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ABSTRACT 

T h e c o r e l e v e l s o f a s e r i e s o f e i g h t y - t h r e e h o m o p o 1 y m e r s h a v e 

b e e n s t u d i e d by ESCA. C o m p a r i s o n s o f t h e e x p e r i m e n t a l l y d e t e r m i n e d 

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

t h e CNDO/2 SCF MO f o r m a l i s m h a v e b e e n made o n t h e C. a n d 0 , c o r e 
I s I s 

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

p a r i s o n o f t h e g r o u n d s t a t e p o t e n t i a l (GPM) a n d r e l a x a t i o n p o t e n ­

t i a l (RPM) m q d e l s o n a s e r i e s o f s i x m o d e l c o m p o u n d s i s g i v e n . Com­

p i l a t i o n s a r e g i v e n o f b i n d i n q e n e r q i e s o f C. , 0 , , N, . C l „ , S „ , 
3 3 3 I s ' I s ' I s 2p ' 2p' 

S i 2p a n d B r ^ l e v e l s f o r t y p i c a l s t r u c t u r a l f e a t u r e s o f common 

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

E l e c t r o n mean f r e e p a t h s as a f u n c t i o n o f k i n e t i c e n e r g y 

h a v e b e e n m e a s u r e d by t h e s u b s t r a t e - o v e r 1 a y e r t e c h n i q u e f o r i n - s i t u 

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

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

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

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

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

w h i c h may be r a t i o n a l i z e d o n t h e b a s i s o f e x i s t i n g t h e o r y . 

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

e x a m i n a t i o n o f 1) a s e r i e s o f [ 2 . 2 ] p a r a c y c l o p h a n e s , i n an a t t e m p t 

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

t i e s o f t h e s e s y s t e m s ; 2) a s e r i e s o f a l i p h a t i c , a r o m a t i c a n d f l u o r i n e 

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

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

C j s > 0^ a n d F | s c o r e l e v e l s ; 3) s a m p l e c h a r g i n g p h e n o m e n a i n t h e 

ESCA e x a m i n a t i o n o f t h i c k i n s u l a t i n g s a m p l e s ; h) p o l y m e r / m e t a l i n t e r ­

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

a n d z i r c o n i u m . R a d i o f r e q u e n c y p l a s m a s e x c i t e d i n i n e r t g a s ( a r g o n ) 

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

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

t h e c a r b o n t y p e o v e r l a y e r a n d m e t a 1 / m e t a 1 - o x i d e s u b s t r a t e ; i n c o n ­

c l u s i o n 5) a p o l y m e r i c b y - p r o d u c t o f t h e d i r e c t f l u o r i n a t i o n o f 

b e n z e n e i n an a t t e m p t t o d e t e r m i n e t h e s t r u c t u r e -md c o m p o s i t i o n 

o f t h e p o l y m e r . 
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i ) In t r o d u c t i o n 

I n common w i t h m o s t o t h e r s p e c t r o s c o p i c m e t h o d s , ESCA, o r X - r a y 

p h o t o e 1 e c t r o n s p e c t r o s c o p y , i s a t e c h n i q u e o r i g i n a l l y d e v e l o p e d by 

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

g a n i c c h e m i s t s as a t o o l f o r i n v e s t i g a t i n g s t r u c t u r e a n d b o n d i n g . ' 

A t t h e b e g i n n i n g o f t h e 2 0 t h c e n t u r y R o b i n s o n ^ " * * ( i n E n g l a n d ) 

and de B r o g l i e ^ ( i n F r a n c e ) i n v e s t i g a t e d t h e e n e r g y d i s t r i b u t i o n o f 

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

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

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

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

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

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

s i s t e d o f a c o n t i n u o u s s p e c t r u m ( b r e m s s t r a h 1 u n g ) w i t h t h e c h a r a c t e r i s t i c 

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

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

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

a k n o w l e d g e o f t h e e n e r g y o f t h e e x c i t i n g X - r a y l i n e , b i n d i n g e n e r g i e s 

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

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

X - r a y p h o t o n a n d t h e s h o r t mean f r e e p a t h f o r t h e p h o t o e m i t t e d e l e c t r o n . ) 

E x c e p t f o r a f e w i s o l a t e d a t t e m p t s ^ " " - ' t o e x t e n d t h e w o r k o f 

R o b i n s o n a n d de B r o g l i e , X - r a y p h o t o e 1 e c t r o n s p e c t r o s c o p y w e n t i n t o a 

r e c e s s i o n u n t i l t h e e a r l y 1950 ' s w h e n S i e g b a h n a n d c o - w o r k e r s a t t h e 

U n i v e r s i t y o f U p s a l a , S w e d e n , d e v e l o p e d an i r o n - f r e e m a g n e t i c d o u b l e -

f o c u s s i n g e l e c t r o n s p e c t r o m e t e r w i t h h i g h r e s o l u t i o n p r o p e r t i e s . ' ' 

I n 195^ a t t e m p t s w e r e made t o r e c o r d h i g h r e s o l u t i o n p h o t o e 1 e c t r o n 

s p e c t r a e x c i t e d by X - r a y s a n d t h e o b s e r v a t i o n o f a s h a r p l i n e w h i c h 

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

c o u r s e o f f u t u r e d e v e l o p m e n t o f t h e t e c h n i q u e . The p h o t o e 1 e c t r o n s 

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

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

o f t h e a t o m i c l e v e l f r o m w h i c h t h e y came a n d c o u l d be m e a s u r e d t o a 
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p r e c i s i o n o f a f e w t e n t h s o f an e l e c t r o n v o l t . 



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

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

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

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

a t o m . ' 3 ~ , i + H o w e v e r , a t t h a t t i m e , t h e c h e m i c a l e f f e c t s w e r e d i f f i c u l t t o 

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

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

a n d i t s o x i d e s ' - ' a n d t h e v a l u e , o f X - r a y p h o t o e 1 e c t r o n s p e c t r o s c o p y f o r 

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

g e n e r a l u t i l i t y was a p p r e c i a t e d o n l y as r e c e n t l y as 1 9 6 ^ ' ^ " ' ^ w i t h t h e 

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

Much o f t h e e a r l y w o r k o f S i e g b a h n and c o - w o r k e r s was e x t e n s i v e l y 

d o c u m e n t e d i n 1968 i n " E S C A , A t o m i c , M o l e c u l a r and S o l i d S t a t e S t r u c t u r e 

S t u d i e d by Means o f E l e c t r o n S p e c t r o s c o p y " ; ^ l a t e r w o r k was s u m m a r i z e d 

i n 1969 i n "ESCA A p p l i e d t o F r e e M o l e c u l e s " . ' 9 

I n a d d i t i o n t o t h e name ESCA ( E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l 

A p p l i c a t i o n ) , o r i g i n a l l y c o i n e d by S i e g b a h n as E l e c t r o n S p e c t r o s c o p y 

f o r C h e m i c a l A n a l y s i s , t h e t e c h n i q u e i s a l s o known a s : 

1) X - r a y P h o t o e 1 e c t r o n S p e c t r o s c o p y ( X P S ) . 

2) H i g h E n e r g y P h o t o e 1 e c t r o n S p e c t r o s c o p y ( H E P S ) . 

3) I n d u c e d E l e c t r o n E m i s s i o n S p e c t r o s c o p y ( I E E S ) . 

k) P h o t o e 1 e c t r o n S p e c t r o s c o p y o f t h e I n n e r S h e l l ( P E S I S ) . 

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

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

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

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

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

as f o 1 1 o w s : 

(1 ) The s a m p l e may be s o l i d , l i q u i d o r g a s a n d s a m p l e s i z e s a r e 

s m a l l b e i n g 1 m g . s o l i d , 0 . 1/u 1 . l i q u i d a n d 0 . 5 c c . ( S T P ) o f 

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

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

q u a n t i t y n e e d e d f o r a n a l y s i s b y E S C A . ) 

(2 ) T h e t e c h n i q u e i s f o r a l l p r a c t i c a l p u r p o s e s n o n d e s t r u c t i v e 

i n t h a t t h e t y p i c a l X - r a y f ' u x i s q u i t e s m a l l ( 0 . 1 m i l l i r a d / 

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

A u g e r s p e c t r o s c o p y w h e r e t h e e l e c t r o n beam p r o d u c e s many s u r ­

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

l i n k i n g a n d d e g r a d a t i o n c a n o c c u r . 
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(3) The t e c h n i q u e i s i n d e p e n d e n t o f t h e s p i n p r o p e r t i e s o f t h e 

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

t a b l e w i t h t h e e x c e p t i o n o f H a n d He w h e r e t h e r e i s no d i s ­

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

( 4 ) M a t e r i a l s may be s t u d i e d ' i n s i t u ' i n t h e i r w o r k i n g e n v i r o n ­

m e n t s w i t h a m i n i m u m o f p r e p a r a t i o n . 

(5) The t e c h n i q u e p r o v i d e s a l a r g e n u m b e r o f i n f o r m a t i o n l e v e l s f r o m 

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

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

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

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

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

(7 ) F o r s o l i d s , ESCA has t h e u n i q u e c a p a b i l i t y o f d i f f e r e n t i a t i n g 

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

d e p t h p r o f i 1 i n g . 

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

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

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

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

(9) The i n f o r m a t i o n l e v e l s a r e s u c h t h a t ' a b i n i t i o ' i n v e s t i g a t i o n s 

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

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

H a v i n g e l a b o r a t e d on t h e a d v a n t a g e s o f ESCA i t i s i m p o r t a n t t o 

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

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

w a v e NMR a l t h o u g h ' s t a t e o f t h e a r t ' i n s t r u m e n t a t i o n come s o m e w h a t c l o s e r 

t o t h e c o s t o f F o u r i e r t r a n s f o r m a t i o n NMR s p e c t r o m e t e r s . I n s e t t i n g up 

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

t h a t f o r F o u r i e r T r a n s f o r m I . R . , L a s e r Raman a n d Mass S p e c t r o m e t e r s . 

T h e v a c u u m s y s t e m a s s o c i a t e d w i t h ESCA i n s t r u m e n t a t i o n means t h a t 

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

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

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

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

p r o b l e m s . A s i m i l a r c r i t i c i s m may o f c o u r s e be l e v e l l e d a t NMR w h e r e 

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

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



a s p e c t r u m . W h i l s t t h e t e c h n i q u e has s u p e r i o r d e p t h r e s o l u t i o n ( i n t h e 

r a n g e ~ 100 A ) t o a n y o t h e r , t h e s p a t i a l r e s o l u t i o n i s p o o r a n d t y p i c a l l y 

an a r e a ~ 0 . 25 c m . i s s a m p l e d . As a c o r o l l a r y o f t h i s o f c o u r s e , u n l e s s 
o 

t h e o u t e r m o s t ~ 100 A o r s o o f a t h i n o r g a n i c o r p o l y m e r i c f i l m o f t h e 

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

t h i n g a b o u t t h e b u l k s t r u c t u r e by means o f ESCA w i t h o u t s e c t i o n i n g t h e 

samp 1 e . 

W i t h c o n v e n t i o n a l u n m o n o c h r o m a t i z e d X - r a y s o u r c e s , a n d s l i t t e d 

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

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

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

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

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

p o o r s i g n a 1 / b a c k g r o u n d r a t i o f o r t h e t e c h n i q u e . S a m p l e c h a r g i n g f o r i n ­

s u l a t i n g f i l m s u s u a l l y a m o u n t s t o no m o r e t h a n a f e w eV s h i f t s i n t h e 

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

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

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

t i p l e c o l l e c t o r a s s e m b l i e s c o n s i d e r a b l y a l l e v i a t e s t h e s i g n a 1 / b a c k g r o u n d 

a n d s i g n a l / n o i s e r a t i o s , h o w e v e r s a m p l e c h a r g i n g c a n be much m o r e s e v e r e 

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

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

m a t e r i a l s s t u d i e d b y means o f u n m o n o c h r o m a t i z e d X - r a y s a r e l a r g e l y 

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

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

m o n o c h r o m a t i z a t i o n s c h e m e s . I t i s s t i l l t h e c a s e h o w e v e r t h a t t h e o v e r ­

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

e n v i r o n m e n t a r e p o o r c o m p a r e d w i t h s a y ' 3 C NMR. A p a r t i c u l a r l y i n t e r ­

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

c a r b o n i s f o r m a l l y i n s p 3 , s p ^ a n d s p h y b r i d i z a t i o n w h i l s t f o r t h e c o r e 

l e v e l s t h e s h i f t t o l i n e w i d t h r a t i o m i g h t t y p i c a l l y be ^ 1 w i t h an 

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

i s ^ 1 0 3 . 

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

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

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

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

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

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

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

a b l e i n t e r e s t t o a c h e m i c a l p h y s i c i s t . We may n o t e i n t h i s c o n n e c t i o n 

t h a t t h e t e c h n i q u e i s q u i t e c o m p e t i t i v e i n t e r m s o f t i m e t a k e n t o 

r e c o r d a s p e c t r u m ( t y p i c a l l y ~ 10 m i n u t e s ) a n d w i t h d e v e l o p m e n t s a l r e a d y 

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

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

i n T a b l e 1 . 1 . I t i s t h e c o m p o s i t e n a t u r e o f t h e s e i n f o r m a t i o n l e v e ' s 

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

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

and p h y s i c i s t s t o d a y . The way i n w h i c h ESCA may be e x p l o i t e d w i l l b e ­

come a p p a r e n t i n t h e e n s u i n g s e c t i o n s . 

T a b l e 1.1 

H i e r a r c h y o f I n f o r m a t i o n L e v e l s A v a i l a b l e i n ESCA 

( 1 ) A b s o l u t e b i n d i n g e n e r g i e s , r e l a t i v e p e a k i n t e n s i t i e s , s h i f t s 

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

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

(2 ) S h a k e - u p , s h a k e - o f f s a t e l l i t e s . M o n o p o l e e x c i t e d s t a t e s ; 

e n e r g y s e p a r a t i o n w i t h r e s p e c t t o d i r e c t p h o t o i o n i z a t i o n 

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

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

e c t l y ( A n a l o g u e o f U . V . ) . 

( 3 ) M u l t i p l e t e f f e c t s . F o r p a r a m a g n e t i c s y s t e m s , s p i n s t a t e , 

d i s t r i b u t i o n o f u n p a i r e d e l e c t r o n s ( A n a l o g u e E . S . R . ) . 

(k) V a l e n c e e n e r g y l e v e l s , l o n g e r r a n g e e f f e c t s d i r e c t l y . 

( 5 ) A n g u l a r d e p e n d e n t s t u d i e s . F o r s o l i d s w i t h f i x e d a r r a n g e ­

m e n t o f a n a l y z e r a n d X - r a y s o u r c e , v a r y i n g t a k e o f f a n g l e 

b e t w e e n s a m p l e a n d a n a l y z e r p r o v i d e s means o f d i f f e r e n t i a t ­

i n g s u r f a c e a n d s u b - s u r f a c e a n d b u l k e f f e c t s . V a r i a b l e 

a n g l e b e t w e e n a n a l y z e r a n d X - r a y s o u r c e a n g u l a r d e p e n d e n c e 

o f c r o s s s e c t i o n s , a s y m m e t r y p a r a m e t e r /3 , s y m m e t r i e s o f 

1 e v e 1 s . 
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The g r e a t a d v a n t a g e s o f ESCA as a t e c h n i q u e , i n b e i n g a b l e t o s t u d y 

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

n u c l e a r p r o p e r t i e s s u c h as m a g n e t i c o r e l e c t r i c q u a d r u p o l e m o m e n t s ) , 

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

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

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

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

h o p e t o g a i n i n f o r m a t i o n ( T a b l e 1 . 2 ) . 

T a b l e 1 .2 

ESCA A p p l i e d t o P o l y m e r s 

A . A s p e c t s o f S t r u c t u r e a n d B o n d i n g ( S t a t i c S t u d i e s ) 

( i ) G r o s s c h e m i c a l c o m p o s i t i o n s 

( a ) e l e m e n t a l c o m p o s i t i o n s , 

( b ) % i n c o r p o r a t i o n o f c o m o n o m e r s i n c o p o l y m e r s , 

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

( i i ) G r o s s s t r u c t u r a l i n f o r m a t i o n 

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

D o m a i n s t r u c t u r e i n b l o c k c o p o l y m e r s , 

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

( a ) s t r u c t u r a l i s o m e r i s m s , 

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

( i v ) V a l e n c e b a n d s o f p o l y m e r s 

( v ) I d e n t i f i c a t i o n o f p o l y m e r s , s t r u c t u r a l e l u c i d a t i o n , 

( v i ) M o n o p o l e e x c i t e d s t a t e s . 

B. A s p e c t s o f S t r u c t u r e a n d B o n d i n g ( D y n a m i c S t u d i e s ) 

( i ) S u r f a c e t r e a t m e n t s e . g . C A S I N G , p l a s m a m o d i f i c a t i o n , 

( i i ) The rma 1, p h o t o c h e m i c a 1 d e g r a d a t i o n , 

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

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

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

f i l m t h i c k n e s s ) . 

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

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

C. E l e c t r i c a l P r o p e r t i e s 

( i ) Mean f r e e p a t h s o f e l e c t r o n s as a f u n c t i o n o f k i n e t i c e n e r g y , 

( i i ) P h o t o c o n d u c t i v i t y o f p o l y m e r s , 

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

( i v ) T r i b o e 1 e c t r i c p h e n o m e n a . 
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The t o p i c s c o n t a i n e d i n t h i s t h e s i s a re g i v e n b e l o w : 

C h a p t e r 1 - Fundamenta l p r o c e s s e s i n v o l v e d in e l e c t r o n s p e c t r o s ­

copy and ESCA i n s t r u m e n t a t i o n . 

Chap te r 2 - A r e v i e w o f t he c u r r e n t l i t e r a t u r e on the a p p l i c a t i o n 

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

i n g an a p p r a i s a l o f the o b j e c t i v e s o f the e x p e r i m e n t a l 

p o r t i o n o f t h i s t h e s i s . 

C h a p t e r 3 - A s y s t e m a t i c i n v e s t i g a t i o n o f t he c o r e l e v e l s o f 

s i m p l e homopolymers f r o m b o t h a t h e o r e t i c a l and 

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

C h a p t e r k - An ESCA s t u d y on t he d i r e c t d e t e r m i n a t i o n o f e l e c t r o n 

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

k i n e t i c ene r g y . 

Chap te r 5 - An i n v e s t i g a t i o n i n t o a s e r i e s o f u n s u b s t i t u t e d and 

s u b s t i t u t e d [ 2 . 2 j p a r a c y c l o p h a n e s and p o 1 y p a r a x y 1 y 1 e n e s f r o m 

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

Chap te r 6 - S u r f a c e c h a r g i n g o f p o l y m e r s d u r i n g the ESCA e x p e r i m e n t 

i n c l u d i n g c h a r g i n g and d i s c h a r g i n g . 

C h a p t e r 7 - An ESCA i n v e s t i g a t i o n i n t o a s e r i e s o f p o l y c a r b o n a t e s 

i n c l u d i n g the cha rge p o t e n t i a l model c a l c u l a t i o n s t o 

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

Chap te r 8 - A s t u d y o f p o l y m e r - m e t a l i n t e r f a c e s u s i n g the R-F 

p lasma ' a s h i n g ' t e c h n i q u e t o expose t he i n t e r f a c e f o r 

ESCA i n v e s t i g a t i o n . 

C h a p t e r 9 - The a p p l i c a t i o n o f ESCA t o t h e r e p e a t u n i t s t r u c t u r a l 

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

f l u o r i n a t i o n o f benzene , 

i i ) P rocesses I n v o l v e d i n ESCA 

a) The ESCA E x p e r i m e n t 

The i n t e r a c t i o n o f a m o n o e n e r g e t i c beam o f s o f t X - r a y s w i t h 

an atom in a m o l e c u l e r e s u l t s i n the p h o t o e j e c t i o n o f e l e c t r o n s w i t h 

g i v e n k i n e t i c e n e r g i e s ' ^ . D e - e x c i t a t i o n o f t h e h o l e s t a t e can o c c u r v i a 

b o t h f l u o r e s c e n c e and Auge r p r o c e s s e s , f o r e l e m e n t s o f low a t o m i c number 

the l a t t e r b e i n g more p r o b a b l e ' ^ . These f u n d a m e n t a l p r o c e s s e s a re shown 

s c h e m a t i c a l l y in F i g . 1 . 1 . The most commonly emp loyed X - r a y s o u r c e s 

u t i l i z e d in ESCA a re A l ^ . and Mg^ . w i t h c o r r e s p o n d i n g p h o t o n 
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e n e r g i e s o f 1486.6 eV and 1 2 5 3 - 7 eV r e s p e c t i v e l y . W i t h a knowledge 

o f t h e p h o t o n ene rgy and the measurement o f t he k i n e t i c e n e r g y o f the 

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

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

t he v a l e n c e l e v e l s . The l i f e t i m e s o f t he c o r e h o l e s t a t e s a re t y p i c a l l y 

i n t he range 1 0 " ^ - 10 ' ^ s e c . ^ e m p h a s i z i n g t he e x t r e m e l y s h o r t t i m e 

s c a l e s i n v o l v e d in ESCA compared w i t h most o t h e r s p e c t r o s c o p i c t e c h n i q u e s 

The t o t a l k i n e t i c e n e r g y o f an e m i t t e d p h o t o e 1 e c t r o n (KE, w h i c h 

may i n c l u d e t he c o n t r i b u t i o n s f r o m the v i b r a t i o n a l , r o t a t i o n a l and t r a n s -

l a t i o n a l m o t i o n s as w e l l as e l e c t r o n i c ) i s g i v e n by t he e q u a t i o n 

KE = hu - BE - E r ( 1 . 1 ) 

where hv i s the e n e r g y o f t he i n c i d e n t p h o t o n , h i s P l a n c k ' s c o n s t a n t and 

v i s t h e f r e q u e n c y o f t h e X - r a y r a d i a t i o n , B .E . i s t he b i n d i n g e n e r g y 

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

q u i r e d to remove an e l e c t r o n t o i n f i n i t y w i t h z e r o k i n e t i c e n e r g y , and 
18 

E r i s t he r e c o i l e n e r g y o f t h e a t o m . S iegbahn and c o - w o r k e r s have 

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

a t o m i c number e . g . H = 0 . 9 eV, L i = 0 . 1 eV, Na = 0.0k eV, K = 0 . 0 2 eV 

and Rb = 0 .01 eV. T h e r e f o r e i t i s e v i d e n t t h a t t h e E r t e r m o n l y has 

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

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

upwards i n t he p e r i o d i c t a b l e . For s o l i d s t he p r e d o m i n a t e emphas is i s 

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

i o n i z e d s y s t e m , howeve r , r e c e n t h i g h r e s o l u t i o n gas phase s t u d i e s have 

r e v e a l e d v i b r a t i o n a l f i n e s t r u c t u r e accompany ing c o r e i o n i z a t i o n ^ ^ " ^ ^ . 

T h i s complements t he e x t e n s i v e t a b u l a t i o n o f d a t a on v i b r a t i o n a l e x ­

c i t a t i o n s accompany ing v a l e n c e i o n i z a t i o n w h i c h have been c o m p i l e d o v e r 

the p a s t decade by means o f u l t r a v i o l e t p h o t o e 1 e c t r o n s p e c t r o s c o p y 

( U P S ) ^ . Indeed f o r v a l e n c e i o n i z a t i o n i n g e n e r a l the l i f e t i m e s o f t h e 

s t a t e s i n v o l v e d and the i n h e r e n t w i d t h o f t he e x c i t i n g r a d i a t i o n a re 
such t h a t i n a p p r o p r i a t e cases even r o t a t i o n a l f i n e s t r u c t u r e may be re-

26 

s o l v e d . The p r e d o m i n a n t emphas is in t h i s w o r k however has been i n 

the i n v e s t i g a t i o n o f the c o r e and v a l e n c e l e v e l s o f p o l y m e r i c sys tems 

and as such any v i b r a t i o n a l and r o t a t i o n a l f i n e s t r u c t u r e s a re e f f e c t ­

i v e l y masked by o t h e r c o n s i d e r a t i o n s . ESCA is p r i m a r i l y c o n c e r n e d , 

t h e r e f o r e , w i t h the v a r i o u s e l e c t r o n i c s t a t e s o f t he a tom. 
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T h e r e i n , the e q u a t i o n f o r a f r e e m o l e c u l e reduces to 

KE = hu - BE ( 1 . 2 ) 

) t is i m p o r t a n t t o u n d e r s t a n d the r e l a t i o n s h i p t h a t e x i s t s b e ­

tween the b i n d i n g e n e r g i e s o b s e r v e d e x p e r i m e n t a l l y by ESCA on s o l i d s 

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

l y by ab i n i t i o and s e m i - e m p i r i c a 1 LCA0-M0-SCF t r e a t m e n t s . 

The most c o n v e n i e n t r e f e r e n c e l e v e l f o r a c o n d u c t i n g sample i s 

t he Fermi l e v e l and in a me ta l t h i s l e v e l , somet imes r e f e r r e d t o as the 

' e l e c t r o n c h e m i c a l p o t e n t i a l 1 , i s d e f i n e d as the h i g h e s t o c c u p i e d l e v e l . 

The work f unc t i o n , c£> s , f o r a s o l i d is d e f i n e d as t he e n e r g y 

gap be tween the f r e e e l e c t r o n l e v e l and the Fermi l e v e l i n t he s o l i d . 

The vacuum l e v e l s f o r the s o l i d sample and the s p e c t r o m e t e r may however , 

be d i f f e r e n t and t he e l e c t r o n w i l l e x p e r i e n c e e i t h e r a r e t a r d i n g o r 

a c c e l e r a t i n g p o t e n t i a l equa l t o <£>s-c|> s p e c where <i> i s the s p e c t r o m e t e r 
I g ^ spec 

w o r k f u n c t i o n . In ESCA i t i s t he k i n e t i c e n e r g y o f t he e l e c t r o n when 

i t e n t e r s t he a n a l y z e r t h a t i s measured and t a k i n g z e r o b i n d i n g e n e r g y 

t o be t he Fermi l e v e l o f t he sample the f o l l o w i n g e q u a t i o n r e s u l t s , 

BE = h f = KE - < £ s p e c ( 1 . 3 ) 

T h e r e f o r e , t he b i n d i n g e n e r g y , when r e f e r r e d t o t he Fermi l e v e l does 

n o t v a r y f o r s a m p l e s , b u t o n l y depends upon t h e c £ > S p e c and t h i s rema ins 

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

r e f e r t o i s o l a t e d m o l e c u l e s i n t he gas phase w i t h t he vacuum l e v e l as r e ­

f e r e n c e , t he t h e o r e t i c a l d e f i n i t i o n o f t h e Fermi l e v e l poses some 

d i f f i c u l t i e s in p o l y m e r sys tems and i t i s o n l y w i t h t he a c c u r a t e c a l i ­

b r a t i o n o f t h e e n e r g y s c a l e f r o m a r e f e r e n c e , such as t he C ] s c o r e 

l e v e l s a t 285-0 eV, t h a t the t h e o r y can be c o r r e l a t e d w i t h t he e x p e r i m e n t . 

D e s p i t e the d i f f i c u l t i e s a s s o c i a t e d w i t h d e f i n i n g an a n a l y t i c a l e x p r e s s i o n 

f o r t he Fermi l e v e l o f an i n s u l a t o r the use o f the Fermi l e v e l as an 

e n e r g y r e f e r e n c e i s o p e r a t i o n a l l y c o n v e n i e n t . I f t he w o r k f u n c t i o n o f 

t he i n s u l a t o r is known t h e n we may a l s o c a l c u l a t e t h e b i n d i n g e n e r g y 

w i t h r e s p e c t t o t he vacuum l e v e l . However , in p o l y m e r s y s t e m s , a c c u r a t e 

v a l u e s f o r t he w o r k f u n c t i o n a re g e n e r a l l y no t a v a i l a b l e and b i n d i n g 

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

I t is e v i d e n t t h a t f o r c o n d u c t i n g samples in e l e c t r i c a l c o n t a c t 

w i t h the s p e c t r o m e t e r the Fermi l e v e l s e r v e s as a c o n v e n i e n t r e f e r e n c e 

l e v e l . For i n s u l a t i n g s a m p l e s , such as p o l y m e r s , the Fermi l e v e l i s n o t 

so w e l l d e f i n e d t h e o r e t i c a l l y and l i e s somewhere between t h e f i l l e d 



v a l e n c e l e v e l s and t h e empty c o n d u c t i o n b a n d 1 0 . 

E q u a t i o n ( 1 . 3 ) assumes e q u i l i b r i u m c o n d i t i o n s d u r i n g the e j e c t i o n 

o f an e l e c t r o n , w h i c h may o r may no t o c c u r when t he r e s i s t a n c e o f t he 

sample i s h i g h compared w i t h the e l e c t r i c a l c u r r e n t s needed t o r e p l a c e 

the e ' e c t r o n v a c a n c i e s due t o p h o t o e m i s s i o n . 

S e v e r a l i n v e s t i g a t i o n s have shown t h a t t he p r i m a r y p h o t o e 1 e c t r o n s 

a re r a p i d l y s l owed down by t h e i n t e r a c t i o n w i t h m a t t e r and can g e n e r a t e 

i n t e n s e c u r r e n t s o f s l o w ' s e c o n d a r y ' e l e c t r o n c l o u d s a t the s u r f a c e o f 
2 7 - 29 

the sample . These s e c o n d a r i e s p l a y an i m p o r t a n t r o l e i n e s t a b l i s h ­

ing the e l e c t r i c a l e q u i l i b r i u m a t the s u r f a c e o f the s a m p l e . 

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

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

o f t h e b i n d i n g e n e r g y s c a l e . T h i s w i l l be d e a l t w i t h i n more d e t a i l i n 

t he subsequen t s e c t i o n on e n e r g y r e f e r e n c i n g . 

Auger e m i s s i o n may be v i e w e d as a two s t e p p r o c e s s i n v o l v i n g t h e 

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

e l e c t r o n d r o p p i n g down f r o m a h i g h e r l e v e l t o t h e vacancy i n t he i n n e r 

s h e l l w i t h the s i m u l t a n e o u s e m i s s i o n o f a second e l e c t r o n ( F i g . l . l ) ^ a ~ ^ . 

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

vacancy the c h e m i c a l s h i f t s i n v o l v e d a re r e l a t e d t o b o t h o u t e r and i n n e r 

s h e l l s and i n a few s u i t a b l e cases i n f o r m a t i o n can be g a i n e d on the b i n d ­

i ng e n e r g i e s o f b o t h s h e l l s . 

Where t he e l e c t r o n i c vacancy in t he i n n e r s h e l l i s f i l l e d by an 

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

o f i n n e r s h e l l t r a n s i t i o n s . T r a n s i s t i o n s o f t h i s t y p e , r e f e r r e d t o as 

C o s t e r - K r o n i g t r a n s i t i o n s , a re v e r y e f f i c i e n t and l ead t o v e r y s h o r t 

l i f e t i m e s w i t h w e l l r e s o l v e d s p e c t r a 3 ® e > f . 

•Valence 
- levels 

Inner 
shell 

Because o f t h e o v e r l a p o f t he w a v e f u n c t i o n s , C o s t e r - K r o n i g t r a n s i ­

t i o n s a re more than an o r d e r o f m a g n i t u d e l a r g e r t h a n norma l Auger 

p r o c e s s e s . Whether a C o s t e r - K r o n i g t r a n s i t i o n w i l l o c c u r depends oh 
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w h e t h e r the d i f f e r e n c e s i n t he s u b s h e l l b i n d i n g e n e r g i e s a re s u f f i c i e n t 

t o e j e c t an e l e c t r o n f r o m an o r b i t a l i n the n e x t h i g h e r s h e l l . For 

e x a m p l e , C o s t e r - K r o n i g t r a n s i t i o n s w i l l t a k e p l a c e o n l y f o r e l e m e n t s 

whose a t o m i c number is l e s s t han kO. 

For a g e n e r a l Auger t r a n s i t i o n w h i c h i n v o l v e s any s e t o f l e v e l s KLM, 

a peak s h o u l d appear a t : 

E ( Z ) = E K - E L - E M (Z + A ) - * A (1 .k) 

w h e r e : Z i s the a t o m i c number 

A = 1 (due t o t h e e x t r a p o s i t i v e c h a r g e f r o m the l o s s 

o f an e l e c t r o n ) 

<J>̂  i s t h e w o r k f u n c t i o n o f t h e a n a l y z e r 

E|̂  i s the e n e r g y f r o m a K l e v e l t r a n s i t i o n 

E^ i s the e n e r g y f r o m an L l e v e l t r a n s i t i o n 

E^ i s t he e n e r g y f r o m an M l e v e l t r a n s i t i o n 

E q u a t i o n ( 1 . 4 ) c a n , howeve r , l ead t o e r r o r s i n some cases because 

t h e f i n a l s t a t e o f t he d o u b l e i o n i z e d atom must be d e f i n e d . The a d d i t i o n a l 

d e f i n i t i o n i s needed because the e n e r g i e s i n v o l v e d in t he t r a n s i t i o n s 

i n t he Auger p r o c e s s a re gove rned by t h e c o u p l i n g scheme amongst e l e c t r o n i c 

w a v e f u n c t i o n s i n t he i n i t i a l ( s i n g l e i o n i z a t i o n ) as w e l l as t h e f i n a l 

( d o u b l e i o n i z a t i o n ) e l e c t r o n i c c o n f i g u r a t i o n . LS c o u p l i n g d o m i n a t e s f o r 

l i g h t e l e m e n t s and j j c o u p l i n g f o r heavy e l e m e n t s . 

E s s e n t i a l l y , t h e r e a re t h r e e t ypes o f c h e m i c a l i n f o r m a t i o n w h i c h 

may in p r i n c i p l e be o b t a i n e d f r o m Auger s p e c t r a . (However , i t s h o u l d 

be p o i n t e d o u t t h a t the e x t r a c t i o n o f t h i s i n f o r m a t i o n i s by no means 

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

f i r s t i s t he c h e m i c a l s h i f t due t o the s h i f t s o f t h e i n n e r s h e l l e n e r g y 

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

second t ype o f i n f o r m a t i o n p e r t a i n s t o the v a l e n c e l e v e l s t h e m s e l v e s . 

The v a l e n c e band s p e c t r a a re u s u a l l y q u i t e p ronounced due to t he r e d i s ­

t r i b u t i o n ( r e l a x a t i o n ) o f e l e c t r o n s upon f o r m a t i o n o f a new e l e c t r o n i c 

c o n f i g u r a t i o n . The t h i r d t ype o f i n f o r m a t i o n t h a t i s o b t a i n e d i s much 

more vague and i s r e f e r r e d t o as ' m o l e c u l a r o r b i t a l e n e r g y s p e c t r a ' and 

i s , o f c o u r s e , a l s o i n v l o v e d w i t h p a r t o f t he v a l e n c e l e v e l s . I f t he 

m o l e c u l a r o r b i t a l s a re known f o r a s p e c i f i c compound t hen the v a l e n c e 

e n e r g y l e v e l s can be compared . T h i s t e c h n i q u e , a l t h o u g h i t has t he 

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

c i f i c e n e r g y l e v e l s , the symmetry o f i t s component wave f u n c t i o n s 

can be used t o ' i n f e r ' p o i n t g roup symmetry o f an atom i n a c r y s t a l t o 
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l o c a t e i t w i t h i n a u n i t c e l l . 

Wagner has r e c e n t l y - ^ ' r e c o g n i z e d t h a t Auger l i n e s f r e q u e n t l y 

e x h i b i t f a r l a r g e r c h e m i c a l s h i f t s t han the p r i m a r y p h o t o e 1 e c t r o n l i n e s 

and has lead t o h i s i n g e n i o u s d e v e l o p m e n t o f the so c a l l e d " A u g e r P a r a ­

m e t e r " , the d i f f e r e n c e i n k i n e t i c e n e r g y between an Auger l i n e and a 

pho toe 1 e c t r o n l i n e . S i n c e i t i s a d i f f e r e n c e be tween t he p o s i t i o n o f 

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

u n i q u e f o r each c o m p o u n d ^ and can be measured more a c c u r a t e l y t han a b ­

s o l u t e l i n e p o s i t i o n ( k i n e t i c e n e r g y ) w h i c h must be c o r r e c t e d f o r s u r f a c e 

c h a r g i n g e f f e c t s . Changes i n the Auger p a r a m e t e r s a r e due p r i n c i p a l l y 

t o changes in e x t r a - a t o m i c r e l a x a t i o n o r p o l a r i z a t i o n e n e r g y . As the 

Auge r p a r a m e t e r is more d e v e l o p e d i t w i l l become i n c r e a s i n g l y i m p o r t a n t 

in t he h i e r a r c h y o f i n f o r m a t i o n l e v e l s a v a i l a b l e f r o m the ESCA 

e x p e r i m e n t . 

Auger E l e c t r o n S p e c t r o s c o p y (AES) as c o n v e n t i o n a l l y a p p l i e d i s 

based on t he a n a l y s i s o f the e n e r g y o f e l e c t r o n s t h a t a re e j e c t e d f r o m 

a sample as a consequence o f e x c i t a t i o n by p r i m a r y e l e c t r o n beams 

t y p i c a l l y ~ 2 kV, r a t h e r than X - r a y p h o t o n s . T h i s t e c h n i q u e is t r u l y 

a s u r f a c e a n a l y s i s t e c h n i q u e i n t h a t t he p e n e t r a t i o n d e p t h f o r the e x ­

c i t i n g e l e c t r o n s i s o n l y abou t 5 a t o m i c l a y e r s ^ . 

Under i d e a l c o n d i t i o n s m i n u t e amounts o f s u r f a c e atoms have been 

d e t e c t e d , down t o the range o f 10^ a t o m s / c m . 3 a t t h e s u r f a c e . However , 

r e c e n t e v i d e n c e has shown t h a t t he s u r f a c e s o f m a t e r i a l s s t u d i e d a re 

a l t e r e d due t o r a d i a t i o n damage f r o m the e l e c t r o n beam. 

Coad and c o - w o r k e r s have shown t h a t AES can o n l y p r o v i d e an 

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

a t p r i m a r y beam c u r r e n t d e n s i t i e s o f abou t 0 .03 A ( a l l o w i n g 600 seconds 

f o r a n a l y s i s and c h o o s i n g a t o t a l c h a r g e d e n s i t y l owe r by a f a c t o r o f 

t e n t h a n t h a t shown t o have s e r i o u s e f f e c t s on the a n a l y s i s ) . Beam 

damage was d e m o n s t r a t e d on such sys tems as chrome and s t a i n l e s s s t e e l s 

whereas on an o r g a n i c p o l y m e r s y s t e m we can e x p e c t a s i g n i f i c a n t l y 

g r e a t e r damaging e f f e c t f r o m the e l e c t r o n beam. A t reduced beam c o n ­

d i t i o n s where damage t o the p o l y m e r s u r f a c e w o u l d be a v o i d e d , the a d ­

v a n t a g e s o f c o n v e n t i o n a l AES o r ESCA o f speed o f a n a l y s i s and s p a t i a l 

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

The e m i s s i o n o f X - r a y s i n s t e a d o f e l e c t r o n s leads t o X - r a y 

f l u o r e s c e n c e ( s e c o n d a r y - e m i s s i o n a n a l y s i s ) and i s an e x c e l l e n t means o f 

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

e i g h t ( 8 ) . 
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C o n c e n t r a t i o n s down t o 0 . ] % f o r most e l e m e n t s and 0 . 0 1 % f o r e l e m e n t s 

a round Fe, Co, Ni have been d e t e c t e d . X - r a y e m i s s i o n t a b l e s e x i s t ^ 

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

s t r o n g e s t l i n e s , a f t e r w h i c h a l l o f i t s l i n e s can be i d e n t i f i e d in the 

s p e c t r u m once i t s p r e s e n c e is known. 

The d e c r e a s e i n X - r a y f l u o r e s c e n c e w i t h d e c r e a s i n g e n e r g y is due 

t o the f a c t t h a t i t is an e l e c t r o m a g n e t i c ( d i p o l e ) p r o c e s s and depends 

m o s t l y on t he a c c e l e r a t i o n o f the o r b i t i n g e l e c t r o n . The Auger p r o c e s s , 

however i s dependent upon the e l e c t r o s t a t i c f o r c e s accompan ied by a 

vacancy in t h e i n n e r s h e l l . 

