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MORPHOLOGY OF BLOCK COPOLYMERS FROM NEUTRON 
SCATTERING 

Gary Welsh 

PhD T h e s i s 1992 
A b s t r a c t 

B l o c k c o p o l y m e r s a r e w i d e l y u s e d c o m m e r c i a l l y and so 
a c o m p l e t e u n d e r s t a n d i n g o f t h e s e s y s t e m s r e q u i r e s 
t h a t t h e n a t u r e o f t h e p o l y m e r i n t e r f a c e , t h e e f f e c t 
o f d e f o r m a t i o n and t h e i n t e r a c t i o n b e t w e e n p o l y m e r 
s u b s t i t u e n t s a r e known. T r i b l o c k c o p o l y m e r s o f 
p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) w e re s y n t h e s i s e d and 
u s e d i n a S m a l l A n g l e N e u t r o n S c a t t e r i n g (SANS) s t u d y 
o f d e f o r m a t i o n (Ch. 3) . T h r e e s e t s o f samples were 
made a nd, o f t h e s e , t w o s e t s w e re f o u n d t o have 
d e g r a d e d g i v i n g u n e x p e c t e d r e s u l t s (Ch. 3 . 2 ) . The 
t h i r d s e t , SPH150 s e r i e s , h o wever, d i d e x h i b i t t h e 
e x p e c t e d a n i s o t r o p y on d e f o r m a t i o n (Ch. 3 . 3 ) . I n 
t h e s e s a m p l e s , t h e e x t e n s i o n p a r a l l e l t o t h e s t r e t c h 
d i r e c t i o n was a f f i n e f o r a l l e l o n g a t i o n r a t i o s s t u d i e d 
and, p e r p e n d i c u l a r t o t h e s t r e t c h d i r e c t i o n , t h e 
e x t e n s i o n was n o n - a f f i n e . The i n t e r a c t i o n b e t w e e n 
p o l y m e r s u b s t i t u e n t s was e x a m i n e d u s i n g SANS on an 
i s o t o p i c d i b l o c k c o p o l y m e r o f p o l y s t y r e n e t o a s c e r t a i n 
i f t h e m i x i n g o f h y d r o g e n o u s and d e u t e r a t e d s p e c i e s 
was i d e a l (Ch. 4) . The r e s u l t s o b t a i n e d showed t h e 
m i x i n g b e t w e e n t h e s e s p e c i e s c o u l d be assumed t o be 
i d e a l . The n a t u r e o f t h e p o l y m e r - p o l y m e r i n t e r f a c e was 
s t u d i e d on t h e CRISP r e f l e c t o m e t e r u s i n g p o l y ( s t y r e n e -
i s o p r e n e ) d i b l o c k s a m p l e s (Ch. 5) . The r e s u l t s 
o b t a i n e d f o r u n a n n e a l e d s a m p l e s showed t h a t a 'pseudo-
e q u i l i b r i u m ' h a d been a c h i e v e d i n t h e s e s amples w h i c h 
was l o s t on a n n e a l i n g . 
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CHAPTER 1 - INTRODUCTION 

1 . 1 . B l o c k C o p o l y m e r s 

1 . 1 . 1 . I n t r o d u c t i o n 

B l o c k c o p o l y m e r s a r e m a c r o m o l e c u l e s made up o f 

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

The s e q u e n t i a l a r r a n g e m e n t o f b l o c k c o p o l y m e r s can be 

one o f t h r e e t y p e s , F i g u r e ( 1 . 1 . ) : 

( i ) A-B d i b l o c k s t r u c t u r e c o n t a i n i n g o n l y t w o 

seg m e n t s . 

( i i ) A-B-A t r i b l o c k s t r u c t u r e c o n t a i n i n g t h r e e 

s e g m e n t s . 

( i i i ) ( A-B)n m u l t i b l o c k s t r u c t u r e c o n t a i n i n g many 

se g m e n t s . 

I n g e n e r a l , most p o l y m e r m i x t u r e s a r e i n c o m p a t i b l e 

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

l e v e l i n b l o c k c o p o l y m e r s . The domains f o r m e d a r e o f 

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

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

e x t e n t t o w h i c h t h e segments can s e p a r a t e . T h i s 

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

p r o p e r t i e s o f many b l o c k c o p o l y m e r s and l e d t o t h e 

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

e l a s t o m e r s . 

These t w o t e r m s had p r e v i o u s l y been m u t u a l l y e x c l u s i v e 

i n p o l y m e r s c i e n c e b u t i t was f o u n d t h a t A-B-A and 

(A-B)n b l o c k c o p o l y m e r s ( F i g u r e 1.1) a r e c h a r a c t e r i s e d 

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



b e h a v i o u r . To o b t a i n a t h e r m o p l a s t i c e l a s t o m e r a t w o -

p h ase n e t w o r k has t o be d e v e l o p e d where t h e c o p o l y m e r 

i s made up o f a m i n o r f r a c t i o n o f h a r d b l o c k ( 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 , Tg, g r e a t e r t h a n room 

t e m p e r a t u r e ) and a m a j o r f r a c t i o n o f a s o f t b l o c k (Tg 

l e s s t h a n room t e m p e r a t u r e ) . I n s u c h a s y s t e m t h e 

h a r d b l o c k s m i c r o p h a s e s e p a r a t e t o f o r m s m a l l domains 

w h i c h a c t as p h y s i c a l c r o s s - l i n k i n g and r e i n f o r c e m e n t 

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

b l o c k s p e r m a c r o m o l e c u l e can do t h i s . 

Due t o t h e i r t h e r m o p l a s t i c and r u b b e r - l i k e 

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

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

b l o c k c o p o l y m e r s o f s t y r e n e - i s o p r e n e and s t y r e n e -

b u t a d i e n e a r e u s e d i n m a k i n g t y r e s . 



F i a u r e 1, 1 . B l o c k Copolymer S t r u c t u r e s 

A-A-A.. . . .-A-A-A-B-B-B -B-B-B 

A-B d i b l o c k c o p o l y m e r 

^̂ ~.A,~A. • • • • • -A-B-B-B -B-B-B-A-A-A. . . .-A-A-A 

A--B-A t r i b l o c k c o p o l y m e r 

(A-A-A. ....-A-A-A-B-B-B....-B-B-B)„ 

(A- B)n m u l t i b l o c k c o p o l y m e r 

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

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

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

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

be made. T h i s w o u l d a l l o w b l o c k c o p o l y m e r s t o be made 

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

p a r t i c u l a r u s e . 

1.1.2. B l o c k Copolymer M o r p h o l o g y 

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

t h e v o l u m e f r a c t i o n o f each component^ and on t h e 

met h o d o f c o p o l y m e r s y n t h e s i s . The m a j o r component 

n o r m a l l y e x i s t s as t h e c o n t i n u o u s phase and t h e m i n o r 

component f o r m s d i s c r e t e d o m a i n s . These domains can 



be d i v i d e d i n t o t h r e e g e n e r a l m o r p h o l o g i e s : -

( i ) S p h e r i c a l - Volume f r a c t i o n o f m i n o r component i s 

l e s s t h a n 20%. 

( i i ) C y l i n d r i c a l - Volume f r a c t i o n o f m i n o r component 

i s somewhat g r e a t e r t h a n 2 0%. 

( i i i ) L a m e l l a r - The t w o phases a r e p r e s e n t i n n e a r l y 

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

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

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

m a c r o l a t t i c e and t h e s u b m i c r o s c o p i c domains a r e t h e 

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

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

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

r e p e a t i n g l a m e l l a r sequence. The t y p e , s i z e and 

a r r a n g e m e n t o f domains have a g r e a t i n f l u e n c e on t h e 

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

d e p e n d e n t on t h e n a t u r e o f t h e c o n t i n u o u s phase. 

I n t h e i n t e r f a c i a l r e g i o n , where t h e t w o segments m i x , 

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

s h a r p o r d i f f u s e d e p e n d i n g on t h e n a t u r e o f t h e phase 

b o u n d a r y . The more c h e m i c a l l y c o m p a t i b l e t h e segments 

t h e more d i f f u s e t h e i n t e r f a c i a l l a y e r w i l l be. A 

m easure o f t h e c o m p a t i b i l i t y o f c o p o l y m e r components 

i s g i v e n by t h e i n t e r a c t i o n p a r a m e t e r , x- I f x i s 

n e g a t i v e t h e n m i x i n g b e t w e e n s u b s t i t u e n t s was f a v o u r e d 

b u t i f X i s p o s i t i v e m i x i n g was u n f a v o u r a b l e and 

s u b s t i t u e n t s w o u l d be phase s e p a r a t e d . 



1.1.3. T e c h n i q u e s u s e d t o s t u d y B l o c k C o p o l y m e r s 

The t e c h n i q u e used t o s t u d y a b l o c k c o p o l y m e r o r any 

p o l y m e r s y s t e m depends on t w o m a i n f a c t o r s . F i r s t l y 

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

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

B e f o r e t h e a d v e n t o f S m a l l A n g l e N e u t r o n S c a t t e r i n g 

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

b i r e f r i n g e n c e , l i g h t s c a t t e r i n g a nd S m a l l A n g l e X-Ray 

S c a t t e r i n g . These a r e s t i l l u s e d , t h o u g h t o a l e s s e r 

e x t e n t , t o d a y . 

1.2. S m a l l A n g l e N e u t r o n S c a t t e r i n g (SANS) 

1.2.1. I n t r o d u c t i o n 

The f u n d a m e n t a l s o f SANS have been e x t e n s i v e l y d e a l t 

w i t h i n t h e l i t e r a t u r e ^ so t h e r e i s l i t t l e p o i n t i n 

c o v e r i n g t h e g r o u n d . I t i s , h o w e v e r , germane t o g i v e 

a b r i e f a c c o u n t o f a t y p i c a l 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 . F i g u r e 1.2.1. shows a s c h e m a t i c d i a g r a m 

o f 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 . 

ciohprnatic d i a g r a m o f a N e u t r o n 

s r - a t t f ^ r i n a E x p e r i m e n t 
sample 

• — f K 

H 
"^C^ d e t e c t o r 

26 
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The i n c i d e n t n e u t r o n beam i s o f i n t e n s i t y I ^ w i t h wave 

v e c t o r , KQ. NOW K^ e q u a l s (2u/A,) where A i s t h e 

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

I , o f wave v e c t o r K a t an a n g l e 2 0 t o t h e i n c i d e n t 

beam i s t h e r e s u l t o f n e u t r o n - n e u t r o n i n t e r a c t i o n 

b e t w e e n t h e beam and s p e c i m e n . I n S A N S t h e r e i s no 

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

S A N S i s an e l a s t i c s c a t t e r i n g method where K = K^. 

T h i s means t h e s c a t t e r i n g v e c t o r , Q, i s g i v e n by 

(47t/A,sin8) . The s c a t t e r e d i n t e n s i t y , I , c an t h e n be 

w r i t t e n a s : -

J=J„iV(do/dQ) AQ EQ. (1) 

w h e r e : 

N = number o f n u c l e i i n t h e s c a t t e r i n g v o l u m e . 

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

sa m p l e . 

ido/dQ) = d i f f e r e n t i a l s c a t t e r i n g c r o s s s e c t i o n o f t h e 

s p e c i m e n . 

The ida/dQ) t e r m c o n t a i n s b o t h s t r u c t u r a l i n f o r m a t i o n 

on t h e s c a t t e r i n g m a t e r i a l and s c a t t e r i n g w h i c h 

p r o v i d e s no i n f o r m a t i o n on t h e sample and can be 

r e g a r d e d as a b a c k g r o u n d s i g n a l w h i c h has t o be 

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

i n f o r m a t i o n . The t w o components o f (do/dQ) have been 

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



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

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

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

pha s e mod e l w h e r e : -

i{Q) = J O | A Q 

w h e r e : 

^ ^ p ( P p - P j ^ 5 ( C ) - ^ ^ EQ.(2) 

V = s c a t t e r i n g v o l u m e ; Vp = s c a t t e r i n g p a r t i c l e v o l u m e . 

Np = number o f p a r t i c l e s i n v o l u m e , V. 

o^^^ = 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 . 

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

s c a t t e r i n g p a r t i c l e and t h e m a t r i x i n w h i c h p a r t i c l e s 

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

(pp-p„)^ c o n t r a s t f a c t o r 

S(Q) = s c a t t e r i n g l a w f o r m a t e r i a l b e i n g i n v e s t i g a t e d . 

The c o n t r i b u t i o n o f S(Q) i s i n c r e a s e d when t h e 

c o n t r a s t f a c t o r i s made as l a r g e as p o s s i b l e . I n SANS 

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

m a t e r i a l as t h e s c a t t e r i n g p a r t i c l e . T h i s i s because 

s c a t t e r i n g l e n g t h d e n s i t i e s , p , can be c a l c u l a t e d 

f r o m : -

p=bNj^d/M EQ. (3) 

w h e r e : b = c o h e r e n t s c a t t e r i n g l e n g t h 

d = p h y s i c a l d e n s i t y 

M = segment m o l e c u l a r w e i g h t 



NA = A v o g a d r o ' s Number 

F o r h y d r o g e n , b = - 0.374 x lO'^^cm 

F o r d e u t e r i u m , b = 0.667 x 10"^^cm 

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

a nd h e n c e S ( Q ) , c a n be i n c r e a s e d . So when a few 

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

h y d r o g e n o u s m a t r i x : 

SiQ) =1/ (Q^<Rg^>^)ex.p[{-Q^<Rg^>) -l+Q^<Rg^>] EQ. (4) 

w h e r e ; 

<Rg^> = z - a v e r a g e mean s q u a r e r a d i u s o f g y r a t i o n . 

I n t h e c a s e o f a t r i b l o c k c o p o l y m e r e q u a t i o n (2) 

becomes more c o m p l e x due t o t h e c o n t r i b u t i o n t o t h e 

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

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

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

e q u a t i o n (5) c a n be e l i m i n a t e d . 

I{Q)<-{XPj,+ ( l - X ) Pjj-Po)^S{Q) +X{1-X) {Po-p^)^PiO) EQ.(5) 

w h e r e : 

I ( Q ) = s c a t t e r e d i n t e n s i t y 

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

and h y d r o g e n o u s i s o p r e n e r e s p e c t i v e l y . 

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

S(Q) = t o t a l s c a t t e r i n g l a w f o r b l o c k c o p o l y m e r 

P(Q) = s c a t t e r i n g l a w due t o d e u t e r o i s o p r e n e b l o c k 

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

c o p o l y m e r 

F o r t h e e l i m i n a t i o n o f t h e s c a t t e r i n g due t o S(Q) f r o m 



e q u a t i o n ( 5 ) t h e n : 

Xp^+(l-X)p„-p,=0 EQ. (6) 

F o r p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) t h e v a l u e o f X i n 

e q u a t i o n ( 6 ) was c a l c u l a t e d t o be 0.16. 

1.2.2. B l o c k C o p olymer D i m e n s i o n s f r o m SANS 

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

d i m e n s i o n s o f most i n t e r e s t a r e t h e r a d i u s o f 

g y r a t i o n , t h e doma i n m o r p h o l o g y , t h e n a t u r e o f t h e 

i n t e r f a c i a l r e g i o n , t h e domain s i z e and i n t e r d o m a i n 

d i s t a n c e . These may a l l be d e t e r m i n e d by SANS s t u d y 

a n d compared w i t h t h e p r e d i c t i o n s o f domain f o r m a t i o n 

t h e o r i e s . 

The t w o m a i n t h e o r i e s o f m i c r o d o m a i n f o r m a t i o n have 

come f r o m M e i e r ^ and Helfand''''' t h o u g h o t h e r s have 

c a r r i e d o u t t h e o r e t i c a l work^-^. The t h e o r i e s o f b o t h 

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

n a t u r e and a r e b a s e d on e q u i l i b r i u m c o n s i d e r a t i o n s . 

C o n s e q u e n t l y b o t h t h e o r i e s h ave a f a i r amount o f 

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

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

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

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

e n e r g y , G, f r o m : 

dG = dH - TdS 

wh e r e : 

G = G i b b s F r e e E n e r g y ( J ) 

dH = e n t h a l p y change ( J ) 

T = t e m p e r a t u r e (K) 
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dS - e n t r o p y change ( J K ̂) 

I n h i s t h e o r y , Meier s t a t e s t h a t t h e r e l a t i v e f r e e 

energy d i f f e r e n c e between t h e domain s t r u c t u r e and t h e 

homogeneous m i x t u r e i s made up o f s e v e r a l terms which 

l i m i t e n t r o p y and segment c o n f o r m a t i o n . 

H e l f a n d ' s approach i s s i m i l a r b u t by making an 

assumption, t h a t t h e i n t e r p h a s e i s narrow and 

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

f o r m u l a f o r t h e f r e e energy d i f f e r e n c e . H e l f a n d has 

c r i t i c i z e d Meier's t h e o r y on s e v e r a l p o i n t s i n c l u d i n g 

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

between two homopolymers. 

D e s p i t e t h i s b o t h t h e o r i e s showed t h a t t h e f r e e energy 

o f t h e domains v a r y w i t h segment w e i g h t f r a c t i o n so 

t h a t t h e r e a r e r e g i o n s where t h e minimum f r e e energy 

i s a s s o c i a t e d w i t h one p a r t i c u l a r morphology. Both 

t h e o r i e s a l s o p r e d i c t t h a t domain s i z e and i n t e r d o m a i n 

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

t h e y show a d i f f e r e n t degree o f p r o p o r t i o n a l i t y , 

H e l f a n d p r e d i c t s domain s i z e i s p r o p o r t i o n a l t o M̂^̂^ 

whereas Meier has i t as (aM^^) . The parameter, a, t h e 

c h a i n expansion parameter, o f Meier may be dependent 

on m o l e c u l a r w e i g h t o f t h e b l o c k , M̂ , b u t i t i s not 

made c l e a r i f t h i s i s t h e case. 

There i s , however, disagreement between t h e two 

t h e o r i e s on t h e q u e s t i o n o f t h e dependence o f t h e 

i n t e r f a c i a l t h i c k n e s s and copolymer volume f r a c t i o n on 

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

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

i n v a r i a n t w i t h m o l e c u l a r w e i g h t . As a r e s u l t , Meier's 

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

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

1.2.2.1. I n t e r d o m a i n D i s t a n c e , Domain Size and 

O r d e r i n g 

Assuming copolymer samples are composed o f Np i d e n t i c a l 

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

and volume, Vp d i s p e r s e d i n a m a t r i x o f coherent 

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

c r o s s - s e c t i o n , da/dQ, may be w r i t t e n as: 

- ^^^^^ ( < (g) > - < (g) > ̂ ) + < -F̂  (g) > (g) EQ. (7) 

where; 

Cf = c o n t r a s t f a c t o r 

N = number o f n u c l e i i l l u m i n a t e d by t h e beam 

Fp(Q) = s i n g l e p a r t i c l e from f a c t o r (SPFF) 

A(Q) = i n t e r p a r t i c l e i n t e r f e r e n c e f u n c t i o n 

Where t h e s c a t t e r i n g p a r t i c l e s are o f reasonably 

u n i f o r m shape and s i z e t h e n i t i s found t h a t 

<Fp(g)>-<Fp(g)>2 and e x a c t e q u a l i t y i s o b t a i n e d from 

s p h e r i c a l p a r t i c l e s . As a r e s u l t e q u a t i o n (1) may be 

s i m p l i f i e d and t h e s c a t t e r i n g i n t e n s i t y , I ( Q ) , 

o b t a i n e d can be w r i t t e n as: 

12 



I(Q) =K'.Cf.<Fp{Q)^> .A{Q)+K'I^^^ EQ. (8) 

where; 

K' = a c o n s t a n t 

Consequently t h e s c a t t e r i n g s p e c t r a c o n s i s t o f a 

c o h e r e n t f a c t o r composed o f c o n t r i b u t i o n s due t o 

<Fp(Q)^> and A(Q) superimposed on a f l a t i n c o h e r e n t 

background. For p a r t i c l e s arranged p e r i o d i c a l l y t h e n 

t h e A(Q) c o n t r i b u t i o n w i l l be m a n i f e s t as a s e r i e s o f 

d i s c r e t e peaks i n an I(Q) vs Q p l o t , and t h e i n t e n s i t y 

o f t h e s e peaks w i l l be m o d i f i e d by t h e shape o f t h e 

SPFF. I f , on t h e o t h e r hand, p a r t i c l e arrangement i s 

l o c a l , t h e n i n t e r f e r e n c e peaks a t h i g h Q w i l l 

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

w i l l be due t o <Fp(Q)^> o n l y . 

I n g e n e r a l , i t i s found t h a t domain o r d e r i n g i s a 

l o c a l e f f e c t and t h e l a t t i c e does n o t extend f a r 

t h r o u g h t h e sample. The domains are o r d e r e d l o c a l l y 

i n s m a l l g r a i n s which a r e randomly o r i e n t e d t h r o u g h o u t 

t h e sample. A n n e a l i n g samples has been shown t o 

i n c r e a s e t h e number o f r e s o l v a b l e peaks. R e s o l u t i o n 

i s a f f e c t e d by t h r e e f a c t o r s : 

( i ) G r a i n s i z e 

( i i ) L a t t i c e d i s t o r t i o n w i t h i n t h e g r a i n 

( i i i ) S pectrometer r e s o l u t i o n 

I n t e r p l a n a r s p a c i n g , di^t i s o b t a i n e d from Bragg's Law 

dint=27t/Q,„t EQ. (9) 

By comparing t h e v a l u e o f t h e r a t i o o f t h e spacings 

from s u b s i d i a r y peaks t o t h a t o f t h e f i r s t w i t h 
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c h a r a c t e r i s t i c r a t i o s f o r s i m p l e r e g u l a r donain 

arrangements, each sample may be assigned a s t r u c t i i r e . 

At h i g h e r Q Bragg maxima d i s a p p e a r and a s e r i e s of 

minima and broad maxima due t o SPFF become appartr.t. 

From t h e i r p o s i t i o n , domain s i z e can be obtair.ed. 

Figures 1.2.2. and 1.2.3. show t h i s g r a p h i c a l l y . 

Figure 1.2.2. S c a t t e r i n g P r o f i l e At Low Q 

10-

10 

10 

20 3.0 4.0 

Figure 1.2.3. S c a t t e r i n g P r o f i l e a t I n t e r m e d i a t e Q 

Q ( A - ' ) 
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For l a m e l l a r domains i t has been shown t h a t ^ 

d i n t = '^'^/Q^3^ 

Fp{Q)={Tz/QL)'^'Jy^{QL/2) E Q . (10) 

where: 

( Q L/2) i s a Bessel f u n c t i o n o f o r d e r h. L i s t h e 

l e n g t h o f l a m e l l a e . 

For c y l i n d r i c a l domains-^ 

d i n t = 47t/y3C)„^^ 

F p ( Q ) = 2J, ( Q R J / Q R , E Q . (11) 

where; 

J, (QRc) i s a Bessel f u n c t i o n o f o r d e r 1 . R ,̂ = c y l i n d e r 

r a d i u s . 

For s p h e r i c a l domains^ 

dint = v / 6 T i / £ ) „ a x 

Fp{Q) = {9Tz/2)'^'J^^^{QR^)^'' E Q . (12) 

where; 

J 3 / 2 (QRs) i s a Bessel F u n c t i o n o f o r d e r 3/2. 

Rg = sphere r a d i u s . 

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

shows i t i s l e s s w e l l o r d e r e d t h a n e i t h e r l a m e l l a r or 

c y l i n d r i c a l systems. The main peak i s lower and 

broad e r and s u b s i d i a r y peaks are i n d i s t i n c t . T h i s i s 

t o be expected s i n c e t h e displacement o f domains from 

t h e p e r f e c t l a t t i c e p o s i t i o n s causes a decrease i n 

i n t e n s i t y and a broadening o f Bragg peaks. For 

spheres t h i s e f f e c t i s most marked. 
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1.3. T h e o r i e s o f Rubber E l a s t i c i t y 

The e l a s t i c n a t u r e o f b l o c k copolymers has l e d workers 

t o examine t h e a p p l i c a b i l i t y o f c l a s s i c a l t h e o r i e s o f 

ru b b e r e l a s t i c i t y i n these systems. The f i r s t steps 

i n p r o d u c i n g models t o d e s c r i b e t h e i n t e r a c t i o n s i n 

polymers were made i n t h e R o t a t i o n a l I s o m e r i c S t a t e 

(R.I.S.) model developed by V o l k e n s t e i n , B i r s h t e i n and 

F l o r y . T h i s model c l a s s i f i e d i n t e r a c t i o n s between 

c h a i n s u b s t i t u e n t s i n t o two groups and by a s s i g n i n g 

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

t h e R.I.S. model i s o b t a i n e d . D e t a i l e d c a l c u l a t i o n s 

f o r R.I.S. models i n v o l v e m a t r i x a l g e b r a and l a r g e 

computers. 

The a f f i n e model^° p u t f o r w a r d by F l o r y s t a t e d t h a t t h e 

di s p l a c e m e n t o f c r o s s - l i n k s was a f f i n e w i t h 

macroscopic d e f o r m a t i o n . A t t h e o p p o s i t e extreme t o 

t h e a f f i n e model, i s t h e 'phantom network' approach 

p o s t u l a t e d by James and Guth^^-^^. The 'phantom 

network' s t a t e s t h a t t h e network deforms a f f i n e l y so 

t h a t t h e macroscopic d e f o r m a t i o n o f t h e sample and o f 

t h e mean v e c t o r s c o n n e c t i n g c r o s s - l i n k p o i n t s are t h e 

same. Monomer u n i t s between c r o s s - l i n k p o i n t s are 

f r e e t o move c o n s i s t e n t w i t h c o n s t r a i n t s imposed a t 

t h e c r o s s - l i n k s . N e i t h e r t h e volume occupied by 

monomer u n i t s nor t h e b l o c k i n g o f one chain's 

d e f o r m a t i o n by t h e m a t e r i a l presence o f o t h e r chains 

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

s t a t i s t i c s on d e f o r m a t i o n . Submolecules w i t h t h e same 
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number o f monomer u n i t s have v e r y d i f f e r e n t mean end-

to - e n d d i s t a n c e s . T h i s occurs because o f t o p o l o g i c a l 

c o n s t r a i n t s and because o f t h e volume d i s p l a c e d by 

o t h e r p a r t s o f t h e network. T h i s d i s t r i b u t i o n o f mean 

end-to-end d i s t a n c e s i s Gaussian and j u n c t i o n p o i n t s , 

f l u c t u a t i n g due t o Brownian m o t i o n , a r e dependent on 

t h e network f u n c t i o n a l i t y . They are i s o t r o p i c and 

independent o f mean d i s t a n c e s between c h a i n ends and 

sample d e f o r m a t i o n . 

z='z+bz EQ. (13) 

<z^>=<z^>+<bz^> EQ. (14) 

where: 

z = z component o f v e c t o r c o n n e c t i n g ends o f a 

submolecule. 

bz = i n s t a n t a n e o u s f l u c t u a t i o n from p o s i t i o n . 

Thus <z^> does n o t deform a f f i n e l y . 

N eutron s c a t t e r i n g experiments showed evidence o f 

m i c r o s c o p i c t r a n s f o r m a t i o n s t h a t were below those 

o b t a i n e d u s i n g t h e phantom model^^'^''. T h i s l e d B a s t i d e 

e t a l ^ ^ t o p u t f o r w a r d t h e network u n f o l d i n g 

h y p o t h e s i s . A c c o r d i n g t o t h i s h y p o t h e s i s t h e r e are f -

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

f u n c t i o n a l i t y ) , which are d i r e c t l y l i n k e d t o a 

r e f e r e n c e c r o s s - l i n k . There a r e , however, n o t h e r 

c r o s s - l i n k s t h a t a r e s p a t i a l l y c l o s e r t o t h e r e f e r e n c e 

c r o s s - l i n k b u t whose t o p o l o g i c a l c o n n e c t i o n i s much 

l o n g e r and passes t h r o u g h s e v e r a l c r o s s - l i n k s . I t i s 

argued t h a t , on d e f o r m a t i o n , t h e s p a t i a l neighbours 
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w i l l move t o a much g r e a t e r e x t e n t t h a n t o p o l o g i c a l 

n e i g h b o u r s and conseq u e n t l y network d e f o r m a t i o n w i l l 

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

however, f o r e n d - l i n k e d c h a i n s . 

These t h e o r e t i c a l s t u d i e s mentioned p r e v i o u s l y have 

i n v e s t i g a t e d t h e e f f e c t o f macroscopic d e f o r m a t i o n on 

t h e t r a n s f o r m a t i o n o f t h e mean-squared r a d i u s o f 

g y r a t i o n . I t may, a l t e r n a t i v e l y , be analysed i n terms 

o f t h e t r a n s f o r m a t i o n o f t h e mean-square end-to-end 

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

from, t h e t r a n s f o r m a t i o n o f t h e mean-squared r a d i u s o f 

g y r a t i o n . B i r e f r i n g e n c e and segmental o r i e n t a t i o n i n 

deformed networks have been analysed i n terms o f t h e 

t r a n s f o r m a t i o n o f t h e mean-squared c h a i n v e c t o r s . 

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

m o l e c u l a r o r i e n t a t i o n and so sh o u l d g i v e i n f o r m a t i o n 

about m o l e c u l a r arrangement as opposed t o arrangement 

o f t h e sub m i c r o s c o p i c p a r t i c l e s . B i r e f r i n g e n c e can be 

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

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

p o l a r i z e d r a y s ( o f o r t h o g o n a l p o l a r i z a t i o n s ) . T h i s 

e f f e c t occurs i n c r y s t a l s i n which t h e v e l o c i t y o f 

l i g h t i s n o t t h e same i n a l l d i r e c t i o n s i . e . 

r e f r a c t i v e i n d e x i s a n i s o t r o p i c . U n i a x i a l c r y s t a l s 

have one d i r e c t i o n i n which double r e f r a c t i o n does not 

occur. M c l n t y r e e t a l " , d e s c r i b e d t h e l o n g range 

s t r u c t u r e o f b l o c k copolymers as t h a t o f a 

m a c r o l a t t i c e made up o f microphases which are o f t e n 
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formed i n t o r e g u l a r a r r a y s . Erman and Flory^^ p u t 

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

polymer networks. T h i s t h e o r y was based on an 

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

Gaussian t h e o r y o f phantom networks p u t f o r w a r d by 

James and Guth^^'^^. The t h e o r y o f s t r a i n b i r e f r i n g e n c e 

had, p r e v i o u s l y , been based on t h e a f f i n e network 

model i n which t h e t r a n s f o r m a t i o n o f c h a i n v e c t o r s was 

d i r e c t l y p r o p o r t i o n a l t o t h e macroscopic s t r a i n . T h i s 

model was d i s c r e d i t e d e x p e r i m e n t a l l y by Erman and 

Flory^^ and t h e o r e t i c a l l y by Flory^'. Erman and Flory^^ 

p r e d i c t e d t h a t t h e change i n r e f r a c t i v e i ndex, An f o r 

r e a l networks i s n o n - l i n e a r w i t h t h e s t r e s s , T, f o r 

u n i a x i a l extension i e . the s t r e s s - o p t i c a l c o e f f i c i e n t A j 7 / x 

s h o u l d decrease w i t h e l o n g a t i o n . They went on t o 

produce e x p e r i m e n t a l data t o back t h i s up^°. They 

c a r r i e d o u t b i r e f r i n g e n c e and s t r e s s measurements on 

two networks o f v a r y i n g degrees o f c r o s s - l i n k i n g 

s w o l l e n i n a v a r i e t y o f s o l v e n t s (eg. dodecane, carbon 

t e t r a c h l o r i d e ) . The networks used were 

p o l y ( d i m e t h y l s i l o x a n e ) . 

F l o r y and Erman^^ p u t f o r w a r d a c o n s t r a i n e d j u n c t i o n 

model o f networks based on t h e phantom model. They 

produced e x p e r i m e n t a l r e s u l t s t o back up t h i s 

approach^^. 
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CHAPTER 2 - EXPERIMENTAL 

2.1. Polymer/Copolymer P r e p a r a t i o n 
2.1.1. Vacuum L i n e 

A l l polymer and copolymer samples were p o l y m e r i s e d 

a n i o n i c a l l y under h i g h vacuum. The vacuum l i n e used 

t o c a r r y o u t th e s e polymer syntheses i s shown i n 

F i g u r e 2.1.1.. The l i n e was evacuated by means o f a 

r o t a r y / D i f f s t a k d i f f u s i o n pump c o m b i n a t i o n connected 

i n s e r i e s . 

The r o t a r y pump was model EDIOO and t h e ' D i f f s t a k ' 

d i f f u s i o n pump was model 63/150M, b o t h s u p p l i e d by 

Edwards. The p r e s s u r e i n t h e l i n e s was measured u s i n g 

a P i r a n i PRIOC gauge head w i t h a P i r a n i I I meter up t o 

1 x 10 ~2 Nm~2 and a Penning CP252 gauge head w i t h a 

Penning 8 meter up t o 4 x 10~^ Nm~2. No sample syntheses 

were a t t e m p t e d u n t i l t h e p r e s s u r e was l e s s t h a n 2 x 

10~^ Nm~2. As F i g u r e 2.1.1. shows, t h e main vacuum 

l i n e c o n s i s t e d o f f o u r m a n i f o l d s each o f which was 

connected t o t h r e e s u b m a n i f o l d s . The submanifolds 

a l l o w e d d i s t i l l a t i o n o f monomers and s o l v e n t s t o be 

performed i n i s o l a t i o n from t h e main vacuum l i n e . The 

'O' r i n g t a p s and j o i n t s . F i g u r e 2.1.2., used i n 
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syntheses were PTFE and were s u p p l i e d by Youngs. The 

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

2.5M n - b u t y l l i t h i u m i n 100ml o f hexane. 

2.1.2. Monomer and S o l v e n t P u r i f i c a t i o n 

P r i o r t o p l a c i n g them on t h e vacuum l i n e , i n h i b i t o r s 

and/or i m p u r i t i e s i n monomers and s o l v e n t s were removed. 

For t h i s purpose A l d r i c h - s u p p l i e d s t y r e n e was washed 

w i t h a 10% (w/v) aqueous NaOH s o l u t i o n and t h e n r i n s e d 

s e v e r a l t i m e s w i t h d i s t i l l e d w a t e r t o remove t h e 

i n h i b i t o r ( t e r t - b u t y l c a t e c h o l , (CH3)3CC6H3-I,2-

(0H)2)• The washed monomer was t h e n s t o r e d over CaCl2 

f o r a day b e f o r e b e i n g d i s t i l l e d , under reduced 

p r e s s u r e , i n t o a f l a s k c o n t a i n i n g CaH2 and a s t i r r i n g 

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

monomer was a t t a c h e d t o t h e vacuum l i n e u s i n g Apiezon 

'N' vacuum grease. Once a t t a c h e d t o t h e l i n e i t was 

s t i r r e d and degassed f o r a t l e a s t a week, as were a l l 

monomers, b e f o r e b e i n g used i n polymer syntheses. 

A l d r i c h - s u p p l i e d i s o p r e n e and Promochem - s u p p l i e d 

isoprene-d8 (96%) were poured d i r e c t l y onto CaH2 and 

a t t a c h e d t o t h e l i n e f o r s t i r r i n g and degassing. 

