e s t e r n e t w o r k s , and the r e s u l t s 

o b t a i n e d a s s u m i n g the a p p l i c a t i o n of the R o u s e m o d e l s h o w n 

in f i g u r e 4 . 1 1 . C l e a r l y some m e c h a n i s m has c a u s e d the 

s l o w i n g d o w n of the m o t i o n in the h y d r o g e n s u c c i n a t e , and 

this is a t t r i b u t e d to h y d r o g e n b o n d i n g b e t w e e n the C O O H 
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g r o u p s and m a i n c h a i n s . It w o u l d s u g g e s t that the free 

e n d s p r e s e n t in the n e t w o r k s a l s o form h y d r o g e n b o n d s , 

c r e a t i n g t e m p o r a r y , or v i r t u a l c r o s s l i n k s , so that o n the 

t i m e s c a l e of a n e u t r o n s c a t t e r i n g e x p e r i m e n t t h e r e a r e no 

f r e e e n d s , and a p e r f e c t n e t w o r k is being o b s e r v e d . If some 

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

b o n d s , three p o s s i b i l i t i e s a r i s e . F i r s t l y , a b o n d b e t w e e n 

the C O O H g r o u p and s o m e w h e r e in the m i d d l e of the c h a i n 

b e t w e e n c r o s s l i n k p o i n t s m a y b e f o r m e d . S e c o n d l y , a b o n d 

m a y be f o r m e d b e t w e e n the f r e e c a r b o x y l e n d g r o u p a n d the 

e s t e r g r o u p s in the c r o s s l i n k p o i n t s , and f i n a l l y , a b o n d 

m a y be f o r m e d b e t w e e n the two C O O H f r e e e n d s . O f the t h r e e , 

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

e n e r g y for this c a s e is e s t i m a t e d to be 7 - 8 k c a l / m o l 9 1 . It 

is p o s s i b l e to c a l c u l a t e the l i f e t i m e (or f r e q u e n c y of 

f o r m a t i o n ) of a h y d r o g e n b o n d , a s s u m i n g an A r r h e n i u s r e l a t i o n -

s h i p of the form v = v ^ e x p f - E ^ / R T ) , w h e r e E ^ is the a c t i v a t i o n 

e n e r g y , and v n the v i b r a t i o n a l f r e q u e n c y of the b o n d . If 
-1 

E q is t a k e n to be 7 k c a l / m o l , a n d v^ of the o r d e r of 200 cm 

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

t h e o r e t i c a l l y from t h e r m o d y n a m i c c o n s i d e r a t i o n s 9 1 ) , then the 

l i f e t i m e f r e q u e n c y is e s t i m a t e d to be of the o r d e r o f 

4.7 x 1 0 ® H z . If E is a s s u m e d to be s l i g h t l y h i g h e r , of a -1 
the o r d e r of 8 k c a l / m o l , a n d v^ a g a i n 200 cm , t h e n a v a l u e 

of 8.7 x 1 0 7 H z is b t a i n e d for the f r e q u e n c y of f o r m a t i o n 

o f h y d r o g e n b o n d s . T h e s e v a l u e s a r e c o n s i d e r e d to be f a i r l y 

g e n e r a l l y a p p l i c a b l e to the f o r m a t i o n of h y d r o g e n b o n d s in 

the n e t w o r k , a n d b o t h f a l l in the u p p e r l i m i t of the time-

s c a l e e x p l o r e d in a n e u t r o n s c a t t e r i n g e x p e r i m e n t ( ^ 1 0 ~ 1 0 -

10~ 7 s e c ) , c o n f i r m i n g t h a t w i t h i n the e x p e r i m e n t a l t i m e s c a l e / 

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

h y d r o g e n - b o n d e d c r o s s l i n k s is b e i n g o b s e r v e d . T h i s e s t a b l i s h e s 

b e y o n d any d o u b t t h a t the d i f f e r e n c e o b s e r v e d b e t w e e n the 

two s a m p l e s N l a n d N 2 is n o t d u e to any p h y s i c a l d i f f e r e n c e , 

b u t g e n u i n e l y to a s l o w e r m o t i o n of the c r o s s l i n k p o i n t s . 