F i g . 1.2 i s a p l o t o f the X - r a y f l u o r e s c e n c e y i e l d and Auger 

e l e c t r o n y i e l d s in the X - s h e l l as a f u n c t i o n o f a t o m i c number (2) 
>s 
U c o o a > 
c 
o 
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02 
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FIGURE 1.2 

X - r a y f l u o r e s c e n c e and Auger e l e c t r o n y i e l d s i n the 
K - s h e l l as a f u n c t i o n o f a t o m i c number 

f o r t he l i g h t e l e m e n t s i n the p e r i o d i c t a b l e ^ . 

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

o t h e r f a m i l i a r a n a l y t i c a l methods a re shown i n T a b l e 1.3 

b) E l e c t r o n i c R e l a x a t i o n 

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

i s accompan ied by s u b s t a n t i a l e l e c t r o n i c r e o r g a n i z a t i o n ( r e f e r r e d t o as 

e l e c t r o n i c r e l a x a t i o n ) , p r e d o m i n a n t l y a s s o c i a t e d w i t h t he v a l e n c e 

e l e c t r o n s ^ " ^ . E x p e r i m e n t a l and t h e o r e t i c a l s t u d i e s have i n d i c a t e d 

t h a t f o r a g i v e n c o r e l e v e l t h e m a g n i t u d e o f r e l a x a t i o n e n e r g y (RE) 

i s a s e n s i t i v e f u n c t i o n o f the e l e c t r o n i c s t r u c t u r e 3 9 - ^ 3 . 
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T a b l e 1-3 

S e n s i t i v i t i e s o f V a r i o u s A n a l y t i c a l T e c h n i q u e s 

T e c h n i q u e S u r f a c e B u l k Minimum D e t e c t a b l e 
Q u a n t i t y ( g . ) 

(a ) 1 n f ra red X l C r 6 

(b) A t o m i c a b s o r p t i o n X 1 0 - 9 - * 1 0 - ' 2 

( c ) Vapor phase 
ch romatog raphy 

X 1 0 - 3 - * > 1 0 " 7 

(d) H i gh p r e s s u re 1 i qu i d 
ch roma t o g r a p h y 

X 1 0 - 6 - * 1 0 " 9 

(e ) ESCA X i o - 1 0 

( f ) Mass s p e c t r o s c o p y X 1 0 - 1 0 — ^ 1 0 - 1 5 

(g) N e u t r o n a c t i v a t i o n X 
12 

10 

(h) I o n - s c a t t e r i ng 
s p e c t rome t r y 

X 1 0 - 1 5 

( i ) X - r a y f l u o r e s c e n c e X 1 0 - 7 

( J ) Auger s p e c t r o s c o p y X i o - ' ^ 

( k ) Secondary i on 
s c a t t e r i n g 
s p e c t rome t ry 

X 1 0 - ' 3 

Both a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s and r e l a x a t i o n 

e n e r g i e s may be c a l c u l a t e d w i t h the H a r t r e e - F o c k fo rma 1 i s m ^ 3 - i + 6 j f 

n o n - e m p i r i c a l c a l c u l a t i o n s o f t he r e q u i s i t e q u a l i t y a re a v a i l a b l e f o r 

b o t h t he n e u t r a l m o l e c u l e and c o r e i o n i z e d s p e c i e s . U n f o r t u n a t e l y , 

such c a l c u l a t i o n s are e x t r e m e l y compu te r i n t e n s i v e and as such a re 

o n l y p r a c t i c a b l e f o r sys tems o f r e l a t i v e l y modest s i z e . Use has o f t e n 

been made, t h e r e f o r e , o f Koopmans' T h e o r e m ^ 7 w h i c h e q u a t e s b i n d i n g 

e n e r g y t o the n e g a t i v e o f the r e l e v a n t Fock e i g e n v a l u e . U n f o r t u n a t e l y , 

s i n c e i t is i m p l i c i t i n t h i s app roach t h a t r e l a x a t i o n phenomena i s 

n e g l e c t e d , Koopmans ' t heo rem n o t o n l y p r e d i c t s b i n d i n g e n e r g i e s i n c o r r e c t l y , 

b u t in some cases i f r e l a x a t i o n e n e r g i e s a re s u f f i c i e n t l y d i f f e r e n t , may 

a l s o p roduce an i n c o r r e c t o r d i n g o f e n e r g y l e v e l s . The r e l a t i o n s h i p b e ­

tween the e x p e r i m e n t a l , Koopmans 1 ASCF b i n d i n g e n e r g y i s s c h e m a t i c a l l y 

shown in F i g . 1 .3 
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S c h e m a t i c r e l a t i o n s h i p be tween the e x p e r i m e n t a l , 
Koopmans' Theorem and SCF b i n d i n g e n e r g i e s 

RE = - ( B E ) K o o p m a n s l - ( B E ) S C F ( 1 - 5 ) 

whe r e : 
Er;0RR = e l e c t r o n c o r r e l a t i o n e n e r g y 

^REL = r e ' a t i v ' s t i c e n e r g y 

b o t h o f w h i c h a re i g n o r e d by Koopmans 1 and SCF m e t h o d s . 

Har tman and d e m e n t i ^ have shown i n c a l c u l a t i o n s on a r g o n , t h a t 

most o f the r e l a t i v i s t i c c o r r e c t i o n i s a s s o c i a t e d w i t h t he c o r e e l e c t r o n s 

and t h a t f o r a rgon t he Is c o n t r i b u t i o n i n i t s ions i s e s s e n t i a l l y t h e 

same as i n t h e a tom. ( I n t h e e x t r e m e case o f Ar '^" 1 " t he c o r r e c t i o n 

changes by o n l y 0.72eV compared w i t h the a t o m ) . These d a t a ^ v e r i f y 

the a s s u m p t i o n o f S c h e r r and c o - w o r k e r s ^ t h a t t he r e l a t i v i s t i c c o n t r i ­

b u t i o n o f any s u b s h e l l i s i n d e p e n d e n t o f the number o f e l e c t r o n s i n the 

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

in c o r e e l e c t r o n b i n d i n g e n e r g i e s be tween a p a r t i c u l a r c o r e l e v e l f o r 

atoms i n d i f f e r e n t c h e m i c a l e n v i r o n m e n t s a re s m a l l ^ ' - From an a n a l y s i s 

o f a t o m i c d a t a f o r f i r s t row atoms i t i s a l s o known t h a t the m a g n i t u d e s 
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o f t he c o r r e l a t i o n e n e r g i e s o f the Is . e l e c t r o n s a re v e r y s i m i l a r and i n t r a 

s h e l l c o r r e l a t i o n e n e r g i e s s m a l l ^2 

Thus , t o a good a p p r o x i m a t i o n c o r r e l a t i o n e n e r g y c o r r e c t i o n s w i l l 

rema in r e a s o n a b l y c o n s t a n t f o r c o r e l e v e l s ( w h i c h a re e s s e n t i a l l y l o c a l i z e d 

and a t o m i c i n n a t u r e ) and p l a y l i t t l e o r no p a r t i n s h i f t s in c o r e e l e c t r o n 

b i n d i n g e n e r g i e s . In a d e t a i l e d s t u d y o f t he i o n i z e d s t a t e s o f t he CH^ 

m o l e c u l e w i t h a b a s i s s e t a p p r o a c h i n g the H a r t r e e - F o c k l i m i t , C l e m e n t i 

and P o p k i e ^ have d e m o n s t r a t e d t h a t f o r the Is h o l e s t a t e the c o r r e l a t i o n 

e n e r g y i s t he same as f o r the n e u t r a l m o l e c u l e . From the above d i s ­

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

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

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

e n e r g i e s be tween m o l e c u l e s . 

Not o n l y does Koopmans 1 t heo rem n e g l e c t r e l a t i v i s t i c and c o r r e l a ­

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

e n e r g y a s s o c i a t e d w i t h the r e o r g a n i z a t i o n o f e l e c t r o n s w h i c h o c c u r s on 

p h o t o i on i z a t i o n . 

R e l a x a t i o n e n e r g i e s a r e by no means n e g l i g i b l e even f o r v a l e n c e 

l e v e l s and f o r c a r b o n atoms w i t h a p p r o x i m a t e c o r e b i n d i n g e n e r g i e s o f 
q 3 - 5 4 

~ 3 0 0 eV t h e y have v a l u e s o f — 13 e V J . A p h y s i c a l i n t e r p r e t a t i o n o f 

r e l a x a t i o n e n e r g i e s is made c l e a r f r o m the f o l l o w i n g c o n s i d e r a t i o n . 

I f an e l e c t r o n i s e j e c t e d f r o m a c o r e o r a v a l e n c e l e v e l , t he r e m a i n i n g 

e l e c t r o n s w i l l e x p e r i e n c e an i n c r e a s e d p o t e n t i a l a t t he n u c l e u s and r e ­

l a x ( r e o r g a n i z e ) t o m i n i m i z e t he e n e r g y . T h i s r e l a x a t i o n p r o c e s s changes 

t he s p a t i a l d i s t r i b u t i o n o f t he r e m a i n i n g n-1 e l e c t r o n s w h i c h is t a k e n 

i n t o a c c o u n t i n t h e A S C F method b u t n o t in Koopmans 1 t h e o r e m . A change 

i n p o t e n t i a l a t t h e n u c l e u s w i l l be much l a r g e r i f a c o r e r a t h e r t h a n a 

v a l e n c e e l e c t r o n i s i o n i z e d because c o r e e l e c t r o n s have a l a r g e r s c r e e n ­

i ng c o e f f i c i e n t . T h i s is r e f l e c t e d in the v a l u e o f r e l a x a t i o n e n e r g i e s 

w h i c h a re u s u a l l y s m a l l e r by a f a c t o r o f t e n f o r v a l e n c e as compared 

w i t h c o r e e l e c t r o n s . For e x a m p l e , v a l u e s o f RE's f o r the C ] s and the ]w 

o r b i t a l s in CO c a l c u l a t e d w i t h i n t h e A S C F f o r m a l i s m a re W.k eV and 1.8 eV 

r e s p e c t i v e 1 y 5 ^ " 5 5 

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

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

ing e n e r g i e s . T h i s is c o n s i s t e n t w i t h the t endency o f Koopmans 1 t heo rem 

and ASCF c a l c u l a t i o n s t o g i v e t he same e s t i m a t e s o f s h i f t d e s p i t e the 

f a c t t h a t Koopmans 1 t heo rem n e g l e c t s t he e f f e c t o f e l e c t r o n i c r e l a x a t i o n ^ . 
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c ) Shake-up and S h a k e - o f f 

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

s h i e l d i n g as f a r as the v a l e n c e e l e c t r o n s a re c o n c e r n e d ) is accompan ied 

by s u b s t a n t i a l r e o r g a n i z a t i o n ( r e l a x a t i o n ) o f t he v a l e n c e e l e c t r o n s in 

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

a b o v e . As w e l l as the r e l a x a t i o n p r o c e s s , t h i s p e r t u r b a t i o n a l s o g i v e s 

r i s e t o a f i n i t e p r o b a b i l i t y f o r p h o t o i o n i z a t i o n t o be accompan ied by 

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

u n o c c u p i e d l e v e l ( s h a k e - u p ) and i o n i z a t i o n o f a v a l e n c e e l e c t r o n ( s h a k e -

o f f ) as shown in F i g . \.k. These r e l a x a t i o n p r o c e s s e s r e s u l t i n e x c i t e d 

s t a t e s o f t h e c o r e i o n i z e d s p e c i e s . 

Shake-up Shake-off 

- © - e 

•Core levels 5= 
K.E.= hv-B.E. -E 

FIGURE ].k 

S c h e m a t i c r e p r e s e n t a t i o n o f s h a k e - u p and s h a k e - o f f p r o c e s s e s 

These p r o c e s s e s , d e r i v i n g t h e i r e n e r g y f r o m the s i n g l e e l e c t r o n 

p r o c e s s , w i l l l ower t he K .E . o f t h e p r i m a r y p h o t o e l e c t r o n . T h e r e f o r e , 

a r e v i s i o n i s needed t o e q u a t i on (1 . 2) t o a c c o u n t f o r t h e s e mu 11 i - e I e c t ron 

p r o c e s s e s : 

KE = hi, - BE - E ( 1 . 6 ) 

where E i s the e n e r g y o f t h e m u I t i - e 1 e c t r o n p r o c e s s . 

I t may be shown t h a t e x c i t a t i o n s t o t h e s e s t a t e s f o l l o w monopole 

s e l e c t i o n r u l e s , J = L =• S = Mj = M|_ = M$ = 0 , as i n d i c a t e d 

i n e q u a t i o n s 
n 

U=1 
n 

V=1 

Pf«_j
 = N | £ J k U f C U . <0 U ' | ^ , U > | 

u=l ' 1 

( 1 . 7 ) 

( 1 . 8 ) 

( 1 . 9 ) 
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In t he sudden a p p r o x i m a t i o n , t r a n s i t i o n i n t e n s i t i e s are d i r e c t l y 

r e l a t e d t o t h e sums o f one c e n t e r o v e r l a p te rms i n v o l v i n g t h e o c c u p i e d 

o r b i t a l s o f the i n i t i a l s y s t e m and v i r t u a l o r b i t a l s o f t he h o l e s t a t e 

s p e c i e s ^ . These monopo le e x c i t e d s t a t e s a re a n a l o g u e s o f the more 

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

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

h o w e v e r , and t h i s can be r e a d i l y a p p r e c i a t e d by the s c h e m a t i c i n F i g . 1.5 

Electronic transitions 

States 

Shake-up transitions 
States 

Valence 

Core 

VI 

- H <Pc 

Virtual _ _ | <Pc—<Pvi$f| 

\ h v T " ^ v f 2K s ,l^c<Pc—<pvi $vf | — nrSinglet parentage 

0 . H T , l * c V - * v i < p V f i ; 1 * ^ * 1 
*~ "' (one component) £ £ m o r e ! Triplet parentage 

intense / 
4-t-peaKi , 

' 4 ' ! \ h r ' '' 

S o | ( P c ^ - - ^ i $ v i | V ^ ^ ^ . . . ^ ^ ! 
shake-up 

a uv 

Absorbance 
only 

Electron 
count 

"singlet" primary 
photoionization 

K.E. 

FIGURE 1.5 

Compar i son o f e l e c t r o n i c t r a n s i t i o n s in t h e n e u t r a l m o l e c u l e 
w i t h s h a k e - u p t r a n s i t i o n s i n the h o l e s t a t e s p e c i e s 

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

as d e p i c t e d on the l e f t hand s i d e o f F i g . 1.5 i n a s i m p l e o r b i t a l model 

we may g e n e r a t e a s i n g l e t and t r i p l e t s t a t e f r o m the same e x c i t a t i o n c o n ­

f i g u r a t i o n , t he l a t t e r b e i n g lower in e n e r g y t han the f o r m e r , t he e n e r g y 

gap b e i n g g i v e n by t w i c e the exchange i n t e g r a l . Excep t under s p e c i a l con­

d i t i o n s , t he o n l y t r a n s i t i o n s o b s e r v e d w i t h s u b s t a n t i a l i n t e n s i t i e s a re 

t h e d i p o l e a l l o w e d s i n g l e t t o s i n g l e t t r a n s i t i o n s . C o n s i d e r now e x c i t a ­

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

on t h e r i g h t hand s i d e o f F i g . 1.5 where two p o s s i b i l i t i e s f o r a g i v e n 

e x c i t a t i o n c o n f i g u r a t i o n e x i s t s . F i r s t l y , i f we c o n s i d e r t he s h a k e - u p 
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t r a n s i t i o n t o be such t h a t the u n p a i r e d e l e c t r o n in t he v a l e n c e l e v e l 

and t h a t e x c i t e d t o the v i r t u a l o r b i t a l have o p p o s i t e s p i n s we may c o n ­

s i d e r t h i s d o u b l e t s t a t e t o be o f ' s i n g l e t o r i g i n ' by a n a l o g y w i t h t he 

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

d i s c u s s e d . However , we may a l s o g e n e r a t e a d o u b l e t s t a t e by h a v i n g t h e 

e l e c t r o n s i n t he v a l e n c e l e v e l and t h a t p romo ted t o t h e v i r t u a l o r b i t a l 

w i t h the same s p i n w h i l s t the r e m a i n i n g c o r e e l e c t r o n has o p p o s i t e s p i n . 

T h i s by a n a l o g y c o r r e s p o n d s t o the s h a k e - u p s t a t e o f t r i p l e t o r i g i n . 

A g a i n , the ' t r i p l e t ' s t a t e i s lower i n e n e r g y t h a n t h a t o f s i n g l e t o r i g i n , 

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

s t a t e o f t h e c o r e h o l e s t a t e may be v i ewed as b o t h b e i n g a l l o w e d . In 

p r i n c i p l e , t h e r e f o r e , we s h o u l d have as e x p e r i m e n t a l o b s e r v a b l e s the 

e n e r g y s e p a r a t i o n s and i n t e n s i t i e s f o r the components o f the s h a k e - u p 

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

n a i v e l y t h a t t he s h a k e - u p s t a t e o f s i n g l e t o r i g i n w o u l d be the more i n ­

t e n s e and i n t he f o l l o w i n g d i s c u s s i o n t h i s w i l l l a r g e l y be i m p l i c i t . 

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

no means as s i m p l e as has been p o r t r a y e d , however the s i m p l i s t i c model 

p r e s e n t e d he re is c o n c e p t u a l l y v e r y u s e f u l and f o r m s a good s t a r t i n g p o i n t 

f o r more s o p h i s t i c a t e d t r e a t m e n t s ^ 7 . F o r t u n a t e l y , as w i l l become a p p a r e n t 

i f we r e s t r i c t o u r s e l v e s t o t he i n t e r p r e t a t i o n o f t r e n d s and d i f f e r e n c e s 

p a r t i c u l a r l y o f s h a k e - u p i n t e n s i t i e s , a r a t h e r good d e s c r i p t i o n may be 

o b t a i n e d a t r e l a t i v e l y modest c o m p u t a t i o n a l e x p e n s e ^ ? ; 5 8 _ ^ s ^ a s been 

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

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

t h e b o n d i n g e n v i r o n m e n t o f the atom on w h i c h t he c o r e l e v e l is l o c a t e 

For C | s l e v e l s f o r n e u t r a l sys tems f o r e x a m p l e , b i n d i n g e n e r g i e s measured 

w i t h r e s p e c t t o the f e r m i l e v e l as e n e r g y r e f e r e n c e , f a l l i n t he range 

285-295 eV w h i l s t r e l a x a t i o n e n e r g i e s m i g h t t y p i c a l l y f a l l i n the range 

12* 2 eV^V The d i r e c t r e l a t i o n s h i p be tween s h a k e - u p and s h a k e - o f f 

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

r e t i c a l r e l a t i o n s h i p s f i r s t e s t a b l i s h e d by Manne and A b e r g 5 9 , They 

showed t h a t t h e w e i g h t e d ave rage o v e r t he d i r e c t p h o t o i o n i z a t i o n and s h a k e -

up and s h a k e - o f f peaks c o r r e s p o n d s t o the b i n d i n g e n e r g y a p p r o p r i a t e t o 

the u n r e l a x e d sys tems and t h i s i s shown s c h e m a t i c a l l y in F i g . 1 . 6 . 

S i n c e r e l a x a t i o n e n e r g i e s f a l l w i t h i n such a n a r r o w range f o r a g i v e n 

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

phenomena w h i c h a re p r e s e n t in e v e r y s y s t e m , the f e a t u r e w h i c h changes 
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Shake off 
Direct photoionization 

peak 

Shake up 

xlO 

elaxation 
, ' 1 ivBnergy 

K.E. 
weighted mean corresponding 

to unrelaxed system 
(Koopman's Theorem) 

FIGURE 1.6 

R e l a t i o n s h i p between r e l a x a t i o n e n e r g i e s , Koopmans ' t heo rem and 
t he r e l a t i v e i n t e n s i t i e s o f d i r e c t p h o t o i o n i z a t i o n and s h a k e - u p 

and s h a k e - o f f t r a n s i t i o n s 

f r o m one s y s t e m t o a n o t h e r b e i n g the w e i g h t i n g c o e f f i c i e n t s ( p r o b a b i l i t i e s ) 

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

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

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

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

p r o v i d e d a l l o f t he r e l e v a n t s h a k e - u p and s h a k e - o f f p r o c e s s e s can be e s ­

t i m a t e d i n te rms o f e n e r g i e s and i n t e n s i t i e s . In p r a c t i s e , t h i s i s n o t a 

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

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

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

e n e r g y l oss by a v a r i e t y o f s c a t t e r i n g p r o c e s s e s d i s c u s s e d i n more d e t a i l 

i n C h a p t e r 3) w h i c h p r o v i d e s a b r o a d e n e r g y d i s t r i b u t i o n u s u a l l y p e a k i n g 

f o r o r g a n i c sys tems « 20 eV be low the d i r e c t p h o t o i o n i z a t i o n p e a k s . T h i s 

g e n e r a l l y o b s c u r e s any u n d e r l y i n g h i g h e n e r g y s h a k e - o f f p r o c e s s e s such 

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

e n e r g y s h a k e - u p peaks t h a t i n f o r m a t i o n d e r i v e d f r o m t h i s s o u r c e can 

c o n v e n i e n t l y be e x p l o i t e d , 

d) Chem i ca1 S h i f t s 

Core l e v e l s a re e s s e n t i a l l y l o c a l i z e d on a toms , t h e i r e n e r g i e s 

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

e n v i r o n m e n t o f an a t o m ' . Thus f o r a g i v e n c o r e l e v e l o f a g i v e n e l e m e n t 

w h i l e t he a b s o l u t e b i n d i n g ene rgy f o r t h a t l e v e l i s c h a r a c t e r i s t i c f o r the 

e l e m e n t , ( T a b l e 1.4) d i f f e r e n c e s i n e l e c t r o n i c e n v i r o n m e n t o f a g i v e n 
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T a b l e 1.4 

A p p r o x i m a t e c o r e b i nd nq ene r q i e s f o r 1st and 2nd row e1emen ts ( i n e 

L i Be B C N 0 F Ne 

Is 55 1 1 1 188 284 399 532 686 867 

Na Mg A l S i P S CI A r 

Is 1072 1305 1560 1839 2149 2472 2823 3203 

2s 63 89 118 149 189 229 270 320 

2 p l / 2 
31 52 

Ik 100 136 165 202 247 

2 p 3 / 2 
31 52 

73 9 9 135 164 200 245 

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

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

The q u a n t i t a t i v e i n t e r p r e t a t i o n o f c h e m i c a l s h i f t d a t a has been 

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

1) Koopmans 1 t h e o r e m . 

2) Core h o l e s t a t e c a l c u l a t i o n s ( A S C F ) . 

3) E q u i v a l e n t c o r e s a p p r o a c h . 

4 ) Madelung c h a r g e p o t e n t i a l m o d e l . 

5 ) Quantum m e c h a n i c a l p o t e n t i a l model ( a t t he n u c l e u s ) . 

The a p p l i c a t i o n o f Koopmans 1 t heo rem and the c o r e h o l e s t a t e app roach 

( A S C F ) t o t he c a l c u l a t i o n o f t he a b s o l u t e b i n d i n g e n e r g y has been d i s ­

cussed i n s e c t i o n b ) . The b u l k o f t h i s s e c t i o n w i l l , t h e r e f o r e , c o n c e n ­

t r a t e on an e v a l u a t i o n o f t h e e q u i v a l e n t c o r e s method and t he Madelung 

c h a r g e p o t e n t i a l m o d e l . The quantum m e c h a n i c a l p o t e n t i a l model i s o f 

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

t h e o r e t i c a l l y d e r i v e d models is d i s c u s s e d i n d e t a i l e 1 s e w h e r e ^ 0 ~ 6 2 . 

1) E q u i v a l e n t Cores A p p r o x i m a t i o n 

The e q u i v a l e n t c o r e s a p p r o x i m a t i o n was d e v e l o p e d by J o l l y and 

H e n d r i c k s o n ^ t o c a l c u l a t e s h i f t s in c o r e e l e c t r o n b i n d i n g e n e r g i e s 

f r o m g round s t a t e t he rmodynamic d a t a , and s t a t e s , "When a c o r e e l e c t r o n 

i s removed f r o m an a tom i n a m o l e c u l e o r i o n , t he v a l e n c e e l e c t r o n s r e l a x 

as i f t he n u c l e a r c h a r g e on t he atom had i n c r e a s e d by one u n i t " . T h u s , 

a t o m i c c o r e s t h a t have t h e same c h a r g e a r e c o n s i d e r e d t o be c h e m i c a l l y 

e q u i v a l e n t . The f o l l o w i n g example i l l u s t r a t e s how t h i s p r i n c i p l e may 

be used t o e s t i m a t e the gas phase s h i f t i n C ] S b i n d i n g e n e r g y be tween 

t he c a r b o n atoms in methane and f 1 u o r o m e t h a n e . 
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i ) T h e c a r b o n I s e l e c t r o n b i n d i n g e n e r g y i n m e t h a n e i s g i v e n 

by t h e e n e r g y o f t h e p r o c e s s 

CH^ -*C%+ + e " AE = B C H z + 

w h e r e » i n d i c a t e s a v a c a n c y i n a c o r e l e v e l ( C j s i n t h i s c a s e ) 

i i ) - ' •CH i +

+ + N 5 + — ^ N H ^ + " C 5 + AE = 5 Q 

T h i s r e a c t i o n i s t h e e x c h a n g e o f t h e c o r e a n d t h e e q u i v a l e n t Nr 

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

r e a c t i o n , 6C , i s z e r o . 

S u m m i n g r e a c t i o n s ( i ) a n d ( i i ) g i v e s 

i i i ) C H 4 + N 5 + — * - N H ^ + + " C 5 + + e " AE = BCH^ + 50 

A s i m i l a r r e a c t i o n may be w r i t t e n f o r CH3F, o r a n y o t h e r c o m p o u n d 

c o n t a i n i n g a c a r b o n a t o m 

i v ) CH3F + N 5 + N H 3 F + + " C 5 + + e " AE = B C H p + & ] 

T h e d i f f e r e n c e o f r e a c t i o n s ( i i i ) a n d ( i v ) g i v e s 

+ ( a . - <5 0 ) 

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

s t a t e s t h a t <5 | = <5Q = 0 a n d h e n c e , t h e d i f f e r e n c e i n C | s b i n d i n g 

e n e r g i e s b e t w e e n m e t h a n e a n d f 1 u o r o m e t h a n e i s g i v e n by t h e e n e r g y o f 

r e a c t i o n ( v ) . H o w e v e r , r e a c t i o n ( v ) s t i l l g i v e s t h e s h i f t s i n b i n d i n g 

e n e r g y i f 5 = 5C i . e . i f t h e e n e r g y o f c o r e e x c h a n g e i s i n d e p e n d e n t 

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

e q u i v a l e n t c o r e s a p p r o x i m a t i o n ) . Some t y p i c a l gas p h a s e d a t a a r e s h o w n 

i n T a b l e 1.5 a n d i n g e n e r a l i n d i c a t e g o o d a g r e e m e n t b e t w e e n e x p e r i m e n t a l 

a n d t h e r m o d y n a m i c s h i f t s . ^ The m a i n r e s t r i c t i o n t o t h e u s e o f t h e 

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

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

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

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

s t u d i e s on s i m p l e mo 1 e c u 1 e s ^ " ^ . 

H o w e v e r , t h e h e a t s o f r e a c t i o n may be o b t a i n e d f r o m SCF c a l c u l a ­

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

c o - w o r k e rs^^-> ^8 h a v e s h o w n t h a t f o r r e a c t i o n s i n v o l v i n g c l o s e d s h e l l 
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Expe r i m e n t a 1 

Tab 

and T h e r m o d y 

l e 

nam 

• 5 

c B i n d i n g E n e r q y S h i f t s 

E x p e r i men t a 1 Chem i ca1 
A t o m i c l e v e l Compound S h i f t R e a c t i o n Ene r q y 

N l s N H 3 0 0 

( C H 3 ) 2 N H - 0 7 - 0 . 7 

N l s ( C H 3 ) N H 2 - 0 3 - 0 . 

1 s 
HCN 1 2 0 . 95 

N l s NNO 3 2 2 . 6 

N l s N 2 
k 35 3- 5 

N l s NO 5 5 k. i+ 

1 s N 2 F 2 6 8 6 . 3 

N l s N 0 2 7 3 6 . 8 

C l s C h ^ 0 0 

C l s CO 5 k k. l 

1 s 
co 2 6 8 6 . 9 

C l s C F ^ 11 0 12. 3 

Xe 3 d 5 / 2 Xe 0 0 

Xe 3 d 5 / 2 X e F 2 2 95 2 7 

Xe 3 d 5 / 2 X e F ^ 5 • 5 5 i+ 

Xe 3 d 5 / 2 XeOF^ 7 0 6 3 

Xe 3 d 5 / 2 
X e F 6 7 9 7 85 

s p e c i e s e v e n m i n i m a l b a s i s s e t (ST0 3 - G ) c a l c u l a t i o n s , w h i c h a r e c o m ­

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

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

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

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

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

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

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

r e a c t i o n a r e i n v o l v e d t h e r e i s a l s o t h e p o s s i b i l i t y t h a t s e m i - e m p i r i c a 1 

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

t o p r e d i c t , a t l e a s t q u a l i t a t i v e l y , t h e r e q u i r e d s h i f t s . T h e r m o d y n a m i c 
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d a t a r e f e r t o t h e i s o e 1 e c t r o n i c c a t i o n s w i t h t h e i r n u c l e i i n t h e 

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

p a r e d w i t h n u c l e a r m o t i o n 5 ' j 6 9 ; t ] s m 0 r e r e a l i s t i c t o c o n s i d e r t h e 

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

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

ab i n i t i o c a l c u l a t i o n s , many o f t h e t w o e l e c t r o n i n t e g r a l s may be r e ­

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

2) C h a r g e P o t e n t i a l M o d e l 

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

e n e r g i e s w i t h t h e c h a r g e on t h e a t o m f r o m w h i c h t h e c o r e i o n i z a t i o n 

t a k e s p l a c e a n d t h e p o t e n t i a l f r o m t h e c h a r g e s i n t h e r e m a i n d e r o f t h e 
18 

m o l e c u l e . A l t h o u g h t h e m o d e l d e v e l o p e d by S i e g b a h n a n d c o - w o r k e r s 

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

o f t h e e q u a t i o n r e l a t i n g b i n d i n g e n e r g i e s t o c h a r g e d i s t r i b u t i o n s may be 

m a d e , s t a r t i n g f r o m K o o p m a n s 1 T h e o r e m ^ . 

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

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

o f t h e t e r m s w h i c h a r i s e ( c f . T a b l e 1 . 6 ) . 

T a b l e 1.6 

R e l e v a n t t e r m s i n v a r y i n g e l e c t r o n i c e n v i r o n m e n t s f o r Ci«; c o r e l e v e l s 

< ^ r ! - l / 2 V ]

2 l * > K o o p m a n s 1 

M o l e c u l e A t o m q AU < 1 / R > S h i f t 

H - C = C - F H-C - 0 . 0 6 1 16 .0168 5 -6559 0 . 3 3 eV 

F-C -"-0.112 16.0181 5 -6563 2 . 9 6 eV 

H - C s C - C l H-C - 0 . 1 3 6 16 .0189 5 - 6 5 . 5 0 . 2 * + e V 

C l - C - 0 . 0 7 8 16.0175 5-6515 1.60 eV 

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

g i v e n by E q u a t i o n ( 1 . 1 0 ) 

k 

*r = Wrl ~ i V ? l*,> + £ (2 J„ - K „) = 

n s—a 

= <<Pr\-tV2

i-—\<Pr>+J„+(<l,r\-

K 

- £ ^ > + J V ~ - * u . ( K , 0 ) 



- 26 -

The t e r m s <i/ , r | - \ v ] - (ZJrml )|i// r> a n d J ,r ( t h e C o u l o m b i n t e g r a l ) a r e 

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

i n g t h e c o n s t a n t t e r m s i n t o £ 0 a n d n e g l e c t i n g t h e Krs ( e x c h a n g e i n t e g r a l s 

'As o r b i t a l s on o t h e r a t o m s i n m o l e c u l e ) i n E q u a t i o n ( 1 . 1 0 ) , t h i s t r a n s ­

f o r m s t o E q u a t i o n ( l . l l ) . 

* r = £ o + < * , i - y — w o + y 2jrs. 
L r n l k ( L I D 

T h e i n t e r a c t i o n b e t w e e n 1<KI2 , l o c a l i z e d o n a t o m m, and t h e n u c l e i o f 

o t h e r a t o m s may be a p p r o x i m a t e d by an i n t e r a c t i o n b e t w e e n p o i n t c h a r g e s 

Y.n*m(ZJrnm) a n d s o E q u a t i o n ( 1 . 1 1 ) may be t r a n s f o r m e d i n t o E q u a t i o n 

( 1 . 1 2 ) . 

( 1 . 1 2 ) 

The t e r m s i n t h e l a s t s u m m a t i o n i n c l u d i n g i j / j ( ^ \ l / r ) , c o r e o r b i t a l s on 

a l l a t o m s n , may be a p p r o x i m a t e d b y 

Ay = < * , ( ! ) * , ( 2 ) | ~ ^ ( 2 ) > * ~ . ( 1 . 1 3 ) 

T h e t e r m s i n c l u d i n g t h e v a l e n c e MO' s i/s may be w r i t t e n i n a LCAO a p p r o x i 

m a t i o n f o r a s : 

A» = 1 4 < ^ r ( l ) 0 , ( 2 ) 1 — i ^ ( l ) 0 , ( 2 ) > . / , , m 

T h e y may t h e r e f o r e be d i v i d e d i n t o t w o t y p e s o f t e r m s , w h e t h e r 

( i ) $ P i s a v a l e n c e AO o n a t o m m, o r 

( i i ) 4>„ i s a v a l e n c e AO o n a t o m n . 

T h e c o n t r i b u t i o n o f t h e f o r m e r t y p e o f t e r m s t o Jri i s 
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I 4 < ^ ( l ) 0 p ( 2 ) | — | < M O 0 , ( 2 ) > 

w h e r e t h e sum i s o v e r a l l <pp on a t o m m. The r e m a i n i n g t e r m s i n Jri may 

be a p p r o x i m a t e d as 

1 
, 2 

— — '''' »• n a l l i^p on n r n m 

1 1 Cf„ 

so t h a t E q u a t i o n ( 1 . 1 2 ) b e c o m e s 

L - J r " m Z j rnm L j Li f n m 

n * m n * m n ? m a l l ^ o n n 

+ £ 24<<M1)M2)I;HM1)M2)> 
a l l * , on n 1 2 ( 1 . 1 5 ) 

w h e r e i s t h e n u m b e r o f c o r e e l e c t r o n s on n . 

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

F i gu r e 1 . 7 -

Valence 
levels w ^ « * 

Core = = = = = v I . levels = = z = = = = = : Yj core level 
of atom n 

. ^ r c o r e = = ^ c 0 , e v e , 

atom m o f a t o m m 

FIGURE 1 .7 

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

o r b i t a l s 4>p on m, we o b t a i n 

r- + 0+ I r n m } + 

al l <i>p on n 

) 0 ) 0 , ( 2 ) 1 — 1^,(1) 0 „ (2 )> , 

al l <̂ p on n 

+ 
al l on n " " ( 1 1 6 ) 

R e m e m b e r i n g t h a t 

- Z„ + z„ 4- £ 2 ^ 
al l d)p on n 

i s t h e c h a r g e qn o n a t o m n , we g e t 

E r = £ 0 + V ^ + V 2c?, < M 1 ) *„ (2) | — | * P ( 1 ) < M 2 ) > . 
Li rnm al l on m 

( 1 . 1 7 ) 

B e c a u s e 2 ^ , t h e v a l e n c e e l e c t r o n p o p u l a t i o n o n m, i s p r o p o r t i o n a l t o t h e 

c h a r g e o n m, qm, we g e t f i n a l l y 

Kr = E0 + kq 

( 1 . 1 8 ) 

The d e r i v a t i o n a l s o s h o w s t h a t k i s a p p r o x i m a t e l y t h e o n e c e n t e r 

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

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

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

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

e n e r g i e s . The t h i r d t e r m r e p r e s e n t s an i n t r a m o l e c u l a r M a d e l u n g t y p e 

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

U s i n g a l l v a l e n c e e l e c t r o n CNDO/2 SCF M O ? 0 c a l c u l a t i o n s , t h e q u a n t 

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

F o r e x a m p l e , t h e d a t a i n T a b l e 1.7 p e r t a i n i n g t o t h e C ] s a n d 0 ] s 

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

s h o w n i n F i gu r e 1.8 
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A b s o l u t e B i n d i n g E n e r g i e s f o r t h e C | s a n d 0 | s L e v e l s o f t h e Mode 

Compounds f r o m t h e C h a r g e P o t e n t i a l M o d e l 

M o l e c u l e T h e o r e t i c a l B i n d i n g E n e r g i e s i n eV 
- C - 0 - c=o C=0 C - 0 -

CH3OH 5 3 3 - 7 - - 286 .5 

C H 3 C H 2 0 H 5 3 3 - 6 - - 2 8 6 . 8 

CH3COCH3 - 5 3 3 . 2 2 8 7 . 8 -
CH3CH2OCH2CH3 5 3 3 - 2 - - 2 8 6 . 6 

HC00CH 2 CH 3 5 3 4 . 4 5 3 3 . 2 289 .1 2 8 7 . 4 

CH3COOCH2CH3 5 3 4 . 2 5 3 2 . 9 2 8 9 . 1 2 8 7 - 2 

C H 3 C O O C H ( C H 3 ) 2 5 3 4 . 1 5 3 2 . 9 289 .O 2 8 7 . 4 

C H 3 C O O C H 2 C H ( C H 3 ) 2 

CH3COCH2COOCH2CH3 

5 3 4 . 2 

5 3 4 . 2 

5 3 2 . 9 
5 3 2 . 8 
533- 1 

289 . 1 
2 8 9 . 1 
2 8 8 . 0 

2 8 7 . 2 

287 -2 

T a b l e 1 .7 

T h e c o r r e l a t i o n i s v e r y g o o d and f r o m t h e s l o p e a n d i n t e r c e p t , 
1 —o 

v a l u e s o f K a n d t may be e s t a b l i s h e d . S i n c e t h e c h a r g e p o t e n t i a l 

m o d e l may be r e l a t e d t o K o o p m a n s ' T h e o r e m w h i c h n e g l e c t s e l e c t r o n i c r e ­

l a x a t i o n o f t h e v a l e n c e e l e c t r o n s ( o n e j e c t i o n o f a c o r e e l e c t r o n ) , i t 

m u s t s u f f e r f r o m some o f t h e same d e f i c i e n c i e s . S i n c e e l e c t r o n i c 

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

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

K o o p m a n s ' T h e o r e m t o p r o v i d e a q u a n t i t a t i v e i n t e r p r e t a t i o n o f s h i f t s i n 

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

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

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

t o s e r i e s o f o r g a n i c m o l e c u l e s a r e g i v e n i n F i g . 1.9 w h e r e i t i s e v i ­

d e n t t h a t w i t h c h a r g e s c o m p u t e d f r o m CNDO/2 c a l c u l a t i o n s t h e v a l u e o f k 

c l u s t e r s a r o u n d 25 -0 eV f o r C ^ s l e v e l s . S i m i l a r c o r r e l a t i o n s may be 

made f o r o t h e r l e v e l s e . g . F ] s , C ^ p j N | s , e t c . 