The s o l v e n t used was A l d r i c h - s u p p l i e d benzene. T h i s 

was f i r s t washed w i t h c o n c e n t r a t e d H2SO4 and t h e n r i n s e d 

s e v e r a l t i m e s w i t h d i s t i l l e d w a ter. A f t e r b e i n g l e f t 

t o d r y over CaCl2 f o r 12 hours, t h e benzene was d i s t i l l e d 

i n t o a f l a s k c o n t a i n i n g CaH2. The f l a s k was t h e n p l a c e d 
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on t h e vacuum l i n e t o be s t i r r e d and degassed f o r a t 

l e a s t a week b e f o r e i t c o u l d be d i s t i l l e d i n t o a second 

f l a s k c o n t a i n i n g ' l i v i n g ' p o l y s t y r y l l i t h i u m anions t o 

remove any r e m a i n i n g i m p u r i t i e s which might have 

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

2.1.3. C a l i b r a t i o n o f t h e I n i t i a t o r 

P r i o r t o sample p o l y m e r i s a t i o n t h e i n i t i a t o r was t e s t e d 

by p o l y m e r i s i n g f i v e p o l y s t y r e n e samples u s i n g a known 

w e i g h t o f monomer and 25 50 [il, 75 100 \xl and 

150 \xl o f i n i t i a t o r r e s p e c t i v e l y . The f i v e p o l y s t y r e n e 

samples o b t a i n e d were analysed by Gel Permeation 

Chromatography (G.P.C.), ( S e c t i o n 2.2.1), t o o b t a i n 

t h e i r w e ight-average m o l e c u l a r w e i g h t s , (M^) and 

p o l y d i s p e r s i t i e s (M^/K-^) . From these r e s u l t s t h e amount 

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

w e i g h t was c a l c u l a t e d from t h e f o l l o w i n g r e l a t i o n s h i p : -

V i = Wm / (M^.Vi) EQ. (1) 

where : V i = i n i t i a t o r volume, 1 

= w e i g h t o f monomer, kg 

M^ = m o l e c u l a r w e i g h t , kg 

2.1.4. P o l y m e r i s a t i o n o f copolymers 

2.1.4(a) Hydrogenous Copolymers 

Hydrogenous copolymers were prepared i n t h e r e a c t i o n 

f l a s k shown i n F i g u r e 2.1.3.. The f l a s k was f i t t e d 

w i t h a new A l d r i c h r u b b e r septum f o r each r e a c t i o n . 

Once t h e f l a s k was f i t t e d t o t h e vacuum l i n e i t was 
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evacuated and 'flamed o u t ' w i t h an oxy-methane t o r c h 

t o remove any i m p u r i t i e s t h a t may have adsorbed t o t h e 

g l a s s s u r f a c e . Once t h i s had been done t h e f l a s k was 

i s o l a t e d from t h e l i n e f o r around f o u r hours t o check 

t h a t t h e r e was no a p p r e c i a b l e l o s s o f vacuum. 

Assuming t h e r e was no a p p r e c i a b l e l o s s o f vacuum, 0.Ig 

o f t h o r o u g h l y s t i r r e d and degassed s t y r e n e was d i s t i l l e d 

i n t o t h e r e a c t i o n f l a s k . Benzene (15 ml) was d i s t i l l e d 

f rom t h e f l a s k c o n t a i n i n g t h e ' c l e a n ' s o l v e n t and 

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

Once t h e r e a c t i o n s o l u t i o n had reached room temperature 

a l a r g e excess o f n - b u t y l l i t h i u m ( c i r c a 500 ^1) was 

i n j e c t e d . T h i s ' l i v i n g ' s o l u t i o n was t h e n r i n s e d around 

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

r e t u r n e d t o t h e s i d e - f l a s k (No. 1 i n F i g u r e 2.1.3.). 

Any t r a c e s o f t h e ' l i v i n g ' s o l u t i o n s t i l l p r e s e n t i n 

t h e r e a c t i o n v e s s e l were removed by r i n s i n g o u t w i t h 

benzene, which was d i s t i l l e d i n t o t h e f i n g e r (No. 2 i n 

F i g u r e 2.1.3.), from t h e ' l i v i n g ' s o l u t i o n . T h i s 

p r o c e d u r e was r e p e a t e d u n t i l t h e benzene remained 

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

v e s s e l . Once t h i s had been achieved t h e whole assembly 

was weighed and r e p l a c e d on t h e vacuum l i n e . The 

p r e - d e t e r m i n e d w e i g h t o f s t y r e n e monomer was t h e n 

d i s t i l l e d i n t o t h e r e a c t i o n f l a s k . Benzene was t h e n 

d i s t i l l e d i n t o t h e r e a c t i o n f l a s k from t h e o n - l i n e 
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s o l v e n t f l a s k c o n t a i n i n g ' l i v i n g ' p o l y s t y r y l l i t h i u m t o 

make a 10% (w/v) s o l u t i o n o f monomer i n benzene. 

The r e a c t i o n v e s s e l was t h e n removed from t h e vacuum 

l i n e and b r o u g h t up t o room t e m p e r a t u r e as q u i c k l y as 

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

t h e septum, t h e pr e - d e t e r m i n e d volume o f i n i t i a t o r was 

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

A f t e r i n j e c t i o n t h e s o l u t i o n q u i c k l y t u r n e d a 

y e l l o w / o r a n g e c o l o u r . The c o l o u r was an i n d i c a t i o n 

t h a t p o l y m e r i s a t i o n was pr o c e e d i n g . The lower t h e 

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

was. The p o l y m e r i s a t i o n was t h e n a l l o w e d t o proceed 

f o r a t l e a s t n i n e t y minutes b e f o r e a d d i t i o n o f t h e 

i s o p r e n e . P r i o r t o a d d i t i o n , t h e i s o p r e n e was p r e -

p o l y m e r i s e d t o remove any i m p u r i t i e s t h a t may s t i l l 

have been p r e s e n t . P r e p o l y m e r i s a t i o n o f isoprene 

i n v o l v e d t h e monomer b e i n g d i s t i l l e d i n t o a f l a s k f i t t e d 

w i t h a r u b b e r septum, which was p l a c e d i n an i c e / w a t e r 

b a t h , and 100 of i n i t i a t o r was added t o t h e monomer. 

The p r e p o l y m e r i s a t i o n was a l l o w e d t o proceed f o r between 

t h i r t y m inutes and two hours s i n c e , a f t e r two hours, 

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

e x p l o s i v e . Any excess p r e p o l y m e r i s e d isoprene was 

d e s t r o y e d w i t h 0.5 ml o f t h o r o u g h l y degassed methanol. 

A f t e r t h i r t y minutes t h e r e q u i r e d amount o f p r e 

p o l y m e r i s e d i s o p r e n e was d i s t i l l e d i n t o a f l a s k which 
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was t h e n connected t o t h e r e a c t i o n v e s s e l . 

The whole assembly was t h e n connected t o t h e vacuum 

l i n e and t h e c o n n e c t i o n was evacuated. The i s o p r e n e 

was t h e n d i s t i l l e d i n t o t h e s m a l l f i n g e r (No. 2 i n 

F i g u r e 2.1.3.) , where i t was a l l o w e d t o come up t o room 

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

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

c o l o u r l e s s . The r e a c t i o n v e s s e l was t h e n i s o l a t e d from 

t h e l i n e and l e f t o v e r n i g h t . The p o l y i s o p r e n e adopts 

t h e c i s 1-4 c o n f o r m a t i o n u s i n g t h i s s y n t h e t i c r o u t e . 

I f t h e p o l y m e r i s a t i o n had proceeded t h e r e a c t i o n 

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

i n v i s c o s i t y o v e r n i g h t . A t t h i s p o i n t t h e r e a c t i o n 

was e i t h e r , t e r m i n a t e d i f a d i b l o c k copolymer was 

r e q u i r e d , o r , i f a t r i b l o c k copolymer was r e q u i r e d , 

more s t y r e n e was added. The r e a c t i o n was t e r m i n a t e d 

by i n j e c t i n g 0.5ml o f t h o r o u g h l y degassed methanol and 

s h a k i n g v i g o u r o u s l y f o r a few seconds. 

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

an excess o f methanol w i t h s t i r r i n g . The methanol was 

t h e n decanted o f f and t h e copolymer p r e c i p i t a t e was 

p l a c e d i n a vacuum oven a t room temp e r a t u r e t o d r y 

u n t i l c o n s t a n t w e i g h t was achieved. 

For hydrogenous p o l y m e r i s a t i o n s between 10 and 20g o f 

polymer was n o r m a l l y s y n t h e s i s e d and a s m a l l amount o f 
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t h i s was t a k e n f o r a n a l y s i s . The remainder was p l a c e d 

i n A l d r i c h Sure-Seal b o t t l e s and s t o r e d i n a f r e e z e r 

a t 280 K. 

2.1.4(b) P o l y m e r i s a t i o n Techniques f o r Deuterated and 

Random Copolymers 

The p o l y m e r i s a t i o n o f d e u t e r a t e d and random copolymers 

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

t o hydrogenous copolymers. The d i f f e r e n c e s o c c u r r e d 

i n monomer p u r i f i c a t i o n where deutero-monomers were 

n o t vacuum d i s t i l l e d b u t , a f t e r washing and d r y i n g , 

were p l a c e d d i r e c t l y over CaH2 and a t t a c h e d t o t h e 

vacuum l i n e f o r s t i r r i n g and degassing. The reason 

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

m a t e r i a l s which meant l o s s e s i n p u r i f i c a t i o n c o u l d be 

v e r y expensive. The s y n t h e s i s o f polymers c o n t a i n i n g 

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

as t h a t f o r t h e f u l l y hydrogenous p o l y m e r i s a t i o n s as 

was t h e i s o l a t i o n t e c h n i q u e (see S e c t i o n 2 . 1 . 4 ( a ) ) . 

The s y n t h e s i s o f t h e random copolymers was c o m p l i c a t e d 

by t h e f a c t t h a t a s p e c i f i c amount o f hydrogenous and 

d e u t e r a t e d p r e p o l y m e r i s e d i s o p r e n e monomer had t o be 

mixed i n a r e a c t i o n f l a s k b e f o r e b e i n g added t o t h e 

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

t h i s s t e p had been s u c c e s s f u l l y achieved t h e n t h e 

p o l y m e r i s a t i o n proceeded as f o r a c o m p l e t e l y 

hydrogenous p o l y m e r i s a t i o n . 
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2.2. Polymer/Copolymer C h a r a c t e r i s a t i o n 

2.2.1. Weight Average M o l e c u l a r Weight (M̂ .̂ ) and 

P o l y d i s p e r s i t y by Gel Permeation Chromatography 

fG.P.C.) 

A l l polymer samples had t h e i r weight-average m o l e c u l a r 

w e i g h t , (M^), and p o l y d i s p e r s i t y , (M^/Mn), measured 

u s i n g G.P.C.I. The s o l v e n t s used were t e t r a h y d r o f u r a n 

(THF) o r c h l o r o f o r m a t room t e m p e r a t u r e . These 

measurements were c a r r i e d o u t on two d i f f e r e n t 

i n s t r u m e n t s . 

The f i r s t was i n t h e Department o f Chemistry, 

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

0.3 m, 10/im Polymer Lab. columns w i t h nominal pore 

s i z e s 102, 10^, 10^, lo^nm r e s p e c t i v e l y . The samples 

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

THF as t h e s o l v e n t and were d e t e c t e d u s i n g a C e c i l U.V. 

d e t e c t o r . The second, a t Durham U n i v e r s i t y , was used 

t o measure t h e o f t h e low m o l e c u l a r w e i g h t i s o t o p i c 

b l o c k copolymers o f p o l y s t y r e n e / p o l y s t y r e n e - d 8 . The 

i n s t r u m e n t used t o make these measurements was a 

V i s c o t e k d i f f e r e n t i a l r e f r a c t o m e t e r / v i s c o m e t e r Model 

100 u s i n g THF as t h e s o l v e n t . S i n c e b o t h i n s t r u m e n t s 

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

o b t a i n e d f o r those samples which a l s o c o n t a i n p o l y -

i s o p r e n e have t o be c o r r e c t e d f o r t h e f r a c t i o n o f 

p o l y i s o p r e n e i n t h e sample^. 
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2.2.2. Number Average M o l e c u l a r Weight (M^) from 

Membrane Osmometry 

For t h e S15150 samples t h e number average m o l e c u l a r 

w e i g h t (M^) was o b t a i n e d u s i n g a Knauer Membrane 

Osmometer. T h i s measured t h e osmotic p r e s s u r e o f a 

polymer as a h e i g h t (h) o f s o l v e n t necessary t o oppose 

osm o t i c f l o w t h r o u g h a membrane. The f o l l o w i n g 

r e l a t i o n s h i p i s o b t a i n e d : 

n/c = TR(l/M^+ A2C + A^c^) EQ. (2) 

where: 

n = hpg 

h = osmotic h e i g h t (m) 

p= s o l v e n t d e n s i t y (kg m"^) 

g = g r a v i t a t i o n a l a c c e l e r a t i o n (m s~2) 

^2' ^3 = second and t h i r d v i r i a l c o e f f i c i e n t s 

r e s p e c t i v e l y 

c = c o n c e n t r a t i o n (kg mol ~1) 

T = Temperature (K) 

Mn = Number average m o l e c u l a r w e i g h t (kg mol"^) 

Krigbaum and F l o r y ^ expressed t h e t h i r d v i r i a l 

c o e f f i c i e n t as 

A3 = KpAlM, EQ. (3) 
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where : 

Kp i s r e l a t e d t o t h e polymer s o l v e n t i n t e r a c t i o n 

parameter. 

Since Kp = 0.25 i n good s o l v e n f ^ t h e n a p l o t o f (n/c)^^^ 

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

(RT/Mn) ^ and s l o p e (RTMn)^ A 2 / 2 . 

D i s t i l l e d t o l u e n e was used as t h e s o l v e n t . Polymer 

samples were made up t o a s t o c k s o l u t i o n o f 0.01 g cm~-̂  

i n d i s t i l l e d t o l u e n e . The s t o c k s o l u t i o n was t h e n l e f t 

o v e r n i g h t t o ensure complete d i s s o l u t i o n and was the n 

used t o make up f i v e d i l u t i o n s ; 0.001 g cm~^, 0.002 g 

cm~^, 0.004 g cm~3 0 . O O 6 g cm~3 and 0.008 g cm"^ 

r e s p e c t i v e l y . 

These samples, i n ascending o r d e r o f c o n c e n t r a t i o n , 

were t h e n i n j e c t e d i n t o a Knauer membrane osmometer, 

2.2.3. Styr e n e Weight F r a c t i o n from U l t r a - V i o l e t 

Spectroscopy 

P o l y s t y r e n e has two s t r o n g a b s o r p t i o n maxima a t 2 62nm 

and 2 68nm r e s p e c t i v e l y . A t t h e s e wavelengths p o l y 

i s o p r e n e absorbs o n l y s l i g h t l y . By measuring t h e 

absorbance o f p o l y s t y r e n e , p o l y i s o p r e n e and copolymer 

a t t h e s e wavelengths i t i s p o s s i b l e t o c a l c u l a t e t h e 

w e i g h t f r a c t i o n o f s t y r e n e (Wg) i n t h e copolymers u s i n g 

t h e f o l l o w i n g r e l a t i o n s h i p : -
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^ CP K PI 
PS PI 

where: 

Kcp, Kpi, Kps = e x t i n c t i o n c o e f f i c i e n t f o r copolymer, 

p o l y i s o p r e n e and p o l y s t y r e n e r e s p e c t i v e l y . 

The v a l u e s o f Kpj and Kps a t 262nm and 2 68nm were 

o b t a i n e d from l i t e r a t u r e ^ . 

The samples were made up t o 5 x 10"'* g cm~3 i n v o l u m e t r i c 

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

s o l v e n t . They were t h e n l e f t o v e r n i g h t t o ensure 

complete d i s s o l u t i o n o f t h e polymer. 

The measurements were made on a Perkin Elmer 551 

Spectrometer, w i t h a 1 mm s l i t w i d t h , scanning from 

275 t o 250 nm a t 1 nm s"^. P r i o r t o measuring t h e 

sample t h e Spectrometer was zeroed u s i n g t h e s o l v e n t 

as b o t h sample and r e f e r e n c e c e l l s . Once t h i s had been 

done t h e sample c e l l c o n t a i n i n g s o l v e n t was r e p l a c e d 

by one c o n t a i n i n g polymer and s o l v e n t . T h i s was a l l o w e d 

t o s t a b i l i s e f o r t e n minutes a f t e r which t i m e two scans 

were r e c o r d e d . Before adding t h e n e x t sample t h e sample 

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

b e f o r e a d d i n g t h e n e x t sample f o r measurement. 

KCP was measured a t b o t h 262nm and 2 68nm f o r t h e 

copolymers and t h e average v a l u e was t a k e n . 
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2.3. Small Angle Neutron S c a t t e r i n g 

2.3.1. SANS I n s t r u m e n t s 

2.3.1.Ca) I n s t i t u t Laue-Langevin^ ( I . L . L . ) , Grenoble 

Small Angle Neutron S c a t t e r i n g , (SANS), experiments 

were c a r r i e d o u t on b o t h D l l and D17 d i f f r a c t o m e t e r s 

a t t h e I . L . L . , Grenoble. These use n e u t r o n s o f c o n s t a n t 

w a v e l e n g t h t o g i v e a combined Q-range o f 

0.001 - A'^ 1.000 A'^ f o r these measurements. F i g u r e 

2.1.4. shows a schematic diagram o f a t y p i c a l s m a l l 

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

A t t h e I.L.L. , t h e r m a l n e u t r o n s from t h e n u c l e a r r e a c t o r 

passed from a c o l d source, w i t h enhanced l o n g e r 

wavelength f l u x , t h r o u g h a window i n t h e r e a c t o r w a l l 

t o an evacuated g u i d e t u b e . Here, due t o t h e s l i g h t 

c u r v a t u r e i n t h e guide t u b e , n e u t r o n s are passed t o 

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

f a s t n e u t r o n s and y-ray background are reduced. The 

' w h i t e ' n e u t r o n beam was t h e n monochromated by a 

v e l o c i t y s e l e c t o r which o n l y a l l o w s n e u t r o n s o f a 

p r e s e l e c t e d v e l o c i t y t o pass. T h i s means, i n p r a c t i c e , 

t h e n e u t r o n s l e a v e t h e monochromator w i t h a reduced 

w a v e l e n g t h spread. The i n c i d e n t n e u t r o n f l u x i s 

m o n i t o r e d by f i s s i o n m o n i t o r s on e i t h e r s i d e o f t h e 

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

e x p e r i m e n t s t o t h e same f l u x . The monochromatised beam 
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i s t h e n passed t h r o u g h a c o l l i m a t o r and a cadmium 

diaphragm t o d e f i n e t h e beam s i z e - Cadmium i s used 

because o f i t s c a p a c i t y t o absorb n e u t r o n s . 

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

passes down an evacuated tube t o a BF3 - f i l l e d d e t e c t o r . 

The X and y c o o r d i n a t e o f each n e u t r o n i s recorded by 

an a r r a y o f 1 cm x 1 cm c e l l s . Since, however, t h e 

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

t h e c e n t r a l d e t e c t o r c e l l s have t o be p r o t e c t e d . T h i s 

i s accomplished by p l a c i n g a cadmium beamstop i n f r o n t 

o f t h e d e t e c t o r . 

I t was necessary t o p e r f o r m t r a n s m i s s i o n measurements 

o f s h o r t d u r a t i o n t o enable a b s o l u t e a n a l y s i s o f t h e 

s c a t t e r i n g r e s u l t s t o be achieved. 

2.3.1.(b) R u t h e r f o r d - A p p l e t o n L a b o r a t o r y . R.A.L.. 

Oxf o r d 

The LOQ i n s t r u m e n t a t t h e R.A.L. i s a ' t i m e - o f - f l i g h t ' 

Spectrometer. I t has a Q-range o f 0.005 A'^-0.22 A'\ 

F i g u r e 2.1.5. shows a schematic diagram o f LOQ. 

A t t h e R.A.L. , n e u t r o n s from t h e r e a c t o r passed t h r o u g h 

a Superminor S e l l e r bender where n e u t r o n s w i t h wave

l e n g t h s l e s s t h a n 2 were removed. A f t e r removing these 

low wavelength n e u t r o n s , those n e u t r o n s w i t h 

wavelengths g r e a t e r t h a n 12A were removed by t h e frame 

o v e r l a p minor. The n e u t r o n beam now c o n t a i n s neutrons 

w i t h wavelengths between 2A and 12A and i s the n 
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c o l l i n a t e d . The beam s i z e was s e t by a d j u s t i n g t h e 

a p e r t u r e d i a l s which a l l o w a di a m e t e r range o f 0.2cm 

t o 2.0cm i n t h e beam s i z e . The beam t h e n passes t h r o u g h 

t h e sample where i t i s s c a t t e r e d . The s c a t t e r e d beam 

t r a v e l s down an evacuated tube t o a B F 3 - f i l l e d d e t e c t o r 

a t a f i x e d d i s t a n c e from t h e sample. For s i m i l a r 

reasons t o th o s e g i v e n f o r t h e D11/D17 Spectrometers 

i t was necessary t o p e r f o r m s h o r t t r a n s m i s s i o n 

measurements on samples s t u d i e d on t h e LOQ i n s t r u m e n t . 

2.3.2. Sample P r e p a r a t i o n f o r n e u t r o n s c a t t e r i n g 

e x p eriments 

The p r e p a r a t i o n o f samples p r i o r t o use i n n e u t r o n 

s c a t t e r i n g experiments can be d i v i d e d i n t o two p o s s i b l e 

methods: 

2.3.2.fa) Samples f o r d e f o r m a t i o n experiments 

Samples f o r d e f o r m a t i o n experiments were c a s t from 

t o l u e n e i n PTFE c a s t i n g b l o c k s . These had a c a s t i n g 

volume o f 7 cm X 7 cm X 0.3 cm, and sample t h i c k n e s s e s 

o f 0.5 mm - 1.5 mm were o b t a i n e d . The s o l v e n t was 

a l l o w e d t o evaporate s l o w l y over a p e r i o d o f 2 weeks 

whereupon t h e samples were p l a c e d i n a vacuum oven a t 

298 K t o remove any r e m a i n i n g s o l v e n t . Once a l l o f 

t h e s o l v e n t had been evaporated t h e r e s u l t i n g c a s t 

polymer sample was c u t i n t o s t r i p s o f around 5 cm x 1 

cm X 0.1 cm so t h a t t h e y c o u l d be f i t t e d i n t h e s t r e t c h i n g 

r i g ( F i g u r e 2.1.6.) . The s t r e t c h i n g r i g i s designed 

35 



F i g u r e 2 . 1 . 6 . S t r e t c h i n g Rig 
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such t h a t t h e same r e g i o n o f t h e sample i s i l l u m i n a t e d 

by t h e beam f o r each e x t e n s i o n r a t i o . The sample 

t h i c k n e s s e s were measured u s i n g a micrometer b e f o r e 

t h e sample was clamped i n t h e r i g . 

The r i g was t h e n p o s i t i o n e d s q u a r e l y i n t h e beam. At 

t h e I . L . L . t h i s was achieved u s i n g clamps and t h e sample 

was a l i g n e d i n t h e beam u s i n g a l a s e r l i g h t . A t t h e 

R.A.L. clamps were a l s o used b u t t h e sample was a l i g n e d 

i n t h e beam u s i n g an aluminium nose-guide. 

E x t e n s i o n r a t i o s examined were between 1.0 and 2.2. 

Some samples were used i n s t u d i e s o f e x t r u d e d t r i b l o c k 

copolymers which form s o - c a l l e d " s i n g l e - c r y s t a l s " . 

T h i s i n v o l v e d u s i n g t h e e x t r u s i o n apparatus shown i n 

F i g u r e 2.1.7. which was based on a d e s i g n by Folkes 

and K e l l e r ^ . Copolymer samples were p l a c e d i n t h e 

sample chamber and t h e p i s t o n was f i t t e d above i t . The 

upper h a l f o f t h e apparatus was t h e n heated t o 42 3 K 

and h e l d a t t h i s t e m p e r a t u r e f o r t h r e e hours. A f t e r 

t h i s t i m e a f o r c e o f 8.5 kg cm~2 was a p p l i e d t o t h e 

p i s t o n . T h i s t h e n f o r c e d t h e sample t h r o u g h t h e 1 mm 

di a m e t e r a p e r t u r e a t t h e end o f t h e sample chamber. 

The l o w e r h a l f o f t h e apparatus was h e l d a t 323 K and 

t h e i n t e r i o r was coated w i t h a l a y e r o f PTFE spray t o 

f a c i l i t a t e removal o f t h e e x t r u d e d sample. 
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2.3.2. (b) Samples f o r use i n Examining the 

A p p l i c a b i l i t y of the Random Phase Approximation 

(R.P.A.) 

Samples f o r use i n neutron s c a t t e r i n g experiments to 

examine the a p p l i c a b i l i t y of the R.P.A, were i s o t o p i c 

d i b l o c k copolymers of polystyrene/deuteropolystyrene. 

These experiments were c a r r i e d out on the LOQ instrument 

a t R.A.L.. Samples were prepared using the following 

method. 

Samples were pressed int o d i s c s of around 1 mm th i c k n e s s 

using a heating p r e s s . The sample was placed i n the 

heating j a c k e t and was then held under pressure i n the 

apparatus. The heating j a c k e t was then pumped down to 

remove any trapped a i r and the j a c k e t was heated to 

42 3 K. The pressure and temperature were maintained 

a t these l e v e l s f o r around 15 minutes a f t e r which time 

they were removed and the d i s c was removed from the 

heating j a c k e t . 

The d i s c s were then placed i n a heating rack. This 

was then mounted i n the beam, ensuring the beam passed 

through the centre of the sample. Temperatures between 

310 K and 473 K were examined. The temperature was 

measured and c o n t r o l l e d using platinum • r e s i s t a n c e 

thermometers placed i n c l o s e proximity to the samples 

themselves. Temperature c o n t r o l was + 1 K of the 
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s e l e c t e d temperature. A l l samples were allowed to 

e q u i l i b r a t e a t each temperature f o r at l e a s t twenty 

minutes p r i o r to commencing measurements. 

2.3.3. Data C o r r e c t i o n 

Data c o r r e c t i o n can be s p l i t i n t o the c o r r e c t i o n 

r e q u i r e d f o r LOQ data and t h a t required for D11/D17 

data. 

2.3.3.1. LOO Data Correction 

A d e t a i l e d mathematical d e s c r i p t i o n of data c o r r e c t i o n s 

c a r r i e d out by the COLETTE program a t RAL can be found 

i n r e f e r e n c e ( 7 ) . A LOQ data c o r r e c t i o n followed the 

steps shown below:-

(a) ALL s c a t t e r i n g runs had an empty beam run subtracted 

from them. 

(b) ALL s c a t t e r i n g runs were cor r e c t e d to a thick n e s s 

of 1 mm and were c o r r e c t e d for monitor counts and sample 

t r a n s m i s s i o n . 

These are shown i n Equation (5) 

^ _ -^s _ S eb 

EQ. (5) 

where: 

I =corrected s c a t t e r i n g i n t e n s i t y . 

Ss/ ^eh = s c a t t e r i n g i n t e n s i t y of sample and empty beam 

r e s p e c t i v e l y 
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Ts' 'Teb - tr a n s m i s s i o n of sample and empty beam 

r e s p e c t i v e l y . 

"^s' '̂ eb = t h i c k n e s s of sample and empty beam 

r e s p e c t i v e l y . (mm) 

For the empty beam run, Teb = ^/'^eh = ^' s° equation 

(5) i s s i m p l i f i e d . A l l these c o r r e c t i o n s are c a r r i e d 

out a t LOQ using the COLETTE program. T h i s accounts 

f o r any monitor count d i f f e r e n c e s between runs. 

2.3.3.2. I L L Data Cor r e c t i o n 

Data c o r r e c t i o n f o r I L L data broadly follows t h a t for 

LOQ data. A d e t a i l e d d e s c r i p t i o n has been published^ 

and so only a b r i e f o u t l i n e w i l l be given here. 

I n order t h a t absolute i n t e n s i t i e s may be c a l c u l a t e d 

such t h a t the r e s u l t s are instrument-independent, the 

fol l o w i n g measurements have to be made:-

(a) Measure the water sample holder (WB) and t r a n s 

mission, T^B 

(b) Measure the water (W) i n i t s sample holder and 

tr a n s m i s s i o n , Tp^+^B 

(c) Measure the background (random) sample (SB) and 

Transmission, T S B 

(d) Measure the sample ( S ) and transmission, Tg+sB 

A l l the above are normalised for the same in c i d e n t f l u x 

by d i v i d i n g by the monitor counts. 

The c o r r e c t i o n s then required are shown below:-

EQ. (6) 
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where: 

I f = absolute s c a t t e r i n g c r o s s s e c t i o n 

I c = (sample) - (sample background) 

Vf = Detector c o r r e c t i o n s 

A/„da^ = s e l f s h i e l d i n g due to bulk microscopic c r o s s 

s e c t i o n 
NsdD. = s e c t i o n of sample and water 

2.4. Neutron Reflectometry 

2.4.1. Instrumentation 

CRISP i s a t i m e - o f - f l i g h t spectrometer a t the R.A.L. 

used to examine s o l i d and l i q u i d s u r f a c e phenomena. 

A schematic plan of the instrument i s shown i n Figure 

2.4.1.. The i n c i d e n t beam i s i n c l i n e d to the h o r i z o n t a l , 

to enable l i q u i d s u r f a c e s to be i n v e s t i g a t e d , and the 

optimum r e f l e c t i o n angle chosen i s 1.5°. The in c i d e n t 

beam i s around 4 0 mm wide x 2-6 mm high and i s determined 

using a h o r i z o n t a l s l i t geometry. 

The wavelength band, AX., i s defined by a s i n g l e d i s c 

chopper (C) l o c a t e d 6.29 m from the hydrogen moderator. 

By operating the chopper a t 25 Hz with a 90° phasable 

aperture a A A, between 0.05 nm and 2.6 nm i s obtained 

and some frame overlap contamination due to high 

wavelength neutrons i s eliminated. Further suppression 

of long wavelength neutrons i s provided by three mirrors 
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(F) mounted i n s e r i e s . These mirrors are made from 

s i n g l e c r y s t a l s i l i c o n wafers with evaporated n i c k e l 

c oatings which, when i n c l i n e d a t 3° to the in c i d e n t 

beam, r e f l e c t out long wavelength neutrons. 

The sample p o s i t i o n (S) i s 1.75 m from the detector 

(D). The detector i s a s i n g l e He^ gas detector i n a 

B4C/resin housing whose acceptance aperture i s defined 

by an a d j u s t a b l e cadmium s l i t . Coarse beam c o l l i m a t i o n 

i s given by the bulk t a r g e t s t a t i o n s h i e l d i n g and f i n a l 

beam s i z e and c o l l i m a t i o n i s defined by two h o r i z o n t a l 

cadmium s l i t s (S^, S 2 ) . 

A neutron beam monitor placed i n front of the f i r s t 

d e f i n i n g s l i t i s used to monitor the neutron spectrum 

i n c i d e n t on the reflectometer. A second beam monitor 

(M) p o s i t i o n e d a f t e r the f i n a l d e f i n i n g s l i t i s used 

to normalise the measured r e f l e c t i v i t y data to the 

i n c i d e n t neutron spectrum. 

2.4.2. Samples f o r R e f l e c t i o n Studies 

Samples used i n Neutron R e f l e c t i o n Experiments were 

styrene/isoprene diblock copolymers. Once these 

samples had been i s o l a t e d , around I g was d i s s o l v e d i n 

d i s t i l l e d toluene. T h i s was then allowed to e q u i l i b r a t e 

overnight. 

The s o l u t i o n was then taken to a laminar flow s t a t i o n 

where samples were spun-cast onto o p t i c a l f l a t s . The 

speed of r o t a t i o n was v a r i e d u n t i l a sample t h i c k n e s s 
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of around 100 nm was obtained. I t was found that a 

speed of around 1000 r.p.m. gave the required t h i c k n e s s . 

Samples were then placed i n a vacuum oven a t 33 3 K to 

remove any excess toluene. Sample t h i c k n e s s e s were 

measured using a DEKTAK instrument. The DEKTAK 

instrument a l s o gave a microscopic view of the surface 

which gave an i n d i c a t i o n of the uniformity of the f i l m . 

The DEKTAK instrument used a diamond tipped s t y l u s to 

explore the s u r f a c e of the f i l m . By making a small 

s c r a t c h through the f i l m to the f l a t s u r f a c e the DEKTAK 

instrument can measure t h i s d i f f e r e n c e i n height to 

give the f i l m t h i c k n e s s . 

The samples were then taken to RAL for use on the CRISP 

re f l e c t o m e t e r . 
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CHAPTER 3 - STUDY OF DEFORMATION IN A TRIBLOCK 

COPOLYMER 

3.1. SANS Study of a C y l i n d r i c a l Domain T r i b l o c k 

Copolymer 

3.1.1. I n t r o d u c t i o n 

Two t r i b l o c k copolymer s e r i e s of p o l y ( s t y r e n e -

isoprene-styrene) were a n i o n i c a l l y polymerised i n the 

lab o r a t o r y and are c h a r a c t e r i s e d i n Table 3.1. These 

copolymers were:-

i ) A f u l l y hydrogenous t r i b l o c k copolymer (HYDl, 

HYD2). 

i i ) A 'Random' t r i b l o c k copolymer where the 

deuterated isoprene was d i s t r i b u t e d randomly 

throughout the polyisoprene matrix (RANI, RAN2). 

i i i ) A 'MIX' t r i b l o c k copolymer where hydrogenous 

t r i b l o c k copolymers were mixed with a c a l c u l a t e d 

amount of t r i b l o c k copolymer with the isoprene portion 

f u l l y deuterated (DEUl, DEU2). 

I t was important t h a t the t o t a l molecular weights and 

weight f r a c t i o n s of polystyrene were as c l o s e as 

p o s s i b l e . As can be seen from Table 3.1. t h i s was 

achieved f o r both s e t s of t r i b l o c k copolymers. The 

SANS s t u d i e s were c a r r i e d out on the LOQ instrument at 

the Rutherford-Appleton Laboratory, Oxford and on the 

D11/D17. Spectrometers a t the I n s t i t u t - L a v e Langevin, 

Grenoble. D e t a i l e d d e s c r i p t i o n s of these instruments 

are given i n Ch. 2, 
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From the weight f r a c t i o n s of polystyrene i n each 

sample i t was c a l c u l a t e d t h a t the S15150 and S15150B 

s e r i e s were made up of c y l i n d r i c a l polystyrene domains 

i n a r e g u l a r two-dimensional hexagonal l a t t i c e i n a 

polyisoprene matrix^ (Ch. 1) . 

Table 3.1. C h a r a c t e r i s t i c s of C y l i n d r i c a l 

Poly(styrene-Isoprene-Styrene) T r i b l o c k Copolymers 

SAMPLE M„ (X 10"^) M„/M„ 

S15150 

HYDl 88.0 1.08 0.28 

RANI 87 . 0 1. 09 0.24 

DEUl 88 . 0 1. 08 0.24 

S15150B 

HYD2 108.0 1. 08 0.25 

RAN2 110.0 1.12 0.26 

DEU2 112.0 1.10 0.25 

where: 
M„ = weight-average molecular weight 

Mn = number-average molecular weight 

W3 = weight f r a c t i o n of polystyrene 
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3.1.2. Previous Work 

The unique p r o p e r t i e s of block copolymers described i n 

Ch. 1 l e d to the development of new technology for 

ther m o p l a s t i c elastomers. Due to t h e i r thermoplastic 

and rubber - l i k e c h a r a c t e r i s t i c s block copolymers are 

widely used commercially i n , f o r instance, the car 

t y r e i n d u s t r y where styrene-isoprene and styrene-

butadiene copolymers are of importance. The 

examination of block copolymers using neutron 

s c a t t e r i n g techniques could give information about the 

i n t e r a c t i o n between s u b s t i t u e n t molecules, the 

i n t e r f a c i a l region and the molecular and 

macromolecular arrangement of these s p e c i e s . This 

broad study would enable copolymer behaviour under 

s p e c i f i c c onditions to be pred i c t e d and lead to the 

'custom-made' block copolymer f o r a s p e c i f i c use. As 

w e l l as t h i s p r a c t i c a l use f o r neutron s c a t t e r i n g 

r e s u l t s , the v a r i o u s t h e o r i e s of rubber e l a s t i c i t y 

could be t e s t e d using these r e s u l t s to a s c e r t a i n i f 

any are v a l i d for the p a r t i c u l a r copolymer system 

under s c r u t i n y . 