W a r n e r 1 9 has c a l c u l a t e d the R o u s e m o t i o n of a j u n c t i o n 

p o i n t in a p o l y m e r n e t w o r k of f u n c t i o n a l i t y y . H e s h o w s t h a t 

the Q d e p e n d e n c e of AE is u n a l t e r e d (i.e Q1*) b u t the rate 

of m o t i o n is s l o w e d d o w n r e l a t i v e to a f r e e l y m o v i n g p o i n t 

o n the c h a i n , by a f a c t o r of 2 / y . T h u s if the p o l y e s t e r 

n e t w o r k s u n d e r d i s c u s s i o n h e r e w e r e p e r f e c t , t h e i r tri-
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f u n c t i o n a l j u n c t i o n s w o u l d be e x p e c t e d to s l o w d o w n by a 

f a c t o r of 2 / 3 . T h e f a c t t h a t the a p p a r e n t e x p e r i m e n t a l 

f a c t o r is not e x a c t l y 2/3 is n o t c o n s i d e r e d a m a j o r dis-

c r e p a n c y , w h e n the i m p e r f e c t i o n s in the n e t w o r k and the 

e x p e r i m e n t a l Q r a n g e are t a k e n i n t o a c c o u n t . A s d i s c u s s e d 

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

b o n d j u n c t i o n s o n the t i m e s c a l e of the n e u t r o n s c a t t e r i n g 

e x p e r i m e n t , b u t t h e s e w i l l form at a r b i t r a r y p o i n t s along 

the c h a i n . T h u s the e f f e c t i v e f u n c t i o n a l i t y of the n e t w o r k 

is s o m e w h a t u n c e r t a i n , a n d m a y e v e n be g r e a t e r t h a n t h r e e . 

In a d d i t i o n , t h e Q r a n g e of t h e s e e x p e r i m e n t s f a l l s at the 

u p p e r l i m i t of the r e g i o n w h e r e Q1* R o u s e b e h a v i o u r is 

p r e d i c t e d . T h i s is d e m o n s t r a t e d c l e a r l y by the Q d e p e n d e n c e 

of the AE v a l u e s t h e m s e l v e s , w h i c h is found to be c l o s e r 

to Q 3 than Q 1*. In this f r e q u e n c y r a n g e the a s s u m p t i o n s of 

W a r n e r ' s c a l c u l a t i o n s , b a s e d o n a R o u s e m o d e l , b r e a k d o w n , 

a n d the e x a c t n u m e r i c a l f a c t o r of 2/y s h o u l d n o t n e c e s s a r i l y 

be o b s e r v e d . 

F i g u r e 4 . 1 1 a l s o s h o w s the r e s u l t s o b t a i n e d from 

the f u l l y h y d r o g e n o u s s a m p l e N l , a n d it is i n t e r e s t i n g to 

n o t e , t h a t on this t i m e s c a l e , the n e t w o r k f o r m e d d u e s o l e l y 

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

b e t w e e n c h a i n s in the l i n e a r p o l y p r o p y l e n e o x i d e is i d e n t i c a l 

to the r e a l n e t w o r k (Nl) c o m p o s e d of b o t h c h e m i c a l and 

h y d r o g e n - b o n d e d c r o s s l i n k s . 

W h i l e c h e m i c a l and h y d r o g e n - b o n d e d n e t w o r k s h a v e a 

v e r y s i m i l a r r a t e of m o t i o n to f r e e long c h a i n s , c o m p a r i s o n 

of f i g u r e s 4.10 a n d 4 . 1 1 s h o w s a r e m a r k a b l e d i f f e r e n c e in 

the r a t e of m o t i o n o b s e r v e d b e t w e e n the low m o l e c u l a r 

w e i g h t p o l y p r o p y l e n e o x i d e ( P P 0 2 , M W 'v, 2000) a n d h i g h m o l e c -

u l a r w e i g h t p o l y p r o p y l e n e o x i d e (MW 'v 1 0 6 ) . T o s h o w this 