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

b i n d i n g e n e r g i e s a n d o r g a n i c c h e m i s t s i n t u i t i v e i d e a s c o n c e r n i n g ' c h a r 

d i s t r i b u t i o n 1 . S i n c e v a l e n c e e l e c t r o n d i s t r i b u t i o n s i n m o l e c u l e s a r e 

c o n t i n u o u s f u n c t i o n s t h e a s s i g n m e n t o f ' c h a r g e s ' t o a t o m s w i t h i n a 

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

i s p a r t i t i o n e d b e t w e e n a t o m s . As s u c h , t h e o r e t i c a l l y c a l c u l a t e d c h a r g e 
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y=284.6 + 25.2x 
(±0.7) 

r 2 = 0.99 
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FIGURE 1.8 

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

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

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

i t s l i m i t a t i o n s , i s a u s e f u l c o n c e p t . 
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C h a r g e P o t e n t i a l M o d e l 

C ^ s l e v e l s 

S e r i e s K 

^̂T)̂— X 2 4 . 6 

A l c o h o l s , E t h e r s , E s t e r s 

and C a r b o n y l c o m p o u n d s 2 5 - 2 

C C 1 3 - X , C C 1 2 H-X 2 8 . 7 

C H 3 COX 2 5 - 0 

A r o m a t i c s p e r h y d r o 
p e r f l u o r o 2 5 - 0 

S i x m e m b e r e d r i n g 
h e t e r o c y c l e s p e r H 
p e r F p e r CI 21.k 

F 1 u o r o b e n z e n e s 2 3 - 5 

F i v e m e m b e r e d r i n g 
h e t e r o c y c l e s 2 5 - 4 

FIGURE 

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

I n v e r s i o n o f t h e C h a r g e P o t e n t i a l M o d e l 

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

and b o n d i n g i n o r g a n i c m o l e c u l e s i s i l l u s t r a t e d i n F i g . 1 . 1 0 . S t a r t i n g 

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

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

t r i b u t i o n s ( e . g . C N D O / 2 ) , we may u s e t h e e x p e r i m e n t a l s h i f t s t o o b t a i n 

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

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

f e e d i n g i n t h e g e o m e t r y , a p p r o p r i a t e v a l u e s o f k a n d E ( a s d e t e r m i n e d 

f r o m s t u d i e s o n r e l a t e d s y s t e m s ) , t h e m e a s u r e d B E ' s may be u s e d t o o b t a i n 

' e x p e r i m e n t a l ' c h a r g e d i s t r i b u t i o n s . An e x a m p l e i s s h o w n i n F i g . 1.11 

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

F . 

F-

F ' 

F 

690 

C F 3 C C I 3 

2Sk 283 

CI 

C I 

C I 

Al A 
CI 

187 

E x p e r i m e n t a l l y D e t e r m i n e d 

r F 

E C F 3 

E C C ] 3 

f C I 

Known 

E c i k c i 

Mo 1 e c u 1ar 
Geome t r y 
( e . g . b o n d a n g l e s 
a n d l e n g t h s ) 

Requ i r e d 

F 

C F , 
q 3 

q C C 1 3 

„C1 

FIGURE 1.11 

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

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

S c h e m a t i c a l l y t h e e q u a t i o n s f o r F | s , C ] s , a n d C12p l e v e l s a r e as f o l l o w s 

F , s EF = E ^ + k F q F + ! £ + + q^Il 
^ C C l 

r C - F r F C l r F - C F 3

 r F - C C 1 3 
( 1 . 1 9 ) 
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3q 
E o + k c 1CF C F 

3qcl 
r C - C 1 

+ q C C ) 3 
r c -c ( 1 . 2 0 ) 

C 
2p 

C I 
E + k q 

o ^ 
+ 3 C^F +

 2 q c i + qcF 3 + q c c i 3 

r C l - F r C l - C ] r C l - C , r C 1 -C 2 

CI 
(1 .21) 

A l s o 3q F + 3 q C ] + q 
CF 3 

+ q e c u = 0 

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

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

u s e o f C N D 0 / 2 SCF MO c a l c u l a t i o n s i s p r e s e n t e d i n C h a p t e r 3-

e ) F i n e S t r u c t u r e 

1) M u l t i p l e t S p l i t t i n q 

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

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

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

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

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

f o r t r a n s i t i o n m e t a l i o n s b y W a t s o n a n d F r e e m a n ^ ' ( i n a d v a n c e o f 

t h e e x p e r i m e n t a l o b s e r v a t i o n s by F a d l e y a n d c o - w o r k e r s ) ^ f o r 

t h e 3s l e v e l i n some f l u o r i d e s a n d o x i d e s o f m a n g a n e s e a n d i r o n 

w h i c h c o n t a i n u n p a i r e d 3d e l e c t r o n s . The i n t e r p r e t a t i o n i s r e l a ­

t i v e l y s t r a i g h t f o r w a r d o n l y f o r s - h o l e s t a t e s - T h e f o l l o w i n g d i s ­

c u s s i o n c o n s i d e r s s - h o l e s t a t e s a n d i s b a s e d o n v a n V l e c k ' s 

v e c t o r c o u p l i n g m o d e l w h i c h was o r i g i n a l l y c o n c e i v e d f o r a t o m s ^ 3 . 

T h i s g i v e s t h e f o l l o w i n g r e s u l t s f o r s - h o l e s t a t e s w h e r e S i s 

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

t w o p o s s i b l e f i n a l s t a t e s h a v e a t o t a l s p i n o f S - ^ 2 . T h e s p l i t -

t i n g A E ( i . e . t h e e n e r g y d i f f e r e n c e b e t w e e n t h e s t a t e s S + ' / 2 and 

S - ' / 2 ) i s p r o p o r t i o n a l t o t h e m u l t i p l i c i t y o f t h e g r o u n d s t a t e 

A E = (2S + 1 ) K 

w h e r e K i s t h e e x c h a n g e i n t e g r a l b e t w e e n t h e c o r e ( c ) and 

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

K = < * v ( D 0 C ( 2 ) | 7 ) 2 | * v ( 2 ) 0 c ( l ) > ( 1 - 2 2 ) 
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The i n t e n s i t i e s o f t h e p e a k s a r e p r o p o r t i o n a l t o t h e d e g e n e r a c i e s 

o f t h e f i n a l s p i n s t a t e s 

i . e . ( 2 ( S + 1 / 2 ) + l ) : ( 2 ( S - , / 2 ) + l ) = ( 2 S + 2 ) : 2S ( 1 . 2 3 ) 

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

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

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

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

a t o m ) c a n g i v e v a l u a b l e i n f o r m a t i o n c o n c e r n i n g t h e l o c a l i z a t i o n 
I Q -jr y ^ 

o r de1 o c a 1 i z a t i o n o f t h e u n p a i r e d v a l e n c e e l e c t r o n s i n c o m p o u n d s ' ' 

s i n c e t h e g r e a t e r t h e s p i n d e n s i t y o n an a t o m t h e g r e a t e r t h e 

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

a s s i g n e d among t h e a t o m s w i t h a f r a c t i o n f . a s s i g n e d t o t h e i ^ 

a t o m , t h e n t h e m u l t i p l e t s p l i t t i n g o n t h e i * "^ a t o m <d E ' i s 

a p p r o x i m a t e d b y ^ . 

A E = f (2S + 1) K . . (1 .2k) 

19 

A s i m p l e e x a m p l e i s p r o v i d e d b y S i e g b a h n o n NO a n d 0 ^ - I n 

t h e i r s t u d y o n N ^ , NO a n d 0 ^ m o l e c u l e s i n t h e gas p h a s e , t h e y 

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

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

r e s p e c t t o s p i n . W h e r b y NO a n d 0 ^ c o r e l e v e l s w e r e s p l i t , e . g . 

u p o n p h o t o e m i s s i o n f r o m a c o r e l e v e l i n o x y g e n o r n i t r o g e n i n NO 

t h e m o l e c u l a r i o n N 0 + was l e f t i n e i t h e r a t r i p l e t o r s i n g l e t s t a t e 

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

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

a n d t h e t w o u n p a i r e d 2 TT e l e c t r o n s h a v i n g d i f f e r e n t e n e r g i e s . 

The 0 ^ m o l e c u l e h a s a s i m i l a r m o l e c u l a r o r b i t a l s t r u c t u r e , b u t 

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

1 . 1 2 a d e s c r i b e s t h e o r b i t a l l e v e l s i n N^ , NO and 0 ^ and F i g u r e 

1 . 1 2 b t h e ESCA I s l e v e l s o f t h e m o l e c u l e s . 

2) S p i n - O r b i t a l S p l i t t i n g 

I f p h o t o i o n i z a t i o n o c c u r s f r o m an o r b i t a l w h i c h h a s an 

o r b i t a l q u a n t u m n u m b e r ( 1 ) g r e a t e r t h a n 1 ( i . e . p , d a n d f ) t h e n 
1 o 

a d o u b l e t s t r u c t u r e i s o b s e r v e d i n t h e ESCA s p e c t r u m . T h i s 
d o u b l e t o c c u r s f r o m a c o u p l i n g o f t h e t w o m a g n e t i c m o m e n t s o f t h e s p i n 
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D i a g r a m o f o r b i t a l l e v e l s i n N 2 , NO a n d 0^ 
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(S ) a n d t h e o r b i t a l a n g u l a r m o m e n t a ( L ) o f t h e e l e c t r o n s t o y i e l d 

a t o t a l m o m e n t a ( J ) . When s p i n - o r b i t c o u p l i n g i s w e a k , c o m p a r e d 

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

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

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

s p i n m o m e n t a ( S ) a r e c o u p l e d , and a l l t h e i n d i v i d u a l o r b i t a l momen­

t a ( L ) a r e c o u p l e d a n d t h e r e s u l t i n g m o m e n t a c o u p l e d i s known as a 

R u s s e 1 1 - S a u n d e r s c o u p l i n g s c h e m e ( L + S = J ) ^ . T h e o t h e r c a s e 

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

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

v i d u a l e l e c t r o n s w i l l c o u p l e i n t o a r e s u l t a n t j | o r j ^ . T h e 

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

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

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

t h e j j c o u p l e s c h e m e ^ . 

I t c a n be s h o w n t h a t t h e R u s s e 1 1 - S a u n d e r s c o u p l i n g s c h e m e 

d o m i n a t e s f o r t h e l i g h t e r e l e m e n t s , up t o a p p r o x i m a t e l y t h e l a n -
78 

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

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

be w r i t t e n 

H = Ur)% I ( 1 . 2 5 ) 

S(r) = -(e/2m2c2)(j;4Yj ( 1 . 2 6 ) 

The r a d i a l a v e r a g e o f £ ( r ) f l i s a u s e f u l q u a n t i t y a n d i s 

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

f" 2 r n i =<nlm|£(r)|nlm> ( 1 . 2 7 ) 

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

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

s t a t e s w h i c h i s q u a n t u m m e c h a n i c a l l y d e f i n e d b y t h e (2J + 1) r u l e . 

The r e l a t i v e s i g n a l i n t e n s i t i e s o f t h e J s t a t e s f o r t h e s , p , 

d a n d f l e v e l s a r e s h o w n i n T a b l e 1 .8 . 

I n F i g . 1.13 e x a m p l e s o f t h e s ( C j s ) , p(C]^ ) , d ( A g ^ ) a n d 

f (Au i f ) l e v e l s a r e s h o w n as o b s e r v e d i n t h e ESCA e x p e r i m e n t . 
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Tab l e 1 .8 

I n t e n s i t y R a t i o s f o r D i f f e r e n t L e v e l s 

Orb i t a I q u a n t u m 
numbe r 

T o t a l q u a n t u m n u m b e r I n t e n s i t y R a t i o 
J = (1 ± s ) ( 2 J + 1 ) / ( 2 J + 1) 

s 

P 

d 

f 

1 / 2 

7 2 
3 / 2 

5 / 2 

3 / 2 

5 / 2 

7 / 2 

No s p 1 i 11 i ng 

1 : 2 

2 : 3 

3 : ^ 

CI 2p 

Ag 3d 

Au 4 f 

FIGURE 1 . 1 3 

E x a m p l e s o f s p i n - o r b i t s p l i t t i n g i n t h e p , d a n d f l e v e l s 
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T a b l e 1 .8 

I n t e n s i t y R a t i o s f o r D i f f e r e n t L e v e l s 

O r b i t a l q u a n t u m T o t a l q u a n t u m n u m b e r I n t e n s i t y R a t 1 0 
(1 * 5 ( 2 J + 1 ) / ( 2 J + 1) numbe r 

V 2 0 No s p 1 i t t i n g 

3 / 2 1 1 : 2 

5 / 2 1 

5 / 2 3 : 4 / 2 3 

Is 

CI 2p 

Ag 3d 

Au 4 f 

FIGURE 1 . 1 3 

E x a m p l e s o f s p i n - o r b i t s p l i t t i n g i n t h e p , d a n d f l e v e l s 
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T a b l e 1.8 

I n t e n s i t y R a t i o s f o r D i f f e r e n t L e v e l s 

0 r b i t a 1 q u a n t u r n 
numbe r 

T o t a l q u a n t u m n u m b e r 
J = (1 ± s ) 

I n t e n s i t y R a t i o 
( 2 J + 1 ) / ( 2 J + 1) 

s 

P 

d 

f 

V 2 

' / 2 

3 / 2 

5 / 2 

3 / 2 

5 / 2 

7 / 2 

No s p I i t t i ng 

1 : 2 

2 : 3 

3 : 4 

CI 2p 

j Ag 3d 

Au 4f 

F IGURE 1 . 1 3 

E x a m p l e s o f s p i n - o r b i t s p l i t t i n g i n t h e p , d a n d f l e v e l s 
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3) E l e c t r o s t a t i c S p l i t t i n g 

S p l i t t i n g s i n t h e 5 p ^ / 2 ' e v e ! s ° f u r a n i u m ( F i g 1 . 1 * 0 and 

Umetal 
P3/2 

r5e\h 

Counts 
per 
0.2sec 

- 10 ,000 

- 8 , 0 0 0 

- 4 , 0 0 0 

FIGURE 1 . 1 4 

E l e c t r o s t a t i c s p l i t t i n g i n t h e 5 ^ 2 ^ e v e ' s ° f U m e t a l 

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

h a v e b e e n o b s e r v e d ^ ' ^ . T h e s e w e r e i n t e r p r e t e d as a r i s i n g f r o m 

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

w i t h t h e M = - 1/2 a n d M = - 3 / 2 s u b - s t a t e s o f t h e 5P^/2 e ' e c t r o n 5 , 

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

t i n g o b t a i n e d by p h o t o e 1 e c t r o n s p e c t r o s c o p y , a n d t h e q u a d r o p o l e 
81 

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

f r o m t h e i n t e r a c t i o n o f t h e n u c l e a r q u a d r o p o l e moment w i t h an 
82 

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

known 2 eV c r y s t a l f i e l d s p l i t t i n g o f t h e v a l e n c e 3d l e v e l s i n 

CoSO, i n ESCA s p e c t r a a n d c r y s t a l f i e l d s p l i t t i n g s s h o u l d be 
83 

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

8k 
c o - w o r k e r s o n n o n c o n d u c t i n g o r g a n o m e t a 1 1 i c t i n c o m p o u n d s i n 
t h e s o l i d p h a s e . T h e r e was a g e n e r a l t r e n d o b s e r v e d b e t w e e n t h e 

1 19 
S n ^ l i n e w i d t h s a n d t h e Sn n u c l e a r q u a d u p o l e s p l i t t i n g as 
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m e a s u r e d by M o s s b a u e r s p e c t r o s c o p y f o r b o t h s o l i d and g a s p h a s e 

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

was a v e r y i n s e n s i t i v e m e a s u r e o f a n y s p l i t t i n g ; w i t h t h e Mg 

a n o d e u s e d , w h e r e an i n c r e a s e i n l i n e w i d t h o f 0 . 1 5 eV c o r r e s ­

p o n d e d t o an a c t u a l s p l i t t i n g o f t h e 3 d ^ ^ l e v e l o f ~ .k e\l. 

W i t h t h e u s e o f a n a r r o w e r l i n e w i d t h s o u r c e , s a y ~ . 2 e V , t h e 

o v e r a l l s p l i t t i n g i n t h e S n 3 d w i d t h s w o u l d b e ~ 0 . 7 e V . 

I n t h i s w o r k p r e s e n t e d i n t h i s t h e s i s on p o l y m e r i c m a t e r i a l s , 

s i n c e o n l y 1 s t a n d 2 n d r o w e l e m e n t s a r e i n c o r p o r a t e d i n t h e s y s ­

t e m , t h e r e w i l l be no e l e c t r o s t a t i c p h e n o m e n a o b s e r v e d i n t h e 

ESCA s p e c t r a . 

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

ESCA i s s h o w n i n F i g . 1 . 1 5 -

2p 3Z2 

2p 

n = 2 

(6) 

(8) 

2s 
(2 ) 

Quantum no. 

(4) 

> 2 P | / 2 
(2) 

2s 1/2 
(2) 

J 

3 
2 

m=±2 
1 2 T 

_ m = ± £ 
1 2 T " 

m: 

-+ 2 
1 
2 

_ 1 
2 

r + 1 
2 

- k 

(Type of Principal Orbital Spin-orbital Electrostatic Multiplet 
"splitting" 

FIGURE 1 . 1 5 

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

k) V a l e n c e L e v e l s 

I n f o r m a t i o n c o n c e r n i n g s t r u c t u r e a n d b o n d i n g c a n be l a r g e l 1 

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

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

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

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

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

t e n s i v e l y s t u d i e d i n t h e gas p h a s e b y l o w e n e r g y p h o t o e 1 e c t r o n 

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

w h i c h a r e m o s t c o m m o n l y u s e d , He ( I ) a n d He ( I I ) ( p h o t o n e n e r g i e s 

~ 2 I eV a n d ~ 4 0 eV r e s p e c t i v e l y ) a r e s u c h t h a t i n f a v o r a b l e 

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

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

e l e c t r o n s p e c t r o s c o p y , (UPS) as t h e t e c h n i q u e h a s come t o be 

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

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

b e e n t h e p r o v i n c e o f t h e p h y s i c i s t ( t h e t e c h n i q u e o f t e n b e i n g 

r e f e r r e d t o as u . v . p h o t o e m i s s i o n ) a n d h a s d e a l t m a i n l y w i t h 

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

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

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

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

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

w i t h t h e c o r r e s p o n d i n g UPS m e a s u r e m e n t s . ( I t s h o u l d be e m p h a s i z e d 

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

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

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

F i r s t l y , c r o s s s e c t i o n s f o r p h o t o i o n i z a t i o n a r e g e n e r a l l y l o w e r 

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

s e c o n d l y , t h e r e s o l u t i o n i s much p o o r e r , ( v i z . p h o t o n l i n e w i d t h s 

H e ( l ) 5 m e V 2 5 , M g K a , ^ 8 0 0 m e V 1 8 ) . A t y p i c a l s p e c t r u m o f 

t h e c a r b o n m o n o x i d e v a l e n c e l e v e l s o b s e r v e d by H e ( l ) a n d m o n o -

c h r o m a t i z e d A L K a ) , 2 r a d i a t i o n s o u r c e s r e s p e c t i v e l y , i s s h o w n 

i n F i g . 1 . 1 6 

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

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

a r e s o many v i b r a t i o n a l modes p o s s i b l e , r e s o l u t i o n o f ESCA 

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

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

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

p a r e d w i t h U . V . p h o t o n s o u r c e s i n t h e s t u d y o f v a l e n c e l e v e l s 

i n t h e s o l i d s t a t e . 

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

v a l e n c e e n e r g y l e v e l s may be s t u d i e d , o n l y t h e h i g h e r o c c u p i e d 
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hw=2l2eV 

j j 
( b ) 

2 0 eV 15 

Carbon 
Monoxide 

hv = l486 .6eV 

J a 

^5 ^ £ ~ 

FIGURE 1 . 1 6 

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

H e ( l ) a n d A L . , , . „ s o u r c e s 

l e v e l s . S e c o n d l y , s i n c e t h e k i n e t i c e n e r g y r a n g e f o r e l e c t r o n s 

w i l l t y p i c a l l y be i n t h e r a n g e 0 - 2 1 eV ( H e l ) , 0 - 4 0 eV ( H e l l ) i t w i l l 

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

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

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

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

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

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

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

s i t y o f s t a t e s . 

T y p i c a l d a t a w h i c h may be o b t a i n e d i s s h o w n i n F i g . 1 . 1 7 

- f C F 2 - C F 2 ^ n 

x3 

4 C E - C H J -
2'n 

x3 

i 1? 

4 C H 0 - C I - L 4 -
2'n 

x3 

If 

4 C H 0 - C H 0 - C F 0 - C R : ) . 
2'n 

x3 

1 1 i i i i 

42 3 4 26 20 12 4 eV 

FIGURE 1.17 

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

p o 1 y v i n y 1 i d e n e f l u o r i d e a n d p o 1 y t e t r a f 1 u o r o e t h y 1 e n e 
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f o r PTFE , p o 1 y v i n y I i d e n e f l u o r i d e , a n d p o l y e t h y l e n e . The t h e o ­

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

s t r a i g h t f o r w a r d as t h a t o f c o r e l e v e l s ' . T h e p a r t i c u l a r c a s e 

o f p o l y e t h y l e n e h a s r e c e i v e d c o n s i d e r a b l e a t t e n t i o n a n d h a s r e c e n t l y 
85 8 6 

b e e n d i s c u s s e d i n d e t a i l ' . F o r t h e s p e c t r a s h o w n i n F i g . 1.17 

a r e a s o n a b l e a s s i g n m e n t c a n be made as f o l l o w s . The l a r g e p e a k 

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

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

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

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

a s s i g n e d t o M . O . ' s c o r r e s p o n d i n g e s s e n t i a l l y t o f l u o r i n e 2p l o n e 

p a i r s . T h e s h o u l d e r a t l o w e r b i n d i n g e n e r g y i n p o 1 y v i n y 1 i d e n e 

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

a s s i g n e d t o c a r b o n h y d r o g e n b o n d i n g o r b i t a l s ( e s s e n t i a l l y ^ p ^ l s ^ ' 

T h e a s s i g n m e n t s f o r t h e r e m a i n i n g p e a k s a r e t h e n e s s e n t i a l l y C -F 

a n d C-C ( 2 s ) b o n d i n g o r b i t a l s . W i t h an a p p r o p r i a t e c o r r e c t i o n f o r 

w o r k f u n c t i o n ( ~ 5 e V ) t h e b i n d i n g e n e r g i e s c o r r e s p o n d t o t h o s e 

o b t a i n e d f r o m UPS s t u d i e s o f s i m p l e s y s t e m s c o n t a i n i n g t h e 
25 

e s s e n t i a l s t r u c t u r a l f e a t u r e s 

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

t e t r a f 1 u o r o e t h y 1ene o f c o m p o s i t i o n c l o s e t o 5 0 - 5 0 i s a l s o i n ­

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

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

l a r g e l y a l t e r n a t i n g s t r u c t u r e . 

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

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

m e c h a n i c a l s t u d i e s o n po1 y e t h y 1 e n e s a n d f 1 u o r o e t h y 1 e n e s c o r r e l -

a t e d w i t h ESCA c h e m i c a l s h i f t s 

f ) E n e r g y R e f e r e n c i n g 

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

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

m e n t s , o n t h e o t h e r h a n d , r e f e r t o t h e c o n d e n s e d p h a s e w i t h t h e F e r m i 

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

s t a n c e w i l l t h e d i r e c t c o m p a r i s o n o f t h e t w o be v a l i d ? F o r c o v a l e n t 

s o l i d s i n w h i c h t h e r e a r e no a p p r e c i a b l e l o n g r a n g e i n t e r a c t i o n s ( s u c h 

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

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

p r e s e n t e d i n F i g . 1 . 1 8 . The t e r m s a r e l a r g e l y s e l f e x p l a n a t o r y a n d i t 
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S h i f t i n BE f o r d i f f e r e n t s a m p l e s 

A = ( l A " l X )

v a c = ( I A - 'X ) F + (*A ~ * x ) + (*A " 5 X ) + ( A H X - A H A ) + ( A H A - A H x ) 

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

(</> A-</> x ) ~ 0 

(«A " « X ) = 0 

( A H x - A H A ) + ( A H A - A H X ) 0 

( ' A " " X ) „ z ( l A - l x ) F 

. ' . c a n u n d e r s t a n d s h i f t s i n t e r m s o f i s o l a t e d m o l e c u l e s 
( e x c l u d i n g s t r o n g i m t e r m o 1 e c u 1 a r i n t e r a c t i o n s 
e . g . H b o n d i n g ) 

FIGURE 1 . 18 

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

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

a n d i f t h e r e i s no s a m p l e c h a r g i n g t h e n t h e c o m p a r i s o n b e t w e e n t h e o r e t i c a l 

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

be v a 1 i d . 

F o r s a m p l e s s t u d i e d as s o l i d s , t h r e e s i t u a t i o n s may c l e a r l y be 

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

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

s i t u on a c o n d u c t i n g s u b s t r a t e i n t h e s p e c t r o m e t e r s o u r c e . S i n c e t h e 
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p a t h l e n g t h f o r t h e i n c i d e n t X - r a y beam i s v e r y l a r g e , ~ I O . O O 0 8 , d e ­

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

t o h a v e s u f f i c i e n t c h a r g e c a r r i e r s t o r e m a i n i n < e 1 e c t r i c a 1 c o n - • 

t a c t w i t h t h e s p e c t r o m e t e r . T h i s c a n m o s t r e a d i l y be shown t o be t h e 

c a s e b y a p p l y i n g a D . C . b i a s v o l t a g e t o t h e s a m p l e p r o b e . I f t h e s a m p l e 

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

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

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

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

b u t i o n (SEED) c a n t h e n be o b s e r v e d , s i n c e t h e e l e c t r o n s n e a r z e r o 

k i n e t i c e n e r g y w i t h o u t b i a s i n g now h a v e e n o u g h k i n e t i c e n e r g y t o o v e r ­

come t h e s u r f a c e p o t e n t i a l b a r r i e r d u e t o t h e p h o t o e 1 e c t r o n f l u x - ' " . 
9 0 

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

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

b y t h i s T e c h n i q u e . I f t h e s a m p l e has b e e n d e p o s i t e d on a s u b s t r a t e s u c h 

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

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

k f 7 / 2 

(8k e V ) a n d t h i s p r o v i d e s a v e r y c o n v e n i e n t means o f e n e r g y r e f e r e n c i n g 

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

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

' S c o t c h ' t a p e e i t h e r as p o w d e r s o r as d i s c r e t e f i l m s . I n t h i s c i r c u m ­

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

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

be 1 f 1 o a t i n g ' a t some p o t e n t i a l due t o s u r f a c e c h a r g i n g a n d i n d e e d t h i s 

c h a r g i n g p r o c e s s may be t i m e d e p e n d e n t . I f c a r e i s t a k e n i n t h e m e a s u r e ' 

m e n t s , t h e c h a n g e b u i l t up o n a s a m p l e a n d i t s t i m e d e p e n d e n c e may be 

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

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

q u e n t C h a p t e r ( 6 ) . The m o s t r e l i a b l e m e t h o d o f e n e r g y r e f e r e n c i n g f o r 

p o l y m e r s i s t o f o l l o w t h e s l o w b u i l d o f h y d r o c a r b o n c o n t a m i n a t i o n a t 
- 8 

t h e s u r f a c e . W i t h a b a s e p r e s s u r e o f ~ 1 0 t o r r t h e p a r t i a l p r e s s u r e 

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

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

" T h i s t o p i c ( s a m p l e c h a r g i n g ) w i l l be d i s c u s s e d i n d e t a i l i n C h a p t e r 6 . 
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s y s t e m s i t n o r m a l l y t a k e s s e v e r a l h o u r s b e f o r e a n y s i g n a l a r i s i n g f r o m 
18 

h y d r o c a r b o n ( b i n d i n g e n e r g y 285 e V » ) i s a p p a r e n t . i t i s , o f c o u r s e , 

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

t h e b u i l d up a t t h e s u r f a c e . S u c h m a t e r i a l a l m o s t a l w a y s g o e s down i n 

u n i f o r m c o v e r a g e a n d a t s u b m o n o l a y e r c o v e r a g e a c q u i r e s t h e same s u r f a c e 
91 

p o t e n t i a l as t h e s a m p l e 

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

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

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

X - r a y g u n . The c a p was f o u n d t o become r e l a t i v e l y h o t a n d a m e t h o d 

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

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

C h a p t e r 3 - ) 

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

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

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

f a c e t o p r o c e e d , i n i t i a l l y , by way o f a n u c l e a t i o n p r o c e s s w h i c h r e s u l t s 
9 2 

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

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

n o t r e a c t w i t h t h e p o l y m e r , e x c e p t i o n s t o b o t h c a s e s h a v e b e e n d o c u m e -
93 

t e d i n t h e l i t e r a t u r e . B e t t e r i d g e a n d c o - w o r k e r s " h a v e s h o w n t h a t i n 

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

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

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

a n d p o 1 y t e t r a f 1 u o r o e t h y 1ene t h e a b s o l u t e s h i f t f o r t h e g o l d s i g n a l i n ­

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

be d i s c u s s e d l a t e r i n C h a p t e r 6 ) t o t h e h i g h e r p h o t o e 1 e c t r o n f l u x f r o m t h e 

g o l d , a p h e n o m e n o n r e f e r r e d t o as d i f f e r e n t i a l s a m p l e c h a r g i n g . I n 

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

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

c a n n o t be d i s c o u n t e d . The u s e o f t h e s o - c a l l e d ' g o l d d e c o r a t i o n 1 t e c h -
95 

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

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

e n e r g i e s o f c o r e l e v e l s may be shown t o be v e r y s h o r t r a n g e i n n a t u r e ' , 

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

" T h i s m u s t , o f c o u r s e , be i n d e p e n d e n t l y e s t a b l i s h e d f o r a g i v e n s p e c ­
t r o m e t e r . I t a l m o s t c e r t a i n l y a r i s e s f r o m l o n g c h a i n h y d r o c a r b o n 
m a t e r i a 1, 
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a p p r o p r i a t e s t r u c t u r a l f e a t u r e s as t h i n f i l m s i n e l e c t r i c a l c o n t a c t 

w i t h t h e s p e c t r o m e t e r w h i c h may be s t r a i g h t f o r w a r d l y r e f e r e n c e d . Com­

p a r i s o n may t h e n be d r a w n b e t w e e n t h i s m o d e l a n d t h e i n s u l a t i n g s a m p l e • 

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

f u r t h e r p o s s i b i l i t y w h i c h h a s r e c e i v e d c o n s i d e r a b l e a t t e n t i o n o f r e c e n t 
9 6 

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

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

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

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

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

t h e s a m p l e w i t h l o w e n e r g y e l e c t r o n s . S a m p l e s c a n become n e g a t i v e l y 

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

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

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

f r o m a l o w p r e s s u r e , l o w p o w e r m e r c u r y l amp v i a a q u a r t z v i e w i n g p o r t 
95 

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

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

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

The t h i r d s i t u a t i o n w h i c h c a n a r i s e i s f o r t h i c k f i l m s ~ 1 m i c r o n 

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

f i l m s b e h a v e as ' l e a k y ' c a p a c i t o r s i n t h a t t h e y e x h i b i t r a t h e r s t r i k i n g 

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

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

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

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

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

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

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

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

d i s t r i b u t i o n t h e e n e r g y r e f e r e n c i n g may r e a d i l y be e s t a b l i s h e d . The 

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

t h e r a n g e 1 - 100 m i c r o n p r o v i d e s an i n t e r e s t i n g i n s i g h t i n t o t h e 

e l e c t r i c a l c h a r a c t e r i s t i c s o f p o l y m e r s a m p l e s a n d t h e t y p i c a l b e h a v i o r 
9 7 

w h i c h i s o b s e r v e d i s s h o w n i n F i g . 1 . 1 9 

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

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

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

f o r p o l y m e r s , u n d e r t h e c o n d i t i o n s o f X - r a y i r r a d i a t i o n i t i s p o s s i b l e 
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FIGURE 1 . 1 9 

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

f o r an ' i n s u l a t o r ' t o be i n e l e c t r i c a l c o n t a c t w i t h t h e s p e c t r o m e t e r i . e . 

t h e i r F e r m i l e v e l a r e t h e s a m e ' . D e s p i t e t h e d i f f i c u l t i e s a s s o c i a t e d 

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

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

I f t h e w o r k f u n c t i o n o f t h e i n s u l a t o r i s k n o w n we may c a l c u l a t e t h e b i n d ­

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

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

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

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

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

a n d w i l l be d i s c u s s e d i n d e t a i l i n C h a p t e r 6 on s u r f a c e c h a r g i n g p h e n o m e n a 

g ) S i q n a 1 1 n t e n s i t i e s 

F o r an 1 i n f i n i t e l y ' t h i c k h o m o g e n e o u s s a m p l e t h e i n t e n s i t y o f 

t h e e l a s t i c ( n o - e n e r g y l o s s ) p e a k f o r p h o t o e m i s s i o n f r o m a c o r e l e v e ' , 

• 9 8 , 9 9 i , may be e x p r e s s e d as e q u a t i o n 
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( 1 . 1 3 ) 

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

a. i s t h e c r o s s s e c t i o n f o r p h o t o i o n i z a t i o n o f c o r e l e v e l i 

N . i s t h e n u m b e r o f a t o m s p e r m i t v o l u m e on w h i c h t h e c o r e l e v e l , 
— i , i s l o c a l i z e d 

k . i s a s p e c t r o m e t e r f a c t o r 

\ . i s t h e e l e c t r o n mean f r e e p a t h 

T h i s e q u a t i o n may be r e c a s t i n t o t h e i n t e g r a t e d f o r m 

I . = I F a . N . k . e - i H y 

i Jo I I I a x 

= F a . N . k A . 
i i i i 

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

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

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

F i g . 1 . 2 0 s h o w s a s c h e m a t i c o f t h e g e n e r a l g e o m e t r y o f t h e ESCA e x p e r i m e n t 

d I . = F a . N . k . e - X ' ' " ' dx 
i i i i 

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

( l . H O 

( 1 . 1 5 ) 

Analyser 

e 

A 

X-ray hv 
gun Sample 

FIGURE 1 . 2 0 

S c h e m a t i c o f t h e g e o m e t r y o f t h e ESCA e x p e r i m e n t i n 

t h e A E I ES 200 B i n s t r u m e n t 
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u s i n g t h e Mg a n o d e w i t h a f l a t s o l i d s a m p l e . h v r e p r e s e n t s t h e i n c i d e n t 

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

a n a l y z e r . <& i s t h e a n g l e b e t w e e n t h e X - r a y s o u r c e a n d - t h e a n a l y z e r 

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

t h e a n a l y z e r . Low v a l u e s o f 6 ( ~ 0 ° ) c o r r e s p o n d t o g r a z i n g i n c i d e n c e 

o f t h e X - r a y s a n d h i g h v a l u e s o f 6 (~90°) c o r r e s p o n d t o g r a z i n g e x i t 

f r o m t h e s a m p l e o f t h e p h o t o e m i t t e d e l e c t r o n s w h i c h a r e a n a l y z e d . ( I t 

. s h o u l d be n o t e d h e r e t h a t F i g . 1.20 d e s c r i b e s o n l y t h e r e l a t i v e p o s i t i o n s 

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

u s e d . T h e m o n o c h r o m a t i c A L s o u r c e i s n o t a t an a n g l e o f 90° t o t h e 

a n a l y z e r s l i t s b u t a t an a n g l e o f 6 0 ° . A l t h o u g h t h e a n g l e 6 i s r e d u c e d , 

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

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

w i l l be r e f e r r e d t o i n t h e e n s u i n g d i s c u s s i o n . 

T h e X - r a y f l u x i n t h e s a m p l e , F , i s p r i m a r i l y d e t e r m i n e d by t h e 

p o w e r a p p l i e d t o a n d e f f i c i e n c y o f t h e X - r a y g u n . A t l o w v a l u e s o f 6 i t 

h a s b e e n s h o w n , t h e o r e t i c a l l y a n d e x p e r i m e n t a l l y b y H e n k e ' ' ^ ' , t h a t 

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

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

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

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

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

a n g l e s , 9 , f o r w h i c h t h i s a p p l i e s a r e v e r y s m a l l , w h i c h due t o o t h e r 

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

s i g n a 1 i n t e n s i t y . 

T h e c r o s s s e c t i o n f o r p h o t o i o n i z a t i o n o f c o r e l e v e l , i , a . i s 

a p a r a m e t e r w h i c h d e s c r i b e s t h e p r o b a b i l i t y o f t h e c o r e l e v e l b e i n g 
1 02 

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

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

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

t o w h i c h i t r e l a t e s a n d o f t h e e n e r g y o f t h e i n c i d e n t p h o t o n , cr. may 

be c a l c u l a t e d f r o m t h e f u n d a m e n t a l p r o p e r t i e s o f t h e a t o m ' ^ 2 ' o r 
19 

d e t e r m i n e d e x p e r i m e n t a l l y f r o m gas p h a s e ESCA e x p e r i m e n t s . T h e 

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

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

t h a t c . i s a f u n c t i o n o f d ( F i g 1 . 2 1 ) , t h e a n g l e o f d e t e c t i o n w i t h r e -
.98 

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

s e c t i o n , i n t h e d i p o 1 e momen t a p p r o x i m a t i o n , f o r r a n d o m l y o r i e n t e d 



FIGURE 1 .21 

P l o t o f u / c rTOT v e r s u s <t> i n d i c a t i n g t h e a s y m m e t r y 

p a r a m e t e r , 1 8 , f o r t h e c o r e l e v e l s 

103 
p o l y a t o m i c m o l e c u l e s a n d u n p o l a r i z e d l i g h t i s o f t h e f o r m 

TOT 
a . - <J. 

1 1 
( 1 . 1 6 ) 

1 Ok 

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

• i s t h e t o t a l c r o s s s e c t i o n o f t h e l e v e l . T h e a n g l e a t w h i c h t h e 

m e a s u r e d r e l a t i v e o-' y a r e i n d e p e n d e n t o f /3 a n d e q u a l t o ( T 0 T / 4 7 r ) 
o c c u r s a t t h e s o c a l l e d ' m a g i c a n g l e ' o f 6 = c o s ' ( 1 / 3 ) = 5 * + ° ^ ' o r 

1 n i l 
I 2 5 ° 1 6 1 • ( I t s h o u l d be n o t e d t h a t f o r S o r b i t a l s 0 = 0 ) 

W i t h t h e u s e o f c o n v e n t i o n a l s p e c t r o m e t e r s a . may be c o n s i d e r e d 

as a c o n s t a n t f o r a n y g i v e n s e t o f e x p e r i m e n t s e m p l o y i n g t h e same X - r a y 

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

e n t r a n c e s l i t , <6, i s u s a l l y f i x e d . 

W i t h Mg., a n d A 1 „ t h e c r o s s s e c t i o n f o r p h o t o i on i z a t i o n f o r 
K % 2 K a l , 2 

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

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

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

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

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

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

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

The e l e c t r o n mean f r e e p a t h , ( s o m e t i m e s r e f e r r e d t o as t h e e s c a p e 

d e p t h f o r t h e p h o t o e m i t t e d e l e c t r o n s ) , X . i s d e f i n e d as t h e d i s t a n c e i n -

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

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

C h a p t e r k w i 1 1 be c o n c e r n e d w i t h t h e e x p e r i m e n t a l d e t e r m i n a t i o n o f e l e c ­

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

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

t h i s t h e s i s . T h e m a i n p o i n t i n t h i s s e c t i o n i s t h a t X. i s a f u n c t i o n o f 
i 

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

m a g n i t u d e f r o m k ft f o r e l e c t r o n s o f a b o u t 80 eV k i n e t i c e n e r g y t o 30 ft 

f o r e l e c t r o n s o f a b o u t 1500 e V . 

T h e t e r m ' s a m p l i n g d e p t h 1 i s o f t e n c o n f u s e d w i t h e l e c t r o n mean 

f r e e p a t h , a n d t h e t e r m s i n some c a s e s h a v e b e e n u s e d s y n o n o m o u s 1 y . To 

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

d e p t h f r o m w h i c h 99 % o f t h e s i g n a l , a r i s i n g f r o m a g i v e n c o r e l e v e l , d e ­

r i v e s , t h e n i t i s r e l a t e d t o t h e e l e c t r o n mean f r e e p a t h b y ; 

s o u r c e t h e k i n e t i c e n e r g y o f t h e p h o t o e m i t t e d e l e c t r o n s i s « 9 6 0 eV a n d 

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

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

N . i s n o t d i r e c t 1 y r e l a t e d t o t h e d e n s i t y o f t h e s a m p l e i t i s g e n e r a l l y 

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

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

95 

m a t e r i a l ( e . g . h i g h d e n s i t y p o l y e t h y l e n e vs . l o w d e n s i t y p o l y e t h y l e n e ) 

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

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

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

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

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

s a m p l e d e p t h = - \ l n 0 . 0 1 

As an e x a m p l e , f o r c a r b o n I s l e v e l s s t u d i e d b y a Mg 
a 1,2 

X - r a y 

t h e mean f r e e p a t h o f t h e e l e c t r o n i s ^ 1 5 ft- 50% o f t h e s i g n a l s e e n 

b y ESCA d e r i v e s f r o m t h e o u t e r m o s t a b o u t 10 ft o f t h e s a m p l e a n d 99% f r o m 

t h e o u t e r m o s t 70 ft o f t h e s a m p l e . 