3.1.2.1. Previous Experimental Studies of Block 

Copolymers 

With the r e l a t i v e l y recent advent of the SANS 

technique, there has been much a t t e n t i o n focused on 

the nature of the i n t e r a c t i o n between c o n s t i t u e n t s of 

uns t r e s s e d block copolymer s p e c i e s . I n the case of 

the p o l y ( s t y r e n e - i s o p r e n e ) block copolymer system 
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examined here, Richards and Thomason^ studied both 

d i b l o c k and t r i b l o c k systems i n the unextended s t a t e 

and found some agreement with the thermodynamic theory 

of Helfand. For the extended systems, Hadziioannou e t 

a l ^ used low angle s c a t t e r i n g techniques and found that 

the r e s u l t s obtained f o r the mean square d i s t a n c e of 

s c a t t e r i n g elements r e l a t i v e to a plane gave values 

t h a t l a y between those p r e d i c t e d by the a f f i n e and 

phantom models. T h i s was i n c o n t r a s t to work done on 

amorphous polystyrene i n a high d e n s i t y polyethylene 

b i l l e t by the same workers'' which showed good agreement 

with the a f f i n e model up to a draw r a t i o of 10.0. 

These observations l e d Hadziioannou e t a l to conclude 

t h a t f o r samples where the molecular weight was 

g r e a t e r than the entanglement molecular weight the 

molecular extension mirrored the macroscopic 

extension. T h i s , however, proved to be the exception 

r a t h e r than the r u l e with the a f f i n e model being an 

extreme model. 

Berney e t a l ^ studied a s e r i e s of p o l y ( s t y r e n e -

butadiene) diblock copolymers using SANS, SAXS and 

e l e c t r o n microscopy. They found the r e s u l t s obtained 

f o r the mean r a d i u s of the polybutadiene spheres from 

SANS and SAXS were comparable but those obtained using 

e l e c t r o n microscopy were much smaller. This led 

Berney to conclude t h a t t r u n c a t i o n of the 

polybutadiene spheres occurred on sample preparation 

f o r e l e c t r o n microscopy. This showed one advantage of 
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the s c a t t e r i n g techniques over other techniques. 

Hasegawa^ s t a t e d t h a t for a b e t t e r understanding of 

microdomain s t r u c t u r e , i t was necessary to consider 

p e r t u r b a t i o n of chains i n the domain space. 

L a t e r a l p e r t u r b a t i o n s may have an important e f f e c t on 

dynamical p r o p e r t i e s through molecular entanglements 

i n microdomain space. Hasegawa^ and co-workers used 

p o l y ( s t y r e n e - i s o p r e n e ) diblock copolymers for SANS and 

SAXS s t u d i e s of the molecular conformation i n 

microdomain space and the e f f e c t of strong chain 

p e r t u r b a t i o n s on i t . From SAXS s t u d i e s of these 

a l t e r n a t i n g l a m e l l a r microdomains of polystyrene and 

polyisoprene these workers found t h a t there were ten 

to a hundred times more lamellae with normal 

perpendicular to the f i l m surface r a t h e r than p a r a l l e l 

to i t . These r e s u l t s were confirmed by SANS s t u d i e s of 

the same sample. Hashimoto et a l ^ reported that the 

uniformity of microdomain s i z e s of p o l y ( s t y r e n e -

isoprene) block copolymers was much higher than that 

f o r the molecular weights of the block copolymers 

comprising the domains. I n previous work® these same 

workers found t h a t the r e l a t i o n s h i p between the domain 

period and the molecular weight from experiment was 

c o n s i s t e n t with the t h e o r e t i c a l r e s u l t s based upon 

random f l i g h t chain s t a t i s t i c s i n the confined domain 

space. 
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3.1.2.2. Previous Work on T r i b l o c k Copolymers 

I n 1971 Folkes and K e l l e r ' examined the p o l y ( s t y r e n e -

butadiene-styrene) (SBS) system using i n f r a - r e d 

r a d i a t i o n and obtained information on molecular 

o r i e n t a t i o n using i n f r a - r e d dichroism. The r e s u l t s 

obtained showed no dichroism f o r e i t h e r phase 

i n d i c a t i n g molecular isotropy over a 'unit c e l l ' of 

the m a c r o c r y s t a l w i t h i n s p e c i f i e d l i m i t s . Folkes and 

Keller^°, using a b i r e f r i n g e n c e method, a l s o studied a 

' s i n g l e c r y s t a l ' prepared by extension of an (SBS) 

t r i b l o c k copolymer. They found t h a t on r o t a t i n g a 

small sample between crossed p o l a r s a sharp e x t i n c t i o n 

was observed when the e x t r u s i o n d i r e c t i o n was p a r a l l e l 

or perpendicular to the plane of p o l a r i z a t i o n of the 

i n c i d e n t l i g h t i n d i c a t i n g t h a t there was anisotropy i n 

t h i s sample. 

With the advent of SANS and SAXS, work began on 

i n v e s t i g a t i n g block copolymers i n the s o l i d s t a t e 

Pakula e t a l ^ ^ used SAXS technique to examine 

s t r u c t u r a l changes i n poly(styrene-butadiene-styrene) 

t r i b l o c k copolymers caused by annealing i n the highly 

o r i e n t e d s t a t e . The t r i b l o c k copolymers were composed 

of l a m e l l a r polystyrene domains i n a matrix of 

polybutadiene. The sample was deformed to a draw 

r a t i o of s i x and then annealed. The r e s u l t s showed 

t h a t , depending on the annealing temperature, various 

morphological changes were observed. 

Where the annealing temperature was l e s s than the 
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g l a s s t r a n s i t i o n temperature of polystyrene, the 

r e s u l t a n t morphology was influenced by non-recoverable 

r e o r i e n t a t i o n of the polystyrene microdomains was the 

dominant f a c t o r . 

For annealing temperatures g r e a t e r than the order-

d i s o r d e r t r a n s i t i o n temperature, the morphology of the 

microdomains with macroscopically random o r i e n t a t i o n 

was re-formed from the block polymers i n disordered 

s t a t e . These workers then went on to perform a SAXS 

study on the same t r i b l o c k copolymer system but with 

c y l i n d r i c a l morphology^^. Samples were deformed 

p a r a l l e l , perpendicular and a t 45° to the d i r e c t i o n of 

the o r i g i n a l domain o r i e n t a t i o n . The r e s u l t s showed 

t h a t , a t room temperature, the SAXS pa t t e r n changes 

were s i m i l a r to those p r e v i o u s l y observed f o r l a m e l l a r 

t r i b l o c k copolymers. At small deformations from the 

meridional s c a t t e r i n g i t was found that the 

interdomain d i s t a n c e had increa s e d along the 

s t r e t c h i n g d i r e c t i o n but, a t the same time, the 

s c a t t e r i n g i n t e n s i t y decreased due to i n c r e a s i n g 

d i s o r d e r i n interdomain d i s t a n c e s or to r e o r i e n t a t i o n 

of the microdomains from the d i r e c t i o n perpendicular 

to the s t r e t c h i n g d i r e c t i o n . When elongations were 

near to the y i e l d point the maximum i n the meridional 

d i r e c t i o n disappeared i n d i c a t i n g t h a t almost a l l 

microdomains o r i g i n a l l y oriented perpendicular to the 

s t r e t c h i n g d i r e c t i o n changed t h e i r o r i e n t a t i o n . At 

higher elongations a w e l l developed four point pattern 
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was o b s e r v e d i n d i c a t i n g m i c r o d o i n a i n s assumed 

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

d i r e c t i o n . These p a t t e r n s changed w i t h i n c r e a s i n g 

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

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

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

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

c y l i n d e r s f r a c t u r e d on e x t e n s i o n and t h e n r e l a x e d b a c k 

t o t h e i r e q u i l i b r i u m s e p a r a t i o n . R i c h a r d s and M u l l i n " 

c o n d u c t e d a t i m e r e s o l v e d SAXS and SANS s t u d y o f 

p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) t r i b l o c k c o p o l y m e r s i n 

e x t e n s i o n . The c o p o l y m e r had c y l i n d r i c a l domain 

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

The SAXS s t u d i e s showed t h e l a t t i c e p l a n e e x t e n s i o n 

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

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

P a k u l a e t a l ^ ^ ' ^ ^ . The domain d i m e n s i o n s w ere f o u n d t o 

be u n c h a n g e d b y u n i a x i a l e x t e n s i o n . From SANS, t h e 

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

i n t e r f a c i a l l a y e r t h i c k n e s s p a r a l l e l and p e r p e n d i c u l a r 

t o t h e s t r e t c h d i r e c t i o n was d e t e r m i n e d . They f o u n d 

t h e r e was no d e t e c t a b l e change i n l a t t i c e p l a n e 

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

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

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

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

i n c r e a s e d . 

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

F i r s t l y , t h e n o n - a f f i n e l a t t i c e p l a n e s e p a r a t i o n and 

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

c o u l d h a ve been due t o some o f t h e b u l k s t r a i n b e i n g 

accommodated b y t h e p o l y i s o p r e n e b l o c k s . The 

p o l y i s o p r e n e b l o c k s i n t e r c o n n e c t s e p a r a t e p o l y s t y r e n e 

d o m a i n s and so c o u l d ' u n r a v e l ' t o accommodate t h e b u l k 

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

d e f o r m a t i o n may l e a d t o a p a r t i a l o r i e n t a t i o n o f 

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

s c a t t e r i n g p a t t e r n s o b s e r v e d . I n o r d e r t o f a c i l i t a t e 

an e x a m i n a t i o n o f t h e e f f e c t o f d e f o r m a t i o n on t h e 

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

S ( Q ) , due t o t h e l o n g r a n g e o r d e r o f t h e p o l y s t y r e n e 

d o m a i n s h a d t o be e l i m i n a t e d as d e s c r i b e d i n C h a p t e r 

1.2.3.. T h i s t e c h n i q u e h a d p r e v i o u s l y been 

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

v a r i o u s c o p o l y m e r s y s t e m s . 

3.2. E x p e r i m e n t a l 

S i n c e t h e LOQ i n s t r u m e n t a t R.A.L. was r e l a t i v e l y new 

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

s a m p l e s w e r e c a r r i e d o u t . These samples a r e 

c h a r a c t e r i s e d i n T a b l e 3.2.. Samples were mounted on 

o p t i c a l d i s c s and p l a c e d i n a sample h o l d e r i n t h e 

n e u t r o n beam where t h e y w e re e x p o s e d t o t h e beam u n t i l 

s u f f i c i e n t l y g ood s t a t i s t i c a l d a t a was o b t a i n e d . 

The r e s u l t s o b t a i n e d w e re u s e d t o c o n s t r u c t K r a t k y 

p l o t s , ( F i g u r e 3 . 2 . 1 ( a ) ) , and c a l c u l a t e r a d i i o f 
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g y r a t i o n f o r t h e p o l y s t y r e n e s a m p l e s . The same s e t o f 

p o l y s t y r e n e s a m p l e s w e r e t h e n t a k e n t o t h e D11/D17 

S p e c t r o m e t e r s a t t h e I n s t i t u t - L a v e L a n g e r i n where t h e y 

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

on LOQ i n s t r u m e n t . 

T h e se r e s u l t s w e r e u s e d t o c o n s t r u c t K r a t k y p l o t s , 

( F i g u r e 3.2.1 ( b ) ) , and o b t a i n r a d i i o f g y r a t i o n . 

T a b l e 3.3. shows t h e r e s u l t s o b t a i n e d f o r r a d i i o f 

g y r a t i o n (Rg) f r o m b o t h i n s t r u m e n t s . From t h e K r a t k y 

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

some a d j u s t m e n t s w e re n e c e s s a r y t o t h e LOQ i n s t r u m e n t 

s e t - u p . These a d j u s t m e n t s w e re made b e f o r e t h e 

t r i b l o c k c o p o l y m e r s a m p l e s were s t u d i e d 'on t h e ' LOQ 

i n s t r u m e n t . On a l l s u b s e q u e n t v i s i t s t o p e r f o r m 

e x p e r i m e n t s u s i n g t h e LOQ i n s t r u m e n t a c h e c k o f t h e 

i n s t r u m e n t c o n f i g u r a t i o n was made u s i n g one o f t h e s e 

' s t a n d a r d ' p o l y s t y r e n e s amples and once t h i s was 

a s s e s s e d and t h e r e s u l t s w e r e a c c e p t a b l e , t h e samples 

t o be s t u d i e d w e re p l a c e d i n t h e beam and e xamined. 

T h i s c a u t i o n was deemed u n n e c e s s a r y a t t h e I L L due t o 

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

p o l y s t y r e n e s a m p l e s when r u n on D l l and D17 

s p e c t r o m e t e r . 

B l o c k c o p o l y m e r s a m p l e s t o be u s e d were c u t f r o m 

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

e x p e r i m e n t s was c a r r i e d o u t on t h e S15150 s e r i e s o f 

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

I L L and t h e LOQ i n s t r u m e n t a t R.A.L.. 

53 



T a b l e 3.2. Sample C h a r a c t e r i s t i c s o f ' S t a n d a r d ' 

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

SAMPLE 

M I X l 38082 1. 02 

MIX3 87328 1. 02 

MIX4 152312 1. 03 

M„ r e f e r s t o t h e m o l e c u l a r w e i g h t o f t h e d e u t e r a t e d 

p o r t i o n o f t h e p o l y m e r b l e n d . 
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These s a m p l e s w e r e a p p r o x i m a t e l y 5cm l o n g x 4cm w i d e 

X 1cm t h i c k and g r e a t c a r e was t a k e n n o t t o s t r e s s 

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

(Ch. 2) . The s a m p l e s t h e m s e l v e s w e r e n o t e d t o be v e r y 

s t i c k y on b o t h s i d e s and when t h e y w e r e p l a c e d i n t h e 

n e u t r o n beam and were e l o n g a t e d , t h e sample s u r f a c e 

r i p p l e d and as t h e s t r e t c h i n g i n c r e a s e d t h e s e r i p p l e s 

became more w i d e s p r e a d and a p p e a r e d t o be p e n e t r a t i n g 

i n t o t h e sample i t s e l f . T h i s had t h e d i r e c t 

c o n s e q u e n c e t h a t t h e maximum e l o n g a t i o n r a t i o ( X ) 

a c h i e v e d f o r t h e S15150 s e r i e s was 2.0 due t o t h e 

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

w h o l e s a m p l e t h i c k n e s s . Once t h e sample had s h e a r e d 

i t was removed f r o m t h e s t r e t c h i n g f r a m e and i t 

a p p e a r e d t o have no e l a s t i c q u a l i t i e s as i t r e t a i n e d 

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

The s c a t t e r i n g d a t a o b t a i n e d f o r t h e S15150 sa m p l e s on 

LOQ and D l l i n s t r u m e n t s w e re c o r r e c t e d as d e s c r i b e d i n 

Ch. 2 and t h e r e s u l t s w e r e u s e d i n f u r t h e r a n a l y s i s . 

3 . 2 . 1 . R e s u l t s and D i s c u s s i o n 

Zimm p l o t s w e r e made f o r each e x t e n s i o n r a t i o s t u d i e d 

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

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

3 . 2 . 2 ( a ) , ( b ) ) . These a r e shown i n T a b l e 3.4.. I t was 

i n t e r e s t i n g t o n o t e , however, t h a t t h e ' c o n t r a s t -

m a t c h i n g ' t e c h n i q u e a p p e a r e d t o h a v e been v e r y 

s u c c e s s f u l as F i g u r e s 3.2.3 and 3.2.4. show. 

The B r a g g s c a t t e r i n g a s s o c i a t e d w i t h t h e l o n g r a n g e 
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o r d e r o f t h e p o l y s t y r e n e domains was v i r t u a l l y 

e l i m i n a t e d and a l l o w e d t h e e x a m i n a t i o n o f t h e e f f e c t 

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

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

t h e S15150 s e r i e s on b o t h i n s t r u m e n t s , however, was 

n o t as e x p e c t e d . The s c a t t e r i n g p r o f i l e s o b t a i n e d f o r 

a l l e l o n g a t i o n r a t i o s s t u d i e d d i d n o t show any 

e v i d e n c e o f a n i s o t r o p y as h a d been e x p e c t e d . An 

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

r e s u l t s o b t a i n e d f r o m Zimm p l o t s f o r Rg and M„ i n T a b l e 

3.4. . 

F o r a t r i b l o c k c o p o l y m e r o f p o l y ( s t y r e n e - i s o p r e n e -

s t y r e n e ) w i t h c y l i n d r i c a l s t y r e n e m onophology t h e 

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

Rg = 0.31 Mw"̂  EQ. (5) 

w h e r e : M„ = m o l e c u l a r w e i g h t o f t h e p o l y i s o p r e n e 

b l o c k . 

T h i s i s f o r t h e u n e x t e n d e d sample and f o r S15150 Rg 

was c a l c u l a t e d t o be 80 A. 
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I n T a b l e 3.4. M„ c a l c u l a t e d u s i n g t h e f o l l o w i n g 

e q u a t i o n ^ ^ 

logMp^T^e) =logi^^T^rue) ^W^^^p^^^^loqK EQ. (6) 

w h e r e ; 

logMp^('^c) = m o l e c u l a r w e i g h t o f t r i b l o c k c o p o l y m e r f r o m 

G.P.C. measurement. 

lo'SM^°true) = t r u e m o l e c u l a r w e i g h t o f t r i b l o c k 

c o p o l y m e r 

Wisoprene = W e i g h t f r a c t i o n o f i s o p r e n e 

K = c o n s t a n t 

Thomason f o u n d K = 1.35 f o r a s t y r e n e - i s o p r e n e b l o c k 

c o p o l y m e r and t h i s was u s e d t o o b t a i n t h e M„ f r o m GPC 

i n T a b l e 3.4.. 

From T a b l e 3.4., t h e u n e x t e n d e d r a d i u s o f g y r a t i o n f o r 

S15150 f r o m b o t h LOQ and D l l i n s t r u m e n t a r e c l o s e t o 

t h i s v a l u e . When t h e v a l u e s o b t a i n e d f o r Rg a t each 

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

m a j o r i t y o f c a s e s b o t h D l l and LOQ r e s u l t s a r e v e r y 

s i m i l a r i n m a g n i t u d e . T a b l e 3.4. a l s o shows t h e 

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

s t r e t c h i n g was a f f i n e . The o t h e r c l a s s i c a l t h e o r i e s 

o f r u b b e r e l a s t i c i t y d e s c r i b e d i n Ch. 3.1.2. were 

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

S15150 s e r i e s b u t none was f o u n d t o be a 'good' m a t c h . 

The i n t e r c e p t o f t h e Zimm p l o t a t Q=0 was u s e d t o 

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

a r e shown i n T a b l e 3.4.. 

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

d e t e r m i n e d by G e l P e r m e a t i o n C h r o m a t o g r a p h y was 53200, 

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

t h a t m a g n i t u d e , i t c a n be c o n c l u d e d t h a t t h e 

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

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

e x p e c t e d . 

The r a n g e o f Q c o v e r e d by LOQ i n s t r u m e n t (Ch. 2) 

a l l o w e d a K r a t k y p l o t t o be made f o r S15150 r e s u l t s 

o b t a i n e d on t h i s i n s t r u m e n t a t e ach e l o n g a t i o n r a t i o . 

T hese w e r e a l l o f t h e same f o r m as shown i n F i g u r e 

3.2.4.. The g e n e r a l shape o f t h i s p l o t i s n o t s i m i l a r 

t o t h e c l a s s i c a l K r a t k y p l o t shown i n F i g u r e 3.2.5. 

due t o t h e maxima i n t h e l o w Q r e g i o n j u s t b e f o r e t h e 

p l a t e a u p a r t o f t h e g r a p h . The p r e s e n c e o f t h e s e two 

maxima was a s c r i b e d one o f t h e f o l l o w i n g : -

( i ) The d e u t e r o p o l y i s o p r e n e had d e g r a d e d c a u s i n g t h e 

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

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

( i i ) The r e l a t i v e l y l o w m o l e c u l a r w e i g h t o f t h e 

S15150 s e r i e s r e s u l t e d i n t h e a p p a r e n t l a c k o f 

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

( i i i ) The u n u s u a l s c a t t e r i n g i n t h e l o w Q r e g i o n o f 

t h e K r a t k y p l o t was c a u s e d by v o i d s c a t t e r i n g . 

( i v ) T h e r e was a c o m p l e x m o l e c u l a r r e a c t i o n t o 

e l o n g a t i o n i n t h e S15150 s e r i e s w h i c h had n o t been 
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previously described by any other works. 
These appeared to be the four most probable reasons 
and of the four the f i r s t , sample degradation, seems 
most l i k e l y due to two factors. F i r s t l y , the 
discrepancy between the molecular weights calculated 
from SANS and GPC could indicate degradation had 
occurred and secondly the 'tacky' nature of the 
samples themselves. To eliminate one of the four 
p o s s i b i l i t i e s l i s t e d above, low molecular weight, i t 
was decided to synthesise a second series of t r i b l o c k 
copolymers with a higher molecular weight but the same 
proportion of polystyrene and polyisoprene. The 
target was a t o t a l molecular weight of 12 0000. These 
samples are characterised i n Table 3.1.. Samples were 
cast from toluene i n PTFE casts as for S15150 samples 
and were wrapped i n s i l v e r f o i l and placed i n a 
freezer at 280K p r i o r to being taken to Oxford or 
Grenoble f o r SANS studies. The experiments were 
carried out i n the same manner as described previously 
for the S15150 series of samples. 
For the S15150B series, however, the D17 Spectrometer 
was made available f or analysing the effect of 
deformation at higher Q values. This data when 
combined with D l l data, allowed the Q range 0.005 A"̂  

to 0.3 0 A'^ to be covered with good s t a t i s t i c s on the 

scattering p r o f i l e obtained. For both LOQ and D11/D17 
data, however, the same isotropic scattering pattern 
was observed as had been obtained for the S15150 
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series (Figures 3.2.6, 3.2.7). The S15150B samples 
however, f e l t tacky on one side and looked shiny and 
f e l t smooth on the other whereas the S15150 series 
samples were tacky on both sides. When the 'Random' 
and 'MIX' samples were placed i n the stretching frame 
and subjected to elongation the same pattern observed 
for the S15150 series was found (Figures 3.2.8 and 
3.2.9). F i r s t l y , samples would not stretch beyond an 
elongation r a t i o of 2.2. Secondly, samples showed the 
same 'ripple e f f e c t ' on the surface as noted for the 
S15150 series as soon as any stress was placed on the 
samples themselves. Various attempts were made to t r y 
to prevent samples from shearing at the point at which 
they were clamped i n the stretching frame. These 
included bonding the sample to the sample holder with 
glue i n the stretching frame and a f f i x i n g a piece of 
sandpaper to the sample holders and clamping the 
sample on top of i t . These both met with f a i l u r e so 
the deformation study was l i m i t e d to a maximum 
extension r a t i o of 2.2. This was a s l i g h t improvement 
on that achieved for the S15150 series and may have 
been due to the higher t o t a l molecular weight of the 
S15150B. 
Figure 3.2.8 shows that, for the 'Random' sample there 
was a d i s t i n c t maximum i n the scattering p r o f i l e . 
When, however, t h i s 'random' scattering was subtracted 
from the 'MIX' scattering to give the corrected 
scattering i n t e n s i t y for the t r i b l o c k copolymer sample 
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at the extension r a t i o under examination, then t h i s 
maximum was not apparent (Figure 3.2.9). Due to the 
much greater scattering i n t e n s i t y obtained from the 
'MIX' sample the scattering from the 'Random' sample 
was a very small proportion and so the maximum. On 
close examination of Figure 3.2.9. i t i s clear that 
the maximum, though not obvious, i s s t i l l there. This 
indicates that the 'contrast matching' technique had 
not been quite perfect and some Bragg scattering due 
to the ordering of the polystyrene domains had not 
been removed. 
Zimm plots of LOQ and D l l data were used to obtain 
r a d i i of gyration and molecular weights of the 
deuterated portion of the polymer at each extension 
r a t i o studied. These results are shown i n Table 3.5., 
and are consistent with the results obtained from the 
S15150 series but not what was expected based on work 
carried out previously by other workers and 
t h e o r e t i c a l calculations. The lack of anisotropic 
scattering was not due to molecular weight phenomenon 
since a t r i b l o c k copolymer of similar molecular weight 
with the polystyrene position deuterated did exhibit 
anisotropic scattering^^. 
The results obtained for S15150B radius of gyration at 
each elongation r a t i o studied show that the 
unstretched sample has an experimental radius of 
gyration, calculated using the molecular weight 
obtained from G.P.C. measurements, which i s very close 
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to that predicted from theory. 
This i s consistent with the S15150 series which also 
showed good agreement between the theoretical and 
experimentally obtained Rg for the unstressed 
material. As the extension r a t i o was increased the 
r a d i i of gyration did increase as expected but not 
a f f i n e l y . The deformation of the S15150B series 
showed that i t was non-affine for a l l extension ra t i o s 
studied. As before t h i s i s the same result as that 
obtained f o r the S15150 series. The fact, however, 
that the maximum elongation r a t i o achieved for the 
S15150B series was s l i g h t l y greater than that achieved 
for the S15150 series was not regarded as being an 
indic a t i o n of some molecular weight dependence for 
several reasons. 
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F i r s t l y , the samples' history - the S15150B samples 
were two to three weeks old when they were studied 
f i r s t and the f i n a l experiments were carried out on 
them when they were approximately 3 months old. 
The S15150 samples, however were two to three months 
old when they were f i r s t studied and almost a year old 
when they were l a s t examined. This wide difference i n 
the age of the sample could have accounted for the 
greater deterioration i n the S15150 samples than i n 
the newer set res u l t i n g i n the s l i g h t l y greater 
elongation r a t i o s achieved for the S15150B series. 
Secondly, the elongation ra t i o s were determined by 
physically measuring the length of the unextended 
sample and then multiplying these by the required 
extension r a t i o to give the required sample length. 
This obviously had a degree of error associated with 
i t and with only a 10% better elongation r a t i o being 
achieved the human error associated with t h i s 
measurement could account for t h i s 10% increase 
achieved f o r S15150B samples. 
As fo r the S15150B series, the LOQ and D11/D17 sets of 
results are very similar, (Table 3.5.). This i s as 
expected but does prove that uniform data can be 
obtained from the two d i f f e r e n t types of Spectrometer. 
Zimm plots were also used to calculate the molecular 
weight of the deuterated portion of the S15150B 
copolymer similar to those shown i n Figures 3.2.10 and 
3.2.11. The results obtained are shown i n Table 3.5. 
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As f o r the S15150 series a l l results are within 10% of 
each other f o r a l l elongation r a t i o s . The 
experimentally obtained M„ are less than that obtained 
from G.P.C. at a l l extensions but are of the same 
magnitude, simila r once again to that found for the 
S15150 series of samples. 
In conclusion, the S15150 and S15150B samples showed 
several differences compared to results obtained on 
simi l a r polymer samples by other workers (Ch. 3.1.2.). 
F i r s t l y , the S15150 and S15150B series of samples did 
not show any anisotropic scattering at any extension 
r a t i o studied. This i s i n contrast to the anisotropic 
scattering reported from various polymer systems by 
other workers and i s not what was th e o r e t i c a l l y 
predicted. Secondly, on physical examination of the 
samples themselves i t was apparent that there was not 
a great deal of e l a s t i c i t y present. When t h i s sample 
was compared to a similar one synthesised by Mullin i n 
which the polystyrene portion was deuterated, i t was 
clear these samples s t i l l retained t h e i r e l a s t i c i t y 
despite being several years old. 
Besides the differences noted above between 
t h e o r e t i c a l l y and experimentally obtained data the 
results obtained for the S15150 and S15150B series of 
samples were consistent i n other areas. The r a d i i of 
gyration calculated at each extension r a t i o for the 
S15150 and S15150B series showed deformation was non-
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a f f i n e f o r a l l extension ra t i o s studied. For both 
series of samples the unextended radius of gyration 
calculated from experimental data and theory were i n 
very close agreement. 
The lack of anisotropy for either set of samples at 
any of the extension r a t i o s studied led to the 
assumption that the most probable cause of t h i s was 
the degradation of the deuteropolyisoprene portion of 
the t r i b l o c k copolymers S15150 and S15150B. As a 
consequence of t h i s conclusion, the scattering 
p r o f i l e s obtained for the S15150 and S15150B samples 
and, i n p a r t i c u l a r , the two sharp maxima i n the low Q 
region of the scattering spectrum were caused by the 
degradation of the central deuteropolyisoprene block 
and the relaxation of the molecules at each extension 
r a t i o . Samples of HYDl, RANI, and 'MIX' t r i b l o c k 
copolymers were sent for electron microscopy 
examination i n America. 
Only the HYDl samples was studied using electron 
microscopy and t h i s showed there was indeed a degree 
of ordering i n the sample but t h i s was not as great as 
had been expected and there appeared to be some 
'contamination' of the sample. This 'contamination' 
could have occurred before shipment to America or 
whi l s t i n America awaiting study. The absence of 
electron microscopy results for the RANI and 'MIX' 
t r i b l o c k copolymer samples meant that conclusions 
would only be based on one result which would be 
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inappropriate. The source of the 'contamination' i n 
the HYDl sample could not be i d e n t i f i e d . 
I n summary, the S15150 and S15150B series of t r i b l o c k 
copolymers were very similar. The physical appearance 
and e l a s t i c i t y of the samples was not as expected from 
previous t r i b l o c k copolymer samples synthesised on the 
same equipment. In a study of a poly(styrene-
butadiene) diblock copolymer DiCorleto et al^-^ examined 
the e f f e c t of ageing on diblock copolymer samples. 
These authors found that samples, when subjected to a 
stress, a f t e r being quenched, slow cooled or 
isothermally aged showed a craze-pattern growth. This 
i s very similar to what was observed for the S15150 
and S15150B series of samples. The S15150 and S15150B 
samples were not, however, quenched, slow-cooled or 
isothermally aged but were r e l a t i v e l y old and had been 
used i n studies at ambient temperatures for several 
days and then stored i n a freezer at 280K u n t i l 
required again. With t h i s sort of thermal history i t 
i s possible that some sort of ageing occurred i n these 
copolymers re s u l t i n g i n the craze growth observed as 
these samples were stretched. 
Despite the work done on ageing of block copolymers i t 
would appear that the major contribution to the loss 
of e l a s t i c i t y and the absence of anisotropic 
scattering of the S15150 and S15150B series of 
t r i b l o c k copolymer was due to the oxidative 
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d e g r a d a t i o n o f t h e d e u t e r o i s o p r e n e p o r t i o n o f t h e s e 

s a m p l e s . 
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3.3. SANS S t u d y o f a S p h e r i c a l Domain T r i b l o c k 

C o p o l y m e r 

3 . 3 . 1 . I n t r o d u c t i o n 

The s t u d i e s o f t h e S15150 and S15150B s e r i e s o f 

p o l y s t y r e n e - i s o p r e n e - s t y r e n e ) t r i b l o c k c o p o l y m e r 

s y s t e m s d e s c r i b e d p r e v i o u s l y w e re made up o f 

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

m a t r i x . As a f o l l o w up t o t h e s e e x p e r i m e n t s a n o t h e r 

t r i b l o c k c o p o l y m e r o f p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) 

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

p o l y s t y r e n e d o m a i n s . These samples a r e c h a r a c t e r i s e d 

i n T a b l e 3 . 3 . 1 . . As T a b l e 3 . 3 . 1 . shows t h e t o t a l 

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

t h e S15150B s e r i e s . The SPH150 s e r i e s was made up i n 

t h e same way as t h e S15150 and S15150B s e r i e s by 

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

(Ch. 2 ) . 

When t h e s e s a m p l e s o f SPH150 were removed f r o m t h e i r 

PTFE c a s t i n g b l o c k s t h e p h y s i c a l and m e c h a n i c a l 

p r o p e r t i e s o f t h e f i l m s were d i f f e r e n t t o t h e S15150 

and S15150B s e r i e s . 

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

a p p e a r e d t o be much more e l a s t i c t h a n e i t h e r t h e 

S15150 o r S15150B h a d been. 
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T a b l e 3 . 3 . 1 . - C h a r a c t e r i s t i c s o f SPH150 samples 

p r e p a r e d b y P o l y m e r L a b o r a t o r i e s 

SAMPLE TOTAL M„ 

( X 10'^) 

M„/M„ WT. FRACTION 

STYRENE, Ws 

SPH150 

H y d r o g e n o u s 117 1.02 0.16 

'MIX' 158 1. 02 0.17 

'Random' 124 1. 02 0.16 

M„, Mw/Mn - d e t e r m i n e d b y G.P.C. a n a l y s i s 

Wg - d e t e r m i n e d b y U.V. S p e c t r o m e t r y 
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T h i s a p p a r e n t d i f f e r e n c e i n t h e sam p l e s c o u l d have 

b e e n c a u s e d b y one o f t h r e e f a c t o r s ; ( i ) t h e method o f 

p r e p a r a t i o n , ( i i ) t h e d i f f e r e n t s o u r c e o f 

d e u t e r o i s o p r e n e u s e d o r , ( i i i ) t h e i n c r e a s e d c o n t e n t 

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

l a b o r a t o r i e s . Of t h e t h r e e , t h e method o f p r e p a r a t i o n 

seems mo s t l i k e l y s i n c e G.P.C r e s u l t s f o r S15150 and 

S15150B s a m p l e s i n d i c a t e d t h a t t h e sam p l e s were i n d e e d 

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

p o l y d i s p e r s i t y . 

3.3.2. E x p e r i m e n t a l 

'Random', 'MIX' and Hy d r o g e n o u s f i l m s w e r e t a k e n f o r 

e x a m i n a t i o n on t h e D l l S p e c t r o m e t e r . I n v i e w o f t h e 

r e l a t i v e l y s h o r t amount o f t i m e a v a i l a b l e f o r t h i s 

e x p e r i m e n t i t was n o t p o s s i b l e t o examine t h e f u l l y 

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

p o s i t i o n e d c o r r e c t l y i n t h e beam, t h e 'MIX' and 

'Random' s a m p l e s were a t t a c h e d t o t h e s t r e t c h i n g f r a m e 

i n t u r n i n t h e u n e x t e n d e d s t a t e t o a s c e r t a i n how much 

t i m e w o u l d be r e q u i r e d f o r each sample t o y i e l d 

s t a t i s t i c a l l y s i g n i f i c a n t d a t a . As had been f o u n d f o r 

t h e S15150 and S15150B s e r i e s p r e v i o u s l y i t was f o u n d 

t h a t t h e 'MIX' sample was a much s t r o n g e r s c a t t e r e r 

t h a n t h e 'Random' sample f o r t h e SPH150 s e r i e s . The 

s c a t t e r i n g f r o m t h e 'MIX' sample was a r o u n d f i f t y 

t i m e s g r e a t e r t h a n t h a t o f t h e b a c k g r o u n d 'Random' 

s a m p l e . As a r e s u l t , t h e s c a t t e r i n g due t o t h e 
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'Random' sa m p l e was so s m a l l as compared t o t h e 'MIX' 

s a m p l e as t o be i n s i g n i f i c a n t ( F i g u r e s 3.3.1 and 

3 . 3 . 2 ) . C o n s e q u e n t l y a f t e r t h e f i r s t few e x t e n s i o n 

r a t i o s h a d been s t u d i e d t h e 'Random' sample was no 

l o n g e r e x a m i n e d . 