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

4 . 1 4 . A l t h o u g h a t f i r s t s i g h t it c o u l d be t e m p t i n g to 

a s c r i b e this f a s t e r m o t i o n of the low m o l e c u l a r w e i g h t c h a i n 

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

( d i m e t h y l s i l o x a n e ) (PDMS) w o u l d p r e s e n t a m o r e p l a u s i b l e 

e x p l a n a t i o n . E a r l y low r e s o l u t i o n e x p e r i m e n t s 4 o n a s e r i e s 

o f l i n e a r and c y c l i c PDMS s a m p l e s s h o w e d l i t t l e c h a n g e in 
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Compnrison of (aw and high molecular weight PPO 
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v a l u e s of AE o b t a i n e d a b o v e a m o l e c u l a r w e i g h t of a b o u t 

1 1 0 0 , c o r r e s p o n d i n g to 15 m o n o m e r r e p e a t u n i t s . T h e s e r e s u l t s 

h a v e r e c e n t l y b e e n c o n f i r m e d in a s e r i e s of e x p e r i m e n t s at 

h i g h r e s o l u t i o n , u s i n g I N 1 0 . S i n c e p o l y p r o p y l e n e o x i d e is a 

c o n s i d e r a b l y s t i f f e r m o l e c u l e , it c o u l d not be e x p e c t e d to 

h a v e f a s t e r c e n t r e of m a s s d i f f u s i o n m o t i o n t h a n P D M S o f 

e q u i v a l e n t c h a i n l e n g t h . I n s t e a d , it is n e c e s s a r y to a s c r i b e 

the d e c r e a s e in f r e q u e n c y w h e n the l e n g t h i n c r e a s e s from 

30 u n i t s to i n f i n i t y in the PPO s a m p l e s to i n t e r n a l m o d e s . 

E s t i m a t e s o f the c h a i n l e n g t h a s s o c i a t e d w i t h o n e R o u s e spring 

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

r e s u l t s for s e v e r a l p o l y m e r s in d i l u t e s o l u t i o n 1 3 . B e c a u s e 

of its h i g h f l e x i b i l i t y , this c h a i n l e n g t h is o n l y 4 to 5 

m o n o m e r s for P D M S , b u t is f o u n d to be m u c h l a r g e r for o t h e r 

p o l y m e r s ( 1 1 u n i t s for p o l y ( t e t r a h y d r o f u r a n ) a n d 55 u n i t s 

for p o l y s t y r e n e ) . T h u s in terms of R o u s e spring u n i t s , the 

s h o r t P P O c h a i n s m a y c o n s i s t of o n l y o n e or two s e g m e n t s , 

and the a p p l i c a t i o n of the R o u s e m o d e l to d e s c r i b e the 

m o t i o n is n o t r e a l l y j u s t i f i e d . W h e n these s h o r t c h a i n s 

h y d r o g e n b o n d to form a n e t w o r k , the w h o l e c o n n e c t e d s y s t e m 

s u s t a i n s R o u s e m o d e s , a n d long c h a i n b e h a v i o u r is r e g a i n e d . 
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C h a p t e r 5 C o n c l u s i o n s and A i m s for F u t u r e W o r k 

5 . 1 C o n c l u s i o n s from the I n v e s t i g a t i o n of L o c a l D y n a m i c s 

in P o l y ( m e t h y l m e t h a c r y l a t e ) 

Q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g r e s u l t s s h o w c l e a r l y 

t h a t a f t e r a c c o u n t i n g for c o h e r e n t s c a t t e r i n g e f f e c t s , the 

r o t a t i o n a l m o t i o n of b o t h the a - m e t h y l and e s t e r m e t h y l g r o u p s 

in P M M A m a y be d e s c r i b e d in terms of a s e r i e s of jumps 

b e t w e e n three e q u i v a l e n t s i t e s o n a c i r c l e of r a d i u s 1 . 0 3 2 2 . 