I . F a . N . k . X . 

J 
F o . N . k A . 

J J J J ( 1 . 1 7 ) 

file://-/ln0.01
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where I . is the s iqna l i n t e n s i t y f o r core leve l i and I . is the 
i J 

s igna l i n t e n s i t y f o r the core leve l j 

a.N.k.X.. 
i = i i i i 

a . N . k .X.. / . i Q \ 
J J J J ( 1 - 1 8 ) 

I f i and j are the same core leve l in d i f f e r i n g chemical e n v i r o n ­
ments ( e . q . C, in CI-L-CF-) then k.a.X.. = k . a . L 

Is — 3 — 3 i i i J J J 

and 
N | = J J . 
Nj I j ( 1 . 1 9 ) 

I f i and j are d i f f e r e n t core l eve l s then k . a . L A . a . L and 
i i i j j j 

_ L = ' I I I • ( 1 - 2 0 ) 

N. I .k .a.X. . 
J J i ' i 

The r a t i o k.a.X.. may be determined e x p e r i m e n t a l l y from standard 
I I I 

k.a.X.. 

i i i 

samples o f known s t o i c h i o m e t r y c o n t a i n i n g i and j . Since k. and k j vary f 

one spect rometer to another and a lso the angle between the X-ray source 

and the ana l yze r , r a t i o s of the type k.a.X.. must be determined f o r the 
I I I 

k.a.X.. 
i i i 

p a r t i c u l a r spec t rometer . 

As an example, F i g . 1 . 2 2 shows the spectrum of po1y isop ropy 1 -

a c r y l a t e . The s igna l i n t e n s i t i e s r e l a t i v e to the t o t a l i n t eg ra ted 

s igna l are 1 6 . 7 % , 1 6 . 7 % and 6 6 . 7 % f o r the C = 0 , C - 0 and CH C 

leve ls and 2 8 . 3 % and 2 8 . 3 % f o r the C - 0 and C = 0 , 0^ l e v e l s , (not 

shown). This corresponds to a s t o i c h o i m e t r y of 1 : 1 : 4 : 1 : 1 f o r these 

leve ls r e s p e c t i v e l y s ince k n a n \ n 

U l s U l s " i s = 1 . 6 7 
k C , «C, \ 

Is Is Is 

f o r our p a r t i c u l a r spectrometer geometry. These s t o i c h i o m e t r i c s are 

p r e c i s e l y as are found in the po Iy i sop ropy 1acry1 ate repeat u n i t . 
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Poly-isopropyl Acrylate 

C, s Level 

-(ChU-CHk 

\ 
0 

HC-C-CH 

2 9 0 2 8 5 

FIGURE 1 . 2 2 

The core leve l spectrum of po 1 y i sop ropy 1 a c r y l a t e 

i n d i c a t i n g the deconvo1uted peaks 

I t should be po in ted out t ha t equat i on (I . 15 ) does not accomodate 

two f u r t h e r e f f e c t s o f va ry i ng the angle 6, the f i r s t is i l l u s t r a t e d in 

F i g . 1 . 2 3 - The f i g u r e draws a comparison between a narrow X-ray beam 

FIGURE 1 . 2 3 

The e f f e c t s of va ry i ng 6, the sample angle r e l a t i v e to the 

photon source, on the s ize o f the sample area exposed 
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and a beam which is broader than the w id th o f the sample, w. For the 

narrow beam the t o t a l f l u x which h i t s the same is not a f f e c t e d by va ry i ng 

flwithin l i m i t s . However, f o r the broader beam the t o t a l f l u x h i t t i n g the 

sample va r i es as w S I N f l ' ^ ' ' . The re fo re , as 6 is increased t h i s e f f e c t 

tends to increase the s igna l i n t e n s i t y . (This e f f e c t a lso app l i es f o r 

the narrow beam when 6 is very s m a l l ) . The second e f f e c t is concerned 

w i t h the e l e c t r o n s which are pho toemi t ted in the d i r e c t i o n o f the 

ana l yze r . For a g iven value of 6 the ent rance s l i t of the ana lyser ' sees ' 

a sample area p r o p o r t i o n a l to oj COS 6 . There fore as 8 is increased t h i s 

e f f e c t tends to decrease the s igna l i n t e n s i t y . 

The c o n v o l u t i o n of these two e f f e c t s , a c t i n g in the oppos i te 

sense produces an o v e r a l l f u n c t i o n of 6, f j ( # ) f o r a core leve l i , which 

e x h i b i t s a maximum v a l u e . This maximum value occurs at a va lue of 

which is dependent on the core leve l under i n v e s t i g a t i o n , a l though t h i s 

phenomena is not c l e a r l y unders tood. 

Equat ion 1 . 1 5 t h e r e f o r e may be replaced by equat ion 

I . = f . (6) F o . N . k A . _.x 
i i i i i i ( 1 - 2 1 ) 

where f . ( # ) can be determined e m p i r i c a l l y ' ^ . I n v e s t i g a t i o n s of 

these angu lar phenomena are presented in l a t e r Chapters. 

h) L i ne Shape Ana l y s i s 

The need f o r l i n e shape ana l ys i s a r i s e s from the un favorab le 

r a t i o o f chemical s h i f t to l i n e w id th r a t i o which is one o f the major 

weaknesses o f ESCA compared t o , say, NMR or N 0 _ R ' . The dominant c o n t r i ­

bu t i on to the l i n e w i d t h s w i t h most commercial ins t rummentat ion is the 

inherent w id th o f the po lychromat ic X-ray source. 

The measured l i new id ths f o r core l eve ls ( a f t e r t ak ing i n t o account 

sp in o r b i t s p l i t t i n g s , i f these are not reso lved) may be expressed as 

( A E M ) 2 = ( A E X ) 2 + ( A E S ) 2 + ( A E C 1 ) 2
 ( 1 . 2 2 ) 

Where: AE.. is the measured w id th at h a l f h e i g h t , the so c a l l e d f u l l M 
w id th at h a l f maximum (FWHM). 

AE^ is the FWHM of the X-ray photon source. 

AE^ is the c o n t r i b u t i o n to the FWHM due to the spectrometer ( i . e . 

the ana lyzer a b a r i t i o n s ) . 

AE^j is the na tu ra l w id th o f the core leve l under i n v e s t i g a t i o n . 

(For s o l i d samples t h i s takes i n t o account the s o l i d s t a t e e f f e c t s not 

d i r e c t l y assoc ia ted w i t h the l i f e t i m e of the hole s t a t e , but ra ther w i t h 
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s l i g h t l y d i f f e r i n g b i n d i n g energy due to d i f f e r e n c e s in l a t t i c e e n v i r o n ­

ments. ) 

The c o n t r i b u t i o n s to AE^ from AE^ f o r the commorily used photon 

sources ( i . e . Mg and A l ) are e s s e n t i a l l y Lo ren tz ian l i n e shapes. The 

c h a r a c t e r i s t i c s f o r the energy d i s t r i b u t i o n 0 ^ ' ^ ' ' in A l . . r a d i a t i o n are 

e s s e n t i a l l y compr i sed o f f ou r maj or components l i nes a y Q ^ , a ^ anda^ wi th 

p o s i t i o n s r e l a t i v e to thecx^ l i n e of -.*+2, +9-7 and +11.6 eV respect i ve 1 y, 

w i t h r e l a t i v e i n t e n s i t i e s of 100, 50, 10.8 and 5-5- Whi le f o r Mg,. r a d i a -

t i o n f o r the a., a~, a^, and a , the r e l a t i v e p o s i t i o n s to o are --33, 

+8.k and +10.2 w i t h r e l a t i v e i n t e n s i t i e s o f 100, 50, 12.8 and 6 .9° . 

The a ^ and l i nes being s i g n i f i c a n t l y removed from theo j and a ^ l i nes 

man i fes t themselves as s a t e l l i t e peaks to the h igh k i n e t i c energy s ide 

o f the in tense pr imary p h o t o i o n i z a t i o n s igna l in the ESCA spectrum. 

The c o n t r i b u t i o n s to AE.. f r o m A E - are cons idered to be Gaussian 
M b 

l i n e shapes and are p r i m a r i l y due to ana l yze r , focus ing and de tec te r 

i m p e r f e c t i o n s . Whereas f o r the A E ^ the c o n t r i b u t i o n s are Loren tz ian and 

are dependent upon the Auger and X-ray f luorescence processes upon photo-

i o n i z a t i o n o f a core l e v e l . 

The c o n v o l u t i o n o f these l i n e shapes produce a h y b r i d shape w i t h a 

Gausian d i s t r i b u t i o n dominat ing the o v e r a l l l i n e shape and w i t h Lo ren tz ian 

cha rac te r t a i l s . ( I n Equat ion (1.22) the terms are added in quadrature 

due to the f a c t tha t Gaussian l i n e shapes dominate the c o n v o l u t i o n , where 
as when L o r e n t i z i a n l i n e shapes dominate the terms are s imply added. 

Siegbahn and co-workers 

curves the shape to be 

] Q 
Siegbahn and co-workers have found by comparison w i t h exper imenta l 

y=exp- 2 In 2 . 1 x 1 . I n 
AE 

1 + l n ( l + 2 . l x l / A E M 

M 1n (1 + ln2) (1 .23) 

as a good approx ima t ion . From t h i s equat ion i t can be shown tha t the 

use o f e i t h e r pure Gaussian or Lo ren tz ian shapes in t roduces on ly small 

e r r o r s in the r e l a t i v e p o s i t i o n s o f peaks and the observed unreso lved 

spect r a . 

The methods f o r r e s o l v i n g complex l i n e shapes in the ESCA spectrum 

a r i s i n g from the c o n v o l u t i o n of severa l s i gna l s f a l l i n t o two main c a t e ­

g o r i e s . The f i r s t invo lves mathematical methods of enhancing the r e s o l u ­

t i o n o f the spectrum w h i l s t the second invo lves curve f i t t i n g procedures, 

in e i t h e r analogue or d i g i t a l f a s h i o n . 
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D e r i v a t i v e spectroscopy is a technique f o r o b t a i n i n g f i r s t or 

h igher d e r i v a t i v e s of a s igna l w i t h respect to k i n e t i c energy of the 

e l e c t r o n s ' ^ Among the advantages are more c h a r a c t e r i s t i c spec t ra , 

of m a t e r i a l s f o r use in q u a n t i t a t i v e ana l ys i s and increased r e s o l u t i o n 

o f ove r l app ing s i g n a l s . M a r t i n ^ ^ has shown tha t f o r some examples 

the FWHM was reduced by f a c t o r s o f about three and f i v e f o r second and 

f o u r t h order d e r i v a t i v e s . For the over lap of two equal bands he showed 

tha t the use of the second order d e r i v a t i v e was s u f f i c i e n t i f they were 

separated by one h a l f w id th or more. In a t reatment by S m i t r J ' ' both 

Gaussian and Loren tz ian l i n e shapes were cons idered and the r e s o l u t i o n o f 

a symmetric double t was found to be the same f o r the normal and f i r s t 

d e r i v a t i v e cu rves , but the second d e r i v a t i v e curve showed an improvement 

in r e s o l u t i o n of I . 7 8 t imes and 1 . 3 5 t imes f o r the Lo ren tz ian and Gaussian 

l i n e shapes, r e s p e c t i v e l y . 

The drawbacks are in the f a c t tha t the increased r e s o l u t i o n must 

o f course be at the expense o f another parameter invo lved in the s i g n a l . 

The s t a t i s t i c a l accuracy o f the d e r i v a t i v e spec t ra is reduced ( i . e . the 

s i g n a l / n o i s e r a t i o is s m a l l e r ) and the r e l a t i v e i n t e n s i t i e s of the component 

s i g n a l s are f o r a l l p r a c t i c a l purposes l o s t . Fur ther e r r o r s occur which 

are inherent in the mathemat ical approx imat ion used to c a l c u l a t e the 

d e r i v a t i v e s . The most use fu l f e a t u r e which app l i es to ESCA is t ha t the 

second or f o u r t h d e r i v a t i v e s o f a spectrum prov ide i n f o rma t i on on the 

number of components making up o v e r a l l l i n e shape and an approx imat ion 

to t h e i r k i n e t i c e n e r g i e s . Th is i n f o rma t i on is o f t e n e s s e n t i a l f o r the 

use o f curve f i t t e d procedures , and a recent review on the sub jec t has 
1 1 2 

been pub l i shed by O'Haver and Green 

The a p p l i c a t i o n o f Fou r i e r t rans fo rm techniques to enhance reso­

l u t i o n in ESCA has on ly appeared recen t l y and is very much s t i l l in 

i t s i n fancy . Beatham and Orchard have concluded tha t the deconvolu-

t i o n o f spec t ra e x c i t e d by po lychromat ic r a d i a t i o n can, w i t h data to 

s u f f i c i e n t q u a l i t y , y i e l d a v i r t u a l r e s o l u t i o n approaching tha t which 

can be achieved w i t h monochromatized r a d i a t i o n . Since the f u l l p o t e n t i a l 

o f t h i s technique has not yet been f u l l y e x p l o i t e d f o r a p p l i c a t i o n to 

ESCA, and no use of i t has been made in t h i s theses, no f u r t h e r d i scuss ion 

w i l l appear, a l though Fou r i e r t rans fo rm deconvo1ut ion may become important 

in the near f u t u r e • 
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The second category f o r r e s o l v i n g complex l i n e s t r u c t u r e s invo lves 

curve f i t t i n g techn iques . In g e n e r a l , s ince one needs to have severa l 

v a r i a b l e s under c lose c o n t r o l at any one time an analogue computer 

ana l ys i s is by f a r more convenient than d i g i t a l ana l ys i s on large com­

p u t e r s ' . The basic ph i losophy behind such an ana l ys i s is set out in 

F i gu re 1 .2k. 

As examples, cons ider some separate polymer systems where the 

'un ique f i t 1 and the 'approx imate s o l u t i o n s ' app ly . F igure 1.25 shows 

( i ) an exper imenta l C and CI spectrum of p o l y v i n y l c h l o r i d e , ( i i ) 

• (CH-CH 2 ) . 

2 8 7 2 8 3 

P 3 / 2 

203 199 

FIGURE 1.25 

The C j ^ and C,, core leve l spec t ra of p o l y v i n y l c h l o r i d e 

the analogue curve r e s o l u t i o n of the two s p e c t r a . The repeat u n i t , 

•^C-£-^" n, con ta ins two types of carbons, one bonded w i t h two hydrogens and 

one having one hydrogen and one c h l o r i d e . One would expec t , based upon 

t h e o r e t i c a l c a l c u l a t i o n s us ing the charge p o t e n t i a l model p r e v i o u s l y d i s ­

cussed, to f i n d these two carbons s p l i t by approx imate ly 1 .k eV and the 

curve f i t t i n g shows t h i s p r e c i s e l y . The C 1 ^ is a s p i n - o r b i t s p l i t 

doub le t a r i s i n g from the 1/2 and 3/2 degeneracies and, from the prev ious 

d i scuss ion in s e c t i o n ( e ) , should have an i n t e n s i t y r a t i o of 1:2, which 

is shown by curve r e s o l u t i o n . The area r a t i o s in the spectrum of 

1:1 and the s i n g l e C1 envelope are in agreement w i t h the repeat u n i t . 

From t h i s simple system, cons ider a s l i g h t ' y more compl ica ted 

homopo1ymer; po l ye thy lene terephtha1 a t e . F igure 1.26 shows the Cj and 0^ 
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FIGURE 1 . 2 6 

The Cj ^ and 0 ^ core leve l spec t ra o f po l ye thy lene te reph tha1 ate 

core leve l spec t ra ( i ) the exper imenta l and, ( i i ) the curve reso lved en­

ve lopes . Consider the repeat u n i t o f the polymer 

0 
II 

0 - C -
& 7 © 

0 

|| aa 
-c -o -cc 
7 0 

there are carbons in d i f f e r e n t types o f chemical environment l a b e l l e d a , 

(3 ,7 , and oxygens l a b e l l e d a and (3 . From a chemist i n t u i t i v e v iew, there 

appear to be 6 carbons on the r i n g in s i m i l a r environments and 3 carbons 

in d i f f e r e n t ones, w i t h the two oxygens q u i t e d i f f e r e n t . Curve r e s o l u t i o n 

o f the C j s spectrum reveals e s s e n t i a l l y three separate peaks in a 2 : 2 : 6 

r a t i o f o r the C, and 1 :1 r a t i o f o r the 0 . . One c o u l d , o f course , f i t Is Is ' 
any number o f peaks under e i t h e r envelope, b u t , from F i g . 1 . 2 6 , we repeat 

tha t a general background knowledge helps to e l i m i n a t e chemica l l y un­

sound s o l u t i o n s . T h e o r e t i c a l c a l c u l a t i o n s using the charge p o t e n t i a l 

model on a repeat u n i t o f the polymer revea ls tha t the 0 l a b e l l e d carbons 

in the repeat u n i t having b i n d i n g energ ies nea r l y the same, and w i t h i n 

0 . 5 eV, w i l l appear e s s e n t i a l l y under one peak w i t h the present r e s o l u ­

t i o n o f the i ns t rumen t . The chemical s h i f t s found f o r the remaining 

carbons, a and y and the oxygens a and /3 are a lso p r e d i c t e d we l l by the 
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theore t ica1 mode 1. 

Having descr ibed two ra the r s imple 'un ique f i t 1 systems, F i g . 1.27a 

shows the core leve l spect ra from a sample of po 1 y i^sobuty 1 a c r y l a t e . ' 

An attempt to curve resolve the two core leve ls i nd i ca te that upon c lose 

i nspec t i on the 0 ^ l eve ls have two inequal components w i t h the C = 0 

type at lower b i nd ing energy being s l i g h t l y l a r g e r . This i n e q u a l i t y of 

the component peaks in the 0 l e v e l s , a t t r i b u t a b l e poss ib l y to sur face 

carbonyl f ea tu res should a lso man i fes t i t s e l f in the C, l e v e l s . As a 
1 s 

s imple model f o r a system c o n t a i n i n g both s t r u c t u r a l f e a t u r e s , v i z . 

ke ton i c carbonyl group and es te r group, we may cons ider e t h y l ace to -

a c e t a t e , the l eve l s are shown in F i g . 1.27b, which a lso d e t a i l s 

expansion o f the Cj l eve ls f o r i sobu ty l ace ta te ( c ) , po1yisopropy1 

a c r y l a t e ( d ) , and, f o r comparison, a f i l m of p o l y i s o b u t y l a c r y l a t e 

which had been heated in a i r (c=150°C f o r 30 mins . ) whose 0 | s spec­

trum a lso shows evidence f o r sur face o x i d a t i o n . Cons ider ing f i r s t 

the i sobu t y l ace ta te and po1yisop ropy 1 a c r y l a t e s p e c t r a , the decon-
0 , \ 

v o l u t i o n i n t o the component peaks assoc ia ted w i t h -C-0, 0 -C- , and -_C-

s t r u c t u r a l f ea tu res w i t h c h a r a c t e r i s t i c b i nd i ng energies developed 

from model compounds, is s t r a i g h t f o r w a r d . By compar ison, the spec­

trum o f e t h y l acetoaceta te shows tha t the carbonyl carbon at 287-2 

eV has the e f f e c t o f ' f i l l i n g i n ' the v a l l e y between the regions o f 

h igh and low b ind ing energy. This e f f e c t is c l e a r l y ev iden t f o r both 

the p o l y i s o b u t y l a c r y l a t e and f o r the po1yisop ropy 1 a c r y l a t e sample 

heated in a i r . 

With improvements in i n s t r u m e n t a t i o n , e . g . monochromat izat ion 

of the photo source, f o r s i mp1e sys terns the need f o r l i n e shape 

ana l ys i s may we l l l a r g e l y disappear and unambiguous ana l ys i s of more 

complex systems become f e a s i b l e , 

i i i ) ESCA Ins t rumen ta t i on 

Since the i n t r o d u c t i o n o f the f i r s t commercial inst rument in 

1970, severa l designs have been placed on the market . This study was 

performed on both an AEI ES200AA and an updated (monochromatized 

r a d i a t i o n source) ES200B spectrometer and, t h e r e f o r e , t h i s s e c t i o n 

on ESCA i ns t r um e n ta t i o n w i l l inc lude on ly the apparatus app rop r i a te 

to the AEI spec t romete rs . (For f u r t h e r i n f o rma t i on on o ther appara tus , 

severa l reviews have appeared which cover the o the r areas of i n s t r u ­

m e n t a t i o n . ) ' ' ^ ' ' ^ The e s s e n t i a l components o f the ES200AA are shown 

in F i g . 1.28, which inc lude : 

a) X-ray photon source 
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FIGURE 1 . 2 7 

The Cj core leve l spec t ra of po1yac ry I ates and model 

systems f o r sur face s tud ies of the o x i d a t i o n o f polymers 
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FIGURE 1.28 

Diagram of the components o f the AEI ES200AA ESCA apparatus 

b) Sample chamber 

c) Hemispher ical e l e c t r o n energy analyzer 

and a d i scuss ion on each component f o l l o w s : 

a) X-ray photon source 
1 20 

The X-ray gun is of the ' h i d d e n - f i 1 ament or Henke 1 type in 

which the f i l a m e n t is not d i r e c t l y in f r o n t o f the t a r g e t . This re ­

duces the ra te of con tamina t ion o f the t a r g e t by tungsten evaporated 

from the f i l a m e n t . The power source to the gun cons i s t s o f a Marcon i -

E l l i o t type GX5 h igh vo l tage genera tor t ha t may be operated in the 

vacuum reg ion of <10 "* t o r r . The gun is i s o l a t e d from the sample 

chamber by means o f a t h i n aluminum window through which the X-rays 

(and not the e l e c t r o n s ) pass from t a r g e t to sample. The gun f i l a m e n t 

is ear thed and the t a rge t operates in the region o f +1OKV to +15KV, 

which insures tha t s c a t t e r e d e l e c t r o n s cannot reach the aluminum w i n ­

dow w i t h s u f f i c i e n t energy to e x c i t e unwanted X-ray r a d i a t i o n . The 
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X-ray gun ta rge t ma te r i a l is u s u a l l y magnesium or aluminum and the 

MgK t t or A1K a l i nes are used to induce p h o t o e j e c t i o n s . There are two 

reasons f o r us ing Mg and A l . F i r s t , both Mg and Al have r e l a t i v e l y narrow 

n a t u r a l l i n e w i d t h s , 0 . 8 and 0 . 9 (FWHM) r e s p e c t i v e l y - so r e s o l u t i o n com-
1 8 

parab le w i t h t h i s can be ob ta ined i d e a l l y in the pho toe1ec t ron spectrum 

Secondly, the c r o s s - s e c t i o n fo r p h o t o i o n i z a t i o n of va r ious atomic l eve l s 

is reasonably high f o r these r a d i a t i o n s so tha t the technique is sen­

s i t i v e f o r a large number of e lements . Both types o f t a rge t s can be 

operated at powers up to 500 w a t t s , and both vo l tage and c u r r e n t supp l ies 

are s t a b i l i z e d to 0 . 1 % . Typ ica l c o n d i t i o n s , to the Mg anode, f o r the 

power input are 1 2 K V and 15ma which produce photon f l u x e s in the region 
2 0 

of ~ 0 . 1 m i l l rad /sec . 

Cons ider ing f i r s t the unmonochromatized sources, a t y p i c a l X-ray 

spec t ra is shown in F i g . 1 . 2 9 where i t respresents the energy content 

HA « 3 
V=80Kv 

1.0 1.6 

A . (x lO _ 8 Cm) 

FIGURE 1 . 2 9 

Typ ica l X-ray spectrum 

1 2 1 

per u n i t wavelength emi t ted by an X-ray tube w i t h a anode . I t is 

obvious tha t the spectrum is composed o f a set of sharp l i n e s super­

imposed on a cont inuum. 

The cont inuum's shape depends on ly on the energy of the i n c i d e n t 

e l e c t r o n s on the anode, not on the nature of the anode and the \ c u t o f f 
' o 

at sho r t wavelengths is i n v e r s e l y p r o p o r t i o n a l to the e l e c t r o n K.E. , and 

f o l l o w s the equa t ion : 
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hu = E (1 .24) o 

where h is P lank ' s cons tan t . The t o t a l X-ray energy per e l e c t r o n , E^, 

is p r o p o r t i o n a l to the i n t e g r a l over \ o f the continuum and obeys the 

equat i on: 

E T = kZE 2
 ( 1 . 2 5 ) 

-k 

where k c ^ 0 . 7 x 1 0 f o r E T and E in MeV where Z is the atomic number 

of the anode. The f r a c t i o n of the e l e c t r o n k i n e t i c energy conver ted 

i n t o X-ray energy i s : 

E.J./E = kZE (1 . 2 6 ) 

For a t y p i c a l case o f Z = 9 0 and E = 0 . 0 5 MeV, E^/E is on ly about 0 . 3 % . 

The c h a r a c t e r i s t i c l i ne spec t ra depend on ly on the atomic number 

o f the anode and not on the i nc i den t e l e c t r o n s , however, l i n e spec t ra 

are ob ta ined on l y when the e l e c t r o n K.E. s a t i s f i e s the r e l a t i o n : 

( 1 . 2 7 ) 

E > E T = h v = hc/X. 

where u is the frequency and X the wavelength in q u e s t i o n . The t o t a l 

X-ray energy em i t t ed in a p a r t i c u l a r l i n e increases w i t h i nc iden t e l e c t r o n 

K.E. accord ing to the emp i r i ca l r e l a t i o n , 

( 1 . 2 8 ) 

I oc (E - E T ) ° 

when n ~ 1 . 5 -

The l i n e spec t ra of i n t e r e s t from the Al and Mg anodes normal ly 

used in ESCA are from the s o - c a l l e d K se r i es (spectoscopic n o t a t i o n f o r 

n = 1 ) t r a n s i t i o n s and p a r t i c u l a r l y the K a . l i n e s . However, the un-

monochromatized spec t ra of the Mg r a d i a t i o n con ta in the cont inuum and 
Ka 

p a r t i c u l a r l y the k( a| ^ a y a ^ a n < ^ K /S ) where the K a^ s a t e l l i t e 
is 9 - 5 % r e l a t i v e i n t e n s i t y from the pr imary K a . l i nes (8.k eV h igher 

'> 2 

K.E.) and the Ka^ s a t e l l i t e is 4 . 5 % r e l a t i v e i n t e n s i t y from the pr imary 

K„ . . l i nes ( 1 0 . 1 eV h igher K . E . ) c f - 1 ° 6 . 

Al r a d i a t i o n can be monochromatized w i t h a c r y s t a l d i f f r a c t i o n 

technique , t o e l i m i n a t e the gross s a t e l l i t e s (and the cont inuum) and 
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be l e f t w i t h the K a , 9 l i n e s . ( U n f o r t u n a t e l y monochromat izat ion o f the 

Mg l i n e s is not p r e s e n t l y poss ib l e w i t h c r y s t a l d i f f r a c t i o n s ince no 

s u i t e b l e c r y s t a l is c u r r e n t l y a v a i l a b l e w i t h the proper l a t t i c e spacing. ' ) 

For Al e s s e n t i a l l y three techniques are a v a i l a b l e , (a) ' d i s p e r s i o n 

compensa t ion 1 , (b) ' s l i t - f i l t e r i n g ' and (c) f i n e - f o c u s i n g , a l l us ing c r y s t a 

d i f f r a c t i o n o f the X-ray r a d i a t i o n and these techniques w i l l a t t a i n u l t i ­

mate l i n e w i d t h s of 0.2 eV. 
1 22 

Another system descr ibed by Gel ius uses a r o t a t i n g anode (about 

5-10,000 r .p .m. ) which is c h a r a c t e r i z e d by a f i n e - f o c u s i n g X-ray l i n e , 

h igh power e l e c t r o n gun and severa l s p h e r i c a l l y bent quar tz c r y s t a l s f o r 

monochromat izat ion of the Al r a d i a t i o n . F i g . 1.30 i l l u s t r a t e s these 

Sli t -Fi l ter ing 

lens 

rotating so m pie sample sample 
anode 

power 
on 

anode 

* i • 

X-ravhne1 

fp or • 

i • 
l a t te r s mon i 

r 

0.1 0.5 1.0 
Approximate Efficiency 

FIGURE 1.30 

Techniques f o r monochromat izat ion o f X-rays 

techn iques , and F i g . 1.31 is a s e c t i o n through the monochromator a t tached 

to the ES200B. 

The f i n e - l i n e source o f A l K a is produced in the X-ray gun, and 

the a p p r o p r i a t e energy and spread o f energy (1486.6 eV and 0.3 eV respec­

t i v e l y in the case o f Al K a ) are d i f f r a c t e d by three quar tz c r y s t a l s 

mounted on a t o r r i d a l fo rmer . The c r y s t a l s are cut p a r a l l e l t o the 

(1010) p lanes , where the 2d spacing is 0.852 nm and the a p p r o p r i a t e Bragg 
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Cross -sec t i on through monochromator a t tached to the AEI ES200B 

angle f o r Al K a is 7 8 . 5 ° - Quartz was chosen because i t bends e l a s t i c a l l y 

w i t h o u t a f f e c t i n g i t s h i g h - q u a l i t y d i f f r a c t i n g a b i l i t y ; i t has a high ' r e ­

f l e c t i v i t y ' f o r Al K a ( ~ 30-40%), and 7 8 . 5 ° is a su i t ab 1e Bragg ang1e 

to work w i t h . Because of the geometry of the system the X-ray f l u x reach­

ing the specimen is reduced to about a t w e n t i e t h compared w i t h the normal 

X-ray gun in the ES200 (compared on a w a t t - f o r - w a t t basis o f e l e c t r o n -

beam power expended in the respec t i ve X-ray guns) , 

b) Sample chamber 

The spect rometer sample chamber con ta ins the X-ray source a p e r t u r e , 

seven access por ts f o r sample i n t r o d u c t i o n and var ious p r e - or pos t -

t r ea tmen ts , and a r e t a r d i n g lens system i n t o the analyzer chamber. 

The access po r t s a l l o w f o r at tachment of va r ious sample probes 

which permi t the study of l i q u i d s ( v i a a r e s e r v o i r s h a f t ) v o l a t i l e 



- 6 8 -

s o l i d s ( v i a a d i r e c t i n l e t sha f t w i t h vapor condensed on an i n s e r t i o n 

s h a f t at low tempera tu res ) , gases ( v i a gas va lve w i t h s tud ies d i r e c t l y 

from the gas phase) and n o n - v o l a t i l e s o l i d s such as f i l - f f ls, powders, 

f i b r e s , e t c . ( v ia a p l a t e sha f t equipped w i t h hea t ing and c o o l i n g tem­

pe ra tu re c o n t r o l ) . Typ ica l o p e r a t i n g pressures are 10 ^ t o r r or b e t t e r 
-9 

a l though under ideal c o n d i t i o n s b e t t e r than 10 t o r r is a t t a i n a b l e , 

c) Hemispher ical e l e c t r o n energy ana lyzer 

The ana lyzer on the A . E . I . ES200 is a hemispher ica l double f ocus -
1 23 

ing e l e c t r o s t a t i c ana lyze r , which was o r i g i n a l l y descr ibed by Pu rce l l 

in 1938, enclosed w i t h i n two mu-metal sh i e l ds f o r magnetic s h i e l d i n g . The 

r e s o l u t i o n o f the hemispher ica l ana lyzer is based upon th ree v a r i a b l e s : 

1) mean radius o f the hemispheres, R, 

2) w i d t h o f the entrance s l i t , 

3) w id th o f the e x i t s l i t . 

There fore the r e s o l u t i o n , ^ / E , where E is the energy of the e l e c t r o n is 
A E / E = R /W (1 .30) 

where W = combined w id ths o f ent rance and e x i t s l i t s . 

I t is q u i t e e a s i l y seen t h a t to improve the r e s o l u t i o n three terms 

can be v a r i e d : 

1) reduce the s l i t w i d t h , which has the e f f e c t o f reduc ing the 

s i gna1 i ntens i t y , 

2) increase the hemispher ica l r a d i u s , which increases eng ineer ing 

cost and complex i t y and pumping requ i rements , 

3) r e ta rd the e l e c t r o n s be fo re e n t e r i n g the ana lyzer so as to 

reduce the i r K.E. 

With reasonable compromises made on the s l i t w id th to o b t a i n 

s u f f i c i e n t s i g n a l i n t e n s i t i e s and the hemispher ica l s izes to prevent 

mechanical d i s t o r t i o n and h igh eng inee r i ng cost and p r a c t i c a l vacuum 

pump s izes the ES200 se r i es re ta rds the e l e c t r o n s be fo re they en te r 

the ana lyzer by passing them through a lens assembly. This lens 

system a c t u a l l y serves a double purpose: 

1) The lens system a l lows the ana lyzer to be located at a con­

ven ien t d is tance p h y s i c a l l y from the source chamber which 

permi ts a maximum f l e x i b i l i t y in sample h a n d l i n g . 

2) A r e t a r d i n g p o t e n t i a l on the e l e c t r o n s a l lows more f l e x i -
1 2k 

b i l i t y on the r e s o l u t i o n requirements o f the ana lyzer 
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The e l e c t r o n s p a s s i n g t h r o u g h the a n a l y z e r can be f o c u s s e d a t the 

c o l l e c t o r by e i t h e r o f two m e t h o d s : 

1) E l e c t r o n i c a l l y s c a n n i n g t he r e t a r d i n g p o t e n t i a l a p p l i e d t o t h e 

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

2) S i m u l t a n e o u s l y s c a n n i n g t he r e t a r d i n g p o t e n t i a l a p p l i e d t o the 

l ens and t h e h e m i s p h e r i c a l p o t e n t i a l and k e e p i n g a c o n s t a n t 

r a t i o be tween the t w o , w h i c h i s the t e c h n i q u e used on t h i s 

E S 2 0 0 . 

The o v e r a l l r e s o l u t i o n ^ m / E , o f t h e s y s t e m a l s o depends upon c o n ­

t r i b u t i o n s f r o m s o u r c e s o t h e r t han t he a n a l y z e r . 

1) The w i d t h o f the X - r a y r a d i a t i o n l i n e , AE . 
x 

2) The n a t u r a l w i d t h o f t he e l e c t r o n e n e r g y d i s t r i b u t i o n in t he 

l e v e l b e i n g s t u d i e d , A E j . 

3 ) The l i n e b r o a d e n i n g due t o s p e c t r o m e t e r i r r e g u l a r i t i e s , 

w h i c h can v a r y w i t h e l e c t r o n e m i s s i o n e n e r g y , E and s l i t 
w i d t h s , AE . 

' s 
k) The l i n e b r o a d e n i n g due t o s o l i d s t a t e e f f e c t s in t he 

s a m p l e , AE 
' ss 

T h e r e f o r e , t h e o v e r a l l r e s o l u t i o n is g i v e n t h e e q u a t i o n g i v e n i n s e c t i o n 

h) 

( A E m ) 2 = ( A E J 2 + ( A E j ) 2 + ( A E s ) 2

 + ( A E ^ ) 2 ( 1 . 2 2 ) 

( T h i s r e l a t i o n s h i p i s s t r i c t l y v a l i d o n l y f o r Gauss ian l i n e - s h a p e s . ) 

A v a r i a b l e on t he E S 2 0 0 s e r i e s i s t he c o l l e c t o r s l i t w i d t h w h i c h can be 

a d j u s t e d a t 0 . 2 , 0 .1 o r 0 . 0 3 i n ches d e p e n d i n g on the r e s o l u t i o n and s e n ­

s i t i v i t y des i r e d . 

Two modes o f s c a n n i n g t h e a n a l y z e r and lens p o t e n t i a l s a r e a v a i l ­

a b l e w i t h t h e E S 2 0 0 . In the f i r s t mode t h e e l e c t r o n s b e i n g a n a l y z e d a r e 

r e t a r d e d t o 5% o f t h e i r i n i t i a l k i n e t i c e n e r g y b e f o r e t h e y e n t e r t he hemi 

p h e r e s . The l i n e - w i d t h c o n t r i b u t i o n o f t h e a n a l y z e r i s t h e r e f o r e p r o p o r ­

t i o n a l t o e n e r g y , so t h a t t he r e s o l u t i o n o f t h e sys tem improves a t t he 

l o w - k i n e t i c - e n e r g y end o f t he s p e c t r u m , b u t a t the expense o f s e n s i t i v i t y 

A f i x e d p o t e n t i a l d i f f e r e n c e i s a p p l i e d between t h e two h e m i s p h e r e s i n th 

second mode so t h a t e l e c t r o n s t r a v e r s e the a n a l y z e r w i t h a f i x e d k i n e t i c 

e n e r g y o f 65 eV r e g a r d l e s s o f t h e i r i n i t i a l k i n e t i c e n e r g y . T h i s g i v e s 

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

t i v i t y a t t h e l o w - k i n e t i c - e n e r g y end o f t h e s p e c t r u m . The a n a l y z e r and 
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l ens s u p p l i e s a l l o w e l e c t r o n s w i t h e n e r g i e s up t o ^+000 eV t o be s t u d i e d , 

and t he s t a b i l i t y o f the c i r c u i t r y is such t h a t the e n e r g y s c a l e o f the 

s p e c t r a is c o n s t a n t t o b e t t e r t han + 50 mV o v e r may h o u r s . 

The d e t e c t o r c o n t a i n s a c o l l e c t o r a p e r t u r e ( e x i t s l i t ) , d e s c r i b e d 

a b o v e , w h i c h pass t he s e l e c t e d K .E . e l e c t r o n s i n t o an e l e c t r o n m u l t i p l i e r . 

The o u t p u t p u l s e s f r o m the channe l m u l t i p l i e r a re a m p l i f i e d and f e d i n t o 

a d a t a h a n d l i n g s y s t e m . The s i g n a l s i n t o the d a t a hand i ng s y s t e m g e n e r a t e 

the ESCA s p e c t r a by one o f two m e t h o d s ; 

1) The c o n t i n u o u s s c a n , where t h e e l e c t r o s t a t i c f i e l d i s i n ­

c r e a s e d f r o m the p r e s e n t s t a r t i n g K .E . c o n t i n u o u s l y w h i l e t he 

s i g n a l s f r o m the m u l t i p l i e r a re m o n i t o r e d by a r a t e m e t e r . 

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

g r a p h o f t h e e l e c t r o n c o u n t s pe r second v e r s u s t h e K. E. o f the 

e l e c t r o n s is p l o t t e d d i r e c t l y o n t o an X-Y r e c o r d e r . 

2) The s t e p s c a n s , where t h e f i e l d i s i n c r e a s e d by p r e s e t i n ­

c r e m e n t s ( t y p i c a l l y 0 .1 eV) and a t each i n c r e m e n t the (a) 

c o u n t s may be measured f o r a f i x e d l e n g t h o f t i m e o r (b ) a 

f i x e d number o f c o u n t s may be t i m e d . The d a t a o b t a i n e d f r o m 

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

scans can be made on a sample t o ave rage any random f l u c t u a ­

t i o n s in b a c k g r o u n d . U s i n g t h i s t e c h n i q u e t he s i g n a l t o 

n o i s e r a t i o goes up as the squa re r o o t o f t h e number o f s c a n s , 

a l t h o u g h c a r e must be t a k e n t o a v o i d l ong t e r m sample c h a n g e s , 

such as h y d r o c a r b o n s u r f a c e b u i l d - u p , where the f i r s t scans 

a r e n o t t y p i c a l o f the l a s t s c a n s . Wide scans encompass ing 

t he e n t i r e range f r o m z e r o K .E . t o t h e K. E. o f t h e X - r a y 

s o u r c e as w e l l as n a r r o w scan ranges f o r s p e c i f i c s t u d i e s 

a re ava i 1 a b 1 e . 
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CHAPTER 2 

ESCA A p p l i e d t o Po lymers - a Review 

i ) I n t r o d u c t i on 

From the l a t t e r p a r t o f 1970 when ESCA i n v e s t i g a t i o n s i n t o 

s t r u c t u r e and b o n d i n g in p o l y m e r sys tems was i n i t i a t e d by C l a r k a t Du r ­

ham u n t i l e a r l y in 197^+, the emphas is was p l a c e d on f 1 u o r o p o 1 y m e r 
1 , 1 2 5 - 1 2 8 t . . 

sys tems . There were two reasons f o r the f o c u s o f a t t e n t i o n 

on f 1 u o r o p o l y m e r s . F i r s t l y , the l a r g e c h e m i c a l s h i f t i n t he C ^ c o r e 

l e v e l s i nduced by t he s u b s t i t u e n t f l u o r i n e p r e s e n t s t he most s u i t a b l e 

cases f o r d e l i n e a t i n g t he i n f o r m a t i o n c o n t e n t f r o m the ESCA s p e c t r a . 