The 'MIX' sample was s t u d i e d a t e x t e n s i o n r a t i o s o f 

1.0, 1.2, 1.4, 1.6, 1.8, 2.0 and 2.2. H i g h e r 

e x t e n s i o n r a t i o s c o u l d n o t be e x a m i n e d due t o t h e 

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

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

t h a t p o i n t . Once t h e 'MIX' sample h a d been s t u d i e d a t 

t h e e l o n g a t i o n r a t i o s l i s t e d a b o ve, i t was removed 

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

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

r u b b e r - l i k e n a t u r e o f t h e SPH150 s a m p l e . 

3.3.3. R e s u l t s 

The most o b v i o u s r e s u l t o f t h i s s t u d y was t h e 

a n i s t r o p i c n a t u r e o f t h e s c a t t e r i n g as t h e sample was 

e x t e n d e d . The a n i s t r o p i c s c a t t e r i n g d a t a o b t a i n e d was 

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

l . L . L . ^ ^ b y d i v i d i n g t h e s c a t t e r i n g p r o f i l e i n t o 30° 

s e c t o r s t o g i v e s i x s e c t o r s i n a l l . ( F i g u r e 3 . 3 . 3 ) . 

I n F i g u r e 3.3.3, s e c t o r s 3 and 5 a r e e q u i v a l e n t as a r e 

s e c t o r s 2 and 6. C o n s e q u e n t l y f o r each e x t e n s i o n 

r a t i o , s i x s e t s o f c o r r e c t e d d a t a w e re o b t a i n e d and 

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

s e c t o r s w e r e c o m b i n e d . The d a t a w e re t h e n u s e d , a f t e r 

t a k i n g a c c o u n t o f sample t h i c k n e s s , m o n i t o r c o u n t s 
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F i g u r e 3.3.3. The A r r a n g e m e n t o f S e c t o r s I n an 
A n i s c t r o p i c S c a t t e r e r t o be a n a l y s e d a t I . L . L . w i t h 30° 
s e c t o r s 

S e c t o r 2 S e c t o r 6 

S e c t o r 1 

EXAMPLE CONTOUR LINK 



e t c . as d e s c r i b e d i n Ch. 2, t o o b t a i n i n f o r m a t i o n 

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

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

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

p l o t s f o r e a c h e x t e n s i o n r a t i o . F i g u r e s 3.3.4 t o 

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

'MIX' s a m p l e a t each e l o n g a t i o n r a t i o s t u d i e d . 

F i g u r e s 3.3.11 t o 3.3.14 show t h e t y p i c a l Zimm p l o t s 

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

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

d i f f e r e n t s e c t o r s a r e shown i n T a b l e s 3.3.2 t o 3.3.5 

r e s p e c t i v e l y . From t h e s e r e s u l t s i t i s c l e a r t h a t , as 

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

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

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

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

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

i n d i c a t e t h a t t h e a f f i n e m odel was a p p l i c a b l e t o t h e 

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

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

e q u a t i o n s : -

{Rgl)^=Rgl/Xi 

w h e r e : 

R^^Rg^ = c a l c u l a t e d r a d i u s o f g y r a t i o n p a r a l l e l and 

p e r p e n d i c u l a r t o t h e s t r e t c h d i r e c t i o n {A) 

Rg^ = c a l c u l a t e d r a d i u s o f g y r a t i o n f o r t h e u n s t r e s s e d 
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copolymer (A) 

X", A-l- = e l o n g a t i o n r a t i o p a r a l l e l and p e r p e n d i c u l a r t o 

t h e s t r e t c h d i r e c t i o n 

T h e s e r e s u l t s a r e shown i n T a b l e 3.3.6. 
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T a b l e 3.3.2. - R a d i i o f G y r a t i o n (Rg) and M o l e c u l a r 

Weights (M,.,) o b t a i n e d f o r SPH150 s e r i e s ( S e c t o r 1) 

ELONGATION Rg M„ (xlO M„ (GPC) 

RATIO (xl0"2) 

( A ) 

1.0 87 . 0 + 4.1 101. 2 + 5.3 102 . 8 

1.2 85. 8 + 3.9 103 . 6 + 5.1 

1.4 84.1 + 3.8 104. 5 + 5.0 

1.6 82.1 + 4.2 103 . 4 + 4.8 

1.8 78.7 + 3.8 103 . 8 + 4 . 5 

2 . 0 76.5 + 4.1 104 . 3 + 6.3 

2 . 2 74 . 4 + 4 . 6 108. 1 + 4 . 8 

M^^'^ - m o l e c u l a r w e i g h t of p o l y i s o p r e n e b l o c k o b t a i n e d 

from G.P.C. a f t e r c o r r e c t i o n s i m i l a r t o t h a t 

u n d e r t a k e n f o r S15150 and S15150B s e r i e s . 
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T a b l e 3.3.3 - R a d i i o f G y r a t i o n (Rg) and M o l e c u l a r 

Weights (K.,) o b t a i n e d f o r SPH150 s e r i e s ( S e c t o r 2) 

ELONGATION Rg (A) M„ (xlO-3) 

RATIO ( X ) 

1.0 87.4 ± 3.9 108.9 + 6.1 

1.2 89.3 ± 4.1 106.2 ± 6.3 

1.4 93.1 ± 4 . 3 103 . 4 + 5.7 

1.6 97 . 2 ± 4.7 106. 1 ± 5.9 

1.8 98.3 ± 7.2 107.4 + 7.0 

2 . 0 100.5 ± 7.2 104.3 + 6.9 

2.2 104.2 ± 8.3 102.6 + 5.8 
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T a b l e 3.3.4 - R a d i i o f G y r a t i o n (Rg) and M o l e c u l a r 

Weights (M^) o b t a i n e d f o r SPH150 s e r i e s r s e c t o r 3) 

ELONGATION Rg (A) XlO'^ 

RATIO, ( A ) 

1.0 89 . 4 ± 4.4 109.0 ± 5.3 

1.2 97.5 + 5.0 107 . 4 ± 5 . 1 

1.4 110.6 + 6.4 104.9 ± 5.2 

1.6 137.1 + 8.1 106. 6 ± 6.7 

1.8 151.5 + 9.8 100. 5 + 5.8 

2 . 0 170. 9 + 11.3 105. 6 ± 5.5 

2.2 190. 3 ± 1 3 . 5 108 . 3 ± 6.4 
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T a b l e 3.3.5 - R a d i i of G y r a t i o n (Rg) and M o l e c u l a r 

Weights (M^) o b t a i n e d f o r SPH150 s e r i e s ( S e c t o r 4) 

ELONGATION 

RATIO ( X ) 

Rg {A) M„ (xlO 

1.0 93.6 ± 5.5 108.1 + 4.7 

1.2 108.5 ± 6.1 102.4 + 4.9 

1.4 125.7 + 7.5 102 .1 + 5.8 

1.6 148.6 + 9.9 105.1 + 5.4 

1.8 179. 3 + 11.0 108.3 + 5.5 

2 . 0 195.1 + 13.4 108.1 + 5.7 

2.2 204.3 + 15.8 100.4 + 5.9 
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NOTE; The v a l u e s o f R g ^ f f i " ^ p a r a l l e l and p e r p e n d i c u l a r 

i n T a b l e 3.3.6. was bas e d on t h a t c a l c u l a t e d from t h i s 

d a t a a t e l o n g a t i o n r a t i o 1.0 r a t h e r t h a n any 

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

From T a b l e 3.3.6. i t can be c o n c l u d e d t h a t t h e 

s t r e t c h i n g was a f f i n e f o r t h e SPH150 s e r i e s up t o 

e l o n g a t i o n r a t i o 2.2 p a r a l l e l t o t h e s t r e t c h d i r e c t i o n 

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

d i r e c t i o n . 

T h e s e r e s u l t s a r e i n complete c o n t r a s t w i t h t h o s e 

o b t a i n e d u s i n g t h e S15150 and S15150B s e r i e s which 

showed t h a t samples s i m p l y r e l a x e d d u r i n g e l o n g a t i o n . 

S i n c e t h i s e x p e r i m e n t was o n l y c a r r i e d out on t h e D l l 

S p e c t r o m e t e r a t I . L . L . , i t was not p o s s i b l e t o o b t a i n 

K r a t k y p l o t s t o examine t h e e f f e c t s o f e l o n g a t i o n a t 

h i g h e r Q v a l u e s due t o t h e narrow Q range o f t h e 

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

o f g y r a t i o n showed t h a t t h e unextended r a d i i of 

g y r a t i o n was s i m i l a r f o r each s e c t o r i . e . t h e r e was no 

r e s i d u a l s t r e s s on t h e sample. 

The r a d i i o f g y r a t i o n showed an i n c r e a s e a s t h e 

e l o n g a t i o n r a t i o i n c r e a s e d g r a d u a l l y from S e c t o r 1 t o 

S e c t o r 4. These r e s u l t s were used t o draw t h e 

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

( F i g u r e 3.3.15) f o r e x t e n s i o n r a t i o s 1.0, 1.6 and 2.0 

w h i c h c l e a r l y d e m o n s t r a t e s t h e changes i n shape of t h e 

p o l y i s o p r e n e b l o c k s . 

The d a t a o b t a i n e d f o r SPH150 samples were used t o 
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F i g u r e 3.3.15 - S c a t t e r i n g D i s t r i b u t i o n of segments 
i n SPH150 sample a t e l o n g a t i o n r a t i o s 1.0, 1.6 and 2.0 

2.0 



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

p o l y i s o p r e n e p a r t o f t h e SPH150 s e r i e s and compare 

t h i s t o t h e c o r r e c t e d r e s u l t o b t a i n e d from G.P.C. 

measurement. The c a l c u l a t e d m o l e c u l a r w e i g h t s from 

SANS a r e v e r y c l o s e t o t h o s e o b t a i n e d from G.P.C. and 

so i t may be c o n c l u d e d t h a t t h e d e u t e r o i s o p r e n e i s 

randomly d i s t r i b u t e d i n t h e t r i b l o c k copolymer. T h i s 

i s a s i m i l a r r e s u l t t o t h a t o b t a i n e d f o r t h e S15150 

and S15150B s e r i e s . 

The m o l e c u l a r w e i g h t o f t h e d e u t e r a t e d SPH150 sample 

shown i n T a b l e 3.3.1 was, however, 25% g r e a t e r t h a n 

t h a t o f t h e Hydrogenous and Random SPH150 samples. 

C o n s e q u e n t l y , t h e m o l e c u l a r w e i g h t match f o r t h e 'MIX' 

SPH150 sample was not a s good a s t h a t o b t a i n e d f o r 

e i t h e r t h e S15150 o r S15150B 'MIX' samples. The 

p o l y d i s p e r s i t y M̂ /M̂  f o r a l l SPH150 samples were, on 

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

o b t a i n e d f o r t h e 'MIX' sample of SPH150, ( F i g u r e 

3 . 3 . 1 6 ) , showed t h a t t h e ' c o n t r a s t - m a t c h i n g ' t e c h n i q u e 

had been s u c c e s s f u l due t o t h e absence of Bragg peaks 

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

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

w e i g h t s o f t h e Hydrogenous and D e u t e r a t e d samples was 

s m a l l . 

I n summary t h e SPH150 s e r i e s gave d i f f e r e n t r e s u l t s t o 

t h o s e o b t a i n e d from t h e S15150 and S15150B s e r i e s 
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though t h e t o t a l m o l e c u l a r w e i g h t s o f t h e s e samples 

were i n t h e same r e g i o n a s t h a t of t h e SPH150. 

Though t h e r e s u l t s o b t a i n e d f o r t h e SPH150 s e r i e s were 

d i f f e r e n t t h e y were much c l o s e r t o what had been 

p r e v i o u s l y e x p e c t e d . The s c a t t e r i n g p r o f i l e d i d 

become a n i s t r o p i c a s t h e 'MIX' sample was deformed. 

However, a n a l y s i s o f t h e r a d i i of g y r a t i o n a t each 

e l o n g a t i o n r a t i o p a r a l l e l and p e r p e n d i c u l a r t o t h e 

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

sample c o u l d be d e s c r i b e d a s a f f i n e p a r a l l e l t o t h e 

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

a p p l i e d s t r e s s . 

3.3.4. D i s c u s s i o n 

S i n c e t h e SPH150 sample was o n l y s t u d i e d on t h e D l l 

i n s t r u m e n t a t t h e I . L . L . , t h e scope o f d i s c u s s i o n on 

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

Q range c o v e r e d meant t h a t t h e K r a t k y p l o t s f o r t h i s 

sample d i d not c o v e r t h e Q range r e q u i r e d t o determine 

i f t h e SPH150 sample f o l l o w e d t h e c l a s s i c a l K r a t k y 

p r o f i l e , o r d e v i a t e d i n some way from t h i s . D e s p i t e 

t h i s l i m i t a t i o n t h e r e s u l t s o b t a i n e d f o r SPH150 

samp l e s were of g r e a t i n t e r e s t . 

The a n i s o t r o p i c n a t u r e of t h e s c a t t e r i n g d a t a o b t a i n e d 

f o r t h e SPH150 sample was not unexpected. The a f f i n e 

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

d i r e c t i o n , however, was. 

The e a r l i e s t SANS s t u d i e s of d e f o r m a t i o n of polymers 

were c a r r i e d out on homopolymers. P i c o t e t a l ^ ^ 
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u n i a x i a l l y deformed a sample of hot s t r e t c h e d 

p o l y s t y r e n e and found t h a t a t e l o n g a t i o n r a t i o s below 

1.7 a f f i n e d e f o r m a t i o n was t h e dominant mechanism. At 

e l o n g a t i o n r a t i o s g r e a t e r t h a n 3.0, however, t h e 

a f f i n e model d i d not h o l d . These r e s u l t s were 

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

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

l i n k s . Boue e t al^'' found t h a t t h e t r a n s v e r s e c o i l 

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

p o l y s t y r e n e was a f f i n e i n b e h a v i o u r , up t o an 

e l o n g a t i o n r a t i o o f 10.0 f o r an e x t r u s i o n o r i e n t e d 

h i g h m o l e c u l a r w e i g h t p o l y s t y r e n e (M„ ~ 500000) though 

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

t h a n a f f i n e . 

From t h e above examples i t i s c l e a r t h a t t h e r e have 

been some e x p e r i m e n t s c a r r i e d out u s i n g SANS on 

homopolymers t h a t have found a f f i n e b e h a v i o u r on 

d e f o r m a t i o n . 

A l o n g s i d e t h e s e SANS s t u d i e s d e f o r m a t i o n was s t u d i e d 

i n polymer s y s t e m s u s i n g polymers s w o l l e n i n s o l v e n t s 

and t h e r a d i i of g y r a t i o n i n t h e s e e q u i l i b r a t e d 

s y s t e m s was measured. Davidson^" c a r r i e d out a s e r i e s 

o f s w e l l i n g e x p e r i m e n t s on p o l y s t y r e n e g e l s s w o l l e n i n 

c y c l o h e x a n e and found l i t t l e v a r i a t i o n i n polymer 

d i m e n s i o n s up t o v o l u m e t r i c s w e l l i n g s o f 30 t i m e s t h a t 

o f u n s w o l l e n polymer and B a s t i d e e t a l ^ ^ s t u d i e d 

p o l y s t y r e n e networks s w o l l e n i n benzene up t o a 

v o l u m e t r i c s w e l l i n g o f 17.4. B a s t i d e e t a l o b t a i n e d 
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s i m i l a r r e s u l t s t o those o f Davidson and i n t e r p r e t e d 

them as s u p p o r t i n g t h e d i s i n t e r p e n e t r a t i o n t h e o r y t h a t 

c h a i n dimensions were determined by l o c a l i n t e r a c t i o n s 

i e . e x c l u d e d volume e f f e c t s . 

As w e l l as o b t a i n i n g some r e s u l t s which appeared t o 

s u p p o r t t h e a f f i n e model on d e f o r m a t i o n o f a 

p o l y s t y r e n e homopolymer^^'^\ o t h e r workers found 

c o n f l i c t i n g r e s u l t s when w o r k i n g on t h e same polymer 

system Clogh e t a l ^ ^ s t u d i e d p o l y s t y r e n e samples t h a t 

had been c r o s s - l i n k e d u s i n g y - i ^ a d i a t i o n , t h e n 

s t r e t c h e d a t 418K t o e l o n g a t i o n r a t i o s o f 2.3. 

These r e s u l t s showed t h a t t h e c a l c u l a t e d r a d i i o f 

g y r a t i o n i n t h e d i r e c t i o n o f s t r e t c h were i n good 

agreement w i t h t h e phantom network approach b u t 

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

w i t h t h e end-to-end p u l l i n g t h e o r y . These r e s u l t s a l l 

show t h a t f o r homopolymer systems, p a r t i c u l a r l y 

p o l y s t y r e n e , a l l t h e v a r i o u s t h e o r i e s o f rubber 

e l a s t i c i t y have some s u p p o r t depending on t h e 

m o l e c u l a r w e i g h t o f t h e polymer s t u d i e d and t h e 

t e m p e r a t u r e a t which t h e experiment i s c a r r i e d o u t . 

For a b l o c k copolymer system, however, where t h e r e i s 

a more complex arrangement o f molecules t h e simple 

a f f i n e model would n o t appear t o be t h e a p p r o p r i a t e 

one. P r e v i o u s work^^ has shown t h a t t h e a f f i n e model 

may o n l y be a p p l i c a b l e t o polymer networks where t h e 

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

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

The c l a s s i c a l t h e o r i e s o f rubber e l a s t i c i t y p r e d i c t 

t h a t t h e phantom model o r t h e end-to-end p u l l i n g 

models would be t h e most a p p r o p r i a t e f o r d e s c r i b i n g 

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

p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) . R e l a t i v e l y few papers 

on t h e s t u d y o f b l o c k copolymers u s i n g SANS have been 

p u b l i s h e d . 

R i c h a r d s and M u l l i n ^ ^ s t u d i e d t h e e f f e c t o f d e f o r m a t i o n 

on a p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) t r i b l o c k copolymer 

where t h e p o l y s t y r e n e b l o c k s were examined and found 

t h a t none o f t h e c l a s s i c a l t h e o r i e s o f rubber 

e l a s t i c i t y a p p l i e d t o t h e data o b t a i n e d . The 

p o l y s t y r e n e was arranged i n c y l i n d r i c a l domains i n 

t h i s s t u d y w i t h a t o t a l m o l e c u l a r w e i g h t o f 12 0000 

which i s v e r y s i m i l a r t o t h e S15150B s e r i e s s t u d i e d as 

p a r t o f t h i s t h e s i s . 

From t h e r e s u l t s o b t a i n e d by o t h e r workers as d e t a i l e d 

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

da t a o b t a i n e d p a r a l l e l t o t h e d i r e c t i o n o f t h e 

u n i a x i a l s t r e s s i s unique. I n t h e d i r e c t i o n 

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

l e s s t h e n a f f i n e and c l o s e l y approximate t h e j u n c t i o n 

a f f i n e model which would be c l o s e r t o t h a t expected 

from 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 . 

Comparison o f t h e r e s u l t s o b t a i n e d f o r t h e SPH150 

s e r i e s and t h e S15150 and S15150B s e r i e s i s l i m i t e d by 

two f a c t s . F i r s t l y , t h e l a t t e r were s y n t h e s i s e d i n 
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t h e l a b o r a t o r y by t h i s a u t h o r , whereas t h e SPH150 

s e r i e s were s y n t h e s i s e d by an o u t s i d e agency. The 

d e u t e r o i s o p r e n e used t o s y n t h e s i s e t h e SPH150 samples 

was a l s o from a d i f f e r e n t source t o t h a t used t o 

s y n t h e s i s e t h e S15150 and S15150B samples. Secondly, 

t h e m orphologies o f t h e SPH150 and t h e S15150/S15150B 

samples were d i f f e r e n t . The S15150 and S15150B 

samples were t r i b l o c k copolymers w i t h c y l i n d r i c a l 

p o l y s t y r e n e domains arranged on a h e x a g o n a l l y c l o s e 

packed a r r a y whereas t h e SPH150 samples had s p h e r i c a l 

p o l y s t y r e n e domains arranged on a c u b i c l a t t i c e . The 

response o f t h e s p h e r i c a l p o l y s t y r e n e domain would be 

q u i t e d i f f e r e n t t o t h a t o f t h e c y l i n d r i c a l domains on 

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

occur i n t h e c y l i n d r i c a l system b u t n o t i n t h e case 

o f t h e s p h e r i c a l system. I n a d d i t i o n s p h e r i c a l 

p o l y s t y r e n e r e g i o n s are d u c t i l e and deform i n response 

t o s t r e s s . 

D e s p i t e t h e s e l i m i t a t i o n s some comparisons are 

p o s s i b l e and th e s e have been d e s c r i b e d e a r l i e r . 

3.3.5. F u t u r e Work 

The immediate t a s k f o r t h e SPH150 s e r i e s would be t o 

o b t a i n r e s u l t s a t l a r g e r Q v a l u e s t o enable a K r a t k y 

p l o t t o be drawn and g e t a f u l l e r u n d e r s t a n d i n g o f t h e 

d e f o r m a t i o n process i n t h i s sample. K r a t k y p l o t s have 

been made from t h e r e s u l t s o b t a i n e d u s i n g t h e D l l 

Spectrometer ( F i g u r e 3.3.17 and 3.3.18), b u t do n o t 

reac h s u f f i c i e n t Q v a l u e s t o draw any c o n c l u s i o n s . 
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The e x t e n s i o n r a t i o s covered f o r t h e SPH150 s e r i e s 

were l i m i t e d t o a maximum o f 2.2 due t o t h e equipment 

used. T h i s i s a r e l a t i v e l y s m a l l e x t e n s i o n r a t i o 

range and f u t u r e work s h o u l d seek t o examine t h e 

e f f e c t on t h e s p h e r i c a l p o l y s t y r e n e domains i n t h e 

SPH150 sample a t much g r e a t e r e x t e n s i o n r a t i o s t o 

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

t o 2.2 p a r a l l e l t o t h e s t r e t c h d i r e c t i o n , i n 

p a r t i c u l a r , s t i l l h o l d s . 
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3.4. SANS Study o f Extruded S15150 Samples 

3.4.1. I n t r o d u c t i o n 

The s t u d y o f unextruded S15150 samples a t v a r i o u s 

e l o n g a t i o n r a t i o s has been d e s c r i b e d i n Ch. 3.1. I n 

c o n j u n c t i o n w i t h t h i s s t u d y i t was decided t o use some 

o f t h e S15150 t r i b l o c k copolymers i n a study o f 

e x t r u d e d copolymer systems s u b j e c t e d t o u n i a x i a l 

e x t e n s i o n . 

The main purpose o f e x t r u s i o n i n a t r i b l o c k copolymer 

i s t o u n i a x i a l l y a l i g n t h e p o l y s t y r e n e domains. T h i s 

i s a c h i e v e d by e x t r u d i n g t h e b l o c k copolymer m e l t 

t h r o u g h a narrow o r i f i c e . The r e s u l t i s a ' s i n g l e 

c r y s t a l ' b l o c k copolymer s i m i l a r t o t h a t d e s c r i b e d by 

Folkes and K e l l e r ^ ^ I n such o r i e n t e d systems t h e 

l a t t i c e p l a n e s e p a r a t i o n has been found n o t t o be a t 

t h e e q u i l i b r i u m v a l u e s p r e d i c t e d by s t a t i s t i c a l 

thermodynamic theory^^'^°'^^ which were observed 

e x p e r i m e n t a l l y on s o l u t i o n c a s t samples^-^^. T h i s leads 

t o t h e q u e s t i o n o f t h e e f f e c t on t h e c o n f i g u r a t i o n o f 

t h e i s o p r e n e b l o c k s i n a p o l y ( s t y r e n e - i s o p r e n e -

s t y r e n e ) t r i b l o c k copolymer which was b e i n g deformed. 

As a r e s u l t S15150 samples were e x t r u d e d u s i n g t h e 

a p p a r a t u s shown i n Ch. 2, F i g u r e 2.1.7. t o determine 

unambiguous r a d i i o f g y r a t i o n p a r a l l e l and 

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

3.4.2. E x p e r i m e n t a l 

The e x t r u d e d S15150 samples were prepared as d e s c r i b e d 

i n Ch. 2. The e x t r u d e d samples appeared more e l a s t i c 
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t h a n t h e i r u n e x truded s o l u t i o n - c a s t e q u i v a l e n t s and 

were n o t t a c k y i n t e x t u r e . Due t o l i m i t a t i o n s i n t h e 

e x t r u s i o n a p p a r a t u s , i t was o n l y p o s s i b l e t o o b t a i n 

samples 3cm l e n g t h x 1cm depth x 2cm w i d t h . The major 

problem a s s o c i a t e d w i t h t h e experiment was t h e t a c k y 

n a t u r e o f t h e t r i b l o c k copolymer which made i t adhere 

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

and c o n s e q u e n t l y p r e v e n t l a r g e samples o f e x t r u d e d 

m a t e r i a l b e i n g s y n t h e s i s e d . Attempts were made t o 

a l l e v i a t e t h i s problem by s p r a y i n g t h e w a l l s o f t h e 

e x t r u s i o n apparatus w i t h a n o n - s t i c k spray b u t t h i s 

had l i m i t e d success and t i m e r e s t r a i n t s p r e v e n t e d 

f u r t h e r s o l u t i o n s b e i n g sought. The e x t r u d e d S15150 

samples were s t u d i e d on t h e D l l Spectrometer, I.L.L.. 

The samples were p l a c e d i n t h e s t r e t c h i n g frame and 

a l i g n e d i n t h e beam as d e s c r i b e d p r e v i o u s l y f o r S15150 

and S15150B samples. The 'Random' e x t r u d a t e was used 

as a background sample and s u b t r a c t e d from t h e 'MIX' 

E x t r u d a t e s c a t t e r i n g . 

Due t o sample l i m i t a t i o n s i t was p o s s i b l e t o examine 

t h e samples a t e l o n g a t i o n r a t i o s 1.0 and 1.1 o n l y . 

3.4.3. R e s u l t s and D i s c u s s i o n 

The SANS r e s u l t s o b t a i n e d f o r t h e e x t r u d a t e samples 

show t h e a n i s o t r o p i c n a t u r e o f t h e data c l e a r l y 

( F i g u r e 3.4.1 and F i g u r e 3.4.2.). These f i g u r e s a l s o 

show, however, t h a t t h e a l i g n m e n t o f t h e c y l i n d r i c a l 

p o l y s t y r e n e domains was n o t p a r a l l e l t o t h e e x t r u s i o n 

d i r e c t i o n as had been expected. These domains appear 
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F i g u r e 3.4.1. Contour P l o t Obtained f o r Extruded 
515150 Sample a t E l o n g a t i o n R a t i o 1.0 
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t o have a l i g n e d s l i g h t l y o f f p a r a l l e l t o t h e d i r e c t i o n 

o f e x t r u s i o n which can be e x p l a i n e d by t h e l i m i t a t i o n s 

o f t h e e x t r u s i o n a pparatus. When t h e w e i g h t was 

a p p l i e d t o t h e p i s t o n t o e x t r u d e t h e molten b l o c k 

copolymer as d e s c r i b e d i n Ch, 2. t h e r e was some 

l a t e r a l movement i n t h e p i s t o n which meant t h e weight 

was n o t a p p l i e d d i r e c t l y downwards b u t some degrees 

o f f t h i s . 

The s c a t t e r i n g d ata o b t a i n e d , b e i n g a n i s o t r o p i c , was 

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

d e s c r i b e d f o r t h e SPH150 s e r i e s p r e v i o u s l y (Ch. 3.3). 

The I ( Q ) v s . Q p r o f i l e s f o r each s e c t o r were p l o t t e d 

f o r e l o n g a t i o n r a t i o 1,1, ( F i g u r e 3.4.3 t o 3.4.6.), 

and showed t h e presence o f a Bragg peak a t Q ~ 0.03i'^ 

i n a l l s e c t o r s though o f v a r y i n g i n t e n s i t y . The 

presence o f t h i s Bragg peak made i t d i f f i c u l t t o 

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

M„ f r o m Zimm p l o t s . The Bragg peak was l e a s t w e l l 

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

s t r e s s and so a Zimm p l o t was made f o r data o b t a i n e d 

i n t h i s s e c t o r , and Rg, Mw were c a l c u l a t e d ( F i g u r e 

3.4.7.) f o r t h e e x t r u d a t e a t e l o n g a t i o n r a t i o 1.1. 

The v a l u e o f Rg o b t a i n e d was 87.3 + 5.1A and t h e M̂, 

was (31.1 ± 2.8) X 1 0 ^ The c a l c u l a t e d M„ from SANS 

was s i m i l a r t o t h a t o b t a i n e d from G.P.C. measurement 

i n d i c a t i n g t h a t t h e d e u t e r o i s o p r e n e was d i s t r i b u t e d 

randomly t h r o u g h o u t t h e copolymer system. The bragg 
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peak a t Q ~ 0.03A ^ i n d i c a t e s t h a t t h e ' c o n t r a s t -

m a t c h i n g ' t e c h n i q u e had n o t been 100% s u c c e s s f u l (Ch. 

1) . The p o s i t i o n o f t h i s Bragg peak, however, would 

c o r r e s p o n d t o an i n t e r d o m a i n s p a c i n g o f 25.6nm u s i n g 

e q u a t i o n (7) below: 

dint=^Q^. EQ. (7) 

where: 

dint = I n t e r d o m a i n s p a c i n g (nm) 

Qraax - p o s i t i o n o f p r i m a r y Bragg peak (nm) 

There i s no s u g g e s t i o n however t h a t t h e r e may be any 

Bragg peaks p r e s e n t a t lower Q v a l u e s , so t h i s one a t 

Q ~ 0.03^"^ i s t h e p r i m a r y Bragg peak. Richards and 

Thomason^ have r e p o r t e d a d^nt o f around 3 8nm f o r a 

p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) t r i b l o c k copolymer w i t h 

s p h e r i c a l morphology i n t h e unextruded s t a t e which was 

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

S15150 copolymer. T h i s i s almost double t h a t o b t a i n e d 

f o r t h e more h i g h l y - o r i e n t e d e x t r u d a t e s t u d i e d here. 

R i c h a r d s and Thomason d i d r e p o r t , however, t h a t t h e r e 

was some evidence t h a t t h e r e c o u l d have been a t l e a s t 

one Bragg peak a t a lower Q t h a n observed i n t h e i r 

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

l o w e r Q range would have been necessary t o v e r i f y 

t h i s . As a r e s u l t comparison between t h e r e s u l t s 

o b t a i n e d by t h e s e workers and t h e work c a r r i e d o u t 

here on t h e e x t r u d e d S15150 sample i s n o t p o s s i b l e . 

I n c o n c l u s i o n , t h e r e s u l t s o b t a i n e d f o r t h e e x t r u d e d 
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S15150 were r e l a t i v e l y d i s a p p o i n t i n g . The samples 

were c l e a r l y a n i s o t r o p i c b u t due t o sample s i z e 

l i m i t a t i o n s i t was n o t p o s s i b l e t o extend t h e samples 

beyond an e l o n g a t i o n r a t i o o f 1.1 p a r a l l e l t o t h e 

e x t r u s i o n d i r e c t i o n . 

The Zimm p l o t s o b t a i n e d f o r each s e c t o r o f t h e 

e x t r u d e d S15150 s c a t t e r i n g d ata showed t h e presence o f 

a l a r g e Bragg peak i n d i c a t i n g t h a t t h e ' c o n t r a s t -

m a t c h i n g ' t e c h n i q u e d e s c r i b e d i n Ch. 1 had n o t been 

f u l l y e f f e c t i v e . The presence o f t h i s peak a l s o l e d 

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

immeasurable i n g e n e r a l , though one c a l c u l a t i o n was 

a t t e m p t e d . T h i s showed t h a t t h e d e u t e r o i s o p r e n e was 

indeed s t a t i s t i c a l l y spread t h r o u g h o u t t h e copolymer 

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

was v e r y c l o s e t o t h a t o b t a i n e d from G.P.C. 

measurement. The r a d i u s o f g y r a t i o n , Rg, c a l c u l a t e d 

was v e r y s i m i l a r t o t h a t o b t a i n e d f o r t h e non-extruded 

S15150 sample d e s c r i b e d i n Ch. 3.1. 

For f u t u r e work, l a r g e r samples r e q u i r e d t o be 

s y n t h e s i s e d so t h a t a much w i d e r range o f e l o n g a t i o n 

r a t i o s can be s t u d i e d and a l l o w d e t e r m i n a t i o n o f Rg 

p a r a l l e l and p e r p e n d i c u l a r t o t h e e x t r u s i o n d i r e c t i o n . 
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CHAPTER 4 - THE INTERACTION BETWEEN COMPONENT 

BLOCKS OF AN ISOTOPIC DIBLOCK COPOLYMER 

4.1. I n t r o d u c t i o n 

For Small Angle Neutron S c a t t e r i n g s t u d i e s i n v o l v i n g 

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

i n Chapter 1 i t has been assumed t h a t t h i s t e c h n i q u e 

had no e f f e c t on t h e m i x i n g o f hydrogenous and d e u t e r a t e d 

s p e c i e s . T h i s meant t h e r e was no excess f r e e energy 

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

o u t by Bates e t a l on m i x t u r e s o f hydrogenous and 

d e u t e r a t e d isomers o f h i g h m o l e c u l a r w e i g h t (500 x 10^ 

-1000 X 10-^) polymers, suggested t h i s was n o t a r e a 

sonable assumption. T h i s s e t o f experiments sought t o 

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

d i b l o c k copolymers o f d e u t e r a t e d and hydrogenous 

p o l y s t y r e n e . These experiments were c a r r i e d o u t a t 

t h e R u t h e r f o r d A p p l e t o n L a b o r a t o r y , O x f o r d u s i n g t h e 

LOQ i n s t r u m e n t . A l o n g s i d e s t u d i e s o f d i b l o c k copolymers 

some t i m e was spent c a r r y i n g o u t experiments on blends 

o f d e u t e r o p o l y s t y r e n e and hydrogenous p o l y s t y r e n e . 

These two s t u d i e s are q u i t e d i f f e r e n t and t h e r e f o r e 

a r e d i s c u s s e d s e p a r a t e l y . 
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4.1.1. Background 

P r i o r t o t h e advent o f Small Angle Neutron S c a t t e r i n g 

(SANS) t o examine polymer-polymer i n t e r a c t i o n s , t h e 

t e c h n i q u e s used were slow and i n some cases l e d t o 

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

X. The t e c h n i q u e s a p p l i e d i n c l u d e d m i c r o c a l o r i m e t r y ^ / ̂  

e l e c t r o n microscopy^ and Small Angle X-Ray S c a t t e r 

i n g ^ ' ^ . A l l o f th e s e t e c h n i q u e s have l i m i t a t i o n s -

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

samples i s c r i t i c a l and i s a major source o f e r r o r i n 

th e r e s u l t s o b t a i n e d f o r t h i s t e c h n i q u e . Small Angle 

X-Ray S c a t t e r i n g r e l i e s on t h e i r b e i n g s u f f i c i e n t 

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

Green and Doyle^ used t h e Forward R e c o i l Spectrometry 

t e c h n i q u e t o i n v e s t i g a t e polymer-polymer i n t e r a c t i o n s 

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

h i g h (700 x 10^-800 x 10^) m o l e c u l a r w e i g h t . The 

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

t h i s method had an a s s o c i a t e d e r r o r o f + 50% due t o 

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

SANS d a t a o b t a i n e d by Bates e t a l ^ ' ^ t h e background 

s u b t r a c t i o n was made somewhat a r b i t r a r i l y which may 

account f o r t h e r e s u l t s t h e y o b t a i n e d . T h i s SANS study 

used i s o t o p i c d i b l o c k copolymers o f p o l y s t y r e n e and 

g r e a t c a r e was t a k e n i n e n s u r i n g t h a t t h e background 

('Random') sample was s u b t r a c t e d from t h e sample ('MIX') 

99 



p r o p e r l y . W i t h t h e s e p r o v i s i o n s i t was hoped t h a t t h i s 

s e r i e s o f experiments would g i v e a c l e a r i n d i c a t i o n 

whether t h e c o n c l u s i o n s o f Bates e t a l were upheld. 