T h i s is e x a c t l y as p r e d i c t e d for the a - m e t h y l g r o u p , and 

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

for the e s t e r m e t h y l g r o u p c a n n o t be o b s e r v e d o n the time-

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

IN5 and I N 6 . M e a s u r e m e n t s of the w i d t h s of the q u a s i - e l a s t i c 

c o m p o n e n t of the r o t a t i o n a l s c a t t e r i n g law h a v e a l l o w e d 

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

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

o f q u a s i - e l a s t i c d a t a from IN10 w i t h N M R T^ m e a s u r e m e n t s 

g a v e an a c t i v a t i o n e n e r g y of 2 9 . 1 k J / m o l for an a t a c t i c 

s a m p l e . T h i s m a y b e c o m p a r e d w i t h v a l u e s of 23.3 k J / m o l a n d 

15.8 k J / m o l for p u r e s y n d i o t a c t i c and p u r e i s o t a c t i c PMMA 

respectively, obtained using NMR techniques. For the ester 
m e t h y l g r o u p , q u a s i - e l a s t i c n e u t r o n s c a t t e r i n g m e a s u r e m e n t s 

g a v e a v a l u e of E of 7.6 k J / m o l for an a p p r o x i m a t e l y 50% 
a 

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

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

considered of major importance, since NMR and other neutron 
s c a t t e r i n g e x p e r i m e n t s , t o d a t e , h a v e y i e l d e d o n l y r a t h e r 

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

t h a t for the e s t e r m e t h y l g r o u p , E ( s y n d i o t a c t i c ) > E = ( i s o t a c t i c ) a a 

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

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

In g e n e r a l , q u a s i - e l a s t i c m e a s u r e m e n t s of the EISF 
a n d r o t a t i o n a l f r e q u e n c y w e r e f o u n d to be in g o o d a g r e e m e n t 

for the two i n s t r u m e n t s , IN5 and I N 6 . 

V a l u e s of V , the b a r r i e r h e i g h t to r o t a t i o n , c a l c -



-177-

u l a t e d using the a b o v e v a l u e s of E , o n the a s s u m p t i o n of 
a 

the p r e s e n c e of q u a n t u m m e c h a n i c a l t u n n e l l i n g , w e r e f o u n d to 

be in e x c e l l e n t a g r e e m e n t w i t h t h o s e o b t a i n e d d i r e c t l y from 

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

b e t w e e n the two m e t h o d s of o b t a i n i n g V^ w a s c o n s i d e r e d 

s t r o n g e v i d e n c e for the p r e s e n c e of t u n n e l l i n g in b o t h m e t h y l 

g r o u p s at low t e m p e r a t u r e s . F o r the a - m e t h y l g r o u p , V^ w a s 

f o u n d to be 33 k J / m o l for s y n d i o t a c t i c P M M A , a n d 23 k J / m o l 

for i s o t a c t i c P M M A . V ^ for the e s t e r m e t h y l g r o u p in a s a m p l e 

c o n s i s t i n g of 50% s y n d i o t a c t i c a n d 40% a t a c t i c s e q u e n c e s w a s 

f o u n d to be b e t w e e n 3.2 and 1 0 . 5 k J / m o l . T h e i n e l a s t i c 

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

v i b r a t i o n a l m o t i o n s in the m o l e c u l e , such as s i d e g r o u p and 

b a c k b o n e b e n d i n g a n d w a g g i n g , in g o o d a g r e e m e n t w i t h far 

i n f r a - r e d m e a s u r e m e n t s . W i t h i n e x p e r i m e n t a l e r r o r , the 

f r e q u e n c y d i s t r i b u t i o n f u n c t i o n o b t a i n e d for the v a r i o u s 

s a m p l e s of P M M A w e r e f o u n d to be i d e n t i c a l for b o t h IN6 and 

4H5 m e a s u r e m e n t s . 