S e c o n d l y , t h e i m p o r t a n c e o f t he f 1 u o r o p o 1 y m e r sys tems b o t h t e c h n o l o g ­

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

by o t h e r common s p e c t r o s c o p i c t e c h n i q u e s , due t o t h e i r i n s o l u b i l i t y 

and i n t a c t a b i 1 i t y , l end t h e m s e l v e s v e r y n i c e l y t o i n v e s t i g a t i o n by 

ESCA. 

In t he deve lopmen t o f ESCA as a s p e c t r o s c o p i c t o o l f o r s t u d y i n g 

p o l y m e r s , the l o g i c a l f i r s t s t e p i s t o s t u d y s i m p l e , we 1 1 - c h a r a c t e r i z e d 

homopolymer and c o p o l y m e r s y s t e m s . From t h e s e s i m p l e s y s t e m s , t r e n d s 

can be drawn and c o m p a r i s o n s made w i t h s i m p l e monomers. The s i m p l i c i t y 

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

mode ls f o r t he q u a n t i t a t i v e i n t e r p r e t a t i o n o f t he d a t a . These m o d e l s , 

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

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

s o u n d , b u t l e s s r i g o r o u s models may be d e v e l o p e d t o d i s c u s s l a r g e r s y s ­

tems f o r w h i c h more d e t a i l e d c o m p u t a t i o n s a re no t f e a s i b l e . S i n c e 1 9 7 ^ 

t h e e x t e n s i o n o f ESCA i n t o o t h e r p o l y m e r i c sys tems has been a c t i v e l y 

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

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

8 6 - 8 ° , 1 2 5 - 1 2 8 , 1 2 9 ) - There a re e s e n t i a l l y two main a reas t h a t have 

been i n v e s t i g a t e d and t h e y a re b r i e f l y o u t l i n e d b e l o w : 

A) S t a t i c S t u d i e s 

1) Chemica l C o m p o s i t i o n s 

a) e l e m e n t a l c o m p o s i t i o n s 

b) % comonomers in c o p o l y m e r s 

2 ) S t r u c t u r a 1 Deta i 1 s 

a) s t r u c t u r a l r e p e a t u n i t s i n c o p o l y m e r s , e . g . random 

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

b) domain s t r u c t u r e s in b l o c k c o p o l y m e r s 
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3) F i n e S t r u c t u r a l D e t a i l s 

a) s t r u c t u r a l i s o m e r i s m , e . g . c i s , t r a n s , e t c 

b ) s h a k e - u p s t u d i e s on u n s a t u r a t e d systems' 

k) Va lence Band S t u d i e s on Po lymer Systems 

B) Dynamic S t u d i e s 

1) S u r f a c e T r e a t m e n t s 

a) c a s i n g 

b ) f 1 u o r i na t ion 

c ) RF p lasma t r e a t m e n t s 

2 ) O x i d a t i o n o f Po lymers 

3 ) A d s o r p t i o n a t Po lymer S u r f a c e s 

Each o f t h e s e t o p i c s w i l l be c o v e r e d in d e t a i l i n t h i s c h a p t e r , 

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

t he methods by w h i c h po l ymer samples may be p r e p a r e d f o r ESCA i n v e s t i ­

g a t i o n . 

i i ) Sample P r e p a r a t i o n 

There a re a few methods w h i c h have been f o u n d t o be c o n v e n i e n t 

f o r p r e p a r i n g samples f o r e x a m i n a t i o n by ESCA. These a re (a) t he d i r e c t 

s t u d y o f s u i t a b l y mounted powder s a m p l e s , (b ) s o l u t i o n c a s t f i l m s , ( c ) 

p r e s s e d o r e x t r u d e d f i l m s and (d) ' i n s i t u ' p o l y m e r i z e d f i l m s . Each o f 

t h e s e t e c h n i q u e s w i l l be d i s c u s s e d s e p a r a t e l y . 

(a ) Powders 

When t h e p o l y m e r sample i s a v a i l a b l e as a powder , w h i c h i s o f t e n 

t he c a s e , i t is c o n v e n i e n t t o examine i t by a p p l y i n g t h e powder t o a 

d o u b l e s i d e d t ape w h i c h possesses n o m i n a l hea t r e s i s t a n c e ( ' S c o t c h 

B r a n d ' e l e c t r i c a l t ape #75, a s i l i c o n e t ype p o l y m e r , 3M Company), and 

a p p l y the t a p e d i r e c t l y t o t he sample p r o b e . C a u t i o n o f c o u r s e must be 

t a k e n t o a v o i d i n c o m p l e t e c o v e r a g e o f t h e t ape w h i c h wou ld r e s u l t i n 

e x t r a n e o u s s i g n a l s o b s e r v e d f r o m the t ape b a c k i n g . Samples p r e p a r e d i n 

t h i s way g e n e r a l l y t e n d t o have l ower s i g n a l / n o i s e r a t i o s than do smooth 

f i l m s and t he p r i m a r y p h o t o i o n i z a t i o n peaks t end t o have b r o a d e r f u l l 

w i d t h a t h a l f maximum (FWHM) than do f i l m s . 

(b) So 1ut i on Cast F i1ms 

When the p o l y m e r s a re s u f f i c i e n t l y s o l u b l e , t h i n f i l m s may 

be s o l u t i o n c a s t o n t o a s u i t a b l e b a c k i n g , such as c l e a n g o l d s h e e t and 

mounted o n t o the sample p r o b e . C o n v e n t i o n a l d i p o r ba r c o a t i n g p r o ­

c e d u r e s a re adequa te f o r the c o a t i n g p r o c e s s . Care must be t a k e n t o 

use c l e a n c o a t i n g a p a r a t u s and pu re s o l v e n t s t o a v o i d the s e g r a g a t i o n 
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o f i m p u r i t i e s a t the s u r f a c e d u r i n g e v a p o r a t i o n o f the s o l v e n t . For p o l y ­

mers e a s i l y o x i d i z e d the c o a t i n g p r o c e d u r e s h o u l d be c a r r i e d o u t under an 

i n e r t gas d u r i n g the e v a p o r a t i o n o f the s o l v e n t , a n d f o r sys tems where 

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

i mpe r a t i ve . 

( c ) P ressed o r E x t r u d e d F i l m s 

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

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

p r e s s e d o r e x t r u d e d f i l m s . For p o l y m e r s w i t h low T g ' s , such as e l a s t o m e r s , 

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

s u b s t r a t e and a l l o w i t t o s p r e a d as a t h i n f i l m . For r u b b e r s , t h i n s l i c e s 

o f t h e p o l y m e r can be a t t a c h e d t o t h e p r o b l e w i t h d o u b l e s i d e d t a p e . When 

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

p r e s s t h e f i l m between c l e a n a luminum f o i l a t t e m p e r a t u r e s and p r e s s u r e s 

a p p r o p r i a t e t o a v o i d d e g r a d a t i o n o f t he po l ymer s a m p l e , o f t e n a l s o done 

under an i n e r t gas a tmosphe re t o a v o i d o x i d a t i o n . 

(d) ' I n s i t u 1 P o l y m e r i z e d F i l m s 

A v e r y c o n v e n i e n t and o f t e n c o n t a m i n a t i o n f r e e method o f s t u d y ­

ing p o l y m e r f i l m s i s by d i r e c t p o l y m e r i z a t i o n o n t o the t i p by v a r i o u s 

t e c h n i q u e s such as U.V. o r e i r r a d i a t i o n , p lasma ( g l o w - d i s c h a r g e p o l y ­

m e r i z a t i o n ) o r p y r o l y s i s o f a p p r o p r i a t e monomers, such as the [ 2 . 2 ] p a r a -

c y c l o p h a n e s e r i e s ( c f . C h a p t e r 5 ) • 

( I t is c o n v e n i e n t t o n o t e h e r e a g a i n t h a t s i n c e m o s t p o l y m e r s a re 

i n h e r e n t l y good i n s u l a t o r s , the t h i n f i l m s s t u d i e d a re , g e n e r a 1 1 y s p e a k i n g , 

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

sample c h a r g i n g , as d i s c u s s e d i n Chap te r 1 , and t h e r e f o r e r e f e r e n c i n g 

t he e n e r g y s c a l e back t o t h e Fermi l e v e l becomes n e c e s s a r y . ) 

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

in the case o f t h e i r s u r f a c e s , a r i s e s f r o m the f a c t t h a t p o l y m e r s a re 

no t as w e l l - d e f i n e d as s imp 1 e non-macromo1 ecu 1 a r compounds. The g r o s s 

c h e m i c a l s t r u c t u r e o f p o l y m e r s can be s i m p l e as i n t he case o f l i n e a r 

homopo1ymers , o r complex as i n the case o f b r a n c h e d o r c r o s s - l i n k e d 

c o p o l y m e r s . As an e x a m p l e , c o n s i d e r r e p r e s e n t a t i v e sys tems based on 

p o l y v i n y l t o l u e n e shown in F i g . 2 . 1 . 

These d i f f e r e n c e s i n g r o s s s t r u c t u r e , a l l based on the same b a s i c 

b u i l d i n g b l o c k , g i v e r i s e t o a t remendous v a r i a t i o n i n the p h y s i c a l , 

c h e m i c a l , m e c h a n i c a l and e l e c t r i c a l p r o p e r t i e s o f the s y s t e m . 
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•(CH -CH-CH -CH-CH - } 
2 i 2 2 n m 

CH^ CH^ 

o 
CH_-CH 

-(CH.-CH-CH - C - C H 0 - } 

OTO 
CH 3 CH 3 

(a) L i n e a r p o l y m e r 

(b) B ranched p o l y m e r 

•(CH- CH-CH - C H - ) 
2 2 ^ * n ^ n 

o 
CH 

•(CH -CH-CH - C - CH . ) 
2 ^ ^ 2^ *s^ 2 n 

CH 3 CH 3 

(c ) C r o s s - l i n k e d p o l y m e r 

FIGURE 2 . 1 

S t r u c t u r e A s s i g n m e n t s t o P o l y v i n y l T o l u e n e 

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

o f t he b u l k is s u b s t a n t i a l l y d i f f e r e n t t h a n t h a t o f the s u r f a c e . For 

e x a m p l e , s i n c e s o l i d s commun ica te w i t h the r e s t o f t he u n i v e r s e by way o f 

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

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

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

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

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

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

r e s u l t a n t s t r u c t u r e s a re shown i n F i g . 2 . 2 . 

^CH -CH — C rL -CH) 
2 i I i n 

OJ LO (a ) H e a d - t o - t a i l isomer 

•(CH.-CH CH-CH 
2 i i 2 n 

o (b) H e a d - t o - h e a d isomer 

•(CH-CH„-CH - C H - ) 
i l i t n 

( c ) T a i l - t o - t a i l isomer 

FIGURE 2 . 2 

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

Not o n l y can s t r u c t u r a l i s o m e r i s m o c c u r in p o l y m e r s , b u t a l s o 

s t e r e o i s o m e r i s m (CIS-TRANS) as shown in F i g . 2 - 3 -

•CH, CH. 
.2 < 2 
] c = C 

H 

-CH, H 

-C = C 
H' "CH, 

C i s T rans 

FIGURE 2 . 3 

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

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

i n t o t h r e e c a t e g o r i e s as shewn i n F i g . 2.k. 
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Y Y Y Y 
i , i i 
C - C-C-C- (a) I s o t a c t i c 

Y Y 

C C C C - (b) S y n d i o t a c t i c 
Y Y 

Y Y Y 
l 1 1 

- C - C - C - C - ( c ) A t a t i c 
Y 

FIGURE 2.k 

R e p r e s e n t a t i o n o f t a c t i c i t y in p o l y m e r s 

Copo lymers have o t h e r t y p e s o f s t r u c t u r a l a s s i g n m e n t s ; f o r exampl 

such as random, a l t e r n a t i n g , g r a f t o r b l o c k c o p o l y m e r s as shown i n F i g . 

XXYYYXYYYXXXXY (a) Random c o p o l y m e r 

XYXYXYXYXYXYXY (b) A l t e r n a t i n g c o p o l y m e r 

XXXXXXXXXXX (c ) G r a f t c o p o l y m e r 
Y Y Y 
Y Y Y 
Y Y Y 

XXX-YYY-XXX-YYY (d ) B l o c k c o p o l y m e r 

FIGURE 2 . 5 

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

i i i ) S t a t i c S t u d ies 

a) Chemica l C o m p o s i t i o n s 

I t i s q u i t e a p p a r e n t f r o m the d i s c u s s i o n s i n Chap te r 1 t h a t ESCA 

is c a p a b l e in p r i n c i p l e o f b e i n g a b l e t o s t u d y the c o r e and v a l e n c e 

l e v e l s o f any e l e m e n t ( w i t h the e x c e p t i o n s o f h y d r o g e n and h e l i u m ) r e ­

g a r d l e s s o f t he n u c l e a r p r o p e r t i e s , such as m a g n e t i c o r e l e c t r i c q u a d -

r u p o l e moments. T h i s p a r t i c u l a r f e a t u r e o f the t e c h n i q u e makes i t v e r y 

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

o x i d a t i o n , f 1 u o r i n a t i o n , i o n - b o m b a r d m e n t , RF Plasma t r e a t m e n t s , e t c . , 

w h i c h w i l l be d i s c u s s e d i n t he f o l l o w i n g s e c t i o n s . A w i d e scan t h r o u g h 

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

e n e r g y r e f e r e n c e and the a p p r o p r i a t e b i n d i n g e n e r g y r e f e r e n c e t a b l e s , 
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a l l o w f o r an e l e m e n t a l mapp ing o f the s u r f a c e . As an e x a m p l e , in F i g . 2 . 6 

P T F E . 

M l25J-7«v 

Pfiug, 

(SO TSO e r a M O lira tncr 3X 

FIGURE 2 . 6 

Wide scan ESCA s p e c t r u m o f PTFE 

is shown a s p e c t r u m o f p o I y t e t r a f 1 u o r o e t h y Iene (PTFE) o b t a i n e d f r o m a 

f i l m p r e s s e d f r o m PTFE powder be tween s h e e t s o f a lum inum f o i l a t the m i n ­

imum t e m p e r a t u r e n e c e s s a r y f o r c o a l e s c e n c e o f t he powder p a r t i c l e s i n t o 

a c o h e r e n t f i l m ( ~ 2 0 0 ° C ) . When the sample p r e p a r a t i o n p r o c e d u r e i s r e ­

p e a t e d a t h i g h e r t e m p e r a t u r e s ( ~ 3 0 0 ° C ) f i l m s a re p r o d u c e d w h i c h b u l k 

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

t o t a l r e f l e c t a n c e (MATR) measurements appear t o be i d e n t i c a l t o t h o s e 

p r o d u c e d a t l ower t e m p e r a t u r e s . The ESCA s p e c t r a o f t h e f i l m , howeve r , 

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

v e a l i n g s u r f a c e c o n t a m i n a t i o n , F i g . 2 . 7 - I t i s c l e a r f r o m the appearance 

o f the oxygen and a luminum c o r e l e v e l s t h a t i n t he h i g h t e m p e r a t u r e p r e s s ­

i ng p r o c e d u r e a c o n t a m i n a t i o n l a y e r o f a luminum (A 1 ) i s d e p o s i t e d on 

t he PTFE f i l m . The t h i c k n e s s o f t he l a y e r i s a l m o s t c e r t a i n l y < 108 and 

w o u l d be u n d e t e c t a b l e by most s p e c t r o s c o p i c t e c h n i q u e s ( i n c l u d i n g I R ) , 

a l t h o u g h e v i d e n t f r o m the ESCA e x p e r i m e n t , t h i s i l l u s t r a t e s the e x t r e m e 

s u r f a c e s e n s i t i v i t y o f ESCA. 

A n o t h e r a p p l i c a t i o n i n c h e m i c a l c o m p o s i t i o n s by ESCA is in the 

d e t e r m i n a t i o n o f t he p e r c e n t comonomer in a c o p o l y m e r , such as the 

V i t o n p o l y m e r s o f h e x a f 1 u o r o p r o p a n e (HFP) and v i n y l f l u o r i d e ( V F „ ) ' . 
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FIGURE 2-7 

Wide scan ESCA s p e c t r u m o f c o n t a m i n a t e d PTFE 

The c o m p o s i t i o n s f o r such m a t e r i a l s may be d i r e c t l y d e t e r m i n e d by r e f ­

e r e n c e to the d e t a i l e d f i n e s t r u c t u r e o f the C, l e v e l s s i n c e each 
1 s 

d i s t i n c t c h e m i c a l e n v i r o n m e n t ( e . g . .CF^, CF^, C F , C M ^ j c o r r e s p o n d s t o 

a d i f f e r e n t a b s o l u t e b i n d i n g e n e r g y . S i n c e the k i n e t i c e n e r g y o f t he 

c o r r e s p o n d i n g p h o t o e m i t t e d e l e c t r o n s span a n a r r o w range (960 -968 e V ) , 

t he mean f r e e p a t h s a re t h e same and the r e l a t i v e i n t e n s i t i e s o f t h e 

component peaks may t h e r e f o r e be u t i l i z e d t o o b t a i n the c o p o l y m e r com­

p o s i t i o n s d i r e c t l y , . I f t h e a p p a r e n t r e l a t i v e c r o s s s e c t i o n s f o r t he 
F. and C. l e v e l s a r e known, t h e i r s t o i c h i o m e t r y can a l s o be d e t e r m i n e d 

1 s 1 s j 
d i r e c t l y f r om t h e t o t a l i n t e n s i t y r a t i o s f o r t h e s e l e v e l s . S i n c e , 

howeve r , the mean f r e e p a t h f o r e l e c t r o n s p h o t o e m i t t e d f r o m the F. 
130 

l e v e l s i s s i g n i f i c a n t l y s h o r t e r t han f o r t he l e v e l s , t hese two 

i n d e p e n d e n t methods w i l l o n l y ag ree f o r m a t e r i a l s w h i c h a re homogeneous 

on the ESCA d e p t h s a m p l i n g s c a l e and an example o f t h i s is g i v e n b e l o w . 

As an example o f t he use o f t he f i n e s t r u c t u r e i n the c o r e l e v e l s p e c t r a 

f o r t h e d e t e r m i n a t i o n o f c o p o l y m e r c o m p o s i t i o n s , F i g . 2 . 8 shows the C ^ 

l e v e l s o f P o l y h e x a f 1 u o r o p r o p a n e , P o 1 y v i n y 1 i d e n e f l u o r i d e , and two V i t r o n 

copo1yme r s . 

The p r o c e d u r e as a p p l i e d by C l a r k ' was t o measure the a rea o f t he 

CF^ peak , the t o t a l a rea o f the (CF^ + CF) peak and t he a rea o f the ^ H ^ 

peak when the s p e c t r u m was d e c o n v o l u t e d i n t o i t s i n d i v i d u a l c o m p o n e n t s . 
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Vitan 40/6O 

293 291 289 287 285 
Binding Energy (ev ) 

FIGURE 2 . 8 

_C c o r e l e v e l s p e c t r a f o r po 1 y h e x a f 1 u o r o p r o p a n e , PVF, 
l s t 

and two ' V i t o n ' c o p o l y m e r s 

Th ree d i f f e r e n t t e c h n i q u e s were used t o compute t he comonomer 

r a t i o s as an i n t e r n a l check on the r e l i a b i l i t y o f the m e t h o d s . 

1) Based on the s t o i c h i o m e t r y o f t he HFP u n i t t he mole% o f HFP 

must be t h r e e t imes the peak a r e a due t o C F ^ . 

2) The peak a rea due t o CF ^ and CF i s made up o f h a l f t he t o t a l 

peak a rea due t o VF^ ( 1 / 2 ^ F ^ ) and two t h i r d s t he t o t a l 

C. peak due t o HFP. 
1 s 

3) The peak a rea due t o CM^ is h a l f t h e t o t a l a rea due t o ^ F ^ , 

t h e r e f o r e the mole % o f HFP i s 

mole°/ 0 HFP = 100 - (2X % peak a rea due t o CH 2 ) 
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T a b l e 2 . 1 g i v e s the r e s u l t s o f t he t h r e e methods o f c a l c u l a t i o n s 

% HFP 1 n c o r p o r a t i on Ca 1 c u 1 a t e d by Th ree Methods 

Method o f Ca l cu 1 a t i on 

( i ) ( i i ) ( i i i ) 

S amp 1e kO/GO 39 k2 ho 

Samp 1e 3 0 / 7 0 33 30 32 

T a b l e 2 . 1 

n t e r n a 1 cons i s t e n c y i s good t o w i t h i n 3% and t h e 

t a i n e d were in good agreement w i t h t he c o m p o s i t i o n s q u o t e d f o r t h e s e 

V i t o n po1yme rs . 

The c o m p o s i t i o n o f t h i n po l ymer f i l m s p r e p a r e d in an e l e c t r o d e -

l e s s RF d i s c h a r g e has been d e t e r m i n e d by ESCA f o r some f l u o r o c a r b o n 

sys tems 0 1 Kane and R i c e ' ^ have p r e p a r e d p o l y m e r s f r o m t e t r a -

f 1 u o r o e t h y Iene monomer and c h a r a c t e r i z e d them by ESCA, IR a b s o r p t i o n 

and s u r f a c e w e t t a b i l i t y . The f i l m s were homogeneous and c o n s i s t e d o f 

CF^ and CF^ f u n c t i o n a l g roups w i t h an i n c r e a s e i n t h e c o m p l e x i t y o f t he 

p o l y m e r c h e m i s t r y as t h e p lasma r e a c t i o n zone was a p p r o a c h e d . The 

b i n d i n g e n e r g i e s were compared t o c a l c u l a t e d v a l u e s based upon e s t a b l i s h e d 

c h e m i c a l s h i f t s f o r s p e c i f i c C-F t y p e e n v i r o n m e n t s w i t h i n t he e l e c t r o ­

s t a t i c p o t e n t i a l m o d e l . 
1 3k 

C l a r k and S h u t t l e w o r t h have r e c e n t l y c a r r i e d o u t s i m i l a r , b u t 

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

v i n y l i d e n e f l u o r i d e monomer. The s u r f a c e c o m p o s i t i o n , based upon C ^ 

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

were e s t a b l i s h e d as w e l l as t h e d e t e r m i n a t i o n o f the e l e c t r o n mean f r e e 

p a t h s f o r t h e c o r e l e v e l e l e c t r o n s a t k i n e t i c e n e r g y o f ~ 5 6 0 eV. 

C o n t a c t a n g l e measurements were made on t he v a r i o u s f i l m s t o c o n f i r m 

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

b) St r u c t u r a 1 Deta i 1 s 

1) B e f o r e p r o c e e d i n g t o a d i s c u s s i o n on s t r u c t u r a l d e t a i l s i n 

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

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

i n p o l y m e r s must be t r e a t e d . In c h a p t e r 1 we c o n s i d e r e d t h e q u a n t i ­

t a t i v e i n t e r p r e t a t i o n o f c h e m i c a l s h i f t d a t a f r o m s e v e r a l t h e o r e t i c a l 
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t r e a t m e n t s , he re we c o n s i d e r the e x p e r i m e n t a l d e t e r m i n a t i o n o f s u b -

s t i t u e n t e f f e c t s in a s e r i e s o f f 1 u o r o p o 1 y m e r s . 

The s i m p l e s t sys tem to b e g i n w i t h , o f c o u r s e , is" the s i m p l e 

homopolymers o f the f 1 u o r e t h y 1enes, f o r w h i c h the c o m p l i c a t i o n s due 

t o b r a n c h i n g , end g roups and s t r u c t u r a l a b n o r m a l i t i e s a re m i n i m a l . 

The measurement o f t he c o r e l e v e l s o f a po l ymer t y p i c a l l y t ake 

abou t 1/2 hou r w h e r e a s , under norma l o p e r a t i n g c o n d i t i o n , h y d r o c a r b o n 

b u i l d - u p i s n o t i c e a b l e a f t e r an e x t e n d e d p e r i o d o f t ime (See c h a p t e r 1 ) . 

T h e r e f o r e , as d i s c u s s e d e a r l i e r , t he r e f e r e n c e l e v e l o f the po l ymer 

i m m e d i a t e l y upon i n t r o d u c t i o n i n t o the s p e c t r o m e t e r and t hen a l l o w i n g 

t ime f o r h y d r o c a r b o n b u i l d - u p , t he s p e c t r u m is r e c o r d e d t o o b s e r v e t h e 

appea rance o f t h e e x t r a peak , as shown in F i g . 2 . 9 - (Note t h a t the peak 

C I S Levels 

CF 

CH 

t=0 

t=4hrs 

291 285 
B.E.(eV) 

FIGURE 2-9 

C c o r e l e v e l s p e c t r a o f h y d r o c a r b o n b u i l d - u p on PTFE 
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a t 285 ell on t = 0 i s a s a t e l l i t e peak f r o m the main p h o t o ion i z a t i on 

peak a t 292 eV due t o t h e e x c i t a t i o n f r o m the MgK p h o t o n l i n e and n o t 

t he l e v e l o f a h y d r o c a r b o n l a y e r . T h i s can a l s o be c o n f i r m e d by 

a n g u l a r dependen t s t u d i e s w h i c h w i l l be d i s c u s s e d i n more d e t a i l i n 

Chap te r k.) 

In a s e r i e s o f p o l y m e r s s t u d i e d by C l a r k \ e t a l , t he b i n d i n g 

e n e r g i e s f o r t he C ^ and F| l e v e l s were i d e n t i f i e d and T a b l e 2 . 2 

B i n d i n g E n e r g i e s o f t h e Homopolymers o f E t h y l e n e and t h e 

F 1 u o r o e t h y 1 e n e s 

C l s A ( C l s } F l s A ( F l s ) 

( C H . - C H j ' 2 8 5 - 0 ( 0 ) 
2 2 n 

( C F H - C H 2 ) n -CFH- 2 8 8 . 0 3 - 0 6 8 9 . 3 ( 0 ) 

-CH - 2 8 5 . 9 0 . 9 

( C F H - C F H ) N 2 8 8 . 4 3 . 4 6 8 9 . 3 ( 0 ) 

(CH -CH ) -CF - 2 9 0 . 8 5 . 8 6 8 9 . 6 0 . 3 
2 2 n — 2 

- C H 2 - 2 8 6 . 3 1 .3 

(CF -CFH) -CF - 2 9 1 . 6 6 . 6 6 9 0 . 1 0 . 8 
2 n — L 

-CFH- 2 8 9 . 3 4 . 3 6 9 0 . 1 0 . 8 

( C F . - C F j 2 9 2 . 2 7 . 2 6 9 0 . 2 0 . 9 
I L n 

T a b l e 2 . 2 

l i s t t he d a t a p e r t a i n i n g t o t he p o l y m e r s and F i g . 2 . 1 0 i l l u s t r a t e s 

t h e s u b s t i t u e n t e f f e c t i n t he Z^^ l e v e l s o f the homopolymers s t u d i e d . 

By t a k i n g t he a p p r o p r i a t e p a i r s o f p o l y m e r s i t was p o s s i b l e t o 

a s s i g n s t r u c t u r a l f e a t u r e s t o t he peaks i n the s p e c t r u m and i n v e s t i g a t e 

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

shown t h a t t h e r e i s a r a p i d f a l l o f f i n t h e C. B .E . as a f u n c t i o n 
1 s 

o f the f l u o r i n e s u b s t i t u t e d . 

I t i s i m p o r t a n t a l s o , (as has been p r e v i o u s l y n o t e d ) , t o d e ­

t e r m i n e the i n t e n s i t y r a t i o s f o r t h e c o r e l e v e l s i n t he s i m p l e homo-

p o l y m e r sys tems due t o the d i f f e r e n c e s i n t h e c r o s s - s e c t i o n f o r t he 

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

on s i m p l e compounds and the v a l u e s s u b s t a n t i a t e d on t he homopolymer 

sys tems b e f o r e p r e c e e d i n g t o a n a l y z e t h e more c o m p l i c a t e d c o p o l y m e r 

q u a n t i t a t i v e l y . 
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CH 
<CH -CH -> 

2 2 n 

•(CHF-CH } CF CH 
2 n g a 

B 3 

CF. CH 
^ C F 2 - C H 2 > n 

CF. CF 
• 2 a <CF -CFH) 

z n 
CF 

<CF -CF_> 
2 2 n 

?F3 
C F 0 CF {CF-CF„> 
S 2 9 T 2 7 n 

CF 0CFCL 
e 2 a <CF 2 -CFCL> n 

293 291 289 2 8 7 285 

B.E. (eV) 

FIGURE 2 . 1 0 

I l l u s t r a t i o n o f s u b s t i t u e n t e f f e c t s in t he C, c o r e l e v e l s 1 s 
o f s e l e c t e d homopo lymers c o n t a i n i n g f l u o r i n e 

2 ) The use o f ESCA in t h e d e t e r m i n a t i o n o f t he s t r u c t u r a l d e t a i l 

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

e t h y 1 e n e / t e t r a f 1 u o r e t h y 1 e n e ' ^ . A s e r i e s o f the c o p o l y m e r s was s t u d i e d 

and t he C. and F. l e v e l s o f t h e c o p o l y m e r s a r e shown in F i g . 2 . 1 1 
I s 1 s ^ 7 3 

From the ESCA d a t a t he c o p o l y m e r c o m p o s i t i o n s may be c a l c u l a t e d 

f r o m t h e r e l a t i v e r a t i o s o f t he h i g h t o low B.E. peaks in t h e l e v e l 

( a t t r i b u t e d t o CF ^ and .CH^, r e s p e c t i v e l y ) and a l s o f r o m the o v e r a l l 

C j s / F j s i n t e n s i t y r a t i o s , u s i n g d a t a f r o m homopo lymers as d i s c u s s e d i n 

t h e p r e v i o u s s e c t i o n . 

I t was shown t h a t u s i n g t h e s e two methods o f c a l c u l a t i n g the 

c o m p o s i t i o n t h a t t h e y a re i n good agreement w i t h b u l k a n a l y t i c a l 

methods (C and F e l e m e n t a l a n a l y s i s ) and a l s o d e m o n s t r a t e d t h a t t he 

samples were homogeneous in the s u r f a c e r e g i o n s i n c e the two i n d e p e n ­

d e n t ESCA methods a re i n e x c e l l e n t o v e r a l l a g r e e m e n t . 

Once the c o m p o s i t i o n s a re e s t a b l i s h e d , s t r u c t u r a l d e t a i l s a re 

t h e n e x t o r d e r o f a s s i g n m e n t . The s t u d i e s on t he homopolymers o f 

f l u o r i n a t e d e t h y l e n e s r e v e a l e d t h a t s t r u c t u r a l i n f o r m a t i o n is most 
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h Levels C, Levels 
s 

J 1 1 

1 1 1 

11 

1 1 

1 
I 1 

—i 1 — i — 11 i i i i i 
692 688 292 288 284 

B.E.(eV) 

FIGURE 2 . 1 1 
Cj a n d F^ c o r e l e v e l s p e c t r a f o r t h e s e r i e s o f e t h y l e n e / 

t e t r a f 1 u o r o e t h y I e n e c o p o l y m e r s 

r e a d i l y o b t a i n e d f r o m t h e a b s o l u t e B . E . ' s a n d c h e m i c a l s h i f t s i n t h e C 

c o r e l e v e l s . T h e c h e m i c a l s h i f t on t h e C. l e v e l s i s u n d e r s t o o d q u a l i 
1 s 

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

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

t i o n b e t w e e n t h e e x t r e m e c a s e s o f b l o c k s e q u e n c e o f e t h y l e n e a n d t e t r a -

f 1 u o r o e t h y 1 e n e f r o m t h e B . E . ' s o b s e r v e d f o r t h e PVF^ b a s e d on 

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

m o d e l on s i m p l e s y s t e m s w o u l d p r e d i c t t h e B . E . ' s u n i q u e f o r t h i s 

s y s t e m . 

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

d o m i n a t e t h e C j s l e v e l s w o u l d show t h i s a n d as F i g . 2 . 1 1 c l e a r l y d e m o n ­

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

s h i f t o f ~ * + . 7 eV v e r s u s a s h i f t o f ~ 7 - 2 eV e x p e c t e d f o r a b l o c k s t r u c ­

t u r e . 

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

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

h o m o p o l y m e r s ( 2 . 0 eV - v s . - 1.3 eV - 0 . 1 e V ) a n d w h e r e t h e p e a k s h a p e s 

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

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

m o l e c u l a r e n v i r o n m e n t s . W i t h a c o m p l e x d e c o n v o 1 u t i o n o f t h e s p e c t r a , 

t h e o r e t i c a l c a l c u l a t i o n s o n e x p e c t e d B . E . ' s f r o m a s e r i e s o f m o d e l 

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

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

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

s p e c t r o s c o p i c p r o p e r t i e s o f t h e e t h y 1 e n e / t e t r a f 1 u o r o e t h y 1ene c o p o l y m e r . 

3 ) The s u r f a c e s t r u c t u r e f o u n d i n AB b l o c k c o p o l y m e r s o f d i -
1 3 6 

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

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

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

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

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

t h i c k n e s s o f t h e po1 y d i m e t h y 1 s i 1 o x a n e o u t e r l a y e r was o b t a i n e d . 

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

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

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

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

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

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

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

e r a t u r e . 

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



- 86 -

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

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

c o m p a r i s o n , ESCA o f f e r s t h e p o s s i b i l i t y o f o b t a i n i n g q i r ' an t i t a t i ve i n ­

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

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

~ 5 0 8 . The a n a l y t i c a l d e p t h p r o f i l i n g c a p a b i l i t y o f t h e t e c h n i q u e 

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

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

i n t h e ESCA s p e c t r u m , as was d i s c u s s e d i n C h a p t e r 1 . T h e i n t e n s i t y 

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

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

I = I „ ( l - e " d / A ) 

w h e r e I » i s t h e i n t e n s i t y o b s e r v e d f o r an i n f i n i t e l y t h i c k l a y e r 

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

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

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

i - . „ e - d A 

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

by ESCA, a n d w i l l be c o v e r e d i n g r e a t e r d e t a i l i n C h a p t e r IV o n t h e 

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

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

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

a n d r e l a t i v e b i n d i n g e n e r g i e s and r e l a t i v e p e a k a r e a s ' . I t i s b e c o m i n g 

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

l i t e s a c c o m p a n y i n g c o r e i o n i z a t i o n s c a n c o n s i d e r a b l y i n c r e a s e t h e s c o p e 
5 8 

o f t h e t e c h n i q u e i n many a p p l i c a t i o n s 

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

F i g . 2 . 1 2 . F o r t h e h o m o p o l y m e r s i t i s c l e a r t h a t w h e r e a s p o l y s t y r e n e 

( F i g . 2 . 1 2 a ) h a s a we 1 1 - d e v e 1 o p e d , r e l a t i v e l y i n t e n s e s h a k e - u p s t r u c t u r e 

i n t h e r e g i o n c o r r e s p o n d i n g t o t r a n s i t i o n e n e r g i e s ~ 1 0 e V , po1 y d i m e t h y 1 -

s i l o x a n e ( F i g . 2 . 1 2 d ) d o e s n o t e x h i b i t s u c h a s t r u c t u r e , a l t h o u g h t h e 

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

t h e C j ^ d i r e c t p h o t o i o n i z a t i o n p e a k s f o r b o t h p o l y m e r s . I t i s c l e a r , 

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

o f a b l o c k c o p o l y m e r o f PS a n d PDMS ( F i g s . 2 . 1 2 b a n d c ) . 

T h r o u g h a c o n s i d e r a t i o n o f t h e p r i m a r y s o u r c e s o f ESCA d a t a , i t • 

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

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

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

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

FIGURE 2 . 12 

C| j 0 j ^ , a n d F^ ^ c o r e l e v e l s p e c t r a f o r h o m o p o l y m e r s o f 

s t y r e n e ( a ) a n d d i m e t h y 1 s i l o x a n e ( d ) a n d b l o c k c o p o l y m e r s ( b , c ) 

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

s y s t e m s as s t u d i e d b y ESCA, was s h o w n i n a s t u d y o n a s e r i e s o f p o l y -

a l k y 1 a e r y 1 a t e s ' ^ . As a p r e l i m i n a r y t o a d e t a i l e d i n v e s t i g a t i o n o f t h e 

p o l y a c r y 1 a t e s , i t was n e c e s s a r y t o s t u d y a s e r i e s o f s i m p l e m o l e c u l e s 

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

d a t a . D i r e c t m e a s u r e m e n t s o f t h e r e l a t i v e a r e a r a t i o s f o r t h e 0 , a n d 
1 s 

C j s l e v e l s o f h o m o g e n e o u s t h i c k f i l m s o f t h e c o n d e n s e d m o d e l c o m p o u n d s 

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

l i n e ( F i g . 2 . 1 3 ) c o r r e l a t i o n , t h e s l o p e b e i n g 1 . 6 5 * 0 . 0 0 9 ( r = - 9 9 ) . 

T h i s , t h e r e f o r e , p r o v i d e d t h e r e q u i r e d s e n s i t i v i t y f a c t o r s f o r t h e C j 

w i t h r e s p e c t t o 0 ^ c o r e l e v e l s , t h e s e f a c t o r s o f c o u r s e b e i n g i n s t r u ­

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

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

o f t h e d e t e c t o r f o r e l e c t r o n s o f d i f f e r e n t k i n e t i c e n e r g y , e t c . 
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FIGURE 2. 13 

M o d e l c o m p o u n d s 

r e l a t i v e p e a k a r e a r a t i o s 

(e.xpe r i m e n t a 1 - v s - t h e o re t i c a 1) 

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

c a l i b r a t i o n o f l i n e w i d t h , (FWHM) a n d 1 i n e s h a p e , i n c o m p l e t e l y r e s o l v e d 

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

( t y p i c a l l y - 0 . 2 e V ) . I n e a c h c a s e c o r e l e v e l s c o r r e s p o n d i n g t o c a r b o n 

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

~ 2 8 5 . 0 eV a n d w e r e t a k e n as t h e e n e r g y r e f e r e n c e . I t i s c l e a r t h a t 

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

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

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

h i g h l y c h a r a c t e r i s t i c , b e i n g 2 8 6 . 6 - 0 .1 eV a n d 1.6 - 0 . 1 e V , r e s p e c t ­

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

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

s h i f t s f o r t h e f o r m e r b e i n g s i g n i f i c a n t l y l o w e r t h a n f o r t h e l a t t e r 
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( 2 8 7 - 9 eV t 0 . 2 e v , 2 . 9 eV - 0 . 2 eV a n d 2 8 9 - 1 - 0 . 2 eV a n d k . I - 0 . 2 e V , 

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

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

s t r u c t u r a l f e a t u r e . 

F o r t h e 0 ^ l e v e l s t h e b i n d i n g e n e r g i e s f o r t h e s i m p l e c a r b o n y l 

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

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

s h i f t ( 1 . 2 - 0 . 2 e V ) a n d t h e o r e t i c a l a n a l y s i s u n a m b i g u o u s l y a s s i g n e d 

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

o x y g e n . T h e c o r e l e v e l s p e c t r a f o r a s e r i e s o f p o 1 y a c r y 1 a t e s i s s h o w n 

i n F i g . 2 . 1 ^ . 

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

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

l e v e l s w h i c h a r e c o r e l i k e i n c h a r a c t e r ( v i z . F ^ g ) w i t h r e s p e c t t o 

t i g h t l y b o u n d c o r e l e v e l s , may u s e f u l l y be e m p l o y e d f o r a n a l y t i c a l d e p t h 
130 

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

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

l y i n g 0^ v a l e n c e l e v e l s w h i c h a r e r e a d i l y i d e n t i f i a b l e t h a t t h i s p o s s i ­

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

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

f r o m d i f f e r e n c e s i n e s c a p e d e p t h d e p e n d e n c e f o r t h e 0^ a n d l e v e l s . 