4.1.2. The Random Phase A p p r o x i m a t i o n Theory (R.P.A.) 

Much o f t h e e a r l y work i n v e s t i g a t i n g polymer-polymer 

i n t e r a c t i o n s was c a r r i e d o u t on blends o f homopolymers. 

De Gennes^ p u t f o r w a r d a mean f i e l d t h e o r y t o d e s c r i b e 

t h e s c a t t e r i n g p r o f i l e s o b t a i n e d f o r polymer blends. 

T h i s was known as t h e Random Phase A p p r o x i m a t i o n 

(R.P.A.) and i n v o l v e s t h e parameter, x - The 

Flo r y - H u g g i n s i n t e r a c t i o n parameter, x i s i n d i c a t i v e 

o f t h e degree o f m i x i n g o f polymer s u b s t i t u e n t s . I f 

X i s n e g a t i v e t h e n m i x i n g between s u b s t i t u e n t s was 

fa v o u r e d b u t i f x i s p o s i t i v e m i x i n g was u n f a v o u r a b l e 

and phase s e p a r a t i o n o c c u r s . A d e t a i l e d d e s c r i p t i o n o f 

R.P.A. t h e o r y can be found i n t h e l i t e r a t u r e ^ b u t i t 

i s L e i b l e r ' s i O / l i e x t e n s i o n o f R.P.A. t h e o r y so t h a t 

i t covered b l o c k copolymers t h a t i s r e l e v a n t here. A 

b r i e f summary o f t h i s e x t e n s i o n i s g i v e n below b u t f u l l 

d e t a i l s can be found i n Reference ( 1 0 ) . I n p a r t i c u l a r , 

t h e a p p l i c a t i o n o f t h e R.P.A. t h e o r y t o an A-B d i b l o c k 

copolymer w i l l be d i s c u s s e d . 

For an A-B d i b l o c k copolymer o f c o m p o s i t i o n , f , i n t h e 

m o l t e n s t a t e t h e system may be regarded as incom

p r e s s i b l e . 

P A r ) + PB(r)= 1 EQ. (1) 
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where; 

r = any p o i n t i n t h e l i q u i d 

P^.PB = r a t i o o f l o c a l monomer d e n s i t y t o t h e average 

monomer d e n s i t y . 

A t e q u i l i b r i u m a balance between two opposing e f f e c t s 

i s reached: 

( i ) Monomers A and B r e p e l each o t h e r l e a d i n g t o a 

decrease i n A-B c o n t a c t s . 

and ( i i ) The subsequent e n t r o p y decrease i n t h e system 

due t o ( i ) above leads t o an i n c r e a s e i n t h e f r e e 

energy. 

M i x i n g o f A and B c o n s t i t u e n t s i s p r o b a b l e i f t h e 

e n t h a l p y o f i n t e r a c t i o n , tsH, between u n l i k e monomers 

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

A// i s d e f i n e d as: 

ISH = yclx9 A9B EQ. (2) 

where: 

K = Boltzmann Constant (JK~1) 

T = t e m p e r a t u r e (K) 

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

(eg. on c o o l i n g t h e system) t h e n microphase s e p a r a t i o n 

i s f a v o u r e d . I n such a system, t h e d i s t r i b u t i o n o f A 

and B segments i s n o t u n i f o r m t h r o u g h o u t . To char-
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a c t e r i s e t h i s d e v i a t i o n o f monomers from a u n i f o r m 

system an o r d e r parameter, i j ; ( r ) , i s i n t r o d u c e d and may 

be d e s c r i b e d by a d e n s i t y - d e n s i t y c o r r e l a t i o n f u n c t i o n : 

Sir-r')='-T<^,(rJ^,,(r')> EQ. (3) 

where: ( r ) = < p ^ ( r ) - / > a t r ' 

^ P ^ ( r ' ) = < p , ( r ' ) - / > a t r ' 

The F o u r i e r Transform o f Eq u a t i o n (3) i s measured i n 

an e l a s t i c n e u t r o n s c a t t e r i n g experiment. 

I(g)aS(q) EQ. (4) 

where: 

1(g) = s c a t t e r e d n e u t r o n i n t e n s i t y as a f u n c t i o n o f 

s c a t t e r i n g v e c t o r , q. 

Jsin(e/2) 

K = wavelength o f r a d i a t i o n 

6 = s c a t t e r i n g a ngle 

For a m o l t e n d i b l o c k copolymer t h e c o r r e l a t i o n f u n c t i o n 

S/q i s g i v e n by: 

S(g) = l/(q)/S(Q)-2xI/(Q) EQ. (5) 

where: = S^^(g) + SgeCq) + 2S^B(q) EQ. (6) 

^(q) = S^Aq)-SBB(q)-S'ABiq) EQ. (7) 

For an A-B d i b l o c k copolymer 

S^^(q) = Ng(f ,u) EQ. (8) 
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SsB(iq) = Ng(I - f ,u) EQ. (9) 

N 54fi(c7)= 2[g(/,a-g(/,u)-g(/-/,u)] EQ. (10) 

where: 

g ( f , u ) i s t h e Debye f u n c t i o n 

g ( / , a ) = 2 [ / u + e x p ( - / u ) - / ] / u 2 EQ. (11) 

Rg^ = Na^/b 

a = Kuhn s t a t i s t i c a l l e n g t h 

N = t o t a l number o f monomers 

For low q v a l u e s , (q Rg « 1) , t h e s c a t t e r i n g i n t e n s i t y 

decreases due t o t h e systems' i n c o m p r e s s i b i l i t y , 

whereas f o r h i g h q v a l u e s (q Rg » 1 ) t h e monomer d e n s i t y 

f l u c t u a t i o n s a re l i k e those o f an i d e a l c h a i n and I ( q ) 

decreases as 1/q^. The n e t r e s u l t i s a peak a t an 

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

' c o r r e l a t i o n h o l e ' e f f e c t d e s c r i b e d by De Gennes^. 

The e q u a t i o n s (4) t o (11) show t h a t t h e i n t e n s i t y 

p r o f i l e i n t h e d i s o r d e r e d r e g i o n may be f i t t e d u s i n g 

Rg and x a s f i t t i n g v a r i a b l e s s i n c e N and f are c o n s t a n t s . 

The shape o f t h e i n t e n s i t y p r o f i l e i s s t r o n g l y dependent 

on t h e p r o d u c t ( F i g u r e 4.1.1). 
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o f _ X : ^ 

o 

H 

O 

o 

• o x A ' = 5 

+ XN = 7 

- XA' = 9 

o 

O -t- 4-

Q/A-' 

As t h e v a l u e o f xN i n c r e a s e s , t h e maximum i n c r e a s e s 

i n a m p l i t u d e b u t does n o t move from i t s i n i t i a l v a l u e 

o f (Q max. Rg). f o r d i b l o c k copolymers R.P.A. t h e o r y 

p r e d i c t s : 

i ) The peak maximum w i l l be s i t u a t e d a t Q ~ 2/Rg where 

Rg i s t h e r a d i u s o f g y r a t i o n o f t h e whole copolymer. 

i i ) As X decreases t h e peak a m p l i t u d e decreases b u t 
t h e peak w i d t h i n c r e a s e s . A decrease i n x i s u s u a l l y 
o b t a i n e d by i n c r e a s i n g t h e temperature f o r more 
f a v o u r a b l e m i x i n g . 
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i i i ) The f u l l w i d t h a t h a l f h e i g h t i s determined by ̂ . 

I t i s i n t e r e s t i n g t o compare t h i s b e h a v i o u r w i t h t h a t 

f o r a homopolymer b l e n d ^ ^ ( F i g u r e 4.1.2.). For A-B 

m i x t u r e s t h e i n t e n s i t y maximum i s e v i d e n t l y a t qzP and 

X i s d e t e r m i n e d by e x t r a p o l a t i n g t h e data back t o q=0. 

For a d i b l o c k copolymer L e i b l e r ^ ^ suggested t h a t i n 

t h e d i s o r d e r e d regime t h e e q u i l i b r i u m s t a t e i s 

d e t e r m i n e d by two f a c t o r s : 

( i ) t h e c h a i n c o m p o s i t i o n ( f ) 

and ( i i ) t h e Product (xA/) 

A t t h e s p i n o d a l p o i n t , (xN)sr t h e c r i t i c a l p o i n t f o r 

u n m i x i n g o f s u b s t i t u e n t s occurs. 

l / / = S ( g ) / l . / ( g ) - 2 x = 0 EQ. (12) 

T h i s corresponds t o a minimum i n t h e f u n c t i o n S(q)/W(q) 

and a l l o w s t h e i n t e r a c t i o n parameter a t t h e s p i n o d a l 

p o i n t ( X s ) t o be c a l c u l a t e d . For an A-B d i b l o c k copolymer 

t h e s p i n o d a l p o i n t occurs a t ( x ^ ) s = 10.5 whereas f o r 

t h e e q u i v a l e n t homopolymer b l e n d ( x A ^ ) s = 2 . Thus a t 

some t e m p e r a t u r e s an A-B d i b l o c k copolymer would be 

homogeneous ((x^) < 10.5), whereas t h e c o r r e s p o n d i n g 

homopolymer b l e n d would phase se p a r a t e ( ( x ^ ) >2) i n 

agreement w i t h t h e work o f Krause e t a l ^ 
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Figure 4.1.2, Typical Scattering Profiles for an A-B 

homopolymer blend (o) and A-B Diblock Copolymer (x) 

E 

O 

Q/(A-^ 



4.1.3. E x p e r i m e n t a l 

D i b l o c k copolymers o f p o l y s t y r e n e / d e u t e r o p o l y s t y r e n e 

and p o l y s t y r e n e / d e u t e r o p o l y s t y r e n e blends were syn-

t h e s i s e d as d e s c r i b e d i n Ch. 2. The sample char

a c t e r i s t i c s a r e shown i n Tables (4.2.1 and 4.2.2). 

These samples were t h e n t a k e n t o t h e R u t h e r f o r d A p p l e t o n 

L a b o r a t o r y , O x f o r d f o r s t u d y on t h e LOQ spectrometer 

a f t e r b e i n g pressed i n t o d i s c s as d e s c r i b e d i n Ch. 

2 . 3 . 2 . ( b ) . The d i s c s were p l a c e d between o p t i c a l f l a t s 

i n a mounting assembly as shown i n F i g u r e 4.2.1 and 

a r r a n g e d i n a h e a t i n g r a c k . The h e a t i n g r a c k was t h e n 

p l a c e d i n t h e beam and a l a s e r l i g h t was used t o ensure 

t h e samples were exposed t o t h e beam. The samples were 

t h e n heated t o 393K and a l l o w e d t o e q u i l i b r a t e f o r 30 

minutes b e f o r e measurements began. Samples were th e n 

s t u d i e d a t lOK i n t e r v a l s up t o 473K a l l o w i n g t h e same 

e q u i l i b r a t i o n p e r i o d as f o r t h e f i r s t s t u d i e s . 

The i n i t i a l t e m p e r a t u r e was chosen by examining t h e 

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 , Tg, o f polymer sub

s t i t u e n t s and e n s u r i n g s t u d i e s commenced 2OK above t h e 

h i g h e s t one. T h i s was t o ensure any p o s s i b l e e f f e c t s 

due t o b e i n g t o o c l o s e t o t h e Tg o f one s u b s t i t u e n t 

were e l i m i n a t e d . 

D u r i n g t h e course o f t h e s t u d y i t was noted t h a t a l l 

t h e samples s t a r t e d t o form a i r bubbles as t h e tem-
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F i g u r e 4.2.1. Arrangement o f Sample i n Sample Holder 
f o r use i n LOO i n s t r u m e n t 

sample 

O p t i c a l Disc-



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

s a m p l e s ( T a b l e 4.2.2) t h e samples seeped out of t h e 

sample h o l d e r s a t a l l t h e t e m p e r a t u r e s s t u d i e d . 

A t t e m p t s t o a l l e v i a t e t h i s problem, u s i n g PTFE t a p e a s 

a b a r r i e r t o l e a k a g e and t i g h t e n i n g up t h e sample h o l d e r 

a t e v e r y new t e m p e r a t u r e s t u d i e d , had l i m i t e d s u c c e s s 

a s sample l o s s e s were s t i l l o b t a i n e d . 

E v e r y sample was s t u d i e d a t each t e m p e r a t u r e u n t i l good 

s t a t i s t i c s had been o b t a i n e d t o a l l o w t h e d a t a t o be 

of u s e i n s u b s e q u e n t a n a l y s i s . 
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T a b l e 4.2.1. - C h a r a c t e r i s t i c s o f h i g h m o l e c u l a r weight 

I s o t o p i c D i b l o c k Copolymers o f P o l y s t y r e n e 

SAMPLE 

(X 10-3) 

Mw/Mn 

PSH80PSD20 94.2 1.11 

PSH60PSD40 91.2 1.16 

PSH40PSD60 93.9 1.20 

PSH20PSD80 91.8 1.23 

T a b l e 4.2.2. - C h a r a c t e r i s t i c s of low m o l e c u l a r w e i g h t 

I s o t o p i c D i b l o c k Copolymers o f P o l y s t y r e n e 

SAMPLE 

(X 10-3) 

%/Mn 

PSH80PSD20B 11.9 1.22 

PSH50PSD50B 16.6 1.16 

PSH20PSD80B 16. 3 1.23 
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4.2. R e s u l t s and D i s c u s s i o n 

4.2.1. I s o t o p i c D i b l o c k Copolymers o f P o l y s t y r e n e 

The f i r s t s e t o f e x p e r i m e n t s were c a r r i e d out u s i n g 

t h e h i g h m o l e c u l a r w e i g h t (100x10"^) s e r i e s . 

F i g u r e 4.2.2. and F i g u r e 4.2.3. show t h e t y p i c a l 

s c a t t e r i n g p r o f i l e o b t a i n e d from t h i s s e t of samples. 

I t i s e v i d e n t t h a t t h e r e i s a s i n g l e maximum i n t h e 

p r o f i l e b u t i t i s not f u l l y r e s o l v e d . T h i s was due t o 

t h e l i m i t e d Q range of t h e LOQ i n s t r u m e n t i n t h e low 

Q r e g i o n of t h e s c a t t e r i n g p r o f i l e . D e s p i t e t h i s 

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

were o b t a i n e d . F i r s t l y , t h e r e was a s i n g l e maximum 

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

a m p l i t u d e d e c r e a s e d and t h e peak w i d t h i n c r e a s e d 

( F i g u r e 4.2.4.) . S i n c e t h e peak was not f u l l y r e s o l v e d 

i t was, however, n o t p o s s i b l e t o a s c e r t a i n i f t h e peak 

maximum was s i t u a t e d a t Q ~ 2/Rg. 

The l i m i t e d r e s o l u t i o n of t h e peak f o r each copolymer 

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

t h e d a t a . The r e l a t i v e l y few d a t a p o i n t s i n t h e low 

Q r e g i o n o f t h e s c a t t e r i n g p r o f i l e had t h e h i g h e s t 

e r r o r s a s s o c i a t e d w i t h them (up t o 50% i n some c a s e s ) 

and so c o u l d n o t be u s e d when a t t e m p t i n g t o f i t t h e 

d a t a . As a consequence o f t h i s o n l y two d i b l o c k 

copolymer sam p l e s , PSH20PSD80 and PSH80PSD20, gave f i t s 

o f r e a s o n a b l e s t a t i s t i c a l s i g n i f i c a n c e . These r e s u l t s 
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a r e shown i n T a b l e s 4.2.3 and 4.2.4 and were o b t a i n e d 

u s i n g a computer program t h a t ' f i x e d ' t h e v a l u e of Rg 

from t h e maximum i n t e n s i t y i n t h e s c a t t e r i n g p r o f i l e 

and t h e n v a r i e d t h e v a l u e of x u n t i l t h e b e s t s t a t i s t i c a l 

f i t was o b t a i n e d . T a b l e s 4.2.3 and 4.2.4 c l e a r l y show 

t h a t t h e r a d i i o f g y r a t i o n o b t a i n e d f o r each sample 

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

T h e s e showed, i n g e n e r a l , an i n c r e a s i n g f a v o u r a b i l i t y 

o f m i x i n g o f polymer c o n s t i t u e n t s a s i n d i c a t e d by an 

i n c r e a s i n g l y n e g a t i v e i n t e r a c t i o n parameter, 

F i g u r e s 4 . 2 . 5 ( a ) - 4 . 2 . 5 ( d ) show t y p i c a l f i t s t o s e t s of 

e x p e r i m e n t a l d a t a o b t a i n e d f r o PSH80PSD20 sample a t 

v a r i o u s t e m p e r a t u r e s . 

The r e s u l t s o b t a i n e d f o r t h e i n t e r a c t i o n parameter, x 

a t v a r i o u s t e m p e r a t u r e s , T, f o r t h e PSH20PSD80 and 

PSH80PSD20 sam p l e s were us e d t o f i n d t h e v a l u e s of t h e 

c o n s t a n t s A and B i n t h e f o l l o w i n g r e l a t i o n s h i p : 

, B 
X= ^ + 

EQ. (13) 

A graph o f 1/x v s T was p l o t t e d f o r each sample and a 

l e a s t s q u a r e s f i t was use d t o o b t a i n t h e b e s t s t r a i g h t 

l i n e t h r o u g h t h e d a t a ( F i g u r e s 4.2.6 and 4 . 2 . 7 ) . The 

v a l u e s have a l a r g e e r r o r a s s o c i a t e d w i t h them due t o 

t h e r e l a t i v e l y s m a l l number of d a t a p o i n t s . 
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F i g u r e 4.2.7. P l o t oflX'vs l/T f o r PSH80PSD20 Sample 
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T a b l e 4.2.5. - C o n s t a n t s A and B o b t a i n e d from a Y 

v s 1/T p l o t 

Sample A B 

PSH20PSD80 -0.37 137.2 

+ + 

0. 04 19.4 

PSH80PSD20 -0.32 126.7 

+ + 

0. 04 17.7 
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As a r e s u l t t h e magnitude o f t h e c o n s t a n t s A and B are 

o f i n t e r e s t r a t h e r t h a n t h e a b s o l u t e v a l u e s because o f 

t h e l a r g e e r r o r s a s s o c i a t e d w i t h them. 

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

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

p o l y s t y r e n e , i t was decided t o s y n t h e s i s e a lower 

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

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

t h e same experiment on these copolymer samples. The 

t a r g e t s e t was a t o t a l m o l e c u l a r w e i g h t o f 2 0000 because 

t h e maximum i n t h e s c a t t e r i n g p r o f i l e from these samples 

would have been a t Q ~ 0.05 A'\ T h i s i s w e l l w i t h i n 

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

These samples were s y n t h e s i s e d (Ch. 2.3.2) and are 

c h a r a c t e r i s e d i n Table 4.2.2. Data f o r t h i s s e t o f 

samples was c o l l e c t e d over t h e t e m p e r a t u r e range 408K 

t o 468K. Data c o r r e c t i o n f o r these lower m o l e c u l a r 

w e i g h t samples was made i n a c c u r a t e by t h e need t o 

e s t i m a t e t h e copolymer f i l m t h i c k n e s s f o r t h e samples 

a t each t e m p e r a t u r e . Consequently t h e c a l c u l a t e d 

a b s o l u t e i n t e n s i t i e s f o r these samples have an u n d e f i n e d 

e r r o r a s s o c i a t e d w i t h them due t o t h i s seepage problem. 

T h i s does d e t r a c t from t h e i n t e r a c t i o n parameters, x, 

c a l c u l a t e d from these data s e t s which are dependent on 

t h e peak a m p l i t u d e as w e l l as t h e peak w i d t h . The peak 
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maximum p o s i t i o n , however, i s u n a f f e c t e d by t h e e r r o r 

i n t h e peak a m p l i t u d e as i t i s determined by t h e Rg o f 

t h e whole copolymer. The s c a t t e r i n g o b t a i n e d from 

t h e s e samples, i n g e n e r a l , showed no maxima i n t h e 

s c a t t e r e d i n t e n s i t y , ( F i g u r e 4.2.8.)/ j u s t an 

e x p o n e n t i a l - t y p e decay from low t o h i g h Q. The o n l y 

sample t o show a maximum i n i t s s c a t t e r i n g p r o f i l e was 

t h e PSH50PSD50B copolymer sample, ( F i g u r e 4.2.9.). 

F i g u r e 4.2.10. shows a 'bes t ' f i t t o a t y p i c a l s e t o f 

da t a o b t a i n e d f o r t h e PSH50PSD50B sample. The 

PSH50PSD50B sample was t h e o n l y d a t a s e t t o which a 

s t a t i s t i c a l l y 'good' f i t c o u l d be o b t a i n e d . These 

r e s u l t s a r e shown i n Table 4.2.6.. 
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F i g u r e 4.2.11. 
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The r e s u l t s were used t o p l o t x vs 1/T f o r t h i s 

PSH50PSD50B copolymer t o e v a l u a t e c o n s t a n t s A and B i n 

e q u a t i o n (13) . F i g 4.2.11. shows t h i s data and a l e a s t 

squares f i t t o t h e d a t a . From t h i s p l o t t h e c o n s t a n t s 

A and B were -0.11 and 25.44 r e s p e c t i v e l y . The p l o t s 

o f X vs 1/T i n 4.2.6., 4.2.7. and 4.2.10. do n o t 

i n c l u d e t h e v a l u e s o b t a i n e d a t 423K. The reason f o r 

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

parameter, x , a t t h i s t e m p e r a t u r e were n o t c o n s i s t e n t 

w i t h t h e o t h e r r e s u l t s . The anomaly a t 423K f o r b o t h 

s e t s o f copolymer samples l e d t o an ex a m i n a t i o n o f t h e 

samples themselves u s i n g a D i f f e r e n t i a l Scanning 

C a l o r i m e t e r (D.S.C.). No exotherms o r endotherms were 

observed f o r any o f t h e samples a t 423K and no f u r t h e r 

i n v e s t i g a t i o n was p o s s i b l e due t o t i m e r e s t r a i n t s . 

4.2.2. D i s c u s s i o n o f D i b l o c k Copolymer R e s u l t s 

T h i s s t u d y o f two s e t s o f i s o t o p i c d i b l o c k copolymer 

samples o f p o l y s t y r e n e and d e u t e r o p o l y s t y r e n e showed 

t h a t , over a l l t e m p e r a t u r e s s t u d i e d , t h e r e s u l t s 

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

PSH20PSD80, PSH80PSD20 and PSH50PSD50 samples. I t 

s h o u l d be p o i n t e d o u t t h a t a l l o t h e r d i b l o c k copolymer 

samples d i d n o t have a s i n g l e r e s o l v a b l e peak as had 

been p r e v i o u s l y expected. These samples showed a 

c o n t i n u a l decrease i n t h e s c a t t e r e d i n t e n s i t y w i t h Q. 

One p o s s i b l e e x p l a n a t i o n o f t h i s phenomenon has been 
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p u t f o r w a r d by Freed e t a l ^ ^ who s t a t e d t h a t t h e removal 

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

f o r polymer molecules c o u l d account f o r t h e unexpected 

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

and s h o u l d , i n any case, o n l y a f f e c t t h e Q - 0 i n t e n s i t y 

n o t t h e peak. 

P r e v i o u s work on copolymer systems i s somewhat l i m i t e d . 

The v a s t m a j o r i t y o f work i n t h i s area has c o n c e n t r a t e d 

on polymer b l e n d s . R e c e n t l y , C o n n e l l e t a l ^ ^ performed 

SANS experiments on c o n c e n t r a t e d d e u t e r o s t y r e n e - i s o -

prene (SI) d i b l o c k copolymer s o l u t i o n s . The copolymers 

s t u d i e d had m o l e c u l a r w e i g h t o f around 85000 and a 

s t y r e n e w e i g h t f r a c t i o n o f 0.19 and 0.38 r e s p e c t i v e l y . 

These workers found t h e v a l u e s o f c o n s t a n t s A and B i n 

e q u a t i o n (13) t o be (-0.073, 40.49) and (0.32xl0"3, 

4.71) r e s p e c t i v e l y . These r e s u l t s show t h a t t h e 

c o m p o s i t i o n o f t h e copolymer a f f e c t s t h e i n t e r a c t i o n 

parameter, x s i n c e t h e m o l e c u l a r w e i g h t s are v e r y 

s i m i l a r . The v a l u e o f t h e c o n s t a n t A f o r these two 

copolymers shows t h a t f o r t h e l a t t e r , t h e i n t e r a c t i o n 

parameter w i l l always be p o s i t i v e i . e . m i x i n g i s not 

f a v o u r e d . 

From t h e r e s u l t s o b t a i n e d f o r A and B i n e q u a t i o n (13) 

by C o n n e l l e t a l ^ ^ f o r t h e f i r s t copolymer, t h e 

i n t e r a c t i o n parameter, x, w i l l be n e g a t i v e ( m i x i n g i s 

f a v o u r e d ) up t o T = 555K, and p o s i t i v e ( m i x i n g not 
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f a v o u r e d ) t h e r e a f t e r . A t t h i s t e m p e r a t u r e t h e system 

w i l l have degraded ( d e g r a d a t i o n t e m p e r a t u r e f o r 

p o l y s t y r e n e i s 500K) . From t h e v a l u e s o f t h e c o n s t a n t s 

A and B o b t a i n e d f o r t h e copolymer samples PSH2 0PSD80, 

PSH80PSD20 and PSH50PSD50B an e s t i m a t i o n o f t h e s p i n o d a l 

t e m p e r a t u r e , Tg, can be made. I n t h e case o f t h e 

PSH20PSD80 sample t h e Tg i s e s t i m a t e d t o be around 363K 

and f o r t h e PSH80PSD20 samples, 385K. For t h e 

PSH50PSD50B sample t h e Tg i s c a l c u l a t e d t o be around 

153K. T h i s l a t t e r v a l u e f o r t h e PSH50PSD50B has a v e r y 

l a r g e e r r o r a s s o c i a t e d w i t h i t due t o t h e problem 

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

sample seepage from h o l d e r . The v a l u e s o f Tg o b t a i n e d 

f o r PSH20PSD80 and PSH80PSD20, do have a l a r g e e r r o r 

a s s o c i a t e d w i t h t h e r e l a t i v e l y few p o i n t s used t o o b t a i n 

t h e v a l u e s o f c o n s t a n t s A and B, b u t do show a c l o s e 

agreement. I t i s i n t e r e s t i n g t o note t h a t these v a l u e s 

a r e i n t h e same r e g i o n as t h e g l a s s t r a n s i t i o n tem

p e r a t u r e s , Tg, f o r d e u t e r o p o l y s t y r e n e (378K) and 

p o l y s t y r e n e (363K). 

The f a c t t h a t o n l y t h r e e samples, i n t o t a l , gave data 

on w h i c h f u r t h e r analyses c o u l d be c a r r i e d o u t meant 

t h a t c o n s t r u c t i n g a phase diagram f o r e i t h e r t h e low 

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

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

system, c a r r y i n g o u t t h e same s e r i e s o f experiments on 
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an i n s t r u m e n t w i t h b e t t e r r e s o l u t i o n i n t h e low Q 

r e g i o n , such as D17, would a l l o w b e t t e r r e s o l u t i o n o f 

t h e peak i n t h e s c a t t e r i n g p r o f i l e s o f these samples. 

T h i s would be o f b e n e f i t , f o r a l l copolymer composi

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

suggested t h e presence o f a peak i n t h e s c a t t e r e d 

i n t e n s i t y o f a l l samples. T h i s would a l l o w t h e phase 

diagram t o be c o n s t r u c t e d and make t h e e v a l u a t i o n o f 

c o n s t a n t s A and B i n e q u a t i o n (13) more a c c u r a t e f o r 

t h e h i g h m o l e c u l a r w e i g h t samples. 

For t h e l o w e r m o l e c u l a r w e i g h t samples, no obvious 

b e n e f i t c o u l d be o b t a i n e d from u s i n g an i n s t r u m e n t such 

as D17 s i n c e t h e peak p o s i t i o n f e l l w i t h i n t h e r e s o l u t i o n 

l i m i t s o f t h e LOQ i n s t r u m e n t . The r e a l problem t o be 

r e s o l v e d w i t h t h e s e samples i s t h e sample l e a k i n g from 

t h e sample-holder a t a l l t e m p e r a t u r e s . R u s s e l l e t 

al^^, however, r e c e n t l y s t u d i e d a low m o l e c u l a r w e i g h t 

(28000) d i b l o c k copolymer o f p e r d e u t e r a t e d p o l y s t y r e n e 

and p o l y m e t h y l m e t h a c r y l a t e . These workers r e p o r t e d no 

problems w i t h sample leakage and found t h e v a l u e s o f 

c o n s t a n t s A and B i n e q u a t i o n (13) t o be 0.028 and 3.9 

r e s p e c t i v e l y . These r e s u l t s are based on a l i n e a r 

l e a s t - s q u a r e s f i t t o o n l y t h r e e data p o i n t s and so 

t h e i r accuracy i s q u e s t i o n a b l e . These r e s u l t s showed 

X was p o s i t i v e f o r a l l t e m p e r a t u r e s b u t more i n t e r 

e s t i n g l y t h a t t h e o r d e r - d i s o r d e r t r a n s i t i o n f o r these 
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samples i s below t h e Tg and t h e r e f o r e n o t observable. 

For a 10% i n c r e a s e i n t h e t o t a l number o f segments N, 

t h e microphase t r a n s i t i o n t e m p e r a t u r e was i n c r e a s e d by 

15OK t o a t e m p e r a t u r e where i t c o u l d be observed. 

The e f f e c t o f t h e polymer m o l e c u l a r w e i g h t on t h e 

i n t e r a c t i o n parameter can a l s o be seen from t h e r e s u l t s 

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

d i b l o c k copolymers o f p o l y s t y r e n e i n t h i s s t u d y . As 

t h e m o l e c u l a r w e i g h t o f t h e copolymer decreased so t h e 

i n t e r a c t i o n parameter, x became more n e g a t i v e i . e . 

m i x i n g became more f a v o u r a b l e . For t h e h i g h m o l e c u l a r 

w e i g h t samples Tables 4.2.3. and 4.2.4. showed t h a t as 

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

t h e d i b l o c k copolymer i n c r e a s e d so m i x i n g became more 

f a v o u r a b l e . Other workers have a l s o r e p o r t e d a mol

e c u l a r w e i g h t dependence o f t h e i n t e r a c t i o n parameter 

I n c o n c l u s i o n , these s t u d i e s on i s o t o p i c d i b l o c k 

copolymers have shown an Upper C r i t i c a l S o l u t i o n 

Temperature (UCST) f o r a l l samples and t h a t m i x i n g was 

f a v o u r e d f o r a l l samples where c a l c u l a t i o n o f t h e 

i n t e r a c t i o n parameter,x was p o s s i b l e . The v a l u e s o f 

X o b t a i n e d were s m a l l b u t t h e y t e n d t o suggest t h a t 

t h e assumption t h a t s e l e c t i v e d e u t e r a t i o n had no e f f e c t 

on t h e m i x i n g o f hydrogenous and d e u t e r a t e d species 

was v a l i d . 
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4.3. Polymer Blends 

4.3.1. I n t r o d u c t i o n 

A l o n g s i d e t h e s e s t u d i e s o f i s o t o p i c d i b l o c k copolymers 

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

o u t on 50/50 (w/w) homopolymer blends o f p o l y s t y r e n e 

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

t o t h o s e s t u d i e d as i s o t o p i c d i b l o c k copolymers. The 

c h a r a c t e r i s t i c s o f these samples are shown i n Table 

4.3.1. 

Table 4.3.1. - C h a r a c t e r i s t i c s o f Homopolymers used 

i n Blends f o r s t u d y on LOO I n s t r u m e n t 

(X10"3) 
Mw/Mn 

PSHIOO 96.0 1. 05 

PSDIOO 90. 6 1.17 

PSHIOOB 14.3 1.18 

PSDIOOB 12.8 1.21 

4.3.2. E x p e r i m e n t a l 

The samples were prepared by m i x i n g t h e e q u i v a l e n t 

w e i g h t s o f t h e pure hydrogenous p o l y s t y r e n e and 

d e u t e r a t e d p o l y s t y r e n e and t h e n p r e s s i n g t h e sample 

i n t o a d i s c i n t h e same manner as was employed f o r t h e 

i s o t o p i c d i b l o c k copolymer d e s c r i b e d i n Ch. 2.3.2(b). 
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4.3.3. R e s u l t s 

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

b l e n d s were as expected ( F i g u r e 4.3.1.). No peaks i n 

t h e i n t e n s i t y were observed and t h e maximum o c c u r r e d 

a t q~0. A t t e m p t s t o f i t t h i s d a ta t o o b t a i n i n t e r a c t i o n 

p arameters were made b u t proved u n s u c c e s s f u l due t o 

l i m i t a t i o n s o f t h e computer program used. 
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CHAPTER 5 - NEUTRON R E F L E C T I V I T Y S T U D I E S OF THE 

ORDERING I N A S E R I E S OF D I B L O C K COPOLYMER F I L M S 

5 . 1 . I n t r o d u c t i o n 

M o s t e x p e r i m e n t a l and t h e o r e t i c a l w o r k on b l o c k 

c o p o l y m e r s has f o c u s s e d on t h e s t a t i c and dynamic 

p r o p e r t i e s o f t h e b u l k s p e c i e s . The i n c r e a s i n g use o f 

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

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

r e s p e c t i v e l y has l e d t o an i n c r e a s e d i n t e r e s t i n t h e 

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

I n t h i s s t u d y , a s e r i e s o f t h r e e p o l y ( s t y r e n e -

d e u t e r o i s o p r e n e ) and t h r e e p o l y ( d e u t e r o s t y r e n e -

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

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

c h a r a c t e r i s e d i n T a b l e 5 . 1 . 1 . and an a c c o u n t o f t h e i r 

s y n t h e s e s g i v e n i n c h . 2.4.2. a l o n g w i t h t h e sample 

p r e p a r a t i o n b e f o r e p e r f o r m i n g r e f l e c t o m e t r y 

e x p e r i m e n t s on t h e CRISP i n s t r u m e n t , R u t h e r f o r d 

A p p l e t o n L a b o r a t o r y (RAL), O x f o r d . A d e s c r i p t i o n o f 

t h e CRISP r e f l e c t o m e t e r i s g i v e n i n Ch. 2. 4 . 1 . 
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T a b l e 5 . 1 . 1 . - Sample c h a r a c t e r i s t i c s o f P o l y ( h -

s t y r e n e - d - i s o p r e n e ) (HSDI s e r i e s ) and P o l y ( d - s t y r e n e -

h - i s o p r e n e ) (DSHI s e r i e s ) 

SAMPLE 

H S D I l 29190 14360 0.527 

D S H I l 30680 14850 0. 485 

HSDI2 95680 50710 0. 510 

DSHI2 36570 17070 0. 490 

DSHI3 13100 6470 0.531 

(1) - Measured b y G.P.C. 

(2) - O b t a i n e d f r o m w e i g h t o f s t y r e n e u s e d i n 

p o l y m e r s y n t h e s i s . 

w h e r e ; 

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

t h e c o p o l y m e r . 

Mcp = m o l e c u l a r w e i g h t o f t h e w h o l e c o p o l y m e r . 

Wg = w e i g h t f r a c t i o n o f s t y r e n e i n each c o p o l y m e r . 