T h e s t r u c t u r e f a c t o r , S ( Q ) , o b t a i n e d from n e u t r o n 

d i f f r a c t i o n m e a s u r e m e n t s w a s f o u n d to be i d e n t i c a l to that 

o b t a i n e d from c a l c u l a t i o n s b a s e d o n the d e v i a t i o n of the 

o b s e r v e d E I S F from the p r e d i c t e d v a l u e s , and f u r t h e r m o r e , 

b o t h w e r e in e x c e l l e n t a g r e e m e n t w i t h the w i d e a n g l e X - r a y 

d e t e r m i n a t i o n of S ( Q ) . P e a k p o s i t i o n s in S(Q) w e r e a s s o c -

i a t e d w i t h d i f f e r e n t p e r i o d i c i t i e s in the P M M A m o l e c u l e , 

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

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

I n e l a s t i c m e a s u r e m e n t s r e l a t i n g to the t o r s i o n a l 

m o t i o n of the a - m e t h y l g r o u p h a v e b e e n f o u n d to be r e p r o -

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

N M R a n d q u a s i - e l a s t i c t e c h n i q u e s , m e a s u r i n g r e l a t e d p a r a m e t e r s . 

T h e d e p e n d e n c e of b a r r i e r h e i g h t and t o r s i o n a l m o t i o n on the 

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

s h o w n that the g e o m e t r y of the r o t a t i o n a l m o t i o n of the 

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

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

c o n c l u s i v e , a n d it is b e l i e v e d t h a t the m o t i o n of the 

a - m e t h y l g r o u p is now w e l l u n d e r s t o o d . 
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For the ester methyl group, however, the results 
obtained are not so complete, particularly relating to the 
effect of tacticity on the rotational motion of the group. 
Due to problems mentioned earlier, related to the appearance 
of crystalline backbone modes at low frequencies, it is 
considered unlikely that further inelastic measurements 
would give any really conclusive results, even with the use 
of partially deuterated samples to eliminate some of the 
vibrational modes. Instead, it is proposed that more useful 
information could be obtained from a more extensive study 
of the behaviour of the rotational frequency in stereo-
regular forms of PMMA over a range of temperatures, using 
quasi-elastic neutron scattering techniques. It has been shown 
that some problems with data analysis are encountered when 
using purely hydrogenous samples, so it is felt that for this 
study, partially deuterated stereoregular samples should be 
used, to eliminate excess elastic scattering. Since the 
activation energy for the ester methyl group in an atactic 
form of PMMA has already been established, this future work 
on stereoregular samples would conclude the investigation of 
rotational motion of the ester methyl group in PMMA. 

5.2 Conclusions from the Investigation of the Local 
Dynamics of Rubber Networks 

The first series of experiments described in chapter 4 
showed clearly that the introduction of highly polar modifying 
groups into natural rubber samples gave rise to intermolecular 
hydrogen bonding, interpreted in terms of virtual or transient 
crosslink points, causing the formation of a network, on the 
timescale of a neutron scattering experiment. Although 
these virtual crosslinks obviously slowed down the motion 
of the chains in the rubber, no difference could be seen 
between the effect of a 5% modification and a 7% modification. 
However, since this difference is likely to be small, this 
is not altogether surprising. The results obtained are 
considered conclusive, and any further work probably un-
necessary, unless a sample with a considerably higher degree 
of modification could be obtained, in which case it would be 
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of i n t e r e s t to see if the m o t i o n s t i l l a p p e a r e d i d e n t i c a l to 

t h a t of a 5% or 7% m o d i f i e d s a m p l e , or i f , as s e e m s m o r e 

r e a s o n a b l e , a g r e a t e r n u m b e r of v i r t u a l c r o s s l i n k s are f o r m e d , 

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

The s e c o n d s e t of e x p e r i m e n t s d e m o n s t r a t e d that the 

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

a p p r o x i m a t e l y h a l f as fast as the free c h a i n s b e t w e e n c r o s s -

link p o i n t s , w h i c h w a s f o u n d to be in g o o d a g r e e m e n t w i t h 

the b e h a v i o u r p r e d i c t e d t h e o r e t i c a l l y . In a d d i t i o n , it w a s 

f o u n d that the p r e s e n c e of f r e e c a r b o x y l e n d g r o u p s in a 

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

c r o s s l i n k s , so that on the t i m e s c a l e of a n e u t r o n s c a t t e r i n g 

e x p e r i m e n t , a p e r f e c t n e t w o r k w a s being o b s e r v e d . 