F o r s y s t e m s c o n t a i n i n g r e l a t i v e l y l a r g e a 1 k y 1 g r o u p s i t i s a l s o c l e a r 

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

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

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

i n t e g r a t i o n o f t h e i r o v e r a l l i n t e n s i t i e s f o r c o m p a r i s o n w i t h t h a t o f 
1 38 

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

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

d e p t h , r e s t r i c t i o n s w e r e made t o u s i n g t h e 0 l e v e l s , a l t h o u g h i t 

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

a w h o l e c o n s t i t u t e s a ' f i n g e r p r i n t ' f o r t h e s y s t e m . F o r e x a m p l e , 

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

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

s h o w n i n F i g . 2 . 1 5 - T h r o u g h c o m p a r i s o n w i t h a p p r o p r i a t e m o d e l s y s t e m s 

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

a s s i g n m e n t o f p a r t i c u l a r s t r u c t u r a l i s o m e r s . 
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FIGURE 2 . 1 4 

£ | s and 0^ c o r e l e v e l s p e c t r a f o r a s e r i e s o f p o 1 y a c r y 1 a t e s 
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FIGURE 2 . 1 5 

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

c ) F i n e S t r u c t u r e 

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

C F „ 

NO) ( C F 2 - C F X j w h e r e X = F , C I , H 

1 39 

was c a r r i e d o u t a n d t h e C, l e v e l s f o r t h r e e o f t h e r u b b e r s a r e s h o w n 
1 s 

i n F i g . 2 . 1 6 . 

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

h o m o p o l y m e r a n d c o p o l y m e r s y s t e m s , i s s t r a i g h t f o r w a r d , a n d t h e c h e m i c a l 
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C j l e v e l s f o r c o p o l y m e r s o f CF^NO w i t h C F 2 = C F \ , CF^= 

CFCL a n d C F £ = C F H 

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

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

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

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

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

m e n t s w e r e made o n t h e s t r u c t u r a l i s o m e r i s m . 

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

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

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

w i t h i n t h e s u d d e n a p p r o x i m a t i o n e q u i v a l e n t c o r e s m o d e l a n d , CNDO SCF MO 

f o r m a l i s m i d e n t i f y i n g t h e s h a k e - u p a r i s i n g f rom T r — ^ " ' t r a n s i t i o n s i n ­

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

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

s h o w n i n F i g . 2 . 1 7 ; i n c l u d e d p o l y s t y r e n e , po1 y d i p h e n y 1 s i 1 o x a n e , p o l y -

1 - v i n y 1 n a p h t h a 1 e n e , p o 1 y - 2 - v i n y 1 n a p h t h a l e n e , p o 1 y a c e n a p t h a 1 e n e , and 

p o 1 y v i n y 1 c a r b a z o 1 e and i t was s h o w n t h a t t h e s h a k e - u p s t r u c t u r e was 

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

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

a n d a r r i v i n g s e m i - q u a n t i t a t i v e I y a t r e s u l t s on s u b s t i t u e n t e f f e c t s i n t h e 

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

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

a s e r i e s o f a 1 k a n e - s t y r e n e c o p o l y m e r s f u r t h e r d e m o n s t r a t e d t h e p o t e n t i a l 
140 

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

w h e r e n = 0 , 1 , 3 , 5 , 6 , 1 0 , 

p r o v i d e d e v i d e n c e t h a t a t r e n d e x i s t e d b e t w e e n t h e s h a k e - u p i n t e n s i t y 

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

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

t i a l l y c o n s t a n t . F i g . 2 . 1 8 i l l u s t r a t e s t h e e f f e c t o f d e c r e a s i n g 

H-CH -CH - C H - ( C r l ) 
2 ' n 

m 

xlO xlO 
xO 

n=0 n=l n=3 

xlO xlO 

A 
n=5 n=6 n=IO 

FIGURE 2 . 1 8 

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

a l k a n e c h a i n l e n g t h i n s t y r e n e / a 1 k a n e c o p o l y m e r s 
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s h a k e - u p i n t e n s i t y w i t h i n c r e a s i n g a l k a n e c h a i n l e n g t h . B e c a u s e t h e 

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

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

3) The c h a r g e p o t e n t i a l m o d e l , as d i s c u s s e d i n C h a p t e r 1 , c a n 

be a p p l i e d t o p o l y m e r s w h e n t h e p a r a m e t e r s k a n d E ° a r e e s t a b l i s h e d f o r 

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

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

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

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

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

c u l a t i o n s a n d c o m p a r i n g i t t o e x p e r i m e n t a l l y f o u n d B . E . ' s . 

H a v i n g e s t a b l i s h e d t h e c h a r g e p o t e n t i a l p a r a m e t e r s E ° and k 

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

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

As an e x a m p l e o f an u n s y m m e t r i c a 1 v i n y l m o n o m e r , s h o w n i n F i g . 2 

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

h e a d t o h e a d a n d t a i l t o t a i l b o n d i n g ) . A l s o , f o r a g i v e n s t r u c t u r a l 

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

c a r b o n y l a n d e s t e r f u n c t i o n s , a r e o f some i n t e r e s t ' ^ . I t h a s b e e n 

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

a r e r e l a t i v e l y s h o r t r a n g e i n n a t u r e a n d m a y , t h e r e f o r e , be q u a n t i t a ­

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

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

i n t e r a c t i o n s a r e q u a n t i f i e d . I n p a r t i c u l a r c a s e s , ( e . g . n i t r o s o 
1 39 

r u b b e r s J Z ) ) , i t was s h o w n t h a t s t r u c t u r a l i s o m e r i s m s may be i n v e s t i ­

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

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

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

same f o r r e g u l a r a n d i r r e g u l a r s t r u c t u r e s ^ . 

E v e n a t t h e s e m i - e m p i r i c a 1 a l l v a l e n c e e l e c t r o n SCF MO CNDO/2 

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

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

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

t o a s i n g l e m o n o m e r u n i t a t e a c h e n d . C a l c u l a t i o n s r e p o r t e d i n t h e 
1 39 

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

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

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

141 
f e a t u r e s 
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C o n f o r m a t i o n a l m o d e l s o f p o l y ( a c r y l i c a c i d ) w i t h c a l c u l a t e d b i n d i n g 

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

i s o t a c t i c " m o d e l ; ( b ) H T - H T " s y n d o t a t i c " m o d e l ; ( c ) H H - H T " i s o t a t i c " 

m o d e l ; ( d ) H H - H T " s y n d o t a c t i c " m o d e l 
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F o r p o l y a c r y l i c a c i d t h e m o d e l s s t u d i e d e x e m p l i f i e d b o t h s t r u c ­

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

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

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

n a t e d as h e a d t o t a i l ( H T ) o r , h e a d t o h e a d (HH) o r t a i l t o t a i l ( T T ) . 

F o r t h e h e a d t o t a i l ( r e g u l a r ) a r r a n g e m e n t ( H T - H T l i n k a g e s ) b o t h t h e 

' i s o t a c t i c ' a n d s y n d i o t a c t i c 1 f o r m s w e r e i n v e s t i g a t e d . C a l c u l a t i o n s 

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

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

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

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

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

t h e CH b o n d o f t h e b a c k b o n e a n d t h i s i s r e f e r r e d t o as t h e n e c l i p s e d 

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

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

an a n g l e o f 6 0 ° ( w i t h r e s p e c t t o t h e e c l i p s e d c o n f i g u r a t i o n ) a b o u t an 

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

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

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

m e n t . F o r a h e a d t o h e a d ( i r r e g u l a r ) a r r a n g e m e n t (HH-HT l i n k a g e s ) t h e 

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

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

t h r o u g h t h e b a c k b o n e o r i n an a l t e r n a t i n g a r r a n g e m e n t . T h e s e a r e 

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

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

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

p l a y e d i n F i g . 2 . 1 9 w h e r e t h e a b s o l u t e b i n d i n g e n e r g i e s h a v e b e e n c o m ­

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

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

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

2 . 1 9 ) i t i s c l e a r t h a t t h e f a c t o r s d e t e r m i n i n g b o t h t h e a b s o l u t e a n d 

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

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

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

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

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

i n F i g . 2 . 1 9 - A c o m p a r i s o n o f t h e c e n t r a l m o n o m e r u n i t s w i t h t h e a d ­

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

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

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

t i v e b i n d i n g e n e r g i e s f o r b o t h t h e 0^ a n d C j l e v e l s . ; F o r t h e r e g u l a r ' 

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

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

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

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

( ( c ) a n d ( d ) F i g . 2 . 1 9 ) - F o r t h e t w o p o s s i b i l i t i e s c o n s i d e r e d , i t i s 

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

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

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

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

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

a l l u d e d t o p r e v i o u s l y . T h e s h i f t s i n b i n d i n g e n e r g y f o r t h e 0 ^ 

l e v e l s r a n g e f r o m 2 . 7 eV f o r t h e HT-HT ' i s o t a c t i c ' m o d e l t o 1.9 eV 

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

d e t e r m i n e d v a l u e o f 1.3 e V . The d i s c r e p a n c y i s l a r g e l y a c c o u n t e d f o r 

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

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

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

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

i n d i v i d u a l c o m p o n e n t s o f t h e 0 ^ l e v e l s ^ . 

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

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

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

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

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

ESCA h a s t h e d i s a d v a n t a g e s , as d i s c u s s e d i n C h a p t e r 1 , when c o m p a r e d 

t o UPS i n t h a t t h e c r o s s s e c t i o n s a r e g e n e r a l l y l o w e r i n ESCA a n d t h e 

r e s o l u t i o n i s much p o o r e r ( s e e F i g . 1 . 1 6 ) . 

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

i n t h a t s i n c e t h e r e a r e s o many v i b r a t i o n a l modes p o s s i b l e , r e s o l u t i o n 

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

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

be s t u d i e d a n d w i t h e l e c t r o n e n e r g i e s o f 0 - 21 eV ( H e l ) a n d 0 - 4 0 eV 

(He I I ) . I n UPS t h i s i s t h e r e g i o n o f r a p i d l y v a r y i n g e s c a p e d e p t h 

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

so w i t h X - r a y p h o t o n e n e r g i e s . T h e a p p l i c a t i o n o f t h e s t u d y o f t h e 
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v a l e n c e b a n d t o ' f i n g e r p r i n t ' d i f f e r e n t i s o m e r s o f p o l y m e r s w h e r e t h e 

c o r e l e v e l s a r e i d e n t i c a l was d i s c u s s e d i n s e c t i o n ( b ) a n d i n F i g . 2 . 2 0 

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

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

- ( C F „ - C F . > n 

X 3 

- t C F p - C H 2 f n 

X 3 

- t C H 2 - C H 2 - H i 
x3 

42 34 26 20 12 4 e v 

FIGURE 2 . 2 0 

V a l e n c e l e v e l s p e c t r a f o r a s e r i e s o f e t h y 1 e n e / f 1 u o r o e t h y 1ene p o l y m e r s 

i v ) D y n a m i c S t u d i e s o n P o l y m e r S y s t e m s 

a ) S u r f a c e T r e a t m e n t s 

1) C r o s s l i n k i n g b y a c t i v a t e d s p e c i e s o f i n e r t g a s e s (CAS I N G ) , 

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

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

b e e n made o n c o p o l y m e r s o f e t h y 1 e n e / t e t r a f 1 u o r o e t h y 1ene w h e r e t h e f i l m s 

w e r e i r r a d i a t e d w i t h a l o w e n e r g y ( 2 k V ) beam o f a r g o n i o n s f o r s u c -
] 25 

c e s s i v e p e r i o d s o f 5 s e c o n d s a n d t h e C, a n d F . c o r e l e v e l s m o n i t o r e d 
1 s 1 s 

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

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

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

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

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

t a b l i s h a q u i t e c o m p l e t e p i c t u r e o f t h e e a r l y s t a g e s o f t h e s u r f a c e 
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J I L 

692 688 
i s 

CR CF C 

i . i i i _ i 
291 285 

B.E.(eV) 
' I S 

F I G U R E 2 . 2 1 

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

e t h y 1 e n e / t e t r a f 1 u o r o e t h y 1 e n e c o p o 1 y m e r 

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

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

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

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

( 2 . 1 ) 

1 
K 

= % e 

K 

- d / x 3 . • e / 
X , ( 2 . 1 ) 

w h e r e y = m e a s u r e d a r e a r a t i o s f o r F j a n d F ^ s p e a k s f r o m ESCA s p e c t r u m . 

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

m e a s u r e d f r o m h o m o p o 1 y m e r s . 

X ^ = e l e c t r o n m e a n f r e e p a t h a p p r o p r i a t e t o F ̂ s l e v e l s 

X j = e l e c t r o n m e a n f r e e p a t h a p p r o p r i a t e t o F^ l e v e l s 
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w h e r e a g r i d o f c o m p u t e d v a l u e s f o r t h e r i g h t - h a n d s i d e o f e q u a t i o n 

( Z . l ) w a s p r e p a r e d t o v a l u e s o f d i n t h e r a n g e 2 - 4 l 8 a t 1$ i n t e r ­

v a l s a n d r a t i o ^ 3 / 1 f r o m 1 t o 2 i n 0 . 1 i n c r e m e n t s . T h e c o m p u ­

t a t i o n s f o r 4 0 v a l u e s o f d a n d 11 v a l u e s f o r e a c h r a t i o o f ^ 3 / ^ 1 

g e n e r a t e s 2 4 , 2 0 0 d a t a p o i n t s . T h e s e t a b l e s w e r e u s e d i n t h e a n a l y s i s 

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

p u t e d t o b e 3-5, 6 , 1 6 , 3 0 a n d 3 6 8 , r e s p e c t i v e l y f o r t h e f i v e f i l m s . 

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

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

b e t w e e n t h e t w o m e t h o d s . 

C a l c u l a t e d T h i c k n e s s o f F l u o r i n a t e d F i l m ( d ) 

d , % 

E x p e r i m e n t F r o m F r o m F j g / ^ s A v e r a g e 
s p e c t r a s p e c t r a 

1 5 - 5 3 - 5 4 . 5 

2 9 - 0 6 . 0 7 - 5 

3 1 5 - 0 1 6 . 0 1 5 - 5 

4 2 4 . 0 3 0 . 0 2 7 - 0 

5 4 6 . 0 3 6 . 0 4 1 . 0 

T a b l e 2 - 3 

3 ) RF P l a s m a T r e a t m e n t s 

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

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

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

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

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

1 4 2 

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

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

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

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

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

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

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

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

t r e a t m e n t a n d t o d i f f e r e n t i a t e t h e s u r f a c e f r o m s u b s u r f a c e f r o m b u l k 
1 4 2 

r e a c t i o n s . I n a r e c e n t i n v e s t i g a t i o n , C l a r k a n d D i 1 k s i n v e s t i g a t e d 

,^ "7"' ;• 
1 5 SEP 1977 

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

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

f 1 u o r o e t h y l e n e ( 4 8 : 5 2 % ) t r e a t e d i n a p u l s e d RF d i s c h a r g e a t a n a v e r a g e • 

p o w e r l o a d i n g o f 0 . 1 w a t t s . T h e c o r e l e v e l s p e c t r a a s a f u n c t i o n o f 

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

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

C j s l e v e l s ; ( i i ) t h e a p p e a r a n c e o f s t r u c t u r e a t i n t e r m e d i a t e b i n d i n g 

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

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

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

a n a l y s i s u s i n g a n g u l a r s t u d i e s a n d o t h e r i n e r t g a s e s ( H e , N e , K r ) w e r e 

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

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

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

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

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

v i o l e t o u t p u t o f t h e p l a s m a . 

b ) O x i d a t i v e D e g r a d a t i o n o f P o l y m e r s 

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

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

n o t a l w a y s t h e c a s e , a s d i s c u s s e d i n s e c t i o n ( a ) . F o r e x a m p l e , F i g . 2 . 2 3 

1 3 7 

s h o w s t h e ESCA s p e c t r a f o r a s e r i e s o f p o l y a l k y l a c r y l a t e s 

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

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

0 ^ l e v e l s . F i g . 2 . 2 ^ , f o r e x a m p l e , s h o w s a p l o t o f t h e r a t i o o f i n ­

t e n s i t i e s f o r t h e i n d i v i d u a l c o m p o n e n t s o f t h e 0^ l e v e l s a n d a l s o t h e 

t o t a l ®]s/®2s r a t ' o s - F o r c o m p a r i s o n p u r p o s e s t h e d o t t e d l i n e s i n d i c a t e 

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

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

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

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

s a m p l e s a r e o x i d i z e d . I f we c o n s i d e r t h e p o l y d e c y l a c r y l a t e f o r e x a m p l e , 

t h e 0 j s / ^ 2 S r a t i o i s s i g n i f i c a n t l y h i g h e r t h a n f o r t h e r e f e r e n c e c o m p o u n d s 

s u g g e s t i n g t h a t s i n c e t h e m e a n f r e e p a t h f o r t h e 0 . l e v e l s i s c o n s i d e r -
1 2 5 / 1 3 0 

a b l y s h o r t e r t h a n f o r t h e 0 l e v e l t h a t t h e o x i d a t i o n i s l a r g e l y 

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

f o r t h e 0 j s c o m p o n e n t l e v e l s w h i c h h a v e a p p a r e n t l y i n c r e a s e d i n i n t e n s i t y , 

c o r r e s p o n d s t o £ = 0 s t r u c t u r a l f e a t u r e s , a s i s a p p a r e n t f r o m a c o m p a r i s o n 

w i t h d a t a f o r t h e m o d e l s y s t e m . I t i s i n t e r e s t i n g t o n o t e t h a t h i g h 
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C o r e l e v e l s p e c t r a o f o x i d i z e d p o l y a l k y l a c r y l a t e s 
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F I G U R E l.lh 

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

0 . l e v e l s a n d a l s o t h e 0 , / 0 _ r a t i o s f o r a s e r i e s o f p o l y ) a l k y l -
— I S I S 2.6 

a e r y 1 a t e s ) ; ( b ) t h e C^ a n d 0 ^ ^ a r e a r a t i o s v s . t h e n u m b e r 

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

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

t h e s a m p l e s s h o w e d o n l y a s i n g l e p e a k i n t h e r a n g e 1 7 3 ^ - 6 c m ^ c o n s i s t -

t e n t w i t h - C . g ^ s t r u c t u r a l f e a t u r e s . T h i s i s r e a d i l y u n d e r s t a n d a b l e 

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

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

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

p a r e d w i t h p o 1 y i s o p r o p y 1 a c r y l a t e a s a r e p r e s e n t a t i v e e x a m p l e o f t h e u n -

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

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

c o m p a r i s o n w a s a l s o m a d e w i t h p o 1 y - 2 - e t h y 1 h e x y 1 a n d p o 1 y o c t a d e c y I 

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

o f p o 1 y i s o p r o p y 1 a c r y l a t e w h i l s t t h e f o r m e r s h o w e d a w e t t a b i l i t y i n ­

t e r m e d i a t e b e t w e e n t h a t o f p o 1 y i s o p r o p y 1 a c r y l a t e a n d p o l y - n - d e c y l 

a e r y 1 a t e . 

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

c o m p o n e n t p e a k s o f t h e 0^ l e v e l s i s a t t r i b u t a b l e t o s u r f a c e c a r b o n y l 

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

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

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

t h e m e a n f r e e p a t h i n c r e a s e s w i t h i n c r e a s i n g k i n e t i c e n e r g y t h e n a n y 

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

b o u n d 0 , l e v e l s t h a n f o r t h e C . l e v e l s . A s a s i m p l e m o d e l f o r a 
I s I s 

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

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

l e v e l s a r e s h o w n i n C h a p t e r 1 , F i g . 1 . 2 7 ; w h i c h a l s o d e t a i l s e x p a n s i o n 

o f t h e C j s l e v e l s f o r i s o b u t y l a c e t a t e , a p o 1 y i s o p r o p y 1 a c r y l a t e f i l m 

w h i c h h a d b e e n h e a t e d i n a i r ( 1 5 0 ° C f o r 3 0 m i n s . ) a n d f o r c o m p a r i s o n 

p u r p o s e s a s a m p l e o f p o l y i s o b u t y l a c r y l a t e w h o s e 0 ^ ̂  s p e c t r u m a l s o 

s h o w e d e v i d e n c e f o r s u r f a c e o x i d a t i o n , ( F i g . 2 . 2 3 ) - C o n s i d e r i n g 

f i r s t l y t h e i s o b u t y l a c e t a t e a n d p o I y i s o p r o p y 1 a c r y l a t e s p e c t r a t h e 

d e c o n v o 1 u t i o n i n t o t h e c o m p o n e n t p e a k s a s s o c i a t e d w i t h -C , g , 0 - C -

a n d - C - s t r u c t u r a l f e a t u r e s w i t h c h a r a c t e r i s t i c b i n d i n g e n e r g i e s i s 

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

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

2 8 7 - 2 e V ( T a b l e 1 . 5 ) h a s t h e e f f e c t o f ' f i l l i n g i n ' t h e v a l l e y b e ­

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

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

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

2 . 2 3 , s h o w s t h a t t h e o v e r a l l l i n e p r o f i l e s c a n o n l y b e q u a n t i t a t i v e l y 

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

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

c ) A d s o r p t i o n a t P o l y m e r S u r f a c e s 

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

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

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

1 2 5 

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

p o r t a n c e i n u n r a v e l l i n g t h e c o m p l e x i t i e s o f , f o r e x a m p l e , t r i b o e 1 e c t r i c 

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

o f l o w d e n s i t y p o l y e t h y l e n e t h e a d s o r p t i o n o f H^O o n s u r f a c e c a r b o n y l 

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

t h e h i g h b i n d i n g e n e r g y s i d e o f t h e 0 ^ l e v e l s a s s o c i a t e d w i t h t h e 

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

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

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

I n c o n t i n u a n c e o f t h i s w o r k , C l a r k a n d T h o m a s i n v e s t i g a t e d t h e 

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

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

o x i d i z e d a t t h e s u r f a c e ' ^ . 

F i g . 2 . 2 5 s h o w s t h e 0^ a n d C ^ l e v e l s f o r s a m p l e s o f p o l y -

i s o p r o p y l a c r y l a t e t h a t w e r e e x p o s e d t o N H ^ , H^O a n d H F . T h e s e 

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

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

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

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

t h e e s t e r g r o u p l e a d s t o a s h a r p e n i n g o f t h e 0 ^ l e v e l s s u c h t h a t 

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

t o l i n e s h a p e a n a y l s i s . T h e o v e r a l l s i g n a l i n t e n s i t y f o r t h e 0^ a n d 
C , l e v e l s i s a l s o a t t e n u a t e d d u e t o t h e a d s o r b e d HF w h i c h i s i d e n t i -

1 s 

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

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

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

a d d i t i o n , f o r t h e s e p a r t i c u l a r p o l y m e r s a m p l e s a s t h e b u l k o f t h e a 1 k y 1 

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

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

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

e f f e c t o f s u r f a c e t r e a t m e n t o f p o 1 y i s o p r o p y 1 a c r y l a t e w i t h H^O i s 

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

d e g r e e o f h y d r o g e n b o n d i n g . I t i s i n t e r e s t i n g t o n o t e t h a t f o r N H ^ 

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

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

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

0 , a n d C , l e v e l s w i t h i n t h e s t a t i s t i c a l l i m i t s o f t h e d a t a a r e s u p e r -
I s 1 s r 

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

a g a i n i l l u s t r a t e s t h e g r e a t p o t e n t i a l o f E S C A f o r i n v e s t i g a t i n g i n t e r ­

a c t i o n s a t p o l y m e r s u r f a c e s . 
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A S y s t e m a t i c I n v e s t i g a t i o n o f t h e C o r e L e v e l s 

o f S i m p l e H o m o p o 1 y m e r s 
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C H A P T E R 3 

A S y s t e m a t i c I n v e s t i g a t i o n o f t h e C o r e L e v e l s o f S i m p l e H o m o p o 1 y m e r s 

i ) I n t r o d u c t i o n 

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

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

p e a k i n t e n s i t i e s c o r r e s p o n d i n g t o t h e d i r e c t p h o t o i o n i z a t i o n o f c o r e 

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

T h e e a r l y w o r k p e r t a i n i n g t o f 1 u o r o p o 1 y m e r s , w h e r e t h e l a r g e e l e c t r o ­

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

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

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

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

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

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

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

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

p h o t o i o n i z a t i o n p e a k , a s d i s c u s s e d i n C h a p t e r s 1 a n d 2 . 

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

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

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

f a c e , a t e c h n i q u e s u c h a s ESCA w h i c h c a n d i f f e r e n t i a t e b e t w e e n t h e 

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

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

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

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

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

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

f e w t e n s o f A n g s t r o m s o f a s a m p l e a r e r e p r e s e n t a t i v e i n t e r m s o f 

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

i s h o m o g e n e o u s a n d i f i n h o m o g e n e o u s , t h e e x t e n t o f i n h o m o g e n e t i e s i n 

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

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

1 3 7 
a n d p h y s i c a l m o d i f i c a t i o n s t o p o l y m e r s u r f a c e s s u c h a s o x i d a t i o n , 

1 4 2 
R . F . g l o w d i s c h a r g e m o d i f i c a t i o n s , c r o s s - 1 i n k i n g b y u l t r a - v i o l e t 
, . , 1 4 2 , , . , . . . , , . , 1 3 0 
l i g h t a n d d i r e c t f l u o r i n a t i o n o f f i l m s 

P r e v i o u s s t u d i e s o f s u b s t i t u e n t e f f e c t s o n c o r e l e v e l s i n 

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

i n n a t u r e a n d a r e h i g h l y c h a r a c t e r i s t i c o f a g i v e n s u b s t i t u e n t a n d 
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m o r e o v e r t e n d t o f o l l o w s i m p l e a d d i t i v i t y r u ] e s ' ' 3 0 , 1 3 5 , ' 3 9 , 1 4 4 ^ 

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

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

1 1 2 7 1 2 8 

e x t e n d i n g t h e o r e t i c a l m o d e l s t o p o l y m e r i c s y s t e m s ; ' . W h e r e a s 

l a r g e m o d e l s y s t e m s f o r p o l y m e r s ( i . e . r e p e a t u n i t s o f , s a y , ~ 1 0 -

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

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

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

s e m i - e m p i r i c a 1 a l l v a l e n c e e l e c t r o n C N D 0 / 2 S C F f o r m a l i s m ^ p r o v i d e 

a s o u n d b a s i s f o r q u a n t i f y i n g d a t a o n p o l y m e r s s i n c e i t i s f e a s i b l e 

t o s t u d y s y s t e m s i n c o r p o r a t i n g a s u b s t a n t i a l n u m b e r o f m o n o m e r u n i t s 

s u c h t h a t a l l o f t h e i m p o r t a n t i n t e r a c t i o n s w h i c h d e t e r m i n e b o t h 

a b s o l u t e a n d r e l a t i v e c o r e b i n d i n g e n e r g i e s a r e a d e q u a t e l y d e s c r i b e d . 

I n t h i s c h a p t e r a s y s t e m a t i c ESCA s t u d y o n a l a r g e n u m b e r o f 

h o m o p o l y m e r s o f s i m p l e m o n o m e r s i s g i v e n t o p r o v i d e a c o m p i l a t i o n o f 

s u b s t i t u e n t e f f e c t s o n C , , 0 . , C 1 „ , S i „ , F , , S „ , a n d B r , , l e v e l s 
I s I s 2 p 2 p ' i s 2 p ' . 3 d 

T h e c h a r a c t e r i s t i c n a t u r e o f m a n y o f t h e s e s u b s t i t u e n t e f f e c t s c a n 

n o w b e u s e d a s a ' f i n g e r p r i n t ' a n a l y t i c a l t o o l i n m u c h t h e s a m e m a n ­

n e r a s o n e m i g h t u s e i n f r a r e d a n d N . M . R . d a t a . F r o m s t u d i e s o n a b s o ­

l u t e a n d r e l a t i v e b i n d i n g e n e r g i e s a n d r e l a t i v e p e a k i n t e n s i t i e s , t h e 

s u r f a c e c o m p o s i t i o n o f t h e s e p o l y m e r s m a y b e e s t a b l i s h e d a n d c o m p a r i ­

s o n s d r a w n w i t h d a t a p e r t a i n i n g t o t h e b u l k m a t e r i a l b a s e d u p o n a 

s t a t i s t i s t i c a 1 I y s a m p l e d r e p e a t u n i t . A p a r a l l e l t h e o r e t i c a l i n v e s ­

t i g a t i o n o n m o d e l s f o r q u a n t i f y i n g t h e d a t a p e r t a i n i n g t o b o t h t h e 

a b s o l u t e a n d r e l a t i v e b i n d i n g e n e r g i e s a n d c o n f i r m a t i o n o f t h e c o r e 

l e v e l a s s i g n m e n t s h a s a l s o b e e n u n d e r t a k e n . T h i s t h e o r e t i c a l i n v e s ­

t i g a t i o n a l s o a l l o w e d f o r t h e e v a l u a t i o n o f t w o m o d e l s b a s e d o n t h e 

' g r o u n d s t a t e p o t e n t i a l m o d e l ' ( G P M ) a n d t h e ' h a 1 f - i o n i z e d o r r e -
1^5 

l a x a t i o n p o t e n t i a l m o d e l ' ( R P M ) f o r a s e l e c t e d n u m b e r o f p o l y m e r 

s y s t e m s f o r c o m p a r i s o n w i t h e x p e r i m e n t a l d a t a , 

i i ) E x p e r i m e n t a 1 

a ) S a m p l e s 

T h e p o l y m e r s , l i s t e d i n T a b l e 3 - 1 w e r e c o m m e r c i a l l y a v a i l ­

a b l e s a m p l e s ( e x c e p t f o r t h e p o I y p a r a x y 1 y 1 e n e s ) o b t a i n e d f r o m C e i l o m e r 

A s s o c i a t e s , I n c . ( P . O . B o x 3 1 1 , W e b s t e r , N . Y . ) a n d w e r e u s e d d i r e c t l y 

i n p r e p a r i n g s a m p l e s f o r t h e E S C A i n v e s t i g a t i o n s . M o d e l c o m p o u n d s d e s 

c r i b e d e l s e w h e r e w e r e u s e d a s g u i d e s i n t h e i n t e r p r e t a t i o n o f t h e d a t a 
. 1 3 6 , 1 3 7 , 1 4 4 , 1 4 7 

p e r t a i n i n g t o t h e p o l y m e r s y s t e m s • T h e s e p r e v i o u s 
s t u d i e s o n t h e c o r e l e v e l s p e c t r a o f m o d e l c o m p o u n d s e s t a b l i s h e d f o r 
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H o m o p o I y m e r s i n v e s t i g a t e d a n d t h e p h y s i c a l f o r m s t u d i e d , w h e r e P ( p o w d e r ) , 
F ( c o m m e r c i a l f i l m ) , R ( r u b b e r ) , CF ( c a s t f i l m ) a n d N ( n e a t , l o w T q ) 

- C - C / 0 c o n t i n u e d 

P o l y e t t h y l e n e ( L . D . ) F P o l y e t h y l e n e t e r e p h t h a 1 a t e F 

P o l y e t h y l e n e ( H . D . ) F P p ) y a c e t y l - p - x y l y l e n e F 

P o l y p r o p y l e n e ( i s o t a c t i c ) F P o 1 y c a p r o 1 a c t o n e CF 

P o l y p r o p y l e n e ( B i a x o r i e n t e d ) F P o l y c a r b o n a t e ( a l i p h a t i c ) P 

P o l y p r o p y l e n e ( i s o t a c t i c ) F P o l y c a r b o n a t e ( a r o m a t i c ) CF 

P o l y b u t a d i e n e ( C I S ) R 

P o l y b u t a d i e n e ( R a n d o m C I S - T R A N S ) R C / C L 

P o l y i s o b u t y 1 e n e R 

P o l y - l - b u t e n e ( i s o t a c t i c ) CF P o l y e t h y l e n e , c h l o r i n a t e d ( 2 5 % ) P 

P o l y s t y r e n e ( 2 x 1 O ^ M W ) P P o l y e t h y l e n e , c h l o r i n a t e d ( 3 6 % ) P 

P o l y s t y r e n e ( 2 x l 0 6 M W ) CF P o l y e t h y l e n e , c h l o r i n a t e d ( ^ 2 % ) P 

P o l y s t y r e n e ( 2 x l 0 ? M W ) CF P o l y v i n y l b e n z y l c h 1 o r i d e ( 6 9 A 0 o / p ) P 

P o l y - 4 - m e t h y l S t y r e n e CF P o 1 y v i n y 1 c h 1 o r i d e P 

P o y v i n y l t o l u e n e CF P o 1 y p r o p y l e n e , c h l o r i n a t e d P 

P o y t e r t b u t y l S t y r e n e CF C h l o r i n a t e d r u b b e r R 

P o y a c e n a p h t h a 1 e n e P P o 1 y - ^ - c h 1 o r o s t y r e n e P 

P o y - l - v i n y l n a p h t h a l e n e P P o 1 y c h 1 o r o s t y r e n e ( m i x e d i s o m e r s ) P 

P o y - 2 - v i n y l n a p h t h a l e n e P P o 1 y c h 1 o r o - p - x y 1 y 1 e n e F 

P o y - p - x y 1 y 1 e n e F P o 1 y d i c h 1 o r o - p - x y 1 y 1 e n e F 

P o y m e t h y l - p - x y l y l e n e F 

P o y e t h y 1 - p - x y 1 y 1 e n e F C / N / 0 

P o y b e n z y l - p - x y l y l e n e F 

P o l y-k-isopropy1 S t y r e n e CF P o l y - 2 - v i n y l p y r i d i n e CF 

C / 0 P o 1 y - k - v i n y 1 p y r i d i n e 

P o l y - 4 - a m i n o s t y r e n e 

CF 

P 

P o y v i n y l a c e t a t e CF P o 1 y a c r y 1 o n i t r i 1 e P 

P o y v i n y l a l c o h o l CF P o 1 y m e t h a c r y 1 o n i t r i 1 e P 

P o y v i n y l m e t h y l e t h e r CF P o l y - N - v i n y l c a r b a z o l e P 

P o y a c r y 1 i c a c i d P P o 1 y a c r y 1 am i d e P 

P o y m e t h y l a c r y l a t e N P o l y m e t h a c r y 1 a m i d e P 

P o y - n - b u t y l a c r y l a t e CF P o l y v i n y l p y r r o l i d o n e P 

P o y - n - 1 a u r y 1 a e r y 1 a t e N P o l y c a p r o l a c t a m ( N y I o n 6 ) CF 

P o y o c t a d e c y 1 a e r y 1 a t e N P o l y h e x a m e t h y 1 e n e a d i p a m i d e ( N y 1 o n 6 / 6 ) C F 

P o y m e t h y l m e t h a c r y l a t e P P o 1 y h e x a m e t h y l e n e a z e l a m i d e ( N y l o n 6 / 9 ) C F 

P o y - n - b u t y l m e t h a c r y l a t e CF P o 1 y h e x a m e t h y 1 e n e s e b a c a m i d e ( N y 1 o n 6 / 1 0 ) C F 

P o y l a u r y l m e t h a c r y l a t e CF P o 1 y h e x a m e t h y 1 e n e d o d e c a n e d i am i d e ( N y 1 o n 6 / 1 1 ) C F 

P o y o c t a d e c y l m e t h a c r y l a t e N P o 1 y u n d e c a n o a m i d e ( N y 1 o n 1 1 ) CF 

P o y p h e n y l m e t h a c r y l a t e P P o 1 y 1 a u r y 1 1 a c t a m ( N y 1 o n 1 2 ) CF 

P o l y b e n z y l m e t h a c r y l a t e P 

P o l y i s o b o r n y l m e t h a c r y l a t e P C / F / 0 / S / S i / B r 

P o l y a c e t y 1 CF 

P o l y v i n y l c i n n a m a t e P P o l y d i m e t h y l s i l o x a n e N 

P o l y v i n y l b u t y r a l P P o l y d i p h e n y l s i l o x a n e P 

P o 1 y v i n y 1 - n e o - d e c o n o a t e N P o l y s u l f o n e r e s i n CF 

P o l y v i n y l s t e a r a t e N P o 1 y p h e n y 1 e n e s u l f i d e P 

P o 1 y h e x a m e t h y 1 e n e s e b a c a t e N P o 1 y - U - b r o m o s t y r e n e P 

P o 1 y - k - m e t h o x y s t y r e n e P P o 1 y b r o m o - p - x y 1 y 1 e n e F 

P o 1 y ( 1 , k - c y c 1 o h e x a n e d i m e t h y l ] P o 1 y v i n y 1 f 1 u o r i d e P 

t e r e p h t h a 1 a t e CF P o 1 y v i n y 1 i d e n e f l u o r i d e P 

P o 1 y ( 1 , k - c y c 1 o h e x a n e d i m e t h y l ) P o 1 y t r i f 1 u o r o e t h y l e n e CF 

s u c c i n a t e CF P o l y t e t r a f l u o r o e t h y 1 e n e F 

P o 1 y - m - p h e n o x y 1 e n e C F P o 1 y e a r b o n a t e ( f 1 u o r o ) P 

P o l y d i a l l y l - o - p h t h a l a t e P 

P o l y d i a l l y l - i s o - p h t h a l a t e P 

P o l y - 2 , 6 - d i m e t h y l - l , i * - p h e n y l e n e 

o x i d e P 

P o I y p h e n y 1 e n e o x i d e P 

T A B L E 3 - 1 
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t h e C . , 0 , F , C I , S i . , S 0 a n d B r t h e a b s o l u t e b i n d i n g e n e r q i e s 
I s I s I s 2 p 2 p 2 p 3 d a s 

f o r g e n e r a l s u b s t i t u e n t e f f e c t s , r e l a t i v e c r o s s s e c t i o n s f o r q u a n t i f y i n g 

t h e d a t a t o c o n f i r m s t o i c h i o m e t r y a n d p r o v i d e d a b a s i s ; f o r l i n e s h a p e 

a n a l y s i s f o r t h e d e c o n v o 1 u t i o n o f u n r e s o l v e d p e a k s . 

b ) S a m p l e P r e p a r a t i o n 

T h e p o l y m e r s w e r e s t u d i e d a s e i t h e r f i n e p o w d e r s ( F ) c o a t e d o n t o 

d o u b l e s i d e d ' S c o t c h ' t a p e d i r e c t l y a t t a c h e d t o t h e s p e c t r o m e t e r p r o b e ; 

a s c a s t f i l m s ( C F ) o n t o g o l d s u b s t r a t e s , t h e g o l d b e i n g a t t a c h e d t o t h e 

p r o b e b y d o u b l e s i d e d ' S c o t c h ' t a p e ; a s n e a t f i l m s ( N ) w h e r e a s m a l l 

s a m p l e ( n o r m a l l y o f l o w T g v a l u e ) w a s s p r e a d o n g o l d a n d t h e g o l d 

a t t a c h e d a s d e s c r i b e d a b o v e ; a s a f i l m ( F ) ( m e a n i n g c o m m e r c i a l l y 

p r o c e s s e d f i l m ) a t t a c h e d t o t h e p r o b e w i t h t a p e a s d e s c r i b e d a b o v e . 

D u e c a r e w a s t a k e n t o a v o i d c o n t a m i n a t i o n o f t h e p o l y m e r s d u r i n g 

p r e p a r a t i o n f o r t h e ESCA s t u d i e s , a l t h o u g h t h e p o l y m e r s w e r e u s e d a s 

r e c e i v e d w i t h n o f u r t h e r p u r i f i c a t i o n s . 

c ) I n s t r u m e n t a t i o n 

S p e c t r a w e r e r e c o r d e d w i t h a n A . E . I . E S 2 0 0 AA s p e c t r o m e t e r b y 

u s i n g M g . . e x c i t i n g r a d i a t i o n . T y p i c a l o p e r a t i n g c o n d i t i o n s w e r e : 

S,2 
- 8 

X - r a y g u n , 12 k v , 15 m A ; p r e s s u r e i n t h e s a m p l e c h a m b e r , c a . 10 t o r r . 

U n d e r t h e e x p e r i m e n t a l c o n d i t i o n s e m p l o y e d , t h e g o l d hf^^ l e v e l a t 

8 4 e V u s e d f o r c a l i b r a t i o n o f t h e e n e r g y s c a l e h a d a f u l l w i d t h a t h a l f 

m a x i m u m ( F W H M ) o f 1 . 2 e V . N o e v i d e n c e w a s o b t a i n e d f o r r a d i a t i o n d a m a g e 

t o t h e s a m p l e s d u r i n g t h e t y p i c a l t i m e s c a l e i n v o l v e d i n t h e s e m e a s u r e ­

m e n t s , a n d i n d e e d , l o n g t e r m i r r a d i a t i o n w i t h t h e r e l a t i v e l y l o w d o s e 

r a t e s f r o m t h e X - r a y s o u r c e r e v e a l e d n o e v i d e n c e f o r X - r a y d a m a g e . S p e c t r a 

w e r e r e c o r d e d i n t h e f i x e d r e t a r d a t i o n r a t i o m o d e . 