5 . 1 . 1 . B a c k g r o u n d 

A d e s c r i p t i o n o f n e u t r o n r e f l e c t i v i t y i s g i v e n i n 

C h a p t e r 1 . As w i t h S m a l l A n g l e N e u t r o n S c a t t e r i n g 

(SANS), n e u t r o n r e f l e c t i v i t y r e l i e s on t h e v e r y 

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

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

c o p o l y m e r s a t i n t e r f a c e s and s u r f a c e s has become 

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

s u r f a c t a n t s and a d h e s i v e s i n i n d u s t r y have i n c r e a s e d . 
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I n f o r m a t i o n on t h e i n t e r f a c i a l r e g i o n f r o m s t u d i e s o f 

b u l k s p e c i e s u s i n g SANS were l i m i t e d by d e n s i t y 

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

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

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

compounds have been made. V e r y few s t u d i e s o f b l o c k 

c o p o l y m e r s n e a r s u r f a c e s ^ ' * o r i n t e r f a c e s ^ have been 

p u b l i s h e d . These r e s u l t s have l e d t o an i n c r e a s e d 

i n t e r e s t i n u t i l i z i n g n e u t r o n r e f l e c t i v i t y t o s t u d y 

v a r i o u s c o p o l y m e r s y s t e m s . R u s s e l l e t a l ^ s t u d i e d a 

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

m o l e c u l a r w e i g h t (3 0,000) and a p o l y ( d e u t e r o s t y r e n e -

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

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

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

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

B r a g g p e a k s and, u s i n g t h e m u l t i l a y e r e d m a t r i x method^, 

a ' f i t ' t o t h e d a t a was o b t a i n e d . T h i s showed t h e 

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

i n t e r f a c i a l r e g i o n o f 5 4 + 2 ^ w i d t h , and u n i f o r m l a y e r 

t h i c k n e s s e s . These r e s u l t s w e r e i n c l o s e a g r eement 

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

F r e d r i c k s o n ' ' . 
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5.2. R e s u l t s and D i s c u s s i o n 

5 . 2 . 1 . R e s u l t s 

The d i b l o c k c o p o l y m e r f i l m s on o p t i c a l f l a t s were n o t 

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

The r e a s o n f o r t h i s was t h a t when t h e f i r s t samples 

w e r e s p u n - c a s t o n t o o p t i c a l f l a t s and a n n e a l e d a t 443K 

f o r 2 4 h o u r s i n a vacuum oven u n d e r n i t r o g e n p r e s s u r e , 

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

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

t w i c e t o e n s u r e t h e f i r s t r e s u l t was n o t t h e r e s u l t o f 

human e r r o r o r m e c h a n i c a l f a i l u r e b u t on each o c c a s i o n 

t h e o utcome was t h e same. 

When t h e n e x t s e t o f spun c a s t s a m p l e s w e r e made t h e s e 

w e r e s i m p l y p l a c e d i n a vacuum oven a 33 3K f o r 12 

h o u r s t o remove any e x c e s s s o l v e n t p r i o r t o b e i n g 

t a k e n t o R.A.L. f o r r e f l e c t i v i t y s t u d i e s . 

The s c a t t e r i n g p r o f i l e s f o r each sample were o b t a i n e d 

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

n e u t r o n s , 0.35° and 1.0°, t o g i v e , when com b i n e d , a Q 

r a n g e o f 0.005 A'^ t o 0.12 A''^. F o r each 

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

maxima ( F i g u r e s 5.1.1 and 5 . 1 . 2 ) . From SANS s t u d i e s 

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

B r a g g p e a k s t o t h e p r i m a r y B r a g g p e a k depends on t h e 

c o p o l y m e r c o m p o s i t i o n Ch. 1 . F o r d i b l o c k c o p o l y m e r 

w i t h l a m e l l a r d o m a i n m o r p h o l o g y t h e r a t i o s a r e 0.5, 

0.33, 0.25, 0.02.... 
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T a b l e 5 . 2 . 1 . shows t h e Q v a l u e a t t h e maximum f o r each 

p e a k and i t s c o r r e s p o n d i n g i n t e r d o m a i n s p a c i n g , d. 

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

t h e s e s a m p l e s ' i s shown as ds^NS' The dgANs v a l u e i s 

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

isANS = 0.997 Mcp°-̂ ^ EQ. (1) 

T a b l e 5 . 2 . 1 . shows t h a t e ach sample showed a t l e a s t 

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

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

The p r e s e n c e o f o t h e r i n t e r m e d i a t e maxima i n t h e 

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

H S D I l , may be due t o s e v e r a l f a c t o r s . F i r s t l y , t h e y 

may be a r e s u l t o f i n t e r f e r e n c e due t o r e g u l a r 

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

S e c o n d l y , s i n c e t h e s a m p l e s were e x a m i n e d w i t h o u t 

a n n e a l i n g t h e n i t c a n n o t be assumed t h a t t h e y were i n 

e q u i l i b r i u m when e x a m i n e d . C o n s e q u e n t l y s e v e r a l 

u n e x p e c t e d maxima c o u l d be f o u n d i n t h e r e f l e c t i v i t y 

p r o f i l e . 
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T a b l e 5 . 2 . 1 . - C o r r e c t e d 0 v a l u e s f o r each maximum 

(Q c o r r ) , i t s c o r r e s p o n d i n g i n t e r d o m a i n s p a c i n g ( d ) , 

r a t i o o f l o w e r o r d e r p e a k s t o p r i m a r y peak (d/d„) and 

(dsAKs) c a l c u l a t e d f r o m SANS 

SAMPLE Q c o r r d d/do 

(A) (A) (A) 

H S D I l 0. 034 184.8 1 315.7 

0. 069 91 . 1 0.49 

0.106 59. 3 0.32 

D S H I l 0. 012 523.6 1 324 . 6 

0. 022 285. 6 0. 54 

0. 033 190.4 0.36 

0. 050 125.7 0.24 

0. 057 110.2 0.21 

0. 064 98.2 0.19 

0.074 84.9 0.16 

0. 084 74.8 0.14 

HSDI2 0.011 571.2 1 613.7 

0.015 418 . 9 0. 73 

0. 020 314.2 0.55 

0.027 232 .7 0. 40 

0. 031 202 . 7 0.35 
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T a b l e 5 . 2 . 1 . c o n t . 

SAMPLE Q c o r r d d/d„ 

U) (A) (A) 

DSHI2 0. 015 418.9 1 358 .1 

0. 024 261.8 0. 62 

0. 032 196.3 0.47 

0. 075 83.8 0.20 

DSHI3 0. 018 349 .1 1 201.5 

0. 024 261.8 0.75 

0. 039 161.1 0.46 

0.059 106.5 0.31 
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F i n a l l y , t h e s e i n t e r m e d i a t e p e a k s c o u l d i n d i c a t e t h a t 

t h e d o m a i n m o r p h o l o g y i n t h e sample was n o t 100% 

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

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

s t u d y , ' r o c k i n g - c u r v e ' p r o f i l e s w e r e o b t a i n e d as 

d e s c r i b e d b y R u s s e l l ^ . T h i s i n v o l v e d f i x i n g t h e 

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

B r a g g p e a k and ' r o c k i n g ' t h e sample a r o u n d t h e a n g l e 

o f t h e peak. T h i s moves t h e s c a t t e r i n g v e c t o r t o o f f -

n o r m a l t o o f f - n o r m a l p o s i t i o n s . The h a l f w i d t h a t 

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

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

d i s o r i e n t a t i o n o f t h e l a m e l l a e . Samples were i n c l i n e d 

a t 2 ° , 4°, 6°, 8° t o t h e beam. F i g u r e s 5.2.3 and 5.2.4 

show t h e ' n o r m a l ' and ' r o c k e d ' p r o f i l e s f o r D S H I l 

s a m p l e . The p r i m a r y B r a g g peak i n F i g u r e 5.2.3 i s 

s i t u a t e d a t O.OlsA'^ and f o r t h e ' r o c k e d ' sample t h e 

h a l f w i d t h a t h a l f maximum o c c u r s a t 0.0185^"^ 

i n d i c a t i n g n e a r - p e r f e c t l a m e l l a r domains p a r a l l e l t o 

t h e s u r f a c e o v e r l a r g e d i s t a n c e s . Thus i t may be 

c o n c l u d e d t h a t t h e e x t r a maxima i n t h e s c a t t e r i n g 

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

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

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

e x a m i n a t i o n o f t h e ' r o c k i n g c u r v e ' p r o f i l e s o b t a i n e d . 

The e x p e r i m e n t a l l y o b t a i n e d d a t a was t h e n f i t t e d by a 

s i m u l a t i o n u s i n g t h e m u l t i l a y e r m a t r i x method^°. T h i s 

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

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

l e n g t h d e n s i t i e s . A s s u m i n g t h a t t h e sample f i l m s were 

made up o f a l t e r n a t i n g l a y e r s o f s t y r e n e and i s o p r e n e 

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

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

s i m u l a t i o n p r o g r a m s a v a i l a b l e a t R.A.L.. T h i s 

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

t h i c k n e s s and t h e r o u g h n e s s o f each l a y e r as v a r i a b l e s 

t o a r r i v e a t a ' b e s t - f i t ' t o t h e e x p e r i m e n t a l l y 

o b t a i n e d d a t a . F i g s . 5.2.5 t o 5.2.8. show a good 

a g r e e m e n t b e t w e e n s i m u l a t i o n and e x p e r i m e n t . 

T a b l e 5.2.2 shows t h e s c a t t e r i n g l e n g t h d e n s i t y ( A ) , 

l a y e r t h i c k n e s s (d) and r o u g h n e s s f o r each sample. I t 

s h o u l d be n o t e d t h a t l a y e r number 1 i s t h a t a t t h e 

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

s a m p l e s , e a c h sample was t h e n a n n e a l e d a t 433K u n d e r 

n i t r o g e n i n a vacuum oven and p l a c e d i n t h e beam. 

F i g u r e 5.2.9. shows t h e r e f l e c t i v i t y p r o f i l e o b t a i n e d 

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

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

d e u t e r o i s o p r e n e ) and p o l y ( d e u t e r o s t y r e n e - i s o p r e n e ) 

s a m p l e s o f s i m i l a r m o l e c u l a r w e i g h t . 
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T a b l e 5.2.2. - L a y e r t h i c k n e s s e s , ( d ) , s c a t t e r i n g 

l e n g t h d e n s i t i e s . ( A ) and r o u g h n e s s e s , (R) o f d i b l o c k 

s a m p l e s o b t a i n e d from L-MULFIT program 

SAMPLE LAYER d X R 

NUMBER (A) (A'^) ( X 10'^) (A) 

H S D I l 1 67.7 1.84 3 . 0 

2 102.8 0. 61 3.0 

3 76.0 2 .87 3 . 0 

4 89 . 0 0.92 3 .1 

5 83.5 3 . 62 3 .1 

6 81.0 0. 88 3 . 1 

7 94.9 3.84 3.0 

8 67.5 1.12 3.0 

D S H I l 1 52.3 1.20 5.1 

2 92 . 3 1.22 5.0 

3 116.7 2 . 07 5.2 

4 76. 6 0. 67 5.2 

5 85.4 4.26 5.3 

6 87. 0 1. 05 5.2 

7 80.7 2.91 5.1 

8 222 .7 1.11 5.3 

9 111. 8 2 .42 5.2 

10 168.5 1.82 5.2 
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T a b l e 5.2.2. cont. 

SAMPLE LAYER d X R 

NUMBER ( i ) ( X 10"^) {A) 

HSDI2 1 258.0 1.70 2.0 

2 239 . 6 0.44 2.5 

3 302.5 0.49 2.1 

4 106. 6 2.45 2.1 

5 156.3 1.32 2 . 0 

6 269.9 2.52 2 . 0 

DSHI2 1 62 . 6 1. 47 5.0 

2 93.7 1.13 5.0 

3 119.9 2.80 5.0 

4 84.5 0.70 5.0 

5 87.2 3 .19 5.0 

6 83.2 1.19 5.0 

7 78.4 2.46 5.0 

8 214.0 1.11 5.0 

9 100.6 2 .17 5.0 

10 178.7 1.73 5.0 

DSHI3 1 184.0 2 .35 5.1 

2 275. 0 1. 08 4.9 

3 185. 0 1.39 5.1 

4 130.0 0.87 5.0 

5 197. 0 0.31 5.1 

6 270. 0 1.79 5.1 
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The l a y e r t h i c k n e s s e s o b t a i n e d from L-MULFIT 

s i m u l a t i o n i n T a b l e 5.2.2. show t h a t f o r both 

p o l y s t y r e n e and p o l y i s o p r e n e t h e r e was a wide range i n 

v a l u e f o r a l l samples s t u d i e d . F o r t h e H S D I l sample 

where l a y e r s 1,3,5,7 a r e d e u t e r o p o l y s t y r e n e t h e l a y e r 

became p r o g r e s s i v e l y l a r g e r on moving from a i r t o t h e 

s u r f a c e o f o p t i c a l f l a t and v i c e - v e r s a f o r t h e 

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

w e i g h t DSHI sample, however, t h e r e was no obvious 

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

l a y e r s t h i c k n e s s e s . 

I n t h e c a s e o f t h e HSDI2 and DSHI2 samples t h e r e was 

no o b v i o u s p a t t e r n t o t h e l a y e r t h i c k n e s s s i m i l a r t o 

t h a t found f o r t h e D S H I l samples. 

The DSHI3 sample, however, showed a u n i f o r m 

d e u t e r o s t y r e n e l a y e r of between 184A t o 1 9 7 i but w i t h 

no s i m i l a r u n i f o r m i t y f o r p o l y i s o p r e n e l a y e r s . 

The s c a t t e r i n g l e n g t h d e n s i t i e s f o r each l a y e r 

c a l c u l a t e d u s i n g L-MULFIT program showed, on a g e n e r a l 

i n s p e c t i o n , t h a t t h e p o l y i s o p r e n e and p o l y s t y r e n e 

l a y e r s i n e a c h sample were not pure but c o n t a i n e d some 

m i x i n g . T a b l e 5.2.3. shows t h e s c a t t e r i n g l e n g t h 

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

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

I t may be assumed t h a t t h e p o l y s t y r e n e l a y e r a t t h e 

s u r f a c e would i n c o r p o r a t e some a i r (Ag^^^O ) which would 

d e c r e a s e t h e measured s c a t t e r i n g l e n g t h d e n s i t y but 

t h e p r e s e n c e o f a i r beyond t h i s f i r s t l a y e r was 
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i m p r o b a b l e . The p r e s e n c e o f r e l a t i v e l y l a r g e amounts 

of s o l v e n t was a l s o u n l i k e l y s i n c e t h e samples had 

been p l a c e d i n a vacuum oven a t 3 3 3K f o r 12 hours 

w h i c h would have removed most o f t h e e x c e s s s o l v e n t . 

T a b l e 5.2.3. - S c a t t e r i n g Length D e n s i t y ( X ) Of t h e 

C o n s t i t u e n t s o f D i b l o c k Copolymers and Toluene 

C o n s t i t u e n t Mean S c a t t e r i n g Length 

D e n s i t y ( X ) ( i " ^ ) 

P o l y s t y r e n e 

D e u t e r o p o l y s t y r e n e 

P o l y i s o p r e n e 

D e u t e r o p o l y i s o p r e n e 

T o l u e n e 

1.35 X 10"^ 

5.73 X 10"* 

0.295 X 10"* 

6.86 X 10"* 

1.09 X 10"* 

The p o s s i b i l i t y remained, however, t h a t some s o l v e n t 

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

w e l l a s t h e p o s s i b i l i t y t h a t some degree of mi x i n g 

o c c u r r e d between copolymer s u b s t i t u e n t s . The l a t t e r 

would appear most u n l i k e l y due t o t h e d i f f e r e n t 

c h e m i c a l n a t u r e s o f t h e s u b s t i t u e n t s . The e x t e n t of 

a i r p e n e t r a t i o n i n t o b l o c k copolymer l a y e r s i s a 

r e a s o n a b l e a s s u m p t i o n f o r t h e f i r s t l a y e r but beyond 

t h i s seems much l e s s l i k e l y . Of t h e s e p o s s i b i l i t i e s , 

F r e d r i c k s o n e t a l ^ ^ p ut f o r w a r d a t h e o r y which showed 

t h a t s o l v e n t c o l l e c t s a t i n t e r f a c e s i n A-B d i b l o c k 

c o p o l y m e r s and s c r e e n u n f a v o u r a b l e A-B i n t e r a c t i o n s . 

The c a l c u l a t e d s c a t t e r i n g l e n g t h d e n s i t y { X ) f o r each 
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l a y e r o f e a c h sample shown i n T a b l e 5.2.1 ( e x c e p t 

l a y e r 1) can be d e s c r i b e d a s : -

X=(J)^X,+(>^X, EQ. (2) 

where: 

= s c a t t e r i n g l e n g t h d e n s i t y o f s o l v e n t ( t o l u e n e ) 

X^ = s c a t t e r i n g l e n g t h d e n s i t y of l a y e r c o n s t i t u e n t 

= w e i g h t f r a c t i o n of t o l u e n e 

(J)p = w e i g h t f r a c t i o n o f l a y e r c o n s t i t u e n t 

C|>c = l - 4 ) s 

The f i r s t l a y e r was e x c l u d e d s i n c e t h i s l a y e r would 

a l s o have some a i r t r a p p e d w i t h i n i t . The r e s u l t s 

o b t a i n e d u s i n g e q u a t i o n (2) i n T a b l e 5.2.4. showed a 

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

l a y e r o r t h e r e s u l t c o u l d not be c a l c u l a t e d s i n c e t h e 

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

l e s s t h a n t h a t o f pure s o l v e n t and pure copolymer 

c o n s t i t u e n t r e s p e c t i v e l y . F o r t h e former c a s e , t h e 

r e s u l t s do n o t appear r e a l i s t i c s i n c e t h e amount of 

s o l v e n t p r e s e n t i n t h e s e l a y e r s would have l e d t o a 

'wet' sample wh i c h was c l e a r l y not t h e c a s e on 

p h y s i c a l e x a m i n a t i o n o f t h e sample wh i c h had been 

p l a c e d i n a vacuum oven a t 3 33K f o r 12 h o u r s . 

The l a c k of s u c c e s s w i t h t h e s o l v e n t p e n e t r a t i o n 

a p p r o a c h above l e d t o t h e e x p l o r a t i o n of t h e 

p o s s i b i l i t y o f a l e s s l i k e l y o p t i o n . I n t h i s c a s e , 

t h e p o s s i b i l i t y o f t h e r e b e i n g a degree of m i x i n g 
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between p o l y s t y r e n e and p o l y i s o p r e n e c o n s t i t u e n t s . 

U s i n g t h e same approach a s d e s c r i b e d i n e q u a t i o n (2) 

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

u s i n g e q u a t i o n (3) 

X=<t>^p^+(1-(\>J Pi EQ. (3) 

where; 

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

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

<l)g = w e i g h t f r a c t i o n of p o l y s t y r e n e 

T h e s e r e s u l t s a r e shown i n T a b l e 5.2.5 and, a s 

p r e v i o u s l y , t h e y show t h a t t h i s approach was not 

c o m p l e t e l y s u c c e s s f u l a s some l a y e r c o m p o s i t i o n s were 

not c a l c u l a b l e u s i n g e q u a t i o n ( 3 ) . F o r t h o s e l a y e r s 

where a r e s u l t was o b t a i n e d , o n l y t h r e e l a y e r s w i t h i n 

a l l s a m p l e s s t u d i e d were made up of one pure 

c o n s t i t u e n t . I n a l l o t h e r c a s e s t h e l a y e r s were made 
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T a b l e 5.2.4. - Weight F r a c t i o n s o f P o l y s t y r e n e , 

P o l y i s o p r e n e and S o l v e n t i n each L a y e r f o r D i b l o c k 

Copolymers S t u d i e d 

SAMPLE LAYER WEIGHT WEIGHT WT. 

NO. FRACTION OF FRACTION OF FRAC'N 

POLYISOPRENE POLYSTYRENE OF 

SOLVENT 

H S D I l 2 - N/C N/C 

3 0.31 - 0.69 

4 - N/C N/C 

5 0.44 - 0.56 

6 - N/C N/C 

7 0.48 - 0. 52 

8 - 0.12 0.88 

D S H I l 2 N/C - N/C 

3 - 0.21 0.79 

4 0.53 . - 0.47 

5 - 0. 68 0. 32 

6 0.05 - 0. 95 

7 - 0.39 0. 61 

8 N/C - N/C 

9 - 0.29 0.71 

10 N/C - N/C 
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T a b l e 5.2.4. c o n t . 

SAMPLE LAYER WEIGHT WEIGHT WEIGHT 

NO. FRACTION OF FRACTION OF FRAC'N 

POLYISOPRENE POLYSTYRENE OF 

SOLVENT 

HSDI2 2 - N/C N/C 

3 N/C - N/C 

4 - 0.24 0.76 

5 0.88 - 0.12 

6 - 0.25 0.75 

DSHI3 2 N/C - N/C 

3 - N/C N/C 

4 N/C - N/C 

5 - 0.98 0.02 

6 N/C - N/C 

DSHI2 2 N/C - N/C 

3 - 0.30 0.70 

4 0.49 - 0.51 

5 - 0.36 0. 64 

6 N/C - N/C 

7 - 0.24 0.76 

8 N/C - N/C 

9 - 0.19 0.81 

10 N/C - N/C 

141 



T a b l e 5.2.5 - Com p o s i t i o n o f L a y e r s f o r D i b l o c k 

Copolymers 

SAMPLE LAYER NUMBER WT. FRAC'N WT. FRACTION 

STYRENE ISOPRENE 

H S D I l 2 >1. 0 <0. 0 

3 0. 74 0.26 

4 >1.0 <0. 0 

5 0.59 0.41 

6 >1. 0 <0.0 

7 0. 55 0. 45 

8 >1. 0 <0. 0 

D S H I l 2 0.17 0.83 

3 0.33 0.67 

4 0.07 0.93 

5 0.73 0.27 

6 0.14 0.86 

7 0.48 0. 52 

8 0.15 0.85 

9 0.39 0. 61 

10 0.28 0.72 

HSDI2 2 >1. 0 <0.0 

3 >1. 0 <0.0 

4 0.8 0.2 

5 1.0 0.0 

6 0.79 0.21 
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T a b l e 5.2.5. cont, 

SAMPLE LAYER NUMBER WEIGHT WEIGHT 

FRACTION FRACTION 

STYRENE ISOPRENE 

DSHI2 2 0.15 0. 85 

3 0.46 0.54 

4 0. 07 0.93 

5 0.53 0.47 

6 0.17 0.83 

7 0.40 0. 60 

8 0.15 0.85 

9 0.35 0.65 

10 0.26 0.74 

DSHI3 2 0.14 0.86 

3 0.20 0.80 

4 0.11 0.89 

5 0.0 1.0 

6 0.28 0.72 
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up o f a m i x t u r e o f p o l y s t y r e n e and p o l y i s o p r e n e up t o 

50;50 mix. 

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

e q u a t i o n s (2) and (3) i t i s c l e a r t h a t n e i t h e r f u l l y 

d e s c r i b e d t h e copolymer samples. The o n l y f e a s i b l e 

e x p l a n a t i o n was t h a t t h e copolymer had adopted a non-

e q u i l i b r i u m c o n f o r m a t i o n which was d i s t u r b e d when t h e 

s a m p l e s were a n n e a l e d and attempted t o a t t a i n t h e i r 

e q u i l i b r i u m c o n f o r m a t i o n . 

The r o u g h n e s s e s , R, shown i n T a b l e 5.2.2. were an 

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

t = 

where: 

t = d i f f u s e i n t e r f a c e t h i c k n e s s , A 

a = Roughness, A 

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

t h i c k n e s s e s were a l l i n t h e range 7. OA t o 18. 4 i which 

i s s i m i l a r t o t h a t found by R i c h a r d s and Thomason" on 

a s i m i l a r d i b l o c k copolymer u s i n g SANS. The n a t u r e of 

t h i s d i f f u s e i n t e r f a c i a l l a y e r was t h e major 

d i f f e r e n c e between t h e s t a t i s t i c a l dynamic t h e o r i e s of 

Meier^'' and H e l f a n d . Helfand"-^* and co-workers assumed 

t h a t t h e i n t e r f a c i a l l a y e r , where m i x i n g o f t h e 

components t a k e s p l a c e , was v e r y s m a l l compared t o t h e 

i n t e r d o m a i n s e p a r a t i o n . Meier^'' d e r i v e d r e l a t i o n s h i p s 

between domain d i m e n s i o n s and t h e m o l e c u l a r w e i g h t of 
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t h e domain - forming component, MQ. The r e s u l t s of 

t h i s s t u d y , however, f o r t h e roughness and t h e d i f f u s e 

i n t e r f a c i a l t h i c k n e s s must be by t h e r e s u l t s o b t a i n e d 

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

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

formed o f 'mixed' p o l y s t y r e n e and p o l y i s o p r e n e 

components. 

I n c o n c l u s i o n , t h e r e s u l t s o b t a i n e d i n t h i s n e u t r o n 

r e f l e c t o m e t r y s t u d y were unique s i n c e t h e y showed an 

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

b u t a n e a r complete l o s s o f o r d e r on a n n e a l e d 

s a m p l e s . Thomason^' s u g g e s t e d t h a t t h e n o n - e q u i l i b r i u m 

r e s u l t s found i n a s t u d y of s t y r e n e - i s o p r e n e d i b l o c k s 

t h a t t h e domains may have been " l o c k e d " i n t o non-

e q u i l i b r i u m p o s i t i o n s by some mechanism. F o r t h e 

d i b l o c k copolymers u s e d i n t h i s s t u d y , t h e sample 

c o u l d have adopted a n o n - e q u i l i b r i u m c o n f o r m a t i o n when 

c a s t w h i c h , on a n n e a l i n g , attempted t o a t t a i n an 

e q u i l i b r i u m c o n f o r m a t i o n . T h i s rearrangement may have 

been h i n d e r e d by t h e " l o c k e d " n a t u r e of t h e unannealed 

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

T h i s was o n l y one p o s s i b l e e x p l a n a t i o n f o r t h e 

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

o t h e r copolymer f i l m s s t u d i e d u s i n g r e f l e c t i v i t y , no 

w o r k e r ' s have r e p o r t e d any problems on a n n e a l i n g 

s a m p l e s . 

R u s s e l l and coworkers^ s t u d i e d a p o l y s t y r e n e 

d e u t e r o m e t h y l m e t h a c r y l a t e d i b l o c k copolymer which, 
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a f t e r a n n e a l i n g , showed t h r e e Bragg peaks and was 

e q u i v a l e n t t o a l t e r n a t e p o l y s t y r e n e and 

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

o f components and a d i f f u s e i n t e r f a c i a l l a y e r of 

magnitude 54+2A. T h i s r e s u l t and t h o s e o b t a i n e d f o r 

t h e c o r r e l a t i o n l e n g t h and t h e p e r i o d by R u s s e l l were 

c o n s i s t e n t w i t h t h e thermodynamic t h e o r y put f o r w a r d 

by F r e d r i c k s o n ^ . R e f l e c t i v i t y s t u d i e s on b l o c k 

copolymer f i l m s were l i m i t e d t o t h e work c a r r i e d out 

by R u s s e l l and t h e work d e s c r i b e d i n t h i s c h a p t e r . 

H i g g i n s e t a l ^ ^ s t u d i e d polymer f i l m s u s i n g n e u t r o n 

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

t h o s e found by R u s s e l l i n t h a t t h e y c o n c u r r e d w i t h 

c u r r e n t thermodynamic t h e o r y . 

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

d i b l o c k copolymer samples a r e , i n e f f e c t , unique. 

They c a n n o t be d i r e c t l y compared w i t h o t h e r w o r k e r s 

r e s u l t s due t o t h e q u e s t i o n o v e r t h e i r a d o p t i o n of an 

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

Of t h e v a r i o u s p o s s i b i l i t i e s p ut f o r w a r d t o e x p l a i n 

t h e r e s u l t s o b t a i n e d , t h e most p l a u s i b l e would appear 

t o be a ' p s e u d o - e q u i l i b r i u m ' e x i s t e d i n t h e samples 

w h i c h , when t h e samples were a n n e a l e d , was l o s t a s was 

t h e o r d e r i n t h e system. 

The o v e r a l l l a y e r t h i c k n e s s e s when measured by n e u t r o n 

r e f l e c t o m e t r y were i n c l o s e agreement t o t h o s e 

measured on t h e DEKTAK i n s t r u m e n t p r i o r t o s t u d i e s on 

t h e CRISP r e f l e c t o m e t e r . ( T a b l e 5 . 2 . 6 . ) . 
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T a b l e 5.2.6, L a y e r T h i c k n e s s from DEKTAK 

Measurement and L-MULFIT S i m u l a t i o n s 

SAMPLE OVERALL THICKNESS (nm) SAMPLE 

DEKTAK L-MULFIT 

H S D I l - 66.24 

HSDI2 130.00 133.29 

D S H I l 115.00 109.90 

DSHI2 105.50 110.28 

DSHI3 - 124.10 
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CHAPTER 6 - GENERAL DISCUSSION 

T h i s study has been mostly devoted to using SANS 
technique to study block copolymer systems. The block 
copolymers studied were diblock poly (styrene-isoprene) 
and t r i b l o c k p o l y ( s t y r e n e - i s o p r e n e - s t y r e n e ) 
r e s p e c t i v e l y . These samples were synthesised by 
a n i o n i c polymerisation as described i n Chapter 2 to 
give block copolymers with narrow molecular weight 
d i s t r i b u t i o n s . 

The t r i b l o c k samples were used to examine the e f f e c t 

of u n i a x i a l deformation on the c e n t r a l polyisoprene 

block. I n order t h a t the polyisoprene block could be 

examined, the s c a t t e r i n g due to the ordering of the 

polystyrene domains was eliminated using the 

'contrast-matching' technique (Ch. 1) . T h i s technique 

proved q u i t e s u c c e s s f u l on a l l t r i b l o c k samples 

stu d i e d . 

The f i r s t two s e t s of t r i b l o c k copolymers studied 

using SANS technique, S15150 and S15150B r e s p e c t i v e l y , 

did not show the expected anisotropy when subjected to 

extension (Ch. 3.1.) but did show a non-affine 

i n c r e a s e i n the c a l c u l a t e d radius of gyration, Rg, as 

the elongation r a t i o increased. The molecular weights 

c a l c u l a t e d from the s c a t t e r i n g data f o r these samples 

were around 30% below t h a t c a l c u l a t e d from G.P.C. 

measurement (Ch. 3.2). Th i s f a c t , combined with the 

tacky nature of the S15150 and S15150B samples l e d to 
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the conclusion t h a t the deuteroisoprene had degraded 

i n these samples. The molecular conformation i n these 

samples was examined using Kratky P l o t s and showed two 

maxima i n the LOQ region for both s e t s of samples 

i n d i c a t i n g t h a t the o r i e n t a t i o n was the same i n the 

S15150 and S15150B samples r e s p e c t i v e l y . 

The presence of the two peaks, however, could not be 

a t t r i b u t e d to any known molecular c o n f i g u r a t i o n . 

A t h i r d s e r i e s of t r i b l o c k copolymers were synthesised 

by Polymer Labs (Ch. 3.3) but i n s t e a d of c y l i n d r i c a l 

p o lystyrene domains, as had been the case for the 

S15150 and S15150B, these had s p h e r i c a l polystyrene 

domains. I n c o n t r a s t to the S15150 and S15150B 

samples, these s p h e r i c a l samples, SPH150, were 

a n i s o t r o p i c on elongation (Ch. 3.3) and, furthermore, 

p a r a l l e l to the s t r e t c h d i r e c t i o n the deformation was 

a f f i n e f o r a l l extensions studied. The l a t t e r was not 

what had been expected s i n c e no other workers had 

obtained such r e s u l t s f o r block copolymer systems 

st u d i e d . Perpendicular to the s t r e t c h d i r e c t i o n , the 

s c a t t e r i n g obtained f o r the SPH150 s e r i e s was non-

a f f i n e and s i m i l a r r e s u l t s have been obtained by other 

workers (Ch. 3.3) working on other block copolymer 

systems. 

The SANS technique i s based on the very d i f f e r e n t 

s c a t t e r i n g obtained from hydrogen and deuterium 

molecules (Ch. 1 ) . I t a l s o r e l i e s on the assumption 

t h a t there i s no excess f r e e energy of mixing when the 
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deuterated and hydrogenous s p e c i e s ' are mixed. Bates 

and co-workers, however, reported a small p o s i t i v e 

i n t e r a c t i o n parameter f o r a polystyrene system which, 

i f c o r r e c t , would mean t h a t t h i s would have to be 

accounted f o r i n a l l SANS s t u d i e s . I n order to 

a s c e r t a i n i f t h i s c o r r e c t i o n would be necessary, i t 

was decided to examine an i s o t o p i c diblock copolymer 

of p o l y s t y r e n e of v a r i o u s compositions and molecular 

weights (Ch. 4 ) . For the higher molecular weight 

s e r i e s , the peak i n the s c a t t e r i n g data was not 

s u f f i c i e n t l y r e s o l v e d i n most cases to allow a 

s t a t i s t i c a l l y s i g n i f i c a n t i n t e r a c t i o n parameter, Xi to 

be c a l c u l a t e d . I n those samples where the peak was 

s u f f i c i e n t l y r e s o l v e d to allow a ' f i t ' to be obtained 

with some s t a t i s t i c a l s i g n i f i c a n c e , a small negative 

i n t e r a c t i o n parameter was obtained f o r a l l 

temperatures studied, i n d i c a t i n g t h a t mixing was 

favoured f o r a l l these temperatures. 

For the low molecular weight s e r i e s , most of the 

samples d i d not show a r e s o l v a b l e peak. For those 

t h a t did the values of x c a l c u l a t e d were small and 

negative f o r a l l temperatures studied. The 

d i f f e r e n c e s i n the i n t e r a c t i o n parameters c a l c u l a t e d 

f o r the high and low molecular weight s e r i e s were due 

to a molecular weight dependence of the i n t e r a c t i o n 

parameter which had been reported by workers for other 

copolymer samples (Ch. 4 ) . 

The nature of the polymer-polymer i n t e r f a c e was 
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examined i n a r e f l e c t i v i t y study on a s e r i e s of 

styrene-isoprene diblock copolymers. These samples 

were not annealed p r i o r to examination s i n c e the 

samples broke up and l o s t a l l t h e i r ordering when 

annealing was attempted. The unannealed samples 

showed s e v e r a l orders of Bragg peaks when studied on 

the CRISP r e f l e c t o m e t e r (Ch. 5) and some i n t e r f e r e n c e 

peaks. These reflectometry p r o f i l e s were ' f i t t e d ' 

u s ing a computer sim u l a t i o n which r e s u l t e d i n a l a y e r 

t h i c k n e s s and a s c a t t e r i n g length de n s i t y being 

obtained f o r each l a y e r . These showed t h a t there was 

some r e s i d u a l s o lvent trapped w i t h i n the s u b s t i t u e n t 

l a y e r s and t h a t there was some mixing of l a y e r s . 

These r e s u l t s , however, must be tempered by the f a c t 

t h a t the samples had not been annealed and so cannot 

be considered to have been a t equ i l i b r i u m . 

A broad o u t l i n e of what has been obtained i n t h i s SANS 

study of polymer systems has been given pr e v i o u s l y . 

The scope f o r future work based on these r e s u l t s i s 

grea t . For the deformation study (Ch. 3 ) , the SPH150 

sample could be examined a t extension r a t i o s beyond 

those s t u d i e d here to determine a t what point, i f any, 

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

becomes non-affine. Secondly, the apparent degradation 

of the S15150 and S15150B samples means t h a t s i m i l a r 

copolymers should be sy n t h e s i s e d and used i n a SANS 

study of deformation. T h i s would allow data to be 

gathered f o r the e f f e c t of deformation on the c e n t r a l 
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polyisoprene block i n a t r i b l o c k copolymer with 

c y l i n d r i c a l styrene domains and enable comparison with 

the SPH150 data. For extruded samples studied a 

b e t t e r design of e x t r u s i o n apparatus i s required, i f 

any u s e f u l data i s to be obtained. 

For the i s o t o p i c diblock copolymers of polystyrene 

some time on the D l l Spectrometer could be u t i l i s e d to 

r e s o l v e the peaks obtained f o r the higher molecular 

weight s e r i e s . I n the case of the lower molecular 

weight s e r i e s , attempts to solve the leakage problem 

from the sample holder, would allow q u a n t i t a t i v e 

r e s u l t s to be obtained. 