A n i n t e r e s t i n g t o p i c for p o s s i b l e f u t u r e work a r i s e s 

from the s u p p l e m e n t a r y e x p e r i m e n t s p e r f o r m e d to s t u d y the 

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

o f m o d i f i e d p o l y p r o p y l e n e o x i d e . A large d i f f e r e n c e in the 

r a t e of m o t i o n o b s e r v e d in a low m o l e c u l a r w e i g h t s a m p l e 

(MW ^ 2000) a n d that of a h i g h m o l e c u l a r w e i g h t s a m p l e ( M W ^ I O 6 ) 

w a s f o u n d . T h i s w a s e x p l a i n e d in t e r m s of the b r e a k - d o w n of 

the R o u s e m o d e l at low m o l e c u l a r w e i g h t s , d u e to an insuff-

i c i e n t n u m b e r of b e a d - s p r i n g s e g m e n t s to d e s c r i b e the m o t i o n , 

a n d c o m p a r e d to a s i m i l a r s i t u a t i o n e n c o u n t e r e d in the s t u d y 

of m a i n c h a i n d y n a m i c s of p o l y ( d i m e t h y l s i l o x a n e ) (PDMS). F o r 

P D M S , it w a s f o u n d that the r a t e of m o t i o n o b s e r v e d v a r i e s 

u n t i l the c h a i n s are of the o r d e r of f i f t e e n m o n o m e r u n i t s 

& l o n g , w h e n a l i m i t i n g v a l u e of AE is r e a c h e d , a n d no f u r t h e r 

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

be i n t e r e s t i n g to r e p e a t t h e s e e x p e r i m e n t s for p o l y p r o p y l e n e 

o x i d e , o v e r a r a n g e of m o l e c u l a r w e i g h t s from a b o u t 2000 to 

s e v e r a l h u n d r e d t h o u s a n d , a n d see if a s i m i l a r l i m i t i n g 

v a l u e is o b t a i n e d a t a c r i t i c a l m o l e c u l a r w e i g h t . 
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5.3 Concluding Remarks 

The results presented in this thesis have shown the 
usefulness of the application of incoherent quasi-elastic 
and inelastic neutron scattering specifically to the study 
of sidegroup motion in poly(methyl methacrylate), and to the 
investigation of main chain dynamics of polymer networks. 
However, further consideration of the neutron scattering 
technique suggests that the scope for similar experiments 
to study dynamic properties over a whole range of polymeric 
systems is enormous. 

One of the major reasons for the success of neutron 
scattering studies on polymers is their large hydrogen 
content, combined with the possibility of partial deuteration. 
Since hydrogen is such a strong incoherent neutron scatterer, 
and deuterium a relatively weak one, the possibilities of 
selective deuteration to study different aspects of different 

sytems are virtually endless. Another major advantage 
offered by polymers is the dependence of the motion on 
temperature - thus by working below the glass transition 
temperature it is possible to 'freeze out' the backbone 
motion, allowing study of the sidechain motion only - and, 
of course, different sidegroups have very different responses 
to temperature, so that within a given system, different 
sidechains may be moving at quite different rates at a given 
temperature - and this leads to an important concept in 
neutron scattering - that of the timescale of the neutron 
scattering experiment, which is directly related to instrument 
resolution. Only the motions of a comparable frequency to 
the resolution will be observed - thus a suitable choice of 
instrument, combined with a suitable choice of temperature 
will allow a single sidegroup motion, or perhaps the back-
bone motion (if above T ) only to be observed, due to the 
vastly different timescales involved. 

It is this aspect of neutron scattering which allows 
it to essentially isolate the motion of a single component 
of the polymeric system, partly by selective deuteration, 
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and partly by suitable choice of resolution which makes it 
such a powerful tool in the study of polymer dynamics. 

Limitations of the technique are due only to in-
sufficient resolution to observe the slowest backbone 
motions - although with the advent of spectrometers of better 
and better resolution, this is scarcely a problem, and to 
limits of deuteration of the polymer, although for most 
common systems there is virtually no limit to what can be 
achieved. 

In conclusion, it seems that quasi-elastic and 
inelastic neutron spectroscopy can offer a valuable contrib-
ution to the study of the dynamics of polymer chains. 
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