O v e r l a p p i n g p e a k s w e r e r e s o l v e d i n t o t h e i r i n d i v i d u a l c o m p o n e n t s 

b y u s e o f a D u P o n t 3 1 0 c u r v e r e s o l v e r ( a n a n a l o g u e c o m p u t e r ) . T h e d e ­

t a i l e d d e c o n v o 1 u t i o n s w e r e b a s e d o n a k n o w l e d g e o f l i n e w i d t h s d e t e r m i n e d 

f r o m t h e m o d e l c o m p o u n d s . P r e v i o u s s t u d i e s h a v e s h o w n t h a t u n d e r t h e 

i n s t r u m e n t a l c o n d i t i o n s e m p l o y e d i n t h i s w o r k , l i n e s h a p e s f o r i n d i v i d u a l 

c o m p o n e n t s o f t h e c o r e l e v e l s p e c t r a a r e w e l l d e s c r i b e d b y g a u s s i a n s . 

i i i ) T h e o r e t i c a 1 

T h e d a t a p e r t a i n i n g t o t h e m o d e l c o m p o u n d s f o r t h e m o n o m e r i c s y s ­

t e m s h a v e b e e n d e s c r i b e d e l s e w h e r e ' ^ . F o r t h e l a r g e r p o l y m e r m o d e l 

s y s t e m c a l c u l a t i o n s w e r e c a r r i e d o u t w i t h i n t h e a l l v a l e n c e e l e c t r o n 

C N D 0 / 2 S C F MO f o r m a l i s m e m p l o y i n g t h e c h a r g e p o t e n t i a l m o d e l . T h e s e 
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c o m p u t a t i o n s w e r e c a r r i e d o u t o n a n I B M 3 6 0 / 6 7 a n d f o r a t y p i c a l c o n -

v e r g e n c e l i m i t o f 10 ** a . u . i n t h e t o t a l e n e r g y c a l c u l a t i o n s , o n t h e 

l a r g e s t m o d e l s y s t e m s s t u d i e d ( 5 0 a t o m s , 1 2 0 b a s i s f u n c t i o n s ) , r e q u i r e d ' 

a b o u t 15 m i n u t e s o f c . p . u . t i m e a n d 12 i t e r a t i o n s , 

i v ) R e s u l t s a n d D i s c u s s i o n 

a ) I n t r o d u c t i o n 

G e n e r a l l y s p e a k i n g , t h e i n v e s t i g a t i o n o f a h o m o g e n e o u s 

m a t e r i a l b y ESCA i s p e r f o r m e d i n t h r e e s t a g e s : 

1 . A w i d e s c a n l o w r e s o l u t i o n s p e c t r u m i s t a k e n t o d e t e r m i n e a n 

o v e r a l l c r u d e e l e m e n t m a p o f t h e m a t e r i a l . 

2 . T h e a c c u r a t e m e a s u r e m e n t s o f a ) t h e b i n d i n g e n e r g i e s o f 

t h e i n d i v i d u a l c o r e l e v e l s a l l o w s a f i n e d e t a i l d e t e r m i n a ­

t i o n o f t h e e l e m e n t s p r e s e n t , b ) t h e m e a s u r e m e n t o f t h e 

r e l a t i v e i n t e n s i t i e s o f t h e s i g n a l s , a l l o w i n g f o r s e n s i t i ­

v i t y f a c t o r s o f t h e e l e m e n t s d e t e r m i n e d f r o m m o d e l c o m p o u n d s , 

e s t a b l i s h e s t h e e x p e r i m e n t a l l y r e l a t i v e a b u n d a n c e o f t h e 

e l e m e n t s ( e . g . s t o i c h i o m e t r y ) . 

3 - T h e d e t a i l e d h i g h r e s o l u t i o n s p e c t r a o f i n d i v i d u a l c o r e 

l e v e l s t o e s t a b l i s h a b s o l u t e b i n d i n g e n e r g i e s a n d r e l a t i v e 

i n t e n s i t i e s o f r e s o l v e d p e a k s w i t h i n a g i v e n c o r e l e v e l 

a l l o w s d e d u c t i o n s t o b e m a d e c o n c e r n i n g f i n e r d e t a i l s o f 

s t r u c t u r e a n d b o n d i n g . I n t h i s s e c t i o n w e d i s c u s s i n 

d e t a i l t h e s e h i e r a r c h y o f i n f o r m a t i o n l e v e l s f o r a l a r g e 

s e r i e s o f h o m o p o l y m e r s t o e s t a b l i s h a f i r m b a s i s f o r t h e 

d e t a i l e d a n a l y s i s o f m o r e s p e c i f i c p r o b l e m s i n t h e s t r u c ­

t u r e , b o n d i n g a n d m o r p h o l o g y i n p o l y m e r s y s t e m s . 

b ) M o d e l C o m p o u n d s 

i ) R e l a t i v e A r e a R a t i o s 

T h e f a c t o r s i n v o l v e d i n t h e s i g n a l i n t e n s i t i e s f o r t h e 

e l a s t i c p e a k s c o r r e s p o n d i n g t o d i r e c t p h o t o e m i s s i o n f r o m c o r e l e v e l s 

h a s b e e n d i s c u s s e d i n C h a p t e r 1 . 

A s n o t e d p r e v i o u s l y , s i n c e 0 i s f i x e d f o r m o s t c o m m e r c i a l 

i n s t r u m e n t s , a t f i x e d X - r a y f l u x ( F ) t h e s p e c t r o m e t e r c o n s t a n t k 

c a n b e d e t e r m i n e d f r o m m e a s u r e m e n t s o n m o d e l c o m p o u n d s f o r s p e c i f i c 

1 3 6 
c o r e l e v e l s , ( c f F i g . 3 - 0 - I n p r e v i o u s s t u d i e s o n o t h e r s y s t e m s ' 
I37 )Z+4 ] i | 7 

' ' t h e s e n s i t i v i t y f a c t o r , k , f o r o u r i n s t r u m e n t h a s b e e n 

e s t a b l i s h e d f o r t h e c o m b i n e d v a l u e o f 4> a n d k a t f i x e d f l u x ( F ) o n 

s e v e r a l c o r e l e v e l s , a n d t h e r e s u l t s a r e s h o w n i n T a b l e 3 - 2 . 

( I t i s i m p o r t a n t t o e m p h a s i z e t h a t t h e s e s e n s i t i v i t y f a c t o r s 



a re i n s t r u m e n t d e p e n d e n t . ) These r a t i o s were used i n t h i s s t u d y t o con 

f i r m the s t o i c h i o m e t r y o r the r e p e a t u n i t i n the p o l y m e r s e x a m i n e d . 

slits 

zi n z 
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FIGURE 3- ) 

Sample p o s i t i o n r e l a t i v e t o t he p h o t o n s o u r c e and a n a l y z e r 

i n an AEI ES 200AA and ES200B 

i i ) A b s o l u t e and R e l a t i v e B i n d i n g E n e r g i e s 

One o f t he p r i m a r y s o u r c e s o f ESCA d a t a w h i c h has been e x t e n ­

s i v e l y u t i l i z e d i s t he a b s o l u t e and r e l a t i v e b i n d i n g e n e r g y o f g i v e n 

c o r e l e v e l s . I t has been shown t h a t w i t h a c a r e f u l c a l i b r a t i o n , w i t h 

r e s p e c t t o s i m p l e model s y s t e m s , i t i s p o s s i b l e t o q u a n t i t a t i v e l y d e s ­

c r i b e b o t h a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s f o r p o l y m e r s y s -

t e m s ' ; 1 The a n a l y s i s has been based on t he c h a r g e p o t e n t i a l 

m o d e l w h i c h may f o r m a l l y be d e r i v e d f r o m Koopmans 1 Theorem in 
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I n s t r u m e n t a l s e n s i t i v i t y r a t i o s a t f i x e d f l u x (12 k v , 15 ma t o anode) 

f o r t he 4> and k p a r a m e t e r s s t u d i e d in the f i x e d r e t a r d a t i o n r a t i o mode 

on an AEI ES 200AA and 200B f o r a s e r i e s o f e l e v e n - c o r e l e v e l s 

Core Level Ratio Inter.sitv Ratio 
C, 10. Is Is .6 - .03 
C. /N 
13 Is 

.841 - 0 5 

C. /F Is 13 .52 - .009 

C. /F. Is 2s 3.82 - ,0J? 

C l s / S 2 P 
.531 -05 

C l s / S 2 s .36 - .05 

C l s / S i 2 p .33 - .03 

F l s / F 2 s 7.4 - .09 

Is 2s 11 *- 1 

C l s / C 1 2 p .41 - .05 
C l s / B r 3 d .23 - .05 

T a b l e 3 - 2 

t h e z e r o d i f f e r e n t i a l a p p r o x i m a t i o n ' , and has been d i s c u s s e d i n C h a p t e r 1 . 

The m o d e l , r e l a t i n g as i t does c h a r g e d i s t r i b u t i o n s t o m o l e c u l a r c o r e -

b i n d i n g e n e r g i e s , i s i n t u i t i v e l y a p p e a l i n g t o c h e m i s t s and has the d i s t i n c t 

a d v a n t a g e t h a t in a p p r o p r i a t e cases the model may be i n v e r t e d e n a b l i n g 

c h a r g e d i s t r i b u t i o n s t o be o b t a i n e d f r o m e x p e r i m e n t a l l y d e t e r m i n e d b i n d -
. 70 

ing e n e r g ies 

T h i s m o d e l , w h i c h i s r e f e r r e d t o as the g r o u n d s t a t e p o t e n t i a l 

model (GPM), i s r e l a t e d t o the cha rge d i s t r i b u t i o n in t he m o l e c u l e as 

E = E° + kq + £ ( q . / r ) ( 3 - D 
j = l J , J 

where E. is the e x p e r i m e n t a l l y d e t e r m i n e d b i n d i n g e n e r g y f o r a g i v e n 

c o r e l e v e l , E? i s a r e f e r e n c e b i n d i n g e n e r g y l e v e l , q . i s t he cha rge 

on a tom i on w h i c h t he c o r e h o l e i s l o c a t e d , and k i s a c o n s t a n t 

( a p p r o x i m a t e l y equa l t o the o n e - c e n t e r r e p u l s i o n i n t e g r a l be tween a 

c o r e and v a l e n c e e l e c t r o n on atom i ) . 

As a p r e - r e q u i s i t e in t he a p p l i c a t i o n o f t h i s model t o t h e 

d i s c u s s i o n o f the d a t a p e r t a i n i n g t o t he homopo1ymers, s i m p l e model 

compounds were s t u d i e d t o c o n f i r m the a s s i g n m e n t o f the c o r e l e v e l s and 

o b t a i n v a l u e s f o r the c h a r g e p o t e n t i a l p a r a m e t e r s E° and k. The i n v e s ­

t i g a t i o n has been l i m i t e d t o t h e s t u d y i n p a r t i c u l a r o f the C. and 
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0^ c o r e l e v e l s s i n c e the d e t e r m i n a t i o n o f the c h a r g e p o t e n t i a l c o r r e ­

l a t i o n r e q u i r e s a number o f compounds where the range in b i n d i n g e n e r ­

g i e s a re l a r g e enough to o b t a i n r e a s o n a b l e l e a s t - s q u a r e s a n a l y s i s o f 

the d a t a . As w i l l be seen in the t a b u l a t i o n o f d a t a in l a t e r s e c t i o n s , 

the range i n b i n d i n g e n e r g i e s f o r the C I . . S i „ , F, and B r . , , l e v e l s 
3 2p' 2p' Is 3d 

i n p o l y m e r s i s q u i t e s m a l l and a l t h o u g h one can f i n d r a t h e r l a r g e 

spans i n b i n d i n g e n e r g i e s f o r t h e s e l e v e l s i n o t h e r o r g a n i c and i n o r ­

g a n i c sys tems ( i n w h i c h the f u n c t i o n a l i t y d i f f e r s ) in t he p o l y m e r s 

s t u d i e d in t h i s w o r k , w h i c h e s s e n t i a l l y i n v o l v e c o v a l e n t l y s i n g l e 

bonded c a r b o n - X b o n d s , (X = C I , B r , F, S, S i ) t he s h i f t s a r e s m a l l 

and the c h e m i c a l s h i f t s may, t h e r e f o r e , o n l y be used t o c o n f i r m o v e r ­

a l l the g e n e r a l f e a t u r e s o f s t r u c t u r e and b o n d i n g i n v o l v i n g t h e s e 

a t o m s . ( I t s h o u l d be n o t e d t h a t i n t h i s sense s u l p h u r f a l l s i n t o a 

s i m i l a r c a t e g o r y t o o x y g e n , and t he s h i f t range can be q u i t e l a r g e 

even in a s i m p l e p o l y m e r s y s t e m . ) 

C a l c u l a t i o n s o f the r e q u i s i t e c h a r g e d i s t r i b u t i o n s were accom­

p l i s h e d w i t h i n the a l l - v a l e n c e e l e c t r o n CNDO/2 SCF MO f r o m a l i s m as 

d i s c u s s e d e l s e w h e r e ' . By p l o t t i n g E. ( q j r . . ) - v e r s u s - q . , E° 

and k f o r each c o r e l e v e l may be d e t e r m i n e d as an i n t e r c e p t and s l o p e , 

r e s p e c t i v e l y . The r e s u l t s o f t h e s e c o r r e l a t i o n s a re d i s c u s s e d in d e ­

t a i l e l s e w h e r e f o r a v a r i e t y o f sys tems and the k v a l u e s a p p r o p r i a t e 

t o t hese s e r i e s o f o r g a n i c mode ls a re g i v e n in r e f e r e n c e s 137 and 1^7-

The k v a l u e s f o r l e v e l s a re a l l c e n t e r e d abou t 25 e V / u n i t c h a r g e , 

w i t h v a r i a t i o n s w i t h b o t h the d i f f e r e n t s e r i e s o f m o l e c u l e s and a l s o 

the s u b s t i t u e n t on c a r b o n . An i n t e r e s t i n g f e a t u r e in t h e c o m p i l a t i o n 

o f the k v a l u e s i s f o u n d f o r c h l o r i n e c o n t a i n i n g compounds. Where d 

o r b i t a l s a r e i n c l u d e d on c h l o r i n e i n the CNDO b a s i s s e t , t he k v a l u e 

i s q u i t e h i g h ( ~ 3 0 . 0 ) whereas i f t h e y a re i g n o r e d the k v a l u e 

app roaches t he t h e o r e t i c a l l y c a l c u l a t e d v a l u e , and f o r t h e h a l o -

benzenes t he v a l u e f o r the f l u o r o and c h l o r o benzenes a r e i d e n t i c a l 

w i t h i n the e r r o r l i m i t s . 

W i t h the u s u a l p a r a m e t r i z a t i o n o f CNDO/2, t he c o n t r i b u t i o n o f 

3d o r b i t a l s on second row e l e m e n t s i s g r o s s l y o v e r - e s t i m a t e d and t he 

k v a l u e i n d i c a t e s t h a t more r e a l i s t i c e s t i m a t e s o f cha rge d i s t r i b u t i o n s 

a r e o b t a i n e d i f 3d o r b i t a l s a re n e g l e c t e d . The r e s u l t s f o r the E° 

and k v a l u e s used i n t h i s s t u d y a re 
C, l e v e l s E° = 2 8 4 . 6 eV 

1 s 
k = 2 5 - 2 
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0 l e v e l s E ° = 5 3 ^ - 6 

k = 1 6 . 7 

In the c h a r g e p o t e n t i a l model d e s c r i b e d above a f u n d a m e n t a l a s s u m p t i o n 

i s made in t h a t t h e c o r e l e v e l b i n d i n g e n e r g y i s a f u n c t i o n o n l y o f the 

i n i t i a l ( g r o u n d ) s t a t e o f the m o l e c u l e and in t h i s r e s p e c t n e g l e c t s the 

' r e l a x a t i o n ' e f f e c t s due t o t he e j e c t i o n o f a c o r e e l e c t r o n f r o m an 

a tom. I t has become c l e a r , however , f r o m d e t a i l e d n o n - e m p i r i c a l i n v e s ­

t i g a t i o n s o f r e l a x a t i o n phenomena, t h a t in the p a r t i c u l a r case o f 

l e v e l s , t h e r e is a s t r o n g r e l a t i o n s h i p be tween r e l a x a t i o n e n e r g y and 

b i n d i n g e n e r g y such t h a t the g r o u n d s t a t e c h a r g e p o t e n t i a l model does 

p a r t l y compensate f o r r e l a x a t i o n phenomena i f k and E ° v a l u e s a re d e -
1 28 

t e r m i n e d e x p e r i m e n t a l l y by r e f e r e n c e t o model sys tems . The s i t u a ­

t i o n w i t h r e g a r d t o 0 ^ l e v e l s , however , i s by no means so s t r a i g h t ­

f o r w a r d . 
1 z+5 

J o l l y and c o - w o r k e r s have r e c e n t l y p r o p o s e d a v a r i a n t o f the 

s i m p l e c h a r g e p o t e n t i a l model i n w h i c h r e l a x a t i o n e f f e c t s a re e x p l i c i t ­

l y c o n s i d e r e d by r e f e r e n c e t o the cha rge d i s t r i b u t i o n s and p o t e n t i a l s 

f o r t he ' ha I f - i o n i z e d ' s y s t e m . T h i s i s r e l a t e d t h e o r e t i c a l l y t o t he 
I/48 1^+9 

t r a n s i t i o n f o r m a l i s m ' i n wh i ch a f u n c t i o n a l , c o r r e s p o n d i n g t o 

the d i f f e r e n c e in e n e r g y be tween g round s t a t e and i o n i z e d s t a t e is 

i n v o l v e d r a t h e r t han t he c o m p u t a t i o n o f b i n d i n g e n e r g i e s as e n e r g y d i f ­

f e r e n c e s i n v o l v i n g two l a r g e q u a n t i t i e s . I t i s a s t r a i g h t f o r w a r d m a t t e r 

t o e l a b o r a t e t he r e l a x a t i o n p o t e n t i a l model (RPM) w i t h i n the C N D 0 / 2 

f o r m a l i s m s i n c e c h a r g e d i s t r i b u t i o n s i n the e f f e c t i v e h a l f i o n i z e d 

s p e c i e s a re m e r e l y o b t a i n e d as a v e r a g e s f o r the g r o u n d s t a t e and f o r 

the e q u i v a l e n t c o r e s spec i e s ^ ' ' ^ as a model f o r t h e c o r e i o n i z e d 

s t a t e . T h e r e f o r e , a c o m p a r i s o n between the one c e n t e r c h a r g e p o t e n t i a l 

p a r a m e t e r k f o r t h e and 0 | l e v e l s o f a s e r i e s o f model compounds 

f o r t he GPM and RPM f o r m a l i s m is g i v e n . For the s e r i e s o f m o l e c u l e s 

shown i n F i g . 3 - 2 a l e a s t squa res a n a l y s i s p r o v i d e s v a l u e s f o r k and E Q 

f o r t he C, and 0 . l e v e l s , r e s p e c t i v e l y o f 2*4 .8 , 2 8 1 . 2 , 1 7 - 7 , and 5 3 1 - 1 
Is Is 

Whereas , the k v a l u e s a r e s l i g h t l y d i f f e r e n t f r o m t h o s e a p p r o p r i a t e t o 

the GPM, the main e f f e c t o f i n c l u d i n g r e l a x a t i o n e f f e c t s i s t o s h i f t 

t he e n e r g y s c a l e s ( E ° ' s ) t o l ower v a l u e s as m i g h t have been a n t i c i p a t e d . S i n c e , howeve r , k and E have been d e t e r m i n e d in each case by l e a s t 
o 

squa res a n a l y s i s o f e x p e r i m e n t a l d a t a i f t h e d e r i v e d v a l u e s a r e employe i 

as i n p u t t o compute a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s f o r the c o r e 
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H\T H v H »19 V H F v F ^ H 

Fluorinated F F F " F 1 7 20 f V F V Polycarbonate 

W H H H\/H ? H 

Polymethyl acrylate * ^ W " - Cw*23 26 r 0 

2-C> H \ 2 9 V 0 i - H 

p 7 'o 6 "'7 IT
 l 9r . 

H 

c) H H 0„ H , H 
Diphenyl carbonate A 2( 11 NJZ 'JB 

'6 " 15 r f *H " 2'' 2 0 

d) 
Diethyl ether H H 

H H H H H 

d 0 I 0 Acetone H " H 
H ^ c r c ^ c V H 

H 4 H 

f) 
Methanol C-O-H 

H 3 

FIGURE 3-2 

S e r i e s o f m o l e c u l e s i n v e s t i g a t e d i n c o m p a r i s o n o f GPM and RPM 

l e v e l s , the d i f f e r e n c e s be tween t he two models becomes q u i t e s m a l l ( i . e . 

s i n c e we have two p a r a m e t e r s i n each case d e t e r m i n e d by a l e a s t squa res 

a n a l y s i s o f e x p e r i m e n t a l d a t a t h i s p r o v i d e s s u f f i c i e n t l a t i t u d e t o com­

p e n s a t e f o r d e f i c i e n c i e s i n h e r e n t i n the m o d e l ) . T h i s becomes c l e a r 

f r o m a c o m p a r i s o n o f t h e d a t a in T a b l e 3-3 where b o t h t he GPM and RPM 

models show e x c e l l e n t o v e r a l l ag reement b o t h w i t h one a n o t h e r and w i t h 

the e x p e r i m e n t a l d a t a . S i n c e t he c o m p u t a t i o n a l expense i n e m p l o y i n g 

t he RPM i s s u b s t a n t i a l l y h i g h e r t h a n f o r t he GPM, the c a l c u l a t i o n s on 

model sys tems o f t he p o l y m e r sys tems d e s c r i b e d b e l o w have been w i t h i n 

t he GPM f o r m a l i s m . T h i s o v e r a l l c o n c l u s i o n i s n o t e n t i r e l y u n e x p e c t e d 
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The e x p e r i m e n t a l l y d e t e r m i n e d C, and 0 , a b s o l u t e c o r e l e v e l b i n d i n q c 1 ) s ] s — . a. 

e n e r g i e s on a s e r i e s o f model compounds compared w i t h t h e t h e o r e t i c a l l y 

d e t e r m i n e d v a l u e s i n t he GPM and RPM models 

Atom Number B-E-GPM B,E-RPM B'E,EXP (from Figure 2) 

FLUORINATED POLYCARBONATE 
C3 291.4 291.5 291.6 
C, 291.5 291.2 291.8 4 
C 291.5 291.2 291.8 
C 238.0 283.6 288.4 14 
C 290.7 291.5 291.2 
0 535.2 535.7 535.9 
0,. 533. 3 534 .5 534.1 lo 

P0LYMETHYL ACiWLATE 
C , 285.5 285.9 235.0 14 
C,, 288.9 289.7 283.3 16 
C 286.6 287.3 286.6 
0 ? 533.2 533.8 532.8 
0 „ 534.6 535.0 534.3 18 

DIPHENYL CARBONATE 
C5 287.2 235.6 286.6 
C 290.7 290.6 290.9 
0 2 534.8 534.8 535.3 
0 , 533.1 533.7 533.9 14 

DIETHYL ETHER 
C2 285.0 286.4 285.0 
C3 286.6 287.1 266.6 
0, 533.2 534.1 533.6 4 

ACETONE 
C2 285.0 285.7 285.0 
C1 287.3 280.8 287.9 
0 533.2 534.3 533.6 

METHANOL 
C 
0, 5 3 3 . 7 5 3 4 . 2 533.6 
C2 286.5 288.1 236.6 

T a b l e 3 -3 

on t he b a s i s o f o u r c o n s i d e r a b l e p r e v i o u s success i n a p p l y i n g GPM t o the 

q u a n t i f i c a t i o n o f e x p e r i m e n t a l d a t a p e r t a i n i n g t o a w ide v a r i e t y o f p o l y -
1 , 1 2 7 , 1 2 8 

m e r i c sys tems 

c ) Energy R e f e r e n c i n g 

An i m p o r t a n t c o n s i d e r a t i o n in t he d e t e r m i n a t i o n o f b o t h the 

a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s f r o m e x p e r i m e n t a l d a t a i s t h e 
I 127 128 

e s t a b l i s h m e n t o f a r e f e r e n c e l e v e l t o c a l i b r a t e t h e e n e r g y s c a l e ' ' 

In s o l i d s , t h r e e s i t u a t i o n s may c l e a r l y be d i s t i n g u i s h e d : 
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1) The sample i s s u f f i c i e n t l y t h i n such as t o be i n e l e c t r i c a l 

c o n t a c t w i t h the s p e c t r o m e t e r 

2) The sample is s u f f i c i e n t l y t h i c k such as t o ; be e f f e c t i v e l y 

i n s u l a t e d and n o t in e l e c t r i c a l c o n t a c t w i t h the s p e c t r o m e t e r 

3) and f i l m s o f i n t e r m e d i a t e t h i c k n e s s w h i c h behave as somewhat 
1 1 e a k y 1 capac i t o r s . 

These t h r e e s i t u a t i o n s have been d i s c u s s e d i n d e t a l in C h a p t e r 1 , and f o r 

t h e case o f most p o l y m e r f i l m s s t u d i e d by ESCA the most common s i t u a t i o n 

i s t h a t s e t o u t i n ( 2 ) . 

In t h i s s i t u a t i o n t h e r e i s o n l y a remote p o s s i b i l i t y t h a t t he 

sample w i l l be i n e l e c t r i c a l c o n t a c t w i t h t he s p e c t r o m e t e r and i n g e n ­

e r a l , i t w i l l be f l o a t i n g a t some p o t e n t i a l due t o s u r f a c e c h a r g i n g 

f r o m the n e t l o s s o f p h o t o e m i t t e d e l e c t r o n s , where the o v e r a l l p o s i t i v e 

c h a r g e c a n n o t be n e u t r a l i z e d by t he f l o w o f e l e c t r o n s f r o m t h e s u r r o u n d ­

i n g s . The most r e l i a b l e method o f e n e r g y r e f e r e n c i n g i s t o f o l l o w t h e 
1 27 

s l o w b u i l d - u p o f h y d r o c a r b o n c o n t a m i n a t i o n a t t he s u r f a c e s . W i t h a 
- 8 

base p r e s s u r e o f ~ 1 0 t o r r t he p a r t i a l p r e s s u r e o f e x t r a n e o u s h y d r o ­

c a r b o n m a t e r i a l i s such t h a t t a k e n i n c o n j u n c t i o n w i t h t he low s t i c k i n g 

c o e f f i c i e n t f o r most o r g a n i c and p o l y m e r i c sys tems i t n o r m a l l y t a k e s 

many h o u r s b e f o r e any s i g n a l a r i s i n g f r o m h y d r o c a r b o n i s p r e s e n t . 

( T h i s i s a p p r o x i m a t e l y an o r d e r o f m a g n i t u d e l o n g e r t h a n the t y p i c a l 

t i m e t a k e n t o measure t he c o r e l e v e l s p e c t r a . Such c o n t a m i n a t i o n has 

a h i g h l y r e p r o d u c i b l e b i n d i n g e n e r g y o f 285 eV f o r the l e v e l . A l ­

though i t i s g e n e r a l l y ag reed on the b a s i s o f a v a i l a b l e e x p e r i m e n t a l 

d a t a t h a t such h y d r o c a r b o n c o n t a m i n a t i o n d e p o s i t s on the s u r f a c e s o f 

p o l y m e r s as u n i f o r m f i l m s i n e l e c t r i c a l c o n t a c t w i t h the s u r f a c e t h i s 

i s no t n e c e s s a r i l y t he s i t u a t i o n w i t h r e g a r d t o m e t a l s , such as g o l d , 

w h i c h have a l s o been p r o p o s e d f o r e n e r g y r e f e r e n c i n g p u r p o s e s a n d , 

i n d e e d , a v a i l a b l e d a t a s u g g e s t s a marked t e n d e n c y t o ' i s l a n d ' and as 

such d i f f e r e n t i a l s u r f a c e c h a r g i n g may o c c u r ' ^ ' . T h i s s i t u a t i o n has 
I 27 

been d i s c u s s e d e l s e w h e r e and s u f f i c e i t t o say the use o f the s o -

c a l l e d ' g o l d d e c o r a t i o n ' t e c h n i q u e is n o t recommended f o r o r g a n i c 

and p o l y m e r i c m a t e r i a l s . In t h i s s t u d y the l e v e l a t 285 eV, 

a r i s i n g f r o m c a r e f u l l y c o n t r o l l e d b u i l d - u p o f h y d r o c a r b o n m a t e r i a l 

on the p o l y m e r s u r f a c e has been used t h r o u g h o u t as an e n e r g y r e f e r ­

ence . 

E x p e r i m e n t s have r e c e n t l y been p e r f o r m e d t o s t u d y p o l y m e r i c 

s a m p l e s , as w e l l as some i n o r g a n i c s a m p l e s , w i t h the s t a n d a r d MgK a 

X - r a y s o u r c e and the m o n o c h r o m a t i z e d A IK a X - r a y s o u r c e . I t was o b ­

s e r v e d t h a t f o r samples s t u d i e d w i t h the A l K a r a d i a t i o n , where the 
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sample was l o c a t e d i n a remote p o s i t i o n w i t h r e s p e c t t o the r a d i a t i o n 

s o u r c e ( c f F i g . 1 . 3 1 ) ; v e r y l i t t l e , i f a n y , h y d r o c a r b o n c o n t a m i n a t i o n 

was a p p a r e n t even a f t e r a p e r i o d o f many h o u r s . For the same samples 

s t u d i e d w i t h the M g K a X - r a y g u n , s i g n i f i c a n t c o n t a m i n a t i o n was o b s e r v e d 

w i t h i n a r e l a t i v e l y s h o r t e r p e r i o d o f t i m e ( e . g . 1 h o u r ) . T h i s p r e ­

l i m i n a r y r e s u l t was c o n t r a r y t o t he p o p u l a r b e l i e f t h a t h y d r o c a r b o n c o n ­

t a m i n a t i o n i s c h i e f l y a r e s u l t o f r e s i d u a l gases f r o m the d i f f u s i o n 

pump o i l . I t was a l s o o b s e r v e d t h a t when a sample was l e f t i n t he 

s p e c t r o m e t e r s o u r c e f o r a r e l a t i v e l y l o n g p e r i o d o f t ime ( e . g . o v e r ­

n i g h t ) w i t h the X - r a y s o f f , subsequen t a n a l y s i s o f t he Cj l e v e l s , 

r e v e a l e d v e r y l i t t l e , o r no h y d r o c a r b o n c o n t a m i n a t i o n . 

I t was f e l t t h a t the p r o x i m i t y o f the sample t o t he X - r a y s o u r c e 

was p o s s i b l y a f a c t o r s i n c e the cap c o v e r i n g t h e M g K a X - r a y gun b e ­

came q u i t e h o t when the X - r a y s were b e i n g g e n e r a t e d . " In an a t t e m p t 

t o d e m o n s t r a t e t h i s an e x p e r i m e n t was u n d e r t a k e n i n w h i c h two p o l y -

t e t r a f 1 u o r o e t h y 1ene (PTFE) samples were mounted on o p p o s i t e f a c e s o f 

a d o u b l e s i d e d p robe t i p . The p robe was o r i e n t e d so t h a t one sample 

was f a c i n g t h e X - r a y g u n , and c o u l d be a n a l y z e d , w h i l s t t h e o t h e r 

sample was o u t o f l i n e o f s i g h t o f t he cap c o v e r i n g the X - r a y g u n . 

The s p e c t r u m o f u n c o n t a m i n a t e d PTFE is w e l l known and shows a s i n g l e 

peak i n t he r e g i o n due t o CF^ t y p e e n v i r o n m e n t s . The h y d r o c a r b o n 

c o n t a m i n a t i o n on the f i r s t sample was c o n t i n u a l l y m o n i t o r e d f o r 170 

m i n s . by t h e i n c r e a s e in t h e s i g n a l due t o CH^ t ype t ype e n v i r o n m e n t s 

and d e c r e a s e in t h e Cf^ s i g n a l . The p robe t i p was t hen r o t a t e d 

t h r o u g h 180° t o expose t he second PTFE sample f o r 110 m i n s . The r e ­

s u l t s a re shown i n F i g . 3 - 3 - I t can c l e a r l y be seen t h a t f o r t he 

f i r s t 170 m i n s . h y d r o c a r b o n b u i l t - u p a t a s t e a d y r a t e on t he f i r s t 

s a m p l e . However , on a n a l y s i s o f the second s a m p l e , w h i c h had been 

o u t o f l i n e o f s i g h t o f the X - r a y cap f o r t h i s p e r i o d , no h y d r o c a r ­

bon was o b s e r v e d . For the f o l l o w i n g 110 m i n s . the h y d r o c a r b o n b u i l t -

up on t he second sample a t e s s e n t i a l l y t he same r a t e as i t had done 

on the f i r s t . T h i s i s s t r o n g e v i d e n c e t o d e m o n s t r a t e t h a t the m a j o r 

•'"This p o s s i b i l i t y r e c e i v e s a d d i t i o n a l s u p p o r t f r o m p r e v i o u s o b s e r v a ­
t i o n s u s i n g the AEI ES100 s p e c t r o m e t e r ( t h e f o r e r u n n e r o f the p r e s e n t 
i n s t r u m e n t ) w h i c h employed a c o n v e n t i o n a l X - r a y gun w i t h l i n e o f s i g h t 
be tween f i l a m e n t and anode , the f i l a m e n t , h o w e v e r , b e i n g remote f r o m 
the X - r a y w indow. In t h i s d e s i g n , sample c o n t a m i n a t i o n under some­
what p o o r e r vacuum c o n d i t i o n s o c c u r r e d on a t ime s c a l e an o r d e r o f 
m a g n i t u d e o r so s1 ower t h a n w i t h t he p r e s e n t i n s t r u m e n t a t i o n . 
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c o n t r i b u t i o n t o the h y d r o c a r b o n c o n t a m i n a t i o n i n an AEI ES200B s p e c t r o m 

e t e r , and indeed any s p e c t r o m e t e r o f s i m i l a r g e o m e t r y , i s no t the r e s i d 

ua1 gases i n the sample r e g i o n r e s u l t i n g f rom d i f f u s i o n pump o i l , b u t i 

a d i r e c t r e s u l t o f t he h y d r o c a r b o n ' b o i l i n g o f f ' t he X - r a y cap as a re­

s u l t o f h e a t i n g . 

T h e r e f o r e , a c o o l i n g j a c k e t was d e s i g n e d f o r the X - r a y c a p , and 

the d e s i g n is shown s c h e m a t i c a l l y in F i g . 

COOLING COLLAR 

X-RAY WINDOW ( A L l 
5cm 

RETAINING RING 

ANODE 

SHIELD 
FILAMENT 

SIDE V E W 
FRONT VIEW 

TO F L E X B L E TUBING 

UFT-OUT SLOTTEO PLATE COOLANT PIPES 

FIGURE j.k 

Diagram o f c o o l i n g - c a p 

Th ree samples were i n v e s t i g a t e d : g o l d as an example o f a r e f e r ­

ence m a t e r i a l , p o l y e t h y l e n e o x i d e powder as an example o f a p o l y m e r i c 

m a t e r i a l and a luminum f o i l as an example o f a more a c t i v e i n o r g a n i c 
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s u r f a c e . Core l e v e l s o f t he s u b s t r a t e and h y d r o c a r b o n c o n t a m i n a t i o n were 

m o n i t o r e d f o r the t h r e e samples o v e r a t h r e e hour p e r i o d under c o n d i t i o n s 

o f an u n c o o l e d c a p , w a t e r c o o l e d cap and l i q u i d n i t r o g e n c o o l e d c a p . The 

r e l e v a n t d a t a is shown g r a p h i c a l l y in F i g u r e s 3 - 5 , 3 . 6 and 3 - 7 -

G O L D F O I L 
100 

92 

Au 84 4F 
INTENSITY 

IV , 
76 

Liquid No cooled Cop 200 

Water cooled Cop 

Uncooled Cap 1S0 

160 
I N T E N S I T Y 

I Vol 

U0 

120 

100 

1 2 3 

time I hours) 

FIGURE 3 - 5 

H y d r o c a r b o n b u i l d - u p on g o l d f o i l 
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200 
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180 Cis Uncooled Cop (C-Hl 
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120 

100 
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FIGURE 3 - 6 

H y d r o c a r b o n b u i l d - u p on p o l y e t h y l e n e o x i d e powder 
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FIGURE 3 - 7 

H y d r o c a r b o n b u i l d - u p on a lum inum f o i l 
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The r e s u l t s c l e a r l y d e m o n s t r a t e t h a t w a t e r c o o l i n g o f the X - r a y 

cap g r e a t l y reduces the a c c u m u l a t i o n o f h y d r o c a r b o n c o n t a m i n a t i o n on 

a l l o f the s a m p l e s , and indeed i s c o m p l e t e l y e l i m i n a t e d ( o v e r t he t h r e e ' 

hou r t i m e p e r i o d ) f o r g o l d and p o l y e t h y l e n e o x i d e samples u s i n g l i q u i d 

n i t r o g e n c o o l a n t w i t h i n t he a c c u r a c y o f the measurements w h i c h i s e s t i ­

mated t o be be tween 1 and 2%. However , t h e a luminum f o i l sample s t i l l 

showed some b u i l d - u p o f h y d r o c a r b o n even w i t h t h e X - r a y cap c o o l e d by 

l i q u i d n i t r o g e n , a l t h o u g h the amount i s ' s t i l l v e r y s i g n i f i c a n t l y r e ­

d u c e d . I t i s a p p a r e n t f r o m the a luminum f o i l d a t a t h a t c o o l i n g t h e X-

ray c a p , i n t he manner d e s c r i b e d , does n o t e l i m i n a t e a l l o f t h e h y d r o ­

c a r b o n i n t he sample r e g i o n o f t he s p e c t r o m e t e r . One can e n v i s a g e 

s e v e r a l o t h e r s o u r c e s o f r e s i d u a l h y d r o c a r b o n , b u t the d a t a i n d i c a t e s 

t h a t t he d e s i g n has e l i m i n a t e d t he m a j o r s o u r c e . 

I t i s c l e a r t h a t the use o f t h i s s i m p l e c o n c e p t can s i g n i f i c a n t l y 

improve s u r f a c e a n a l y s i s by ESCA where h y d r o c a r b o n c o n t a m i n a t i o n has 

p r o v e n a p r o b l e m i n the p a s t . F u r t h e r m o r e , i t i s d e m o n s t r a t e d t h a t i t 

i s now p o s s i b l e t o p e r f o r m long t e r m ( > 3 h o u r s ) s t u d i e s , under c o n ­

t i n u o u s X - r a y i r r a d i a t i o n w i t h the use o f i n s e r t i o n l o c k sys tems a t 
- 8 

p r e s s u r e s in the r e g i o n o f 10 t o r r , w i t h o u t t he need f o r u l t r a h i g h 

vacuum, 10 t o r r , u n a c h i e v a b l e w i t h i n s e r t i o n l o c k s . T h i s is p a r t i c u ­

l a r l y u s e f u l f o r dynamic s t u d i e s such as o x i d a t i o n and r e d u c t i o n o f 

k i n e t i c s t u d i e s , s u r f a c e c h a r g i n g and p o l y m e r c r o s s l i n k i n g where a 

r e a c t i o n chamber c o n n e c t e d d i r e c t l y v i a i n s e r t i o n l o c k s t o the s p e c ­

t r o m e t e r s o u r c e a l l o w s f o r r e p e a t e d t r e a t m e n t and ESCA a n a l y s i s . T h i s 

a p p l i c a t i o n o f t he c o o l i n g cap w i l l be d i s c u s s e d in c h a p t e r 6 and 8 i n 

pa r t i cu1 a r . 

d) R e s u l t s and D i s c u s s i o n 

In C h a p t e r 2 a d e t a i l e d d i s c u s s i o n on r e s u l t s p e r t a i n i n g t o 

f 1 u o r o p o 1 y m e r sys tems was g i v e n , and a c o n s i d e r a b l e u n d e r s t a n d i n g has 

t h e r e b y ensued o f t he f a c t o r s w h i c h d e t e r m i n e b o t h a b s o l u t e and r e l a t i v e 

b i n d i n g e n e r g i e s o f s t r u c t u r a l f e a t u r e s i n p o l y m e r s . More r e c e n t l y , 

d e t a i l e d s t u d i e s have been made o f p o 1 y a 1 k y 1 a c r y 1 a t e and m e t h a c r y l a t e 

s y s t e m s ^ ^ . C o n s i d e r a b l e d a t a on s u b s t i t u e n t e f f e c t s on c o r e l e v e l s 

has t h u s f a r been a c c u m u l a t e d on F. , 0 . , and C, l e v e l s and i n t he 
Is Is Is 

s u c c e e d i n g s e c t i o n an e x t e n s i v e t a b u l a t i o n o f d a t a p e r t a i n i n g t o a 

w ide v a r i e t y o f c o m m e r c i a l l y a v a i l a b l e p o l y m e r sys tems i s p r e s e n t e d . 