The r e f l e c t o m e t r y r e s u l t s obtained f o r the diblock 

copolymer obtained from the CRISP instrument (Ch. 5) 

r e q u i r e some examination of what happens to these 

samples when they are annealed t h a t causes them to 

l o s e almost a l l t h e i r ordering. These are some areas 

where future work could be done to expand upon the 

work done i n t h i s study. 
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Appendix 1.1 

$DEBUG 
C 
C 

PROGRAM RPOLLY 
C 
C S.A.N.S. ANALYSIS PROGRAM 
C WATER RUN SET FIRST FOR ALL RUNS 
C LOQ: READS DATA NORMALISED FOR EMPTY CAN.TRANSMISSIONS, 
C SAMPLE THICKNESS AND MONITOR COUNTS. 
C GRENOBLE : READS REGROUPED DATA FROM RCARD files i.e. QJ.erri 
C THE ERRORS READ IN FROM RNILS OR HREG REGROUPING PROGRAMS 
ARE 
C STATISTICAL ESTIMATES OF THE STANDARD DEVIATION 
C CALCULATED AS : SQRT(NO. OF COUNTS AT RADIUS , R)/NO. OF CELLS 
c 
c Corrected data are written automatically to an RCARD fonnat file with 
c extension .crd. 
c There is an option to write SPOLLY files withextension .LST 
c 

INTEGER RUNNUS,RUNUB,FAULT 
INTEGER ECN01,ECN02,RUNNUB 
REAL TRANS,TRANW,TAIL,ETAIL 
CHARACTER*25 TITLE 
CHARACTER* 12 FnT,FNAME,crdfil 
CHARACTER* 1 ,CHH,SH,REP 
LOGICAL LI,L2,L6,M2 
LOGICAL L15,L12,L16 
DIMENSION Q(500),W(500),EW(500),WB(500),EWB(500) 
DIMENSION S(500),ES(500),SB(500),ESB(500) 
DIMENSION SINV(500),SQ2(500),Q2(500),ERSC(500) 
DIMENSION ERR(500),ERR 1 (500),NC(500) 
DIMENSION QN(500) 
DIMENSION ESINV(500),QLN(500),ERSC1(500),BG(500),ERBG(500) 
DIMENSION SLl0(500),SC3(500),BG 1 (500),ERBG 1 (500) 
DIMENSION SL(500),SC(500),SC1(500),SC2(500) 

(^******************************************************** 
** 
C SET UP SOME DEFAULT VALUES FOR USE LATER MAYBE 
C FACTM ^FACTOR TO MULTIPLY EACH BACKGROUND RUN BEFORE 
ADDING 
C THEM TOGETHER 
C BG FACT =FACTOR TO MULTIPLY COMBINED BACKGROUND BEFORE 
SUBTRACTION 
C FROM SAMPLE INTENSITY 
C ABSCAT ^ABSOLUTE CROSS SECTION FACTOR TO CONVERY DATA 
C TO ABSOLUTE UNITS IN I/CM. 
C CONCENTRATION OF SCATTERING SPECIES 

102 rep='n' 
FACTM=1. 
BGFACT=1. 
ABSCAT=1. 
CD=1. 
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NLAST=1 
NFIRST=1 
FBG=0. 

C 
********************************** 

** 
C INITIALISE SOME ARRAYS TO F O R E S T A L L A N Y STRANGE AFFECTS 
L A T E R 
C 

DO 16I=I,N0PTS 
SC(I)=0. 
SCI(I)=0. 
SC2(D=0. 
SC3(I)=0. 
Q(I)=0. 
ERR1(I)=0. 
ERR(D=0. 
SINV(I)=0. 
SQ2(I)=0. 
Q2(I)-0. 
SL10(I)=0. 
NC(I)=0. 
QLN(I)=0. 
ERBG1(I)=0. 

ERSC1(I)=0. 
ERBG(I)=0. 
ERSC(I)=0. 

16 CONTINUE 
C 
(-̂ *********** **************************************************** ****** 
********* 
C 
C THIS IS T H E MAIN PART OF T H E PROGRAMME WHERE DATA F I L E S 
( A V E R A G E D AND 
C IN ASCII FORMAT A R E READ INTO T H E PROGRAMME AND 
MANIPULATED IN 
CVARIOUS WAYS AND COMBINATIONS OF QUANTITIES C A L C U L A T E D . 
C A L L O W S INSERTION O F CONCENTRATION O F SCATTERING SPECIES 
AND 
C A B S O L U T E DIFFERENTIAL SCATTERING CROSS SECTION O F A 
C A L I B R A N T 
C 
572 PRINT*;ANALYSIS OF S.A.N.S. DATA ' 

PRINT*; • 
573 write(6,211)' Name of file to write corrected data to' 

write(6,211)' the extension .crd will be added' 
read(5,211)crdfil 
INQUIRE(FILE=crdfil//'.crd',exist=l 15) 
if(115)then 
write(6,211)' A F I L E A L R E A D Y EXISTS WITH T H A T NAME! 

+TRY AGAIN' 
goto 573 
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endif 
OPEN(15,FILE=crdfil//.crd',STATUS='NEW') 
PRINT*; DO YOU WANT SPOLLY OUTPUT?' 
C A L L ANS(Ll) 
if(Il)goto210 

209 PRINT*; ENTER FILENAME FOR SPOLLY DATA' 
PRINT*; THE FILENAME WILL BE WRITTEN WITH THE EXTENSION' 
PRINT*; .LST 
READ(5,211)FTIT 
INQUIRE(FILE=FTIT/^.Ist',exist=I15) 
if(I15)then 
write(6,211)' A FILE ALREADY EXISTS WITH THAT NAME! 

+TRY AGAIN' 
goto 209 
endif 
OPEN(14,FILE=FTIT//'.lst',STATUS='NEW') 

210 PRINT*; DATA FROM LOQ(R) OR GRENOBLE(G)?' 
READ 103,CHH 

103 FORMAT(lAl) 
IF(CHH.EQ.'G'.or.chh.eq.'g')GOTO 217 

C 
(^****!t:****************:(:*j|<****************** ******************** 

c 
C THIS PART IS ORGANISED TO DEAL WITH FILES PRODUCED 
C FROM LOQ USING THE COLLETE/GENIE PACKAGE 
C 
C A NUMBER OF BACKGROUND RUNS CAN BE READ IN AND ADDED 
TOGETHER AFTER 
C WEIGHTING EACH BY A MULTIPLYING FACTOR.THIS MAY BE USEFUL 
WHEN A 
C PURE H SAMPLE AND PURE D SAMPLES ARE RUN TO ASSESE THE 
CORRECT 
C BACKGROUND FOR A SAMPLE WHICH HAS BOTH COMPONENTS 
PRESENT IN SOME 
C PROPORTION. 
C AS AT 19/11/88 THIS OPTION IS NOT AVAILABLE FOR THE SAMPLE 
RUNS; 
C THESE ARE JUST ADDED TOGETHER 
C THE BACKGROUND OBTAINED MAY BE MULTIPLIED BY A 
FACTOR(TRANSM ETC) 
CBEFORE SUBTRACTION FROM THE SAMPLE.THE RESULTANT ARRAY 
MAY HAVE AN ^ ^ ^ ^ 
C ADDITIONAL FLAT BACKGROUND SUBTRACTED BEFORE THE RESUKTS 
ARE 
C MULTIPLIED BY THE ABSOLUTE DIFFERENTIAL CROSS SECTION 
FACTOR. 
C 
C ERRORS ARE PROPAGATED THROUGH AS THE SQRT OF THE SUM OF 
THE 
C INDIVIDUAL SQUARES THIS AMY NOT BE C0RRECT(19/11/88) AS 
C I COULDN'T REMEBER THE CORRECT FORMULA!!CHECK IT 
C 
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C 
P R I N T * ; D A T A S H O U L D B E C O R R E C T E D B Y C O L L E T E B E F O R E ' 
P R I N T * ; U S I N G T H I S P R O G R A M ! ! ' 

199 P R I N T * ; S U P P L Y F I L E N A M E W H E R E A L L R U N S A R E H E L D ' 

P R I N T * ; E X T E N S I O N . D A T A S S U M E D ' 
R E A D ( 5 , 2 1 1 ) F N A M E 
I N Q U I R E ( F I L E = F N A M E / / ' . d a t ' , E X I S T = L 1 5 ) 
I F ( . N 0 T . L 1 5 ) T H E N 
W R I T E ( 6 , 2 1 1 ) ' F I L E N O T P R E S E N T . . . T R Y A G A I N ' 
G O T O 199 
E N D I F 
O P E N ( 2 0 , F I L E = F N A M E / / ' . d a t ' , S T A T U S = ' O L D ' ) 
P R I N T * ; H A V E T H E S E D A T A S E T S H A D O T H E R L O Q R U N S 

S U B T R A C T E D F R O M ' 
P R I N T * ; T H E M A L R E A D Y ? Y / N ' 
C A L L A N S ( L 1 2 ) 

211 F O R M A T ( A ) 
606 P R I N T * ; S U P P L Y B A C K G R O U N D R U N N U M B E R ' 

P R I N T * ; A Z E R O R U N N U M B E R C O M P L E T E S T H E S E T O F R U N S ' 
print*; A N E G A T I V E R U N S T O P S T H E P R O G R A M ' 
R E A D ( 5 , 2 1 2 ) R U N U B 
I F ( R U N U B . E Q . 0 ) G O T O 607 
I F ( R U N U B . L T . 0 ) G O T O 999 
R U N N U B = R U N U B 
C A L L R E A D R A L ( R U N U B , N O P T S , Q , B G I , E R B G 1 , L 1 2 , E C N 0 1 , F A U L T ) 
I F ( F A U L T . L T . l ) G O T O 606 

650 P R I N T * ; E N T E R F A C T O R T O M U L T I P L Y E A C H S E T B Y B E F O R E 
A D D I N G ' 

P R I N T * ; T H I S C O U L D I N C L U D E E F F E C T S O F T H I C K N E S S , C O N C N 

ETC 
R E A D ( 5 , * ) F A C T M 
D O 604 I = l , N O P T S 
B G ( I ) = B G ( I ) + F A C T M * B G 1 a) 
E R B G ( I ) = S Q R T ( E R B G ( I ) * * 2 + ( F A C T M * E R B G 1 ( I ) ) * * 2 ) 

604 C O N T I N U E 
G O T O 606 

607 C O N T I N U E 
P R I N T * ; S A M P L E R U N N U M B E R E N T R Y ' 

655 P R I N T * ; E N T E R SAMPLE R U N NO.' 
P R I N T * ; A Z E R O R U N N U M B E R C O M P L E T E S T H E S E T O F R U N S ' 
P R I N T * ; A N E G A T I V E R U N S T O P S T H E P R O G R A M M E ' 
R E A D ( 5 , 2 1 2 ) R U N N U S 

2 1 2 F 0 R M A T ( I 6 ) 
I F ( R U N N U S . E Q . 0 ) G O T O 613 
I F ( R U N N U S . L T . 0 ) G O T O 999 
nums^RUNNUS 
C A L L READRAL(RUNNUS,N0PTS,Q,SC1,ERSC1,L12,ECN02,FAULT) 
IF(FAULT.LT.1)G0T0 607 
D 0 612,I=l,NOPTS 
SCa)=SC(I)+SCl(I) 
E R S C ( I ) = S Q R T ( ( E R S C ( I ) * * 2 ) + E R S C 1 ( I ) * * 2 ) 

612 C O N T I N U E 
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GOTO 655 
613 PRINT*; ENTER THE FACTOR TO MULTIPLY BACKGROUND BY 

BEFORE' 
PRINT*; SUBTRACTION FROM SAMPLE SCATTERING' 
READ(5,*)BGFACT 
PRINT*; ENTER ABSOLUTE CROSS SECTION FACTOR' 
READ(5,*)ABSCAT 
PRINT*; ENTER THE CONCENTRATION (G/ML) OF SCATTERING 

SPECIES' 
READ(5,*)CD 
PRINT*; ENTER A VALUE FOR FLAT BACKGROUND ' 
READ(5,*)FBG 
DO 660,1= LNOPTS 
SC(I)=((SCa)-BGFACT*BG(I))-FBG)*ABSCAT 
ERR(I)=(SQRT(ERSC(I)**2+(BGFACT*BG(1))**2))*ABSCAT 

660 CONTINUE 
PRINT*,'SUPPLY A TITLE FOR SAMPLE' 
READ 116,TITLE 
GOTO 705 

C 

^*************************************************************** 

C 
C THIS SECTION DEALS WITH DATA AS OBTAINED AT GRENOBLE AND 
C BROUGHT BACK IN RCARD FORMAT OF RADIALLY AVERAGED DATA 
C 
C 
217 SH='G' 

C PART PUT IN TO ACCOUNT FOR FUNNY? D16 FILES 
C 

print*; IS THIS D16 DATA Y/N?' 
C A L L ANS(L16) 

C 
C 

PRINT*; SUPPLY FILENAME FOR DATA PLEASE' 
PRINT*,' THE EXTENSION .DAT WILL BE ASSUMED' 
READ(5,211)FNAME 
inquire(file=fname//'.dat',exist=115) 
if(.not.I15)then 
write(6,211)' File not present...try again!' 
goto 217 
endif 
OPEN(20,FILE=FNAME//'.dat',STATUS='OLD') 

50 CONTINUE 
PRINT*,' • 

C 
C ***** INPUT WATER RUN ***** 
C 
106 PRINT*,'WATER RUN NUMBER,MONITOR ' 

C A L L DATREAD(NUMW,N0PTS,Q,W,EW,M0NW,N0WAT,L16) 
C 
C IF NO WATER RUN THEN SKIP ON TO BACKGROUND RUN INPUT 
C 
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IF(NOWAT.LT. 1) GOTO 111 
IF(NUMW.LT.l) GOTO 106 
C A L L AGAIN(M0NW,W,EW,N0PTS,L16) 
PRINT*,'ABSOLUTE DIFFERENTIAL SCATTERING CROSS SECTION OF 

WATER' 
READ(5,*)ABSCAT 

107 PR1NT*;WATER C E L L RUN NUMBER MONITOR' 
C A L L DATREAD(NUMWB,NOPTS,Q,WB,EWB,MONWB,NOWB,L16) 

C 
C IF NO BACKGROUND RUN FOR WATER THEN SKIP ON TO 
BACKGROUN RUN 
C INPUT 

IF(NOWB.LT.l) GOTO 111 
IF(NUMWB.LT.l) GOTO 107 
C A L L AGAIN(MONWB,WB,EWB,NOPTS,L16) 
PRINT*,'ENTER WATER TRANSMISSION FACTOR ?' 
READ (5,*)TRANW 

111 CONTINUE 
101 CONTINUE 

C 
Q ***** INPUT SAMPLE BACKGROUND DATA ***** 
C 

PRINT*,'SAMPLE BACKGROUND RUN NUMBER MONITOR ' 
PRINT*,"A NEGATIVE RUN NUMBER STOPS THE PROGRAMME' 

C A L L DATREAD(NUMSB,N0PTS,Q,SB,ESB,M0NSB,N0BAC,L16) 
IF(NUMSB.LT.0)GOTO 999 
PRINT*,'SUBTRACT A C E L L FIRST ? ' 
C A L L ANS(M2) 
IF(.NOT.M2) C A L L SUBCELL(M0NSB,SB,ESB,N0PTS,L16) 
PRINT*,'BACKGROUND RUNS CONTINUED : ' 
C A L L AGAIN(M0NSB,SB,ESB,N0PTS,L16)' 

114 CONTINUE 
C 
C ***** INPUT SAMPLE DATA ***** 
C 
312 PRINT*;SAMPLE RUN NUMBER MONITOR ' 

PRINT*,'A NEGATIVE RUN NUMBER RETURNS TO SAMPLE 
BACKGROUND INPUT 

C A L L DATREAD(NUMS,NOPTS,Q,S,ES,MONS,NOSAM,L16) 
IF(NOSAM.LT.l) GOTO 124 
IF(NUMS.LT.O) GOTO 101 
PRINT*,'SUBTRACT A C E L L FIRST ? ' 
C A L L ANS(M2) 
IF(.N0T.M2) C A L L SUBCELL(M0NS,S,ES,N0PTS,L16) 
PRINT*,'SAMPLE RUNS CONTINUED :' 
C A L L AGAIN(M0NS,S,ES,N0PTS,L16) 
PRINT*;SAMPLE TRANSMISSION FACTOR ?' 
READ (5,*)TRANS 
PRINT*,' INPUT THE CONCN(g/ml) OF SCATTERING SPECIES' 
READ(5,*)CD 

113 CONTINUE 
C 
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C ***** NO BACKGROUND G I V E N *****' 
C 

IF(NOBAC.LT. l )THEN 
P R I N T * ; N 0 BACKGROUND - D E F A U L T V A L U E S APPLIED' 
NUMSB=0 
MONSB=MONS 
TRANS=1.0 
DO 115 I=1,N0PTS 
SB(I)=0.0 
ESB(I)=0.0 

115 CONTINUE 
END IF 
I F ( N O W A T . G T . O ) GOTO 109 

c 
C ***** NO WATER RUN G I V E N ***** 
C 

180 P R I N T * ; N 0 WATER RUN GIVEN - DEFAULTS APPLIED' 
PRINT*;ONLY NORMALISED TO SAMPLE MONITOR COUNTS !!!' 
MONW=MONS 
MONWB=MONS 
NUMW=0 
NUMWB=0 
T R A N W = 1 . 0 
DO 110I=1,NOPTS 
W(I)=1.0 
EW(I)=0.0 
WB(I)=0.0 
EWB(I)=0.0 

110 CONTINUE 
GOTO 112 

109 CONTINUE 
IF(NOWB.GT.O) GOTO 112 

C 
C ***** NO W A T E R C E L L RUN GIVEN ***** 
C 

P R I N T * ; N 0 W A T E R C E L L R U N - D E F A U L T S A P P L I E D ' 
MONWB=MONW 
NUMWB=0 
TRANW=1.0 
DO 150I=1,NOPTS 
WB(I)=0.0 
EWB(I)=0.0 

150 CONTINUE 
112 CONTINUE 

AMONS=MONS 
R1=AM0NS/M0NSB 
R2=AMONS/MONW 
R3=AMONS/MONWB 

C 
C ***** SUBTRACTION OF F L A T L E V E L OR EXP BACKGROUND ***** 
C 

TAIL=0 .0 
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B2=0.0 
FL=0.0 
ETAIL=0.0 
PRINT*,'DO Y O U WISH TO SUBTRACT A FLAT BACKGROUND ?' 

C A L L ANS(L2) 
IF(L2) GOTO 117 
P R I N T * ; L E V E L FOR F L A T BACKGROUND AND ERROR ,' 
PRINT*,'ENTER A NEGATIVE NUMBER IF WISH AN EXPONENTIAL' 

P R I N T * , ' B A C K G R 0 U N D . F R E E FORMAT E N T R Y OF DATA' 
R E A D ( 5 , * ) T A I L , E T A I L 
IF(TAIL.GT.O.O) GOTO 117 
PRINT*,'EXP BACKGROUND = F.EXP(B.Q^2) F,B ?' 
R E A D *,FL,B2 

ETAIL=0.0 
117 CONTINUE 

PRINT*,'SUPPLY A T I T L E FOR SAMPLE' 
R E A D 116,TITLE 

116 FORMAT(20A) 
C 
C C A L C U L A T E NORMALISED INTENSITY 
C 

DO 119K=1,N0PTS 
BX=B2*(Q(K)**2) 
BX=(FL*EXP(BX)) + T A I L 
WAT=(W(K)*R2) - (WB(K)*R3*TRANW) 

IF(WAT.LE.O)THEN 
EWAT=0.0 
GOTO 119 
ENDIF 

WAT=1.0/WAT 
EWAT=R2*EW(K) + R3*TRANW*EWB(K) 
EWAT=EWAT*WAT 

IF(S(K).EQ.O)THEN 
ERR(K)=0.0 
G O T O 119 
ENDIF 

SC(K)=S(K)-SB(K)*R1*TRANS 
E S A M = E S ( K ) + R1*TRANS*ESB(K) 
ESAM=ESAM/SC(K) 
ETOT=SQRT(EWAT**2 + ESAM**2) 
SC(K)=SC(K)*WAT 
ERR(K)=(ETOT*SC(K)) 
ERR(K)=ERR(K) + ETAIL 
SC(K)=(SC(K) - BX)*ABSCAT 

119 CONTINUE 
705 write(15,70)nums,nopts 
70 format(i6,19x,i5) 

do 72,i=l,nopts,2 
write( 15,74)q(i),sc(i),err(i),q(i+1 ),sc(i+1 ),err(i4-1) 

72 continue 
74 format((lx,2(el0.3,el 1.4,el0.3))) 

IF(Ll ) GOTO 120 
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C 
C W R I T E H E A D E R F O R S P O L L Y D A T A 
C 

W R I T E ( 1 4 , 1 1 8 ) T I T L E 
118 F O R M A T ( 1 X , 2 0 A ) 

W R I T E ( 1 4 , 1 0 0 1 ) N O P T S 
1001 F 0 R M A T ( 1 X , I 3 ) 

IF(CHH.EQ.'G'.or.chh.eq.'g')THEN 
W R I T E ( 1 4 , 1 2 1 ) N U M S , M O N S , N U M S B , M O N S B , N U M W , M O N W , 

+ N U M W B , M 0 N W B , T A I L , E T A I L , T R A N S , T R A N W , F L , B 2 , C D , A B S C A T 
121 F O R M A T ( / , 5 X ; S A M P L E ' , 5 X ; R U N ' , I 6 , 5 X ; M O N I T O R = ' , I 1 0 , 

+ 1 5 X ; S A M P L E B A C K ' , 5 X ; R U N ' , I 6 , 5 X ; M O N I T O R = ' , I 1 0 , 
+//,5X;WATER',6X;RUN',I6,5X;MONITOR=',IIO, 
+ 1 5 X ; W A T E R C E L L , 6 X ; R U N ' , I 6 , 5 X ; M O N I T O R = ' , I 1 0 y / , 
+5X;iNC. L E V E L = ' , F 7 . 4 , 2 X ; E T A I L = ' , F 7 . 5 , 2 X ; S A M P L E T R A N S 
+ = ' , F 5 . 3 , 2 X ; W A T E R T R A N S = ' , F 5 . 3 , 4 X ; F L =',F6.2,4X, 
+'B2 = ' , F 6 . 4 , / , 5 X ; C O N C O F S C A T T E R I N G SPECIES(g/ml)= •,F7.4,/, 
+ 5 X ; A B S 0 L U T E DIFFERENTIAL CROSS SECTION O F WATER=',F5.3,//) 

ELSEIF(CHH.EQ.'R'.or.chh.eq.'r')THEN 

W R I T E ( 1 4 , 7 0 0 ) n u m s , E C N O 2 , R U N N U B , E C N O l , F B G , B G F A C T , C D , A B S C A T 

E N D I F 
700 F 0 R M A T ( / , 5 X ; S A M P L E ' , 5 X ; R U N ' , I 6 , 5 X ; E M P T Y CAN R U N ' , 5 X , I 6 , 

1 / / , 5 X ; B G R D ' , 5 X ; R U N ' , I 6 , 5 X ; E M P T Y CAN RUN',5X,I6y , 
*' F L A T B A C K G R O U N D L E V E L = ',F9.5,/, 
3" B A C K G R O U N D F A C T O R ' , 5 X , F 7 . 4 , 
* / , 5 x ; C 0 N C O F S C A T T E R I N G SPECIES(g/ml)= ',F7.4,/, 
4' A B S O L U T E C R O S S S E C T I O N F A C T O R ' , 3 X , F 8 . 5 , / / ) 

120 C O N T I N U E 
C 

C C A L C U L A T E V A R I O U S F U N C T I O N S O F I A N D Q 

C 
D O 123 K = 1 , N 0 P T S 

N C ( K ) = K 
I F ( S C ( K ) . G T . 0 . 0 ) G O T O 140 
S L ( K ) = 0 . 0 

S I N V ( K ) = 0 . 0 
E S I N V ( K ) = 0 . 0 

G O T O 444 
140 C O N T I N U E 

S L ( K ) = L O G ( S C ( K ) ) 
SINV(K)=1.0 /SC(K) 
E S I N V ( K ) = ( E R R ( K ) / S C ( K ) ) * S I N V ( K ) 
S L 1 0 ( K ) = L O G 1 0 ( S C ( K ) ) 

444 C O N T I N U E 
Q 2 ( K ) = ( Q ( K ) * Q ( K ) ) 
Q N ( K ) = ( Q ( K ) * * 1 . 6 7 ) 
S Q 2 ( K ) = Q 2 ( K ) * S C ( K ) 
I F ( Q ( K ) . G T . 0 . 0 ) G O T O 90 
Q L N ( K ) = 0 . 0 
G O T O 123 

90 Q L N ( K ) = L O G 1 0 ( Q ( K ) ) 
123 C O N T I N U E 
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I F ( L l ) G O T O 1 2 4 

C 

C O U T P U T S T A N D A R D S P O L L Y D A T A 
C 

W R I T E ( 1 4 , 1 2 5 ) 

W R I T E ( 1 4 , 1 2 6 ) ( N C ( K ) , Q ( K ) , S C ( K ) , E R R ( K ) , Q 2 ( K ) , 

+ Q N ( K ) , S r N V ( K ) , S L 1 0 ( K ) , S Q 2 ( K ) , Q L N ( K ) , K = l , N O P T S ) 

1 2 6 F O R M A T ( 2 X , I 3 , 1 X , E 1 1 . 4 , 1 X , E 1 1 . 4 , 1 X , E 9 . 2 , 1 X , E 1 0 . 3 , 

+ 1 X , E 1 0 . 3 , 1 X , E 1 0 . 3 , 1 X , F 8 . 4 , 1 X , E 1 0 . 3 , 1 X , F 8 . 4 ) 

1 2 5 F O R M A T ( 2 X ; N C , 6 X , ' Q M O X ; I N T ' , 8 X ; E R R O R ' , 

+ 6 X , ' Q * * 2 ' , 7 X , ' Q * * N ' , 7 X , ' l / I N T ' , 5 X , ' L O G r , 5 X , ' I * Q * * 2 ' , 

+ 4 X , ' L O G Q ' ) 

1 2 4 continue 
I F ( C H H . E Q . ' R ' . o r . c h h . e q . ' r ' ) T H E N 

G O T O 6 0 6 

E L S E I F ( C H H . E Q . ' G ' . o r . c h h . e q . ' g ' ) T H E N 

G O T O 3 1 2 

E N D I F 

9 9 9 P R I N T * ; C H A N G E D A T A F I L E ?' 

C A L L A N S ( L 6 ) 

I F ( L 6 ) G O T O 9 9 8 

close(20) 

G O T O 1 0 2 

9 9 8 C L 0 S E ( 1 4 ) 

close(15) 

S T O P 
E N D 

C 

C 

S U B R O U T I N E A N S ( L ) 

C H A R A C T E R * 1 N N 

L O G I C A L 1 

l=.false. 
R E A D 310,nn 

3 1 0 F O R M A T ( l A l ) 

if(NN.eq. 'N' .or.NN.eq. 'n ') then 

l=.true. 
endif 

c L = M M . e q . N N 

R E T U R N 

E N D 

S U B R O U T I N E A G A I N ( M 0 N X , S X , E X , N 0 P T S , L 1 6 ) 

D I M E N S I O N S X ( 5 0 0 ) , S N E W ( 5 0 0 ) , Q ( 5 0 0 ) , E N E W ( 5 0 0 ) , E X ( 5 0 0 ) 

L O G I C A L L 9 , M 2 , L 1 6 

5 0 0 P R I N T * ; A N 0 T H E R R U N T O B E A D D E D ?' 

C A L L A N S ( L 9 ) 

I F ( L 9 ) G O T O 5 0 1 

5 0 4 P R I N T * ; R U N N U M B E R , ( M O N . C T S . ) ?' 
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C A L L DATREAD(NUM,N0PTS,Q,SNEW,ENEW,M0NNEW,N0NUM,L16) 
I F ( N O N U M . L T . l ) GOTO 501 
I F ( N U M . L T . l ) GOTO 504 
PRINT*,'SUBTRACT A CELL FIRST ? ' 
C A L L ANS(M2) 

IF(.NOT.M2) C A L L SUBCELL(M0NNEW,SNEW,ENEW,N0PTS,L16) 
M 0 N X = M 0 N X + MONNEW 
DO 503 K=LNOPTS 
SX(K)=SX(K) + SNEW(K) 
EX(K)=EX(K) + ENEW(K) 

503 CONTINUE 
GOTO 500 

501 RETURN 
END 

SUBROUTINE DATREAD(NUM,NP,Q,Y,EY,M0N,N0NUM,L16) 
DIMENSION Q(500),Y(500),EY(500) 
L O G I C A L L16 
NONUM=100 

15 READ(5,830)NUM,MON 
830 FORMAT(I6,I10) 

IF(NUM.EQ.O) GOTO 840 
IF(NUM.LT.O) GOTO 835 
IF(MON.EQ.0)THEN 
WRITE(5,10) 
M O N ^ l 
ENDIF 

10 F O R M A T ( l X , ' MONITOR COUNTS 0 M M I T T E D 7 , 
+' D E F A U L T V A L U E OF 1 APPLIED') 

REWIND 20 
800 CONTINUE 

C 
c 

IF(L16)THEN 
READ(20,820,END=811)N0RUN,NP 
ELSE 
READ(20,821,END=811)N0RUN,NP 
ENDIF 

820 FORMAT(I6,19X,I5) 
821 FORMAT(I5,21X,I3) 

C 
NPX=INT( (NP+ l)/2.0) 
IF(NORUN.EQ.NUM) GOTO 809 
DO 802 1=1,NPX 
READ(20,803,END=811)X 

803 F 0 R M A T ( A 3 ) 
802 CONTINUE 

GOTO 800 
811 CONTINUE 

P R I N T * ; R U N C A N N O T BE F O U N D ! !' 

print*,' Enter run number and monitor counts again!' 
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goto 15 
N = - l 
RETURN 

QQ ***** READ D A T A ***** 
809 CONTINUE 

DO 805 I=1,NP,2 
J=I + 1 
IF(J.GT.NP)GOTO 806 
READ(20,*,END=817)Q(I), Y(I),E Y(I),Q(J), Y(J),E Y(J) 

805 CONTINUE 
806 CONTINUE 

NPX=NPX - INT(NP/2.0) 
IF(NPX.EQ.O) GOTO 817 
READ(20,*,END=817)Q(NP),Y(NP),EY(NP) 

817 CONTINUE 
GOTO 835 

840 CONTINUE 
N 0 N U M = - 1 

835 CONTINUE 
RETURN 
END 

(2 Q***************************************************************** 
( ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * > | c * * * * * * * * * * * * * * * * * * ; ( : * * * * * jf: = ! < * : ( ! * * * * * * 

SUBROUTINE 
READRAL(RUNNUS,N0PTS,Q,SC1,ERSC1,L12,ECN0,FAULT) 

R E A L Q(500),SC1(500),ERSC1(500),JUNK(500) 
L O G I C A L L I 2 
INTEGER RUNNUS,ECNO,RUNNO,FAULT 
F A U L T = 1 
IF(RUNNUS.EQ.0)GOTO 613 
REWIND 20 

609 CONTINUE 
IF(L12)THEN 
READ(20,215,END=605)RUNNO 
ELSE 
READ(20,213,END=605)RUNNO,ECNO 
ENDIF 

READ(20,216)GARBGE 
READ(20,214)NOPTS 

READ(20,216)GARBGE 
READ(20,216)GARBGE 
IF(RUNNO.EQ.RUNNUS)THEN 
DO610,I=l ,NOPTS 
READ(20,600)Q(I),SC1(I),ERSC1(I) 

610 CONTINUE 
GOTO 613 
ELSE 
DO 611 I=1,N0PTS 
READ(20,602)JUNKa) 

611 CONTINUE 
GOTO 609 
ENDIF 
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605 WRITE(6,606) 
606 F0RMAT(1X, ' ! ! !RUN NOT FOUND!!!') 

FAULT=-1 
613 RETURN 
600 F0RMAT(F12.5,2(E 16.6)) 
215 FORMAT(64X,I5) 
213 FORMAT(33X,I6,15X,I6) 
216 FORMAT(A) 
214 F0RMAT(1X, I4 ) 
602 F0RMAT(F12.5) 

END 

**** 

SUBROUTINE SUBCELL(M0NXX,SXX,EXX,N0PTS,L16) 
DIMENSION SXX(500),EXX(500),Q(500) 
DIMENSION SCELL(500),ECELL(500) 
L O G I C A L L16 

850 PRINT*;CELL RUN NO. , (MON. CTS.) ?' 
C A L L 

DATREAD(NUMCEL,N0PTS,Q,SCELL,ECELL,M0NCEL,N0CELL,L16) 
IF (N0CELL.LT .1 )G0T0 859 
IF (NUMCEL.LT.1 )G0T0 850 

PRINT*;CELL TRANSMISSION FACTOR ? ' 
READ (5,*)TCELL 
A M O N X X = M O N X X 
RC=AMONXXA40NCEL 
D 0 852K=l ,NOPTS 

SXX(K)=SXX(K) - TCELL*RC*SCELL(K) 
E X X ( K ) = E X X ( K ) + TCELL*RC*SCELL(K) 

852 CONTINUE 
859 RETURN 

END 
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$DEBUG 
C 
C 

PROGRAM SASFIT 
implicit double precision (a-h,o-z) 
DIMENSION A(10) 
DIMENSION SIGMAA(10),DELTAA(10),AT(10,120) 
DIMENSION Q(500),SC(500),ERR(500),yfit(500) 
R E A L XX(500),YY(500),erry(500) 
R E A L DIFF(500) 
real yint,ery,rg,errg,a2,era2,back;g,erbak 
CHARACTER* 12 FNAME 
CHARACTER*50 TITLE 
L O G I C A L 11,L4,L5,L6 
common/cmol/pd,pdh,pdd,dph,dpd,vd 
common/raw/q,sc,err 

C 
C ** PROGRAM TO ANALYSE DATA BY PARABOLIC EXTRAPOLATION OF 
CHISQUARE 

WRITE(6,800) 
800 FORMAT(2X,/ , ' This program takes corrected data as input from' 

*, / ; RCARD format data files.' 
*,/,' Currently 4 types of equations may be fitted to the data;' 
*,//, 
*' 1 Debye eqn Rg, intercept and background are adjustable'/, 
*' parameters in the non-linear least squares fit'J, 
*' 2 Random Phase Approximation for homopolymer blends in'y, 
*' addition to the parameters in the Debye fit,the interaction' 
*,/,' parameter is a variable'y, 
*' 3 Random phase approximation for linear diblocks'.y, 
*' 4 Single Chain with virial coefficient',//) 

C 
C 
100 DO 10,1=1,150 

SC(I)=0. 
YFIT(1)=0. 
DIFF(I)=0. 

10 CONTINUE 
vd=1.0 

C ***** SUPPLY TITLE FOR WORK ***** 
C 
651 PRINT*,' FILE N A M E FOR STORING RESULTS ' 

PRINT*,' THE EXTENSION .FIT W I L L BE ADDED A U T O M A T I C A L L Y -
READ (5,101 )TITLE 
INQUIRE(FILE=TITLE// ' . f i t ' ,EXIST=L4) 
IF(L4)THEN 
WRITE(6,101)' FILE A L R E A D Y EXISTS!' 
GOTO 651 
ENDIF 
OPEN(9,FILE=TITLE// ' .fit ' ,STATUS='NEW') 

C 
C 
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652 PRINT*, 'INPUT FILE FROM WHICH DATA IS TO BE READ ' 
print*,' include the extension i.e. name.dat' 
READ(5,101)FNAME 
INQUIRE(FILE=FNAME,EXIST=L4) 
IF( .NOT.L4)THEN 
WRITE(6,101)' T H A T DATA FILE DOES NOT EXIST!' 
GOTO 652 
ENDIF 
OPEN(18,FILE=FNAME,STATUS='OLD') 

300 call datread(num,npts) 
j=0 
do 850,i=l,npts 
if((q(i).le.0.).OR.(SC(I).LE.0.))then 
goto 850 
else 
j = j + l 
qa)=q(i) 
xx(j)=q(j) 
sc(j)=sc(i) 
yy(j)=sc(i) 
err(j)=err(i) 
erry(j)=0. 
endif 

850 continue 
npts=j 
j = 0 

c write(6,101)' To see the data hit a key' 
c call qinkey(im,mi) 
c xmin=q(l)*0.95 
c xmax=q(npts)*1.05 
c ymin=sc(npts)*0.95 
c ymax=sc(l)*1.05 
c title3=' data' 
c call plot 
C ***** WEIGHTING OPTION FOR FIT ROUTINE ***** 
C 
167 write(6,101)' Select weighting for fit ' 

write(6,101)' no weighting = 0, statistical = - 1 , instrumental =1 ' 
read(5,*)mode 

c MODE=0 
C *** SELECT FITTING FUNCTION *** 
C 

WRITE(6,41) 
41 FORMAT(lX, 'CHOOSE FITTING OPTION FROM FOLLOWING 

MENU'y ,12X, 
1 '1-DEBYE PLOT-',/,12X,'2-RANDOM PHASE APPROX-homopolymers' 
2, / ,12X, '3-RANDOM PHASE APPROX-diblocks'/ 
312x,'4-SINGLE C H A I N with 2nd virial coeff.') 
PRINT*, 'INPUT YOUR CHOICE' 
READ(5,70)INP 

70 F0RMAT(BN, I3 ) 
D O 11,1=1,10 
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A(I)=0. 
SIGMAA(I)=0 . 
DO 12,J=1,120 
AT(I,J)=0. 

12 CONTINUE 
11 CONTINUE 

pd=1.0001 
pdh=pd 
pdd=pd 
GOTO (323,324,325,326),INP 

323 continue 
a(l)=sc(15) 
print*,'enter starting RG value' 
read(5,*)a(2) 

c a(2)=a(2)**2 
print*,' Enter polydispersity (Must be>l) ' 
read(5,*)pd 
a(3)=sc(npts)-0.5*sc(npts) 

c PRINT*, 'INPUT STARTING V A L U E FOR INTERCEPT A T Q=0/A( 1)' 
c READ(5,*)A(1) 
c PRINT*, 'INPUT STARTING V A L U E FOR Rg /A(2) ' 
c READ(5,*)A(2) 
c PRINT*,'INPUT STARTING V A L U E FOR BACKGROUND /A(3)' 
c READ(5,*)A(3) 

NTERMS=3 
GOTO 37 

324 continue 
c STARTING V A L U E FOR Rg(H)/A( 1) 

print*,' Enter the Rg of the H component' 
read(5,*)a(l) 
print*,' Enter the polydispersity >1.0' 
read(5,*)pdh 

c STARTING V A L U E FOR Rg(D)/A(2) 
print*,' Enter the Rg of the D component' 
read(5,*)a(2) 
print*,' Enter the polydispersity' 
read(5,*)pdd 
PRINT*,'Enter the degree of polymerisation of the H polymer' 
READ(5,*)dph 
PRINT*,'Enter the degree of polymerisation of the D Polymer' 
READ(5,*)dpd 
PRINT*, 'INPUT STARTING V A L U E FOR CHI/A(3)' 
READ(5,*)A(3) 

c****** STARTING V A L U E FOR SCALING FACTOR 
A(4)=50. 

c*****starting value for background 
a(5)=sc(npts)-0.5*sc(npts) 
PRINT*, 'INPUT DEUTERATED VOL. FRAC 
READ(5,*)VD 
NTERMS=5 
GOTO 37 

325 print*,' Input the volume fraction of the A block' 
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read(5,*)vd 
jmax=0 
print*,' Input the starting value for total RG(a(l))' 
read(5,*)a(l) 
print*,' Input starting value for CHIN(a(2))' 
read(5,*)a(2) 
print*,' Input the starting value for scale factor(a(3))' 
read(5,*)a(3) 
print*,' Input the starting value for the background(a(4))' 
read(5,*)a(4) 
ntenns=4 
goto 37 

326 print*,' input the polymer concentration (g/ml)' 
read(5,*)cpol 
a(l)=sc(15) 
a(2)=0.0001 
a(3)=(l/sc(20)-l/sc(15))/((q(20)-q(15))**2)*3*sc(15) 
a(3)=sqrt(a(3)) 
a(4)=sc(npts)-0.5*sc(npts) 
nterms=4 

37 NFREE=NPTS - NTERMS 
IF(NFREE.GT.0)GOTO 107 
WRITE(*,101)' NUMBER OF DEGREES OF FREEDOM NOT V A L I D ' 
GOTO 990 

107 CONTINUE 
DO 109 1=1,NTERMS 
DELTAA(I)=0 .05*A(I ) 

109 CONTINUE 
C 
C 
C ***** C A L L FITTING ROUTINE ***** 
C 

DO 145 1=1,NTERMS 
AT(I ,1 )=A(I ) 

145 CONTINUE 
write(6,846) 

846 format(lx, ' The no of iterations and the fitted values', 
& / , ' are printed out. Last no is chi'^2') 
C A L L CURFIT (Q,SC,err,NPTS,A,DELTAA,MODE,NTERMS,SIGMAA, 
1 FL,YFIT,CHISQR,NC,AT,INP) 

C ***** COMPUTE H N A L PARAMETERS OF FITTED FUNCTION ***** 
C 

GOTO(150,151,152,153),INP 
150 CUTQ=A(1) 

ERRCUT=(SIGMAA(1)) 
RADG=A(2) 
ERRADG=(SIGMAA(2)) 
BACKG=A(3) 
ERRBAK=(SIGMAA(3)) 
GOTO 154 

151 rgh=a(l) 
ERRRGH=(SIGM A A( 1)) 
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rgd=a(2) 
ERRRGD=(SIGMAA(2)) 
CHI=A(3) 
ERRCHI=SIGMAA(3) 
SCALEF-:A(4) 
ERRSCA=SIGMAA(4) 
backg=a(5) 
errbak=sigmaa(5) 
goto 154 

152 rg=a(l) 
errg=0.6745*(sigmaa(l)) 
chin=a(2) 
erchin=0.6745*(sigmaa(2)) 
scfac=a(3) 
errssf=0.6745*(sigmaa(3)) 
bkgrnd=a(4) 
errbg=0.6745*(sigmaa(4)) 
goto 154 

153 rg=a(3) 
errg=0.6745 * sigmaa(3) 
yint=a(l) 
ery=sigmaa(l) 
a2=a(2) 
era2=0.6745*(sigmaa(2)) 
backg=a(4) 
erbak=0.6745*sigmaa(4) 

154 CONTINUE 
C ***** C A L C U L A T E THE RESIDUALS ***** 
C 

DO 116I=1,NPTS 
DIFF(I)=SC(I)-YFIT(I) 

116 CONTINUE 
C 
C ** T A B U L A T E D A T A ** 

WRITE(9,117)FNAME 
vvrite(9,121)num 
if(mode.gt.O)then 
write(9,101)' Instrumental weighting of points' 
elseif(mode.lt.O)then 
write(9,101)' Statisdcal weighting of points' 
else 
write(9,101)' No weighting' 
endif 
W R I T E ( 9 , I I 8 ) 
if(inp.eq.l)then 
write(9,101)' Fit to Debye equation' 
elseif(inp.eq.2)then 
write(9,101)' Fit to RPA expression for homopolymer blend' 
elseif(inp.eq.3)then 
write(9,101)' Fit to RPA expression for diblock copolymer' 
else 
write(9,101)' Fit to single chain with 2nd Virial coefficient' 
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endif 
write(9,118) 
GOTO(128,129,400,420),INP 

128 
WRITE(9,413)NC,CHISQR,CUTQ,ERRCUT,RADG,ERRADG,BACKG,ERRBAK 

WRITE(9,118) 
WRITE(9,119) 
WRITE(9,120)(Q(K),SC(K), YFIT(K),DIFF(K), 
1K=1,NPTS) 

40 WRITE(9,118) 
GOTO 51 

129 WRITE(9,I36)NC,CHISQR,RGH,ERRRGH,RGD,ERRRGD,CHI,ERRCH1, 
1 SCALEF,ERRSCA,backg,en-bak 
WRITE(9,118) 
WRITE(9,119) 
WRITE(9,120)(Q(K),SC(K), YFIT(K),DIFF(K),K= 1 ,NPTS) 

39 WRITE(9,118) 
GOTO 52 

400 write(9,436)nc,chisqr,rg,errg,chin,erchin,scfac,errssf, 
&bkgmd,errbg 
write(9,118) 
write(9,119) 
write(9,120)(q(k),sc(k),yfit(k),diff(k),k=l,npts) 
write(9,118) 
goto 53 

420 WRITE(9,438)NC,CHISQR,yint,ery,rg,errg,a2,era2, 
&backg,erbak 
WRITE(9,118) 
write(9,440)cpol 
write(9,118) 
apmw=yint/cpol 
a2=a2/cpol 
write(9,445)apmw,a2 
WRITE(9,119) 
WRITE(9,120)(Q(K),SC(K),YFIT(K),DIFF(K), 
1K=1,NPTS) 

C **** VALUES OF PARAMETERS A T EACH STEP **** 
51 WRITE(9,101)TITLE 

WRITE(9,118) 
WRITE(9,131)FNAME 
WRITE(9,118) 
WRITE(9,132) 
WRITE(9,118) 
DO 134 I=1,NC 
WRITE(9,133) AT( 1,1),AT(2,I), AT(3,I) 

134 CONTINUE 
WRITE(9,118) 
WRITE(9,118) 
GOTO 675 

52 WRITE(9,101)TITLE 
WRITE(9,118) 
WRITE(9,131)FNAME 
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WRITE(9,118) 
WRITE(9,467) 
WRITE(9,118) 
DO 138 I=1,NC 

WRITE(9,465)AT(1,I),AT(2,I),AT(3,I),AT(4,I),AT(5,I),AT(6,1) 
138 CONTINUE 

WRITE(9,118) 
WRITE(9,118) 

53 write(9,101)TITLE 
WRITE(9,118) 
WRITE(9,131)FNAME 
WRITE(9,118) 
WRITE(9,468) 
WRITE(9,118) 
WRITE(9,466)(AT(1,I),AT(2,I),AT(3,I),AT(4,I),I=1,NC) 
WRITE(9,118) 
WRITE(9,118) 

C 
C ***** RETURN OPTIONS ***** 
j,*>t:***************cj^g;(2;K PLOTTING LIMITS ************************** 
^ * * * * * * * * ! ) c * * * > i c REXURN OPTIONS ***** 
675 print*,'another fit t ing option y/n?' 

call ans(ll) 
if(ll)then 
goto 678 
else 
goto 167 
endif 

678 PRINT*, 'CHANGE SAMPLE RUN ?' 
C A L L ANS(L5) 
IF(L5) GOTO 135 

GOTO 300 
135 CLOSE(14) 

PRINT*, 'CHANGE DATA FILE ?' 
C A L L ANS(L6) 
IF(L6) GOTO 919 
GOTO 100 

919 CONTINUE 
C 
990 CONTINUE 

CLOSE(9) 
101 FORMAT(A) 
98 F0RMAT(BN,F6.1) 
50 FORMAT(BN,F7.4) 
61 f o r m a t ( i l , l x , g l l . 4 ) 
132 F 0 R M A T ( 7 X , ' A 1 ' , 12X,'A2', 12X,'A3') 
133 FORMAT(5X, 1PE11.4,3X,E 11.4,3X,E 11.4) 
131 FORMAT(2X. ' VALUES AT EACH CYCLE I N C A L C U L A T I O N FOR D A T A 

SET' 
l ,2x,A12) 

120 FORMAT(3X,E 11.4,3X,E11.4,3X,E 11.4,3X,E 11.4) 
121 formate Run number ',16) 
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119 FORMAT(9X, 'Q/A' , l lX, 'SC ' ,12X, 'YFir ,9X, 'DIFF,6X) 
413 FORMAT(2X, ' NO. OF ITERATIONS = ',15,' CHISQR = ',1PE11.4,/, 

1 2X,' INTERCEPT(AT Q=0) = ',1PE11.4, 'ERROR I N INTERCEPT= ', 
2 1PE11.4,/,2X,' RADIUS OF GYRATION =',1PE11.4,' A', 
3 ' ERROR I N Rg=' 
4 ,F10.4,/,2X,' BACKGROUND= ',1PE11.4,' ERROR IN BACKGROUND= ', 
5 1PE11.4) 

136 F 0 R M A T ( 2 X , ' NO. OF ITERATIONS = ',15,' CHISQR = ',1PE11.4,/, 
1 2X,' Rg(HYD) = ',F10.4,' ERROR I N Rg(H) =',F9.4,/,2X, 
2 'Rg(DEU) = ',F10.4,' ERROR IN Rg(D) =',F9.4,/,2X, 
3 ' CHI= ',lPE15.4,lx,'ERROR I N CHI= ',1PE10.4,/,2X, 
4 ' SCALING FACTOR = ',lPE10.4,lx,'ERROR IN SCALING FACTOR =', 
5 1PE10.4,/,' Backgound = ' , lpel0.4, lx, ' Error = ' , lpel0.4) 

436 format(2x,' no. of iteradons =',i5,' chisqr= ' , lpe l 1.4y, 
&2x, ' total Rg/A= ' , f 10.4,' error in Rg= ',f9.4,/,2x, 
& ' chiN= ' , lpel2.4, ' error in chiN= ',lpel2.4,/,2x, 
& ' Scale factor^ ' , lpel2.4, ' error in scale factor= ' , lpel2.4, 
&/,2x, ' Background= ',lpel2.4, ' error in bkgmd= ',lpel2.4,/) 

438 format(2x,' Iterations ',i5,8x,'chisqr',lpel 1.4y, 
*' Int at Q=0 ' , l p e l 1.4,1 X, ' error ',1 pel 1.4,/, 
*' Rg ' , l p e l l . 4 , ' A',6x,' error ' , l pe l l .4 , / , 
*' virial f a c t ' , l p e l 1.4,lx,' error',1 pel 1.4,/, 
*' background ' , l p e l l . 4 , l x , ' error',1 pel 1.4) 

445 format(lx, ' App mol wt ' , lpe l 1.4,/,' App 2nd virial coeff ' 
* , l pe l l . 4 , / / ) 

440 format(lx, ' Polymer concentration', 1 pel 1.4,' g/ml') 
465 F0RMAT(6(1X,1PE11.4)) 
466 F0RMAT(6(1X,1PE12.4)) 
467 FORMAT(8X, 'A 1', 12X,'A2', 12X,'A3', 12X,'A4', 12X,'A5', 12X,'A6') 
468 FORMAT(8X,'Al' ,12X,'A2',12X,'A3',12X,'A4') , 
118 FORMAT(/) 
117 FORMATC D A T A SET = ',A12,5X) 
82 FORMAT(I3,1X,F10.0,1X,1PE12.4,1X,E12.4) 
103 F0RMAT(BN, I3 ) 
999 STOP 

E N D 
C 

(-;****************************************************************** 

C 

c 
FUNCTION FCHISQ(Y,EY,NP,NF,M,YF) 

C *** EVALUATES REDUCED CHI SQUARE FOR FIT TO D A T A *** 
C +++ FCHISQ = SUM((Y-YFIT)**2/SIGMA**2)/NFREE 
C 

implicit double precision (a-h,o-z) 
D I M E N S I O N Y(500),EY(500),YF(500) 
CHISQ=0.0 
IF(NF)401,401,402 

401 FCHISQ=0.0 
GOTO 404 

C 
C ***** A C C U M U L A T E CHISQUARE ***** 
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C 
402 CONTINUE 

DO 408 I = l , N P 
IE.(M)405,406,407 

405 IF(Y(I))410,406,411 
411 WT=1.0A' ( I ) 

GOTO 409 
410 WT=1.0/(-Y(I)) 

GOTO 409 
406 WT=1.0 

GOTO 409 
407 WT=1.0/EY(I)**2 
409 CONTINUE 

CHISQ=CHISQ + WT*(Y(I)-YF(I))**2 
408 CONTINUE 

C 
C *** D I V I D E BY NUMBER OF DEGREES OF FREEDOM *** 
C 

FREE=NF 
FCHISQ=CHISQ/FREE 

404 RETURN 
E N D 

^ * * * * * * * * * * * * * * * * * * * * * ) t : * * * * * * * * * * * * * * * j | : * * * * * * * * * * * * * * * * * * 

c 
SUBROUTINE FUNC(X,A,YF,NP,INP) 
implicit double precision (a-h,o-z) 
D I M E N S I O N X(500),A(10),YF(500) 
common/cmol/pd,pdh,pdd,dph,dpd,vd 
DO 5011=1,NP 
X T = X ( I ) 
YF(I )=CALC(XT,A,INP) 

501 CONTINUE 
RETURN 
END 

Q* ******************************************************* 
c 

FUNCTION CALC(X,A,INP) 
implici t double precision (a-h,o-z) 
D I M E N S I O N A(10) 
common/cmol/pd,pdh,pdd,dph,dpd,vd 
GOTO (711,712,713,714),INP 

711 un=pd-l 
pow=-l . /un 
qrg2=(X**2*A(2)**2)/(l+2*un) 
c 1=(qrg2-1)+(1 +un*qrg2)**po w 
c2=(un-i-l)*qrg2*qrg2 
calc=a(l)*(2*(cl/c2))+a(3) 
GOTO 769 

712 uh=pdh-l 
powh=-l . /uh 
qrgh=(X**2*A(l)**2)/( l+2*uh) 
c 1 =(qrgh-1)+(1 +uh*qrgh)**powh 
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c2=(uh+l)*qrgh*qrgh 
c6=2*cl/c2 
CALC1=l / ( ( 1 - VD)*dph*c6) 
ud=pdd-1 
powd=-l./ud 
qrgd=(X**2*A(2)**2)/(l+2*ud) 

c3=(qrgd-1)+(1+ud*qrg2)**po wd 
c4=(ud-i-1) *qrgd*qrgd 
c5=2*c3/c4 

CALC2=l/(VD*dpd*c5) 
FAC=(CALC1+CALC2-2*A(3)) 
calc=(a(4)/fac)+a(5) 

goto 769 
713 uh=x*x*a(l)*a(l) 

g2=(2/(uh**2))*(vd*uh+exp(-vd*uh)-l) 
g3=(2/(uh**2))*((l-vd)*(uh+exp(-(l-vd)*uh)-l)) 
gl=(2/(uh**2))*(uh+exp(-uh)-l) 
bll=g2*g3 
bl2=(gl-g2-g3)**2 
fun=gl/(bl l-0.25*bl2) 
soq=l/(fun-2*a(2)) 
calc=(soq*a(3))+a(4) 
goto 769 

714 u=x*x*a(3)*a(3) 
debye=(2.0/(u*u))*(u-1.0+exp(-u)) 
calc=a( 1 )*debye/(l+2*a(2))+a(4) 

769 RETURN 
END 

C 
^******************************************************** 
c 

SUBROUTINE CURFIT(X,Y,ey,NP,A,DA,M,NT,EA,FL,YF,CHISQR, 
1NC,AT,INP) 
implicit double precision (a-h,o-z) 
double precision array 
D I M E N S I O N X(500),Y(500),EY(500),YF(500) 
DIMENSION A(10),DA(10),EA(10),AT(10,120) 
DIMENSION WT(500),ALPHA(10,10),BETA(10),DERIV(10) 
DIMENSION ARRAY(10,10),B(10) 
common/cmol/pd,pdh,pdd,dph,dpd,vd 
NC=0 
CHISQR=0.0 
CHIOLD=0.0 
do 500,i=l,np 
ey(i)=ey(i)/0.6745 

500 continue 
DO 631 J=1,NT 
DO 630 1=2,120 
AT(J,I)=0.0 

630 CONTINUE 
631 CONTINUE 

NF=NP - NT 
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C 
C ***** E V A L U A T E WEIGHTS ***** 
C 

D O 6 0 1 I = l , N P 
IF(M)602,607,609 

602 IF(Y(I))605,607,603 
603 WT(I)=1.0/Y(I) 

GOTO 601 
605 WT(I)=1.0/(-Y(I)) 

GOTO 601 
607 WT(I)=1.0 

GOTO 601 
609 WT(I)=1.0/EY(I)**2 
601 CONTINUE 

C *** E V A L U A T E ALPHA A N D BETA MATRICES *** 
10 GOTO(666,667,668,670),INP 

666 CONTINUE 
WRITE(*,699)nc,A(l),A(2),A(3),chiold 
GOTO 497 

667 WRITE(*,489)nc,A(l),A(2),A(3),A(4),A(5),chiold 
goto 497 

668 write(*,669)nc,a(l),a(2),a(3),a(4),chiold 
goto 497 

670 write(*,669)nc,a(l),a(2),a(3),a(4),chiold 
669 fo rmat ( lx , i3 ,5 ( lx , lpe l l .4 ) ) 
489 FORMAT(lx , i3 ,7( lX, lPE11.4)) 
699 FORMAT(lx , i3 ,4( lX, lPE11.4)) 
497 FL^O.OOl 

D O 6 1 0 J = l , N T 
BETA(J)=0.0 
D O 6 1 0 K = l , J 
ALPHA(J,K)=0.0 

610 CONTINUE 
DO 620 1=1,NP 
X T = X ( I ) 
CALLFDERIV(XT,A,DA,NT,DERIV, INP) 
D 0 616 J=1,NT 
BETA(J)=BETA(J)+WT(I)*(Y(I)-CALC(XT,A,INP)) 

& *DERIV(J) 
D 0 616K=1,J 
ALPHA(J,K)=ALPHA(J,K)+WT(I)*DERIV(J)*DERIV(K) 

616 CONTINUE 
620 CONTINUE 

D 0 613 J=1,NT 
D 0 613K=1,J 
ALPHA(K,J)=ALPHA(J,K) 

613 CONTINUE 
C 
C *** E V A L U A T E CHISQUARE A T STARTING POINT *** 
C 

C A L L FUNC(X,A,YF,NP,INP) 
CHISQ1 =FCHISQ(Y,E Y,NP,NF,M, YF) 
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C 
C INVERT MODIFIED CURVATURE M A T R I X TO FIND NEW PARAMETERS 
C 
621 CONTINUE 

D 0 614 J=1,NT 
DO 615 K=1,NT 
ARRAY(J,K)=ALPHA(J,K)/SQRT(ALPHA(J,J)*ALPHA(K,K)) 

615 CONTINUE 
ARRAY(J,J)=1.0-l-FL 

614 CONTINUE 
C A L L MATINV(ARRAY,NT,DET) 
D 0 617 J=1,NT 
B(J)=A(J) 
D 0 617K=1,NT 
B(J)=B(J)+BETA(K)*ARRAY(J,K)/SQRT(ALPHA(J,J)*ALPHA(K,K)) 

617 CONTINUE 
C 
C *** IF CHISQUARE INCREASED, INCREASE FL & TRY A G A I N *** 
C 

C A L L FUNC(X,B,YF,NP,INP) 
CHISQR=FCHISQ(Y,EY,NP,NF,M,YF) 
IF(CHISQ1 - CHISQR) 618,619,619 

618 FL=10.0*FL 
GOTO 621 

C 
C *** E V A L U A T E PARAMETERS A N D UNCERTAINTIES *** 
C 
619 CONTINUE 

DO 622 J=1,NT 
A(J)=B(J) 
EA(J)=SQRT(ARRAY(J,J)/ALPHA(J,J)) 

622 CONTINUE 
FL=FL/10.0 

C 
C 

NC=NC + 1 
DO 632 1=1,NT 
AT(I ,NC+1)=A(I) 

632 CONTINUE 
IF(NC.GT.100)GOTO 624 
IF (NC.EQ. l )GOTO 623 
V A L = A B S ( C H I O L D - CHISQR) 
V A L = V A L / C H I O L D 
IF(VAL.LE.O.OOOl) GOTO 625 

623 CONTINUE 
CHIOLD=CHISQR 
GOTO 10 

624 WRITE(*,600)'EXCEEDED L I M I T OF ITERATIONS A T LINE 6810' 
625 CONTINUE 
600 FORMAT(A) 

RETURN 
E N D 
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C 

c 
SUBROUTINE FDERIV(X,A,DA,NT,DERIV,INP) 
implicit double precision (a-h,o-z) 
DIMENSION A(10),DA(10) 
DIMENSION DERIV( 10) 
common/cmol/pd,pdh,pdd,dph,dpd,vd 
DO 701 J=1,NT 
AJ=A(J) 
DELTA=DA(J) 
A(J)=AJ + DELTA 
YFIT=CALC(X,A,INP) 
A(J)=AJ - DELTA 
DERIV(J)=(YFIT - CALC(X,A,INP))/(2.0*DELTA) 
A(J)=AJ 

701 CONTINUE 
RETURN 
END 

C 

c 
SUBROUTINE MATINV(ARRAY,NO,DET) 

C 
C *** INVERTS MATRIX AND COMPUTES ITS DETERMINANT *** 
C 

implicit double precision (a-h,o-z) 
DIMENSION ARRAY(10,10),IK(10),JK(10) 
DET=L0 
DO700K=l,NO 

C 
C ** FIND THE LARGEST ELEMENT ARRAYGJ) IN REST OF MATRIX ** 
C 

AMAX=0.0 
702 CONTINUE 

DO 703 I=K,NO 
DO 703 J=K,NO 
IF(dABS(AMAX) - dABS(ARRAY(I,J)))704,704,703 

704 AMAX=ARRAY(I,J) 
IK(K)=I 
JK(K)=J 

703 CONTINUE 
C 
C INTERCHANGE ROWS & COLUMNS TO PUT AMAX IN ARRAY(K,K) 
C 

IF(AMAX)705,706,705 
706 DET=0.0 

GOTO 799 
705 I=IK(K) 

IF(I-K)702,707,708 
708 DO709J=l,NO 

SAVE=ARRAY(K,J) 
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ARRAY(K,J)=ARRAY(I,J) 
ARRAY(I,J)=-SAVE 

709 CONTINUE 
707 J=JK(K) 

IF(J-K)702,710,711 
711 D 0 712I=l,NO 

SAVE=ARRAY(I,K) 
ARRAY(I,K)=ARRAY(I,J) 
ARRAY(I,J)=-SAVE 

712 CONTINUE 
C 
C *** ACCUMULATE ELEMENTS OF INVERSE MATRIX *** 
C 
710 D0 713I=l,NO 

IF(I-K)714,713,714 
714 ARRAY(I,K)=-ARRAY(I,K)/AMAX 
713 CONTINUE 

DO 715 1=1,NO 
D 0 715 J=1,N0 
IF(I-K)716,715,716 

716 IF(J-K)717,715,717 
717 ARRAYa,J)=ARRAY(I,J) + ARRAY(LK)*ARRAY(K,J) 
715 CONTINUE 

D 0 718 J=1,N0 
IF(J-K)719,718,719 

719 ARRAY(K,J)=ARRAY(KJ)/AMAX 
718 CONTINUE 

ARRAY(K,K)=1.0/AMAX 
700 DET=DET*AMAX 

C 
C *** RESTORE ORDERING OF MATRK *** 
C 
720 CONTINUE 

DO 721 L=1,N0 
K=NO - L + 1 
J=IK(K) 
IF(J-K)722,722,723 

723 DO 724 1=1,NO 
SAVE=ARRAY(I,K) 
ARRAY(I,K)=-ARRAY(I,J) 
ARRAYa,J)=SAVE 

724 CONTINUE 
722 I=JK(K) 

IF(I-K)721,721,725 
725 D 0 726J=l,NO 

SAVE=ARRAY(K,J) 
ARRAY(K,J)=-ARRAY(I,J) 
ARRAY(I,J)=SAVE 

726 CONTINUE 
721 CONTINUE 
799 CONTINUE 

RETURN 
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END 

C Subroutine where data is read in from the files 
^ * >|!!|c**j)< *************************************** :̂  * * 

SUBROUTINE DATREAD(NUM,NP) 
implicit double precision (a-h,o-z) 
DIMENSION Q(500),Y(500),EY(500) 
common/raw/q,y,ey 

10 write(6,100)' Enter run number' 
100 format(a) 

READ(5,830)NUM 
830 FORMAT(I6) 

lF(NUM.LE.0)then 
write(6,100)' Dummy! Enter a number > 0!!' 
goto 10 
endif 

(-|******** ************************************************ ******** 
REWIND 18 

800 CONTINUE 
C 

c 
READ(18,820,END=811)N0RUN,NP 

820 FORMAT(I6,19X,I5) 
NPX=INT((NP + l)/2.0) 
IF(NORUN.EQ.NUM) GOTO 809 
DO 802 1=1,NPX 
READ(18,803,END=811)X 

803 F0RMAT(A3) 
802 CONTINUE 

GOTO 800 
811 CONTINUE 

PRINT*;Run not found !!' 
write(6,100)' Try another number' 
goto 10 

C C ***** READ DATA ***** 
809 CONTINUE 

DO 805 I=1,NP,2 
J=I + 1 
IF(J.GT.NP)GOTO 806 
READ(18,*,END=817)Q(I),Y(I),EY(I),Q(J),Y(J),EY(J) 

805 CONTINUE 
806 CONTINUE 

NPX=NPX - INT(NP/2.0) 
IF(NPX.EQ.O) GOTO 817 
READ(18,*,END=817)Q(NP),Y(NP),EY(NP) 

817 CONTINUE 
RETURN 
END 

c 
^************************************************************ 

SUBROUTINE ANS(L) 
CHARACTER* 1 NN 
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LOGICAL 1 
l=.false. 
READ310,nn 

310 FORMAT(IAI) 
if(NN.eq.'N'.or.NN.eq.'n')then 
l=.true. 
endif 

c L=MM.eq.NN 
RETURN 
END 
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University of Durham 

Board of Studies in Chemistry 

CoUoquia, lectures and Seminars given by Invited Speakers 

1st August 1989 to 31st July 1990 

ASHMAN Mr A (Durham Chemistry Teacher's Centre) 
The National Curriculum - An Update 11 th Oct 1989 

BADYAL Dr J P S (Durham University) 
Breakthroughs on Heterogeneous Catalysis 1st Nov 1989 

BECHER Dr J(Odense University) 
Synthesis of New Macrocyclic Systems using 13th Nov 1989 

Heterocyclic Building Blocks 

BERCAW Prof J E (California Institute of Technology) 
Synthetic and Mechanistic Approaches to 10th Nov 1989 

Ziegler-natta Polymerization of Olefins 

BLEASDALE Dr C (Newcastle University) 
The Mode of Action of some Anti-tumour Agents 21st Feb 1990 

BOLLEN Mr F (formerly Science Advisor, Newcastle LEA) 
What's new in Satis, 16-19 27th Mar 1990 

BOWMAN Prof J M (Emory University) 
Fitting Experiment with Theory in Ar-OH 23rd Mar 1990 

BUTLER Dr A (St Andrews University) 
The Discovery of Penecillin: Facts and Fancies 7th Dec 1989 

CAMPBELL Mr W A (Durham Chemistry Teachers Centre) 
Industrial Catalysis - Some Ideas for 12th Sep 1989 

the National Curriculum 

CHAD WICK Dr P (Dept of Physics, Durham University) 
Recent Theories of the Universe (with respect 24th Jan 1990 

to National Curriculum Attainment Target 16) 

CHEETHAM Dr A K (Oxford University) 
Chemistry of Zeolite Cages 8th Mar 1990 
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CLARK Prof D T (ICI Wilton) 
Spatially resolved Chemistry (using Nature's Paradigm 22nd Feb 1990 

in the Advanced Materials Arena) 

COLE-HAMILTON Prof D J (St Andrews University) 
New Polymers from Homogeneous Catalysis 29th Nov 1989 

CROMBIE Prof L (Nottingham University) 15th Feb 1990 

The Chemistry of Cannabis and Khat 

DYER D r U (Glaxo) 31st Jan 1990 

Synthesis and Conformation of C-Glycosides 

FLORIANI Prof C (University of Lausanne. 25th Oct 1989 
Switzeriand) 

Molecular Aggregates - A Bridge between 
Homogeneous and Heterogeneous Systems 

GERMAN Prof L S (USSR Academy of Sciences, 9th Jul 1990 
Moscow) 

New Syntheses in Fluoroaiiphatic Chemistry: 
Recent Advances in the Chemistry of Fluorinated Oxiranes 

GRAHAM Dr D (BP Research Centre) 4th Dec 1989 

How Proteins Absorb to Interfaces 

GREENWOOD Prof J H (University of Leeds) 9th Nov 1989 
Novel Cluster Geometries in Metalloborane Chemistry 

HOLLOWAY Prof J H (University of Leicester) 1st Feb 1990 

Noble Gas Chemistry 

HUGHES Dr M N (King's College, London) 30th Nov 1989 
A Bug's Eye View of the Periodic Table 

HUISGEN Prof R (Universitat Munchen) 15th Dec 1989 
Recent Mechanistic Studies of [2+2] Additions 

IDDON Dr B (University of Salford) 15th Dec 1989 
Schools' Christmas Lecture - The Magic of Chemistry 

JONES Dr M E (Durham Chemistry Teachers' 3rd Jul 1989 

Centre) 

The Chemistry A Level 1990 
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JONES Dr M E (Durham Chemistry Teachers' 
Centre) 

GCSE and Dual Award Science as a starting point for 
A level Chemistry - how suitable are they ? 

JOHNSON Dr G A L (Durham Teahcers' Training Centre) 
Some aspects of local Geology in the National 
Science Curriculum (attainment target 9) 

KLINOWSKI Dr J (Cambridge University) 
Solid State NMR Studies of ZeoHte Catalysts 

LANCASTER Rev R (Kimbolten Firreworks) 
Fireworks - Principles and Practice 

LUNAZZI Prof L (University of Bologna) 
AppUcation of Dynamic NMR to the Study 
of Conformational Enantiomerism 

PALMER Dr F (Nottingham University) 

Thunder and Lightening 

PARKER Dr D (Durham University) 
MaCTOcycIes, Drugs and Rock 'n' Roll 

PERUTZ Dr R N (York University) 
Plotting the Course of C-H Acivations 
with Organometallics 

PLARINOV Prof V E (USSR Academy of Sciences. 
Novosibirsk) 

Polyfluoroindanes: Synthesis and Transformation 

POWELL Dr R L (ICI) 
The Development of CFC Replacements 

POWIS Dr I (Nottingham University) 

Spinning off in a huff: Photodissoriation 

of Methyl Iodide 

RICHARDS Mr C (Health and Safety Executive. 
Newcastle) 

Safety in School Science Laboratories and COSHH 

21st Nov 1989 

8th Feb 1990 

[3th Dec 1989 

8th Feb 1990 

12th Feb 1990 

17th Oct 1989 

16th Nov 1989 

24th Jan 1990 

9th Jul 1990 

6th Dec 1989 

21st Mar 1990 

28th Feb 1990 



Appendix 3.4 

9th Jul 1990 

1st Mar 1990 

ROZHKOV Prof I N (USSR Academy of Sciences. 
Moscow) 

Reacivity of Perfluoroalkyl Bromides 

STODDART Dr J F (Sheffield University) 

Molecular Lego 

SUTTON Prof D (Simon Fraser University, 14th Feb 1990 
Vancouver BC) 

Synthesis and Applications of Dinitrogen and 

Diazo Compounds of Rhenium and Iridium 

THOMAS Dr R K (Oxford University) 28th Feb 1990 
Neutron Refectometry from Surfaces 

THOMPSON Dr D P (Newcastle University) 

The role of Nitrogen in Extending Sihcate 

Crystal Chemistry 

7th Feb 1990 