The a im has been t o p roduce c o m p r e h e n s i v e t a b u l a t i o n s w h i c h may be o f 

use i n ESCA a p p l i e d as a ' f i n g e r p r i n t ' s p e c t r o s c o p i c t o o l t o the 
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e l a b o r a t i o n o f f e a t u r e s o f s t r u c t u r e and b o n d i n g in p o l y m e r s . The t a b u ­

l a t i o n o f a p p a r e n t r e l a t i v e c r o s s - s e c t i o n ( c f . T a b l e . 3 . 2 f o r o u r p a r t i c ­

u l a r i n s t r u m e n t a l c o n f i g u r a t i o n ) a l s o p r o v i d e s d a t a n e c e s s a r y f o r the 

i n v e s t i g a t i o n o f the c o m p o s i t i o n s o f the o u t e r m o s t few tens o f Angs t roms 

o f p o l y m e r s u r f a c e s . The homopo lymers have been a r b i t r a r i l y d i v i d e d 

i n t o f i v e ma in c a t e g o r i e s : 

1 ) Po lymers c o n t a i n i n g o n l y c a r b o n and h y d r o g e n . 

2 ) Po lymers c o n t a i n i n g o n l y c a r b o n , hyd rogen and o x y g e n . 

3 ) Po lymers c o n t a i n i n g o n l y c a r b o n , h y d r o g e n , n i t r o g e n and o x y g e n . 

4 ) Po lymers c o n t a i n i n g o n l y c a r b o n , hyd rogen and c h l o r i n e . 

5 ) A m i s c e l l a n e o u s c o l l e c t i o n o f p o l y m e r s c o n t a i n i n g c o m b i n a t i o n s 

o f c a r b o n , h y d r o g e n , o x y g e n , s u l p h u r , s i l i c o n , b r o m i n e and 

f 1 u o r i ne . 

1 ) Po l ymers C o n t a i n i n g On ly Carbon and Hydrogen 

The e x p e r i m e n t a l d a t a t o g e t h e r w i t h t h e o r e t i c a l c o m p u t a t i o n s o f 

a b s o l u t e b i n d i n g e n e r g i e s f o r an e x t e n s i v e s e r i e s o f h y d r o c a r b o n based 

p o l y m e r s a re shown i n F i g . 3 - 8 -

I t i s a p p r o p r i a t e a t t h i s p o i n t t o d i s c u s s the mean ing o f t h e g r e e k 

l e t t e r i n g used on t he s t r u c t u r a l r e p e a t u n i t f o r each p o l y m e r as i t w i l l 

a p p l y t h r o u g h o u t the r e m a i n d e r o f t he s e c t i o n s on t he homopo l ymers . 

The b o l d h o r i z o n t a l l i n e on t he b i n d i n g e n e r g y co lumn r e f e r s t o t he f u l l 

w i d t h h a l f maximum (FWHM) o f t he p r i m a r y p h o t o i o n i z a t i o n peak , w i t h the 

c e n t r o i d o f the (FWHM) l o c a t e d i n t h e c e n t e r o f t h e b o l d l i n e a t t h e e x ­

p e r i m e n t a l l y c o i n c i d e n t p o s i t i o n on t h e b i n d i n g e n e r g y s c a l e . The v e r ­

t i c a l l i n e s , on the b o l d h o r i z o n t a l l i n e s , i n d i c a t e t he b i n d i n g e n e r g y 

c a l c u l a t e d by the GPM and c o r r e s p o n d t o t he a , (3 , 7 , <5 s i t e s o f t he 

s t r u c t u r a l r e p e a t u n i t s t a r t i n g w i t h the v e r t i c a l l i n e t o t h e e x t r e m e 

r i g h t . For e x a m p l e , on p o l y v i n y l t o l u e n e t h e r e a re t h r e e v e r t i c a l l i n e s 

on the C j s c o r e l e v e l l i n e a t a p p r o x i m a t e l y 2 8 4 . 6 eV, 2 8 5 - 0 eV and 2 8 5 - 5 

eV g o i n g f r o m r i g h t t o l e f t . These c o r r e s p o n d t o the a , )3 and 7 a s s i g n ­

ments r e s p e c t i v e l y on the s t r u c t u r a l u n i t , whereas we h a v e , a c c o r d i n g 

t o the GPM f i v e atoms w i t h an ave rage b i n d i n g e n e r g y o f 2 8 4 . 5 eV, two 

atoms a t 2 8 5 - 0 eV and two a t 2 8 5 - 5 eV. (The b i n d i n g e n e r g i e s f r o m t h e 

GPM were rounded o f f t o t he n e a r e s t 0 - 5 eV f o r d i s p l a y as v e r t i c a l 

t h e o r e t i c a l l i n e s on t he e x p e r i m e n t a l d a t a . ) " " 

" ( N o t e , the v e r t i c a l l i n e s do n o t c o r r e s p o n d t o t he number o f c a r b o n 
atoms i n a p a r t i c u l a r e n v i r o n m e n t . s i n e e t h i s w o u l d have c o n s i d e r a b l y 
c o m p l i c a t e d t he d i a g r a m . ) 
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SAMPLE FORM 

PolyolhylenefLow Density) F 
Polyethylene (Hign Density) F 

Polypropylene (Isoioc tic) P 

PolypropylenelBioj.Oiented) F 

Polypropylene (Isotcctld F 

Porybutodiene(cis) R 
Porybutadiene (Random cis-transj R 

Poiyisobutylene R 

PoIy-l-butene( Isoioc tic) C F 

Polystyrene te^o3*:] P 
Polystyrene ( 2 H O 6 M ; ) C F 
Polystyrene (2HO 7M«) CF 

Poly-4-melhyl styrene C F 

Polyvinyl toluene C F 

Poly-4-isopropyl styrene C F 

Poly-lerlbutyl styrene C F 

Polyocenophlrrylene P 

Poly-l-vlnyl naphthalene P 

Poly-2-vinyl naphthalene P 

Poly-p- xylylene F 

Polymethyl-p-»ylylene F 

Polyethyl-p-»ylyiene F 

Pdybenzyt-p-»ylvf<?ne F 

I r 
.*c-c> 

< c X O ; c , n 

I I I I I I I I I I I I 
1*3 2*1 J8S 287 J85 ! U 

C B E J i m V ) 

FIGURE 3 -8 

T a b u l a t i o n o f e x p e r i m e n t a l and t h e o r e t i c a l d a t a f o r p o l y m e r s 

c o n t a i n i n g o n l y c a r b o n and hyd rogen 

I t i s e v i d e n t f r o m F i g . 3 -8 t h a t the C b i n d i n g e n e r g i e s o f the 

s o l e l y h y d r o c a r b o n based p o l y m e r s a l l f a l l w i t h i n a n a r r o w range and 

t h i s s u g g e s t s t h a t the s t r a i g h t f o r w a r d i d e n t i f i c a t i o n o f the p o l y m e r s 

f r o m a c o n s i d e r a t i o n o f a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s a l o n e 

w o u l d be u n t e n a b l e . I t i s becoming i n c r e a s i n g l y a p p a r e n t , howeve r , t h a t 
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t h e d a t a d e r i v e d f r o m t h e o b s e r v a t i o n o f s h a k e - u p s a t e l l i t e s a c c o m p a n y i n g 

d i r e c t c o r e l e v e l p h o t o i o n i z a t i o n c a n a d d a new d i m e n s i o n t o t h e a p p l i c a ­

t i o n o f ESCA w h e r e a m b i g u i t i e s i n t h e i n t e r p r e t a t i o n a r i s i n g f r o m t h e p r i -

m a r y d a t a c a n o c c u r 

As was d i s c u s s e d i n C h a p t e r 2, t h e v a l e n c e b a n d s p e c t r a o f p o l y m e r s 
1 127 128 

may o f t e n be u s e d as f i n g e r p r i n t s f o r t h e i r i d e n t i f i c a t i o n ' ' . How­

e v e r , t h e c r o s s s e c t i o n s f o r t h e p h o t o i o n i z a t i o n w i t h t h e c o n v e n t i o n a l l y 

e m p l o y e d s o f t X - r a y s o u r c e s a r e an o r d e r o f m a g n i t u d e o r s o s m a l l e r t h a n 

f o r t h e c o r e l e v e l s . S i n c e t h e v a l e n c e b a n d i s a c o n v o l u t i o n o f many 

o v e r l a p p i n g p e a k s i t i s o f t e n much m o r e c o n v e n i e n t t o f o c u s a t t e n t i o n 

o n t h e l o w e n e r g y s h a k e - u p r e g i o n s i n c e a l t h o u g h t h e s h a k e - u p p r o b a b i l i ­

t i e s a r e t y p i c a l l y ~ 10% o f t h a t a p p r o p r i a t e t o t h e d i r e c t p h o t o i o n i -

z a t i o n p e a k , t h e s e l e c t i o n r u l e s a r e s u c h t h a t t h e b a s i c s t r u c t u r e o f 

s u c h s a t e l l i t e s i s q u i t e s i m p l e a n d h i g h l y c h a r a c t e r i s t i c o f t h e p o l y m e r . 

As t y p i c a l e x a m p l e s , F i g . 3 - 9 , s h o w s t h e l e v e l s a n d l o w e n e r g y s h a k e -

up r e g i o n f o r p o l y b u t a d i e n e ( c i s ) , p o 1 y a c e n a n a p h t h y 1 e n e a n d p o l y p a r a -

x y l y l e n e . I t i s c l e a r t h a t b o t h i n t e r m s o f t r a n s i t i o n e n e r g i e s and i n ­

t e n s i t i e s t h a t ESCA r e a d i l y d i s t i n g u i s h e s b e t w e e n t h e m a l t h o u g h i n t e r m s 

o f a b s o l u t e b i n d i n g e n e r g y a n d FWHM t h e d i r e c t p h o t o i o n i z a t i o n p e a k s are 

c l o s e l y s i m i l a r . I t i s n o t a p p r o p r i a t e i n t h i s C h a p t e r t o d i s c u s s t h e 

t h e o r e t i c a l b a c k g r o u n d t o t h e i n t e r p r e t a t i o n o f t h e s e s h a k e - u p t r a n s i ­

t i o n s o r t h e a t t e m p t s t o e s t a b l i s h t r e n d s a n d i d e n t i f y s p e c i f i c t r a n s i -
• 1 1 . . , , 5 8 c , d , 140 

t i o n s , as t h e y h a v e b e e n d i s c u s s e d e l s e w h e r e . H o w e v e r , i t i s 

u s e f u l t o i n d i c a t e t h e r a t i o o f t h e ir —* w * s h a k e - u p t r a n s i t i o n s a n d 

e s t a b l i s h t h e FWHM a n d r e l a t i v e b i n d i n g e n e r g y o f i t s c e n t r o i d w i t h 

t h a t o f t h e p r i m a r y p h o t o i o n i z a t i o n p e a k . T h e s e c a n be s e e n as b o l d 

d o t t e d l i n e s t o h i g h e r b i n d i n g e n e r g y on F i g . 3 - 8 w i t h t h e c o r r e s p o n d i n g 

v a l u e s f o r t h e r e l a t i v e i n t e n s i t y o f t h e s h a k e - u p p e a k s w i t h r e s p e c t 

t o t h e d i r e c t p h o t o i o n i z a t i o n p e a k s . 

E v e n w i t h t h i s e x t r a d i m e n s i o n , h o w e v e r , i t i s e v i d e n t t h a t f o r 

some s o l e l y h y d r o c a r b o n b a s e d p o l y m e r s i t w o u l d be p o s s i b l e t o e f f e c t 

an i d e n t i f i c a t i o n by s t u d y i n g o n l y t h e C ^ ^ l e v e l s a n d a s s o c i a t e d l o w 

e n e r g y s h a k e - u p s a t e l l i t e s . I n s u c h c a s e s h i g h r e s o l u t i o n s t u d i e s o f 

t h e v a l e n c e e n e r g y r e g i o n s w o u l d be r e q u i r e d , w h i c h a r e u n f o r t u n a t e l y 

r a t h e r t i m e - c o n s u m i n g . 
1 kO 

A r e c e n t e x a m p l e o f t h e u t i l i t y o f ESCA i n e l a b o r a t i n g d e ­

t a i l s o f s t r u c t u r e a n d b o n d i n g i n h y d r o c a r b o n b a s e d p o l y m e r s i s p r o ­

v i d e d b y an e x t e n s i v e i n v e s t i g a t i o n o f s t y r e n e - a l .kane c o p o l y m e r s o f 
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Pt)fybuladiene(cis( 

Polyparaityiyiene 

Potyocenophthytene 

Z i 7 295 2 W 29, Z B g 2 8 7 ^ • ^ , 

( a E . m c V ) 

FIGURE 3 - 9 

T y p i c a l e x a m p l e s o f C j c o r e l e v e l s , a n d l o w e n e r q y tt —> n * s h a k e - u p 

r e g i o n s f o r c a r b o n a n d h y d r o g e n c o n t a i n i n g p o l y m e r s 

g e n e r a l s t r u c t u r e : 

- C H - C H 2 - C H 2 - C H - ( C H 2 ) x 

0 0 

w h i c h was a l r e a d y d i s c u s s e d i n C h a p t e r 2 . 
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i t i s i n s t r u c t i v e t o n o t e t h a t t h e FWHM' s f o r t h e d i r e c t p h o t o -

i o n i z a t i on p e a k s f o r t h e po1yme r s i n F i g . 3 - 8 a r e c l o s e l y s i m i l a r a n d 

t h a t t h e GPM p r o v i d e s a g o o d o v e r a l l a c c o u n t o f a b s o l u t e b i n d i n g e n e r - ' 

g i e s i n s u c h s y s t e m s . 

2 ) Po1yme r s C o n t a i n i nq Ca r b o n , Hyd r o q e n a n d O x y g e n . 

The f u n c t i o n a l g r o u p s e n c o m p a s s e d i n t h i s s t u d y i n v o l v e d o x y g e n 

i n h y d r o x y ] j e t h e r , c a r b o n y 1 , c a r b o x y 1 , a n d c a r b o n a t e g r o u p s . The r e l e ­

v a n t d a t a f o r b o t h C, a n d 0 , l e v e l s a r e s h o w n i n F i q . 3 - 1 0 . Cons i de r i n< 
1 s 1 s 3 

R r t B H tf 

(C-0* 
' c - 6 * 

• 6 ^ c-c-^-c 

< f - H . " 
'S '° , . 

/o-c-c^-c 

.<,; 

I t ? ! , 

/o-ccC-c 

(C CI, 
'?•<>-.« 

..<* 
<«(, 

?-? ."•">* 

1 ^ »!*>•« 

C/ 

Mp* "••••( AftfMiU) 

$TAyC!u« 

0 ' 

X4 
fc.c.O* 

-cc c c c 

c 
IC-CI 

(&VC-9' . 
(C'O 

-0-4-0). 

, l ' 0 C O C 

, " C M C'C 

c* 

0 * 

6« * 

FIGURE 3 - 1 0 

T a b u l a t i o n o f e x p e r i m e n t a l a n d t h e o r e t i c a l d a t a f o r p o l y m e r s 

c o n t a i n i n g o n l y c a r b o n , h y d r o g e n a n d o x y g e n 

f i r s t l y c a r b o n s i n g l y b o n d e d t o o x y g e n ( a l c o h o l s , e t h e r s , a n d e s t e r s ) , 

t h e s h o r t r a n g e n a t u r e o f s u b s t i t u e n t e f f e c t s i s m a n i f e s t i n t h e c o n s i s ­

t e n c y o f t h e s h i f t i n C. l e v e l s c o m p a r e d w i t h a c o m p a r a b l e s y s t e m i n 
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w h i c h t h e s i n g l y b o n d e d o x y g e n i s r e p l a c e d by h y d r o g e n . The c h a r a c t e r ­

i s t i c s h i f t i s ~ 1 . 6 * 0 . 2 eV a n d t h e f a c t o r s w h i c h d e t e r m i n e s u c h s h i f t s 

a l s o l e a d t o s i m p l e a d d i t i v i t y r u l e s . T h u s , i n c o m p a r f n g p o l y a c e t y l w i t h 

p o l y e t h y l e n e t h e s h i f t i n b i n d i n g e n e r g y a s s o c i a t e d w i t h h a v i n g t w o 

s i n g l y b o n d e d o x y g e n s t o a g i v e n c a r b o n i s ~ 2 . 8 eV ( i . e . a p p r o x i m a t e l y 

t w i c e t h e e f f e c t o f a s i n g l e s u b s t i t u e n t ) . I n C h a p t e r 2 s u c h a d d i t i v i t y 

e f f e c t s i n f 1 u o r o p o 1 y m e r s y s t e m s w e r e n o t e d . F o r c a r b o n d o u b l y b o n d e d 

t o o x y g e n t h e c o r r e s p o n d i n g s h i f t i s ~ 2 . 6 eV ( e . g . f o r po 1 y a c e t y 1 - p -

x y l y l e n e ) and t h i s c o m p a r e s w e l l w i t h t h a t r e p o r t e d p r e v i o u s l y f o r 
1 37 

s i m p l e c a r b o n y l c o m p o u n d s . I n g o i n g f r o m a c a r b o n y l t o a c a r b o x y -

l a t e g r o u p t h e b i n d i n g e n e r g y s h i f t a s s o c i a t e d w i t h t h e a d d i t i o n a l 

o x y g e n s i n g l y b o n d e d t o a c a r b o n i s ~ 1 .4 eV g i v i n g a t o t a l s h i f t o f 

~ k.O e V . The s i m p l e a d d i t i v i t y p i c t u r e a l s o e x t e n d s f r o m a c a r b o x y -

l a t e t o c a r b o n a t e g r o u p t h e a d d i t i o n a l s h i f t t o h i g h e r b i n d i n g e n e r g y 

a s s o c i a t e d w i t h t h e o x y g e n s u b s t i t u e n t b e i n g ~ 1 . 4 eV ( t o t a l s h i f t 

~ 5 - 4 e V ) . The FWHM a n d l i n e s h a p e s a r e s u f f i c i e n t l y we 1 1 - c h a r a c t e r -

i z e d t o a l l o w s t r a i g h t f o r w a r d l i n e s h a p e a n a l y s i s f o r s y s t e m s w h i c h i n ­

v o l v e i n c o m p l e t e l y r e s o l v e d p e a k s . I n d e e d , t h e s h i f t r a n g e f o r t h e 

l e v e l s f o r o x y g e n c o n t a i n i n g p o l y m e r s i s s u f f i c i e n t l y l a r g e t h a t 

l i n e s h a p e a n a l y s i s i s n o t n o r m a l l y n e c e s s a r y a n d t h e t e c h n i q u e p r o v i d e s 

an u n a m b i g u o u s means o f i d e n t i f y i n g s t r u c t u r a l f e a t u r e s . The f i n e 

s t r u c t u r e f o r i n d i v i d u a l c o r e l e v e l s t a k e n i n c o n j u n c t i o n w i t h r e l a ­

t i v e i n t e n s i t i e s o f t h e C, a n d 0 , l e v e l s p r o v i d e s a c o n v e n i e n t means 
I s I s 

o f i n v e s t i g a t i n g s t r u c t u r e a n d b o n d i n g i n s u c h s y s t e m s . 

The c h a r g e p o t e n t i a l m o d e l i n t h e GPM f o r m a l i s m p r o v i d e s a 

r e a d y means f o r q u a n t i f y i n g t h e s h i f t d a t a a n d p r o v i d e c o n f i r m a t o r y 

e v i d e n c e f o r t h e a s s i g n m e n t s . 

The o x y g e n I s l e v e l s , as e x p e c t e d , c o v e r a much s m a l l e r s p a n 

i n b i n d i n g e n e r g y i n g o i n g f r o m s i n g l y t o d o u b l y b o n d e d o x y g e n . The 

v e r t i c a l u p r i g h t s on t h e b o l d h o r i z o n t a l b a r s a r e d e f i n e d i n t h e same 

w a y as f o r t h e l e v e l s i n t h a t g o i n g f r o m r i g h t t o l e f t t h e v e r t i ­

c a l s c o r r e s p o n d t o t h e a a n d @ o x y g e n s . The c o n f i r m a t i o n o f t h e 

a s s i g n m e n t o f t h e 0 . c o r e l e v e l s h a s b e e n b a s e d on c o m p a r i s o n w i t h 
137 

m o d e l s y s t e m s a n d by d e t a i l e d n o n - e m p i r i c a l LCAO MO SCF c o m p u t a t i o n s 

We n o t e t h a t f o r t h e s i m p l e c a r b o n y l ( i . e . p o 1 y a c e t y 1 - p - x y 1 y 1 e n e ) , 

a l c o h o l s ( i . e . p o l y v i n y l a l c o h o l ) a n d e t h e r s ( i . e . p o l y e t h y l e n e o x i d e ) 

t h e b i n d i n g e n e r g i e s f o r t h e 0^ l e v e l s a r e e s s e n t i a l l y t h e s a m e . T h i s 

h a s p r e v i o u s l y b e e n n o t e d i n e x p e r i m e n t a l s t u d i e s o f s i m p l e m o d e l s y s t e m s 
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and t h e d e t a i l e d t h e o r e t i c a l i n t e r p r e t a t i o n i s c o n s i s t e n t w i t h t h e e x ­

p e r i m e n t a l d a t a . By c o m p a r i s o n , i n t h e e s t e r s ( i . e . p o 1 y a c r y 1 a t e s a n d 

m e t h a c r y l a t e s ) t h e s i n g l y a n d d o u b l y b o n d e d o x y g e n s e x h i b i t a s u b s t a n - ' 

t i a l s h i f t ( ~ 1.5 e V ) a n d t h e t h e o r e t i c a l a n a l y s i s u n a m b i g u o u s l y a s s i g n s 

t h e h i g h e r b i n d i n g e n e r g y c o m p o n e n t as a r i s i n g f r o m t h e s i n g l y b o n d e d 
1 37 

o x y g e n . C o n f i r m a t o r y e v i d e n c e f o r t h i s a s s i g n m e n t i s a v a i l a b l e f r o m 

t h e 0 . l e v e l s f o r t h e c a r b o n a t e s w h i c h c o n s i s t s o f a 2 : 1 d o u b l e t , t h e 
I s ' 

h i g h e r b i n d i n g e n e r g y c o m p o n e n t , t h e r e f o r e , c o r r e s p o n d i n g u n a m b i g u o u s l y 

t o t h e e s t e r t y p e o x y g e n . The 0 ^ b i n d i n g e n e r g i e s s p a n a r a n g e o f 

~ 2 eV i n g o i n g f r o m d o u b l y t o s i n g l y b o n d e d o x y g e n a n d t h e e x t r e m e s 

a r e , i n f a c t , e n c o m p a s s e d b y t h e 0^ l e v e l s o f t h e c a r b o n a t e s . As r e p ­

r e s e n t a t i v e e x a m p l e s o f t h e s h i f t r a n g e s i n o x y g e n c o n t a i n i n g p o l y m e r i c 

s y s t e m s , F i g . 3 - 1 1 s h o w s t h e a n d 0^ l e v e l s f o r po 1 y m e t h y 1 e r e o x i d e , 

p o l y e t h y l e n e o x i d e , p o l y a c e t y l p a r a x y 1 y 1 e n e , p o 1 y i s o p r o p y 1 a e r y 1 a t e a n d 

an a r o m a c i c p o l y c a r b o n a t e b a s e d o n b i s p h e n o l A . The s y s t e m s i n v o l v i n g 

a r o m a t i c r e s i d u e s f o r w h i c h l o w e n e r g y ir—> 7r * s h a k e - u p s a t e l l i t e s o f 

c o n s i d e r a b l e i n t e n s i t y a r i s e a r e r e a d i l y d i s t i n g u i s h a b l e . T h u s , f o r 

p o l y a c e t y p - p - x y l y l e n e ) t h e s h a k e - u p t r a n s i t i o n s a p p e a r as a b r o a d 

s a t e l l i t e t o t h e h i g h b i n d i n g e n e r g y s i d e o f t h e l e v e l s a p p r o p ­

r i a t e t o t h e c a r b o n y l g r o u p s . I n t h e p a r t i c u l a r c a s e o f t h e p o l y ­

c a r b o n a t e t h e s h i f t f o r t h e c a r b o n a t e c a r b o n i s s u f f i c i e n t l y l a r g e t h a t 

i t o v e r l a p s w i t h t h e w—t-ir » s h a k e - u p t r a n s i t i o n s o f t h e a r o m a t i c m o e i t y . 

The p o l y c a r b o n a t e s w i l l be d i s c u s s e d i n d e t a i l i n C h a p t e r 7-

3 ) P o l y m e r s C o n t a i n i n g C a r b o n , H y d r o g e n , N i t r o g e n , ( a n d O x y g e n ) . 

The d a t a f o r t h e c o r e l e v e l s o f t h e p o l y m e r s a r e d i s p l a y e d i n 

F i f . 3 - 1 2 . S i n c e t h e s h i f t a r i s i n g f r o m r e p l a c i n g a c a r b o n o r h y d r o g e n 

b y n i t r o g e n d i r e c t l y a t t a c h e d t o t h e a t o m u n d e r c o n s i d e r a t i o n i s s m a l l 

~ 1 e V , t h e C | s l e v e l s o f t h e p o 1 y v i n y 1 p y r i d i n e s r e v e a l l i t t l e e v i d e n c e 

f o r c h e m i c a l l y s h i f t e d c a r b o n s d i r e c t l y a t t a c h e d t o n i t r o g e n . T h i s i s 

n o t e n t i r e l y u n e x p e c t e d o n t h e b a s i s o f p r e v i o u s s t u d i e s o f p y r i d i n e 
5 8 b 

i t s e l f . The N . l e v e l s , h o w e v e r , a r e c h a r a c t e r i s t i c a n d a t s u b -
I s ' ' 

s t a n t i a l l y l o w e r b i n d i n g e n e r g y t h a n t h o s e i n t h e p o 1 y - 4 - a m i n o s t y r e n e . 

I n t h i s r e s p e c t , t h e a m i d e s o c c u p y an i n t e r m e d i a t e p o s i t i o n a n d i n 

o r d e r o f i n c r e a s i n g b i n d i n g e n e r g y we h a v e 

N ( p y r i d i n e t y p e ) < CONH < - N H 2 ( a m i n o ) 

The b i n d i n g e n e r g i e s f o r t h e l e v e l s o f t h e a m i d e g r o u p s 

a r e t y p i c a l l y s h i f t e d by ~ 2.k eV f r o m t h e e n e r g y r e f e r e n c e ( 2 8 5 e V ) 
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Polymelhylene Oiide 

Polyethylene oxide 

Polyacetyl-p-xylylene 

Polyisopropyl acrylate 

Polycarbonate 

537 ' 535 533 ' 531 

(BE.ineV) 

293 291 289 287 285 

(B.E.ineV) 

FIGURE 3 - H 

T y p i c a l e x a m p l e s o f t h e a n d 0^ c o r e l e v e l s f o r p o l y m e r s c o n t a i n i n g 

o n l y c a r b o n , h y d r o g e n and o x y g e n 
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SAMPLE 

Po.y-2-vinyl pyrr<Jjn» 

FORM 

CF 

Poiy-4-vin/ t p/rtdirii CF 

Po-y-4-omino t lyrens P 

PoJ/ocryfonilrilfl p 

PcJymtlhocrylonilnla p 

Poly-N*vinyl coroozoie p 

Polyocryfamida p 

PoJymtihocrylomjdi P 

Polyvinyl pyrrolido«8 P 

Poiycopfo(oclam (Nylon 6 ) CF 

Pofyh«iameihylene adipamide (Nylon 6/6) CF 

Polyheiometnylena azelamida (Nylon 6/9) CF 

PofyhcKomeihylone •ebocamtde(Nylon6/tO) CF 

Polyh«ioni«thylene dodacanediomidaWyton6/l2) CF 

STRUC TUR£ 

Pofyund iconoamid i (Nylon I I) 

Polylouf ylloe lamlNykxi 12) 

C F 

CF 

N 

(C -C) „ 

N 

<?-^ 
'c-o 

' 9 - 0 
N 

d f 
(C-CV 

I " 
* , N , £ 

" c — c " 
( N - C - C . - C ) „ 

f t x ( - * • > ( 
(N-C-C.-C-H-C-C-C-C-C) 

X ' - n 

0 0 

OV-C-C-C-N-C-C-C-C-C^ 
6 6 

r 4 r f • * •» £ 
(N-C-C 4-C-N-C-C-C 8-C-C^ 

6 6 
r / r c * •> * s 

<N-C-C<-C-«-C-C-C 0-C-C^ 

6 6 
Jar 

( N - C - C - O 

•5" 

0 

410 ( 4 0 8 1 4 0 4 ( 4 0 4 ( 402 ( 4 0 0 

_23 

- J 8 . 

293 X 3 ^ 2 9 1 ( 2 ^ « 2S3 2(13 

_ . U i . 

i i i i i i 
SH flJl flU N1 5af.(i..v1- C,, » t i . - . w ) 

FIGURE 3 - 1 2 

T a b u l a t i o n o f e x p e r i m e n t a l a n d t h e o r e t i c a l d a t a f o r p o l y m e r s c o n t a i n i n g 

c a r b o n , h y d r o g e n , n i t r o g e n ( a n d o x y g e n ) 

a n d t h i s i s s i g n i f i c a n t l y 1 o w e r t h a n f o r s i m p l e c a r b o n y l c o m p o u n d s 

( c f . p r e c e e d i n g d i s c u s s i o n ) . I t i s , i n f a c t , i n t e r e s t i n g t o c o n t r a s t 

t h i s s i t u a t i o n w i t h t h a t i n g o i n g f r o m a c a r b o n y ) c o m p o u n d t o an e s t e r 

w h e r e t h e e f f e c t o f t h e s i n g l y b o n d e d o x y g e n i s an a d d i t i o n a l s h i f t o f 

~ 1 .4 e V . The d e c r e a s e d b i n d i n g e n e r g y f o r t h e a m i d e g r o u p may be 

a t t r i b u t e d t o t h e o v e r a l l e l e c t r o n i c e f f e c t o f t h e n i t r o g e n w h i c h i n 

c o m p a r i s o n w i t h o x y g e n i s a w e a k e r a e l e c t r o n a c c e p t o r b u t s t r o n g e r 

7r e l e c t r o n d o n o r . T h e t w o f e a t u r e s , t h e r e f o r e , o f r e l a t i v e l y l o w 

b i n d i n g e n e r g y l e v e l s f o r t h e £ONH g r o u p a n d r e l a t i v e l y h i g h 

b i n d i n g e n e r g y f o r t h e l e v e l i s h i g h l y d i a g n o s t i c f o r t h e p r e s e n c e 

o f a m i d e g r o u p s . I n s u p p o r t o f t h i s s i m p l i s t i c i n t e r p r e t a t i o n b a s e d 
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o n t h e e l e c t r o n i c e f f e c t o f t h e n i t r o q e n we may c o m p a r e t h e 0^ b i n d ­

i n g e n e r g i e s f o r s i m p l e c a r b o n y l c o m p o u n d s ( k e t o n e s ) w i t h t h a t f o r 

a m i d e g r o u p s . I t i s c l e a r f r o m a c o m p a r i s o n o f F i g u r e s 3 - 1 0 a n d 3 - 1 2 

t h a t t h e r e i s a s u b s t a n t i a l s h i f t t o 1 o w e r b i n d i n g e n e r g y i n g o i n g f r o m 

t h e f o r m e r t o t h e l a t t e r . 

I t h a s b e e n p r e v i o u s l y c o m m e n t e d t h a t t h e s h i f t i n C, l e v e l s 
I s 

a r i s i n g f r o m c a r b o n t r i p l y b o n d e d t o n i t r o g e n i s s u r p r i s i n g l y s m a l l 

when d u e c o n s i d e r a t i o n i s g i v e n t o t h e l a r g e d e g r e e o f c h a r g e a s y m ­

m e t r y i n t h e s y s t e m ' ^ . T h e b i n d i n g e n e r g y f o r c a r b o n i n c y a n o 

g r o u p s i s l i t t l e d i f f e r e n t t h a n f o r t h e h y d r o c a r b o n r e f e r e n c e , i t s h o u l d 

be n o t e d , h o w e v e r , t h a t t h e o r e t i c a l c a l c u l a t i o n a r e e n t i r e l y c o n s i s t e n t 

w i t h t h e e x p e r i m e n t a l d a t a ^ ^ . 

D e s p i t e t h e f a c t t h a t n i t r o g e n as a s u b s t i t u e n t h a s a r e l a t i v e l y 

s m a l l i n f l u e n c e on b i n d i n g e n e r g i e s t h e o v e r a l l e l e c t r o n i c e f f e c t 

i s much m o r e m a r k e d w h e n we c o n s i d e r s h a k e - u p t r a n s i t i o n . T h u s , we h a v e 

p r e v i o u s l y c o m m e n t e d o n t h e s h a k e - u p s p e c t r a o f p o l y - 2 - a n d - ^ t - v i n y l 

p y r i d i n e s a n d p o 1 y - 4 - a m i n o - s t y r e n e i n d i s c u s s i n g t h e a s s i g n m e n t o f s h a k e -

up t r a n s i t i o n s i n p o 1 y s t y r e n e " ^ 0 ' ' ^ . C o m p a r i s o n h a s a l s o b e e n d r a w n 

b e t w e e n t h e c h a r a c t e r i s t i c s h a k e - u p s p e c t r a a c c o m p a n y i n g a n d N 

p h o t o i o n i z a t i o n i n p o l y v i n y l c a r b a z o l e a n d t h o s e f o r t h e p o l y v i n y l -
5 8 d 

n a p h t h a l e n e s a n d p o 1 y v i n y 1 a c e n a p h t h y 1 e n e 

T h e GPM p r o v i d e s a g o o d o v e r a l l i n t e r p r e t a t i o n a n d c o n f i r m a t o r y 

a s s i g n m e n t o f t h e a n d 0 ^ l e v e l s i n t h e s e s y s t e m s . 

P o l y m e r s C o n t a i n i n g C a r b o n , H y d r o g e n a n d C h l o r i n e 

C l a r k a n d c o w o r k e r s h a v e p r e v i o u s l y p u b l i s h e d e x t e n s i v e t a b u l a ­

t i o n s o f C. a n d C I c o r e l e v e l b i n d i n g e n e r g i e s f o r s e r i e s o f p o l y -
IS < i P | ^ ^ 155 156 

c h l o r i n a t e d a l i p h a t i c , a r o m a t i c a n d h e t e r o a r o m a t i c s y s t e m s s o 

t h a t t h e s u b t i t u e n t e f f e c t o f c h l o r i n e i s w e l l u n d e r s t o o d b o t h e x p e r i ­

m e n t a l l y a n d t h e o r e t i c a l l y . T h e e f f e c t o f r e p l a c i n g h y d r o g e n by c h l o r i n e 

i s a s h i f t t o h i g h e r b i n d i n g e n e r g y o f ~ 1 .6 e V , t h e s h i f t s t h u s b e i n g 

c o m p a r a b l e t o t h o s e a p p r o p r i a t e t o a s i n g l e b o n d e d o x y g e n s u b s t i t u e n t 

as m i g h t h a v e b e e n a n t i c i p a t e d on t h e b a s i s o f t h e r e l a t i v e e l e c t r o ­

n e g a t i v i t i e s o f c h l o r i n e a n d o x y g e n . The C 1 b i n d i n g e n e r g i e s ( s p i n 

o r b i t s p l i t t i n g — 1 .6 e V ) f o r c o v a l e n t l y b o n d e d c h l o r o c a r b o n s y s t e m s 

f a l l w i t h i n a r e l a t i v e l y n a r r o w r a n g e , w i t h t h e m o r e h i g h l y c h l o r i n a t e d 

s y s t e m s c o r r e s p o n d i n g t o h i g h e r b o n d i n g e n e r g y . 

T h e c o r e l e v e l s p e c t r a f o r r e p r e s e n t a t i v e c h 1 o r o p o 1 y m e r s i s s h o w n 

i n F i g . 3 - 1 3 - I n t e g r a t i o n o f t h e C | s a n d C 1 l e v e l s r e v e a l s t h a t i n 
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e a c h c a s e t h e r e p e a t u n i t i s s t a t i s t i c a l l y s a m p l e d by ESCA and t h a t t h e 

c o m p o s i t i o n s o f t h e o u t e r m o s t f e w t e n s o f a n g s t r o m s i s r e p r e s e n t a t i v e o f 

t h e b u l k . T h e d e r i v e d a p p a r e n t s e n s i t i v i t y f a c t o r s f o r t h e C I l e v e l s 1 

w i t h r e s p e c t t o t h e l e v e l s i s s h o w n i n T a b l e 3 - 2 . 

Polyvinyl chloride 

V 
l J 3 

I i 3 , Pcly-4-ch loro \ t ty ren« 

xS3 

lyfene/ Polychtoroporoiylyfen 

A 
n lor on or i 

«33 

Polydicrilofoparoryfylene J v 
I t 

<3-3 

2 0 5 2 0 3 201 199 293 ' 291 2(sO 287 2 B ' 2 6 } 

Bndina eneraici (in cV) 

FIGURE 3 - 1 3 

T y p i c a l e x a m p l e s o f t h e C a n d C1 c o r e l e v e l s f o r t h e c h 1 o r o p o 1 y m e r s 
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The c o r e l e v e l s p e c t r u m o f PVC c o n s i s t s o f a f l a t t o p p e d p e a k 

c h a r a c t e r i s t i c o f t w o c o m p o n e n t s s e p a r a t e d a p p r o x i m a t e l y by t h e i r l i n e 

w i d t h s . The m e a s u r e d s h i f t o f ~ 1 . 2 eV r e p r e s e n t s t h e ; d i f f e r e n c e b e t w e e n 

t h e p r i m a r y s h i f t o f 1 .6 eV c o n s e q u e n t u p o n r e p l a c i n g a h y d r o g e n by 

c h l o r i n e - C r U - -CHC1 and t h e s e c o n d a r y s h i f t v i z . -CH^-CH^- c o m p a r e d 

w i t h - C H C 1 - C H „ - w h e r e t h e C. l e v e l u n d e r c o n s i d e r a t i o n i s t h a t a s s o c -
— 2 1 s 

i a t e d w i t h t h e a t o m e u n d e r l i n e d . I n t h e c a s e o f t h e o t h e r c h l o r i n a t e d 

s y s t e m s i n w h i c h t h e r e p e a t u n i t c o n t a i n s e i t h e r o n e o r t w o CCI m o e t i e s , 

t h e c a r b o n s d i r e c t l y a t t a c h e d t o c h l o r i n e a p p e a r as s h o u l d e r s t o t h e 

h i g h b i n d i n g e n e r g y s i d e o f t h e m a i n p e a k . D e c o n v o 1 u t i o n o f t h e 

s p e c t r a i n d i c a t e d i n F i g . 3 - 1 3 r e v e a l s t h e c o r r e c t o v e r a l l i n t e n s i t y 

r a t i o s a n d t h e s h i f t s w i t h r e s p e c t t o t h e c e n t r o i d o f t h e m a i n p e a k 

a r e i n e a c h c a s e ~ 1 . 4 e V . 

The d a t a i n F i g . 3 - 1 3 r e v e a l t h e s u b s t a n t i a l s h a k e - u p i n t e n s i t y 

f o r I w o e n e r g y ir—• 7r "» t r a n s i t i o n s a c c o m p a n y i n g c o r e i o n i z a t i o n o f b o t h 

t h e C, a n d C l „ l e v e l s , a n d t h i s i s i n s t r i k i n g c o n t r a s t t o t h e s i t u a -
1 s 2p 3 

t i o n f o r PVC w h i c h i s a p r o t o t y p e f o r a s o l e l y s a t u r a t e d c h I o r o p o 1 y m e r 

s y s t e m . The i n f l u e n c e o f c h l o r i n e as a s u b s t i t u e n t o n t h e i n t e n s i t y o f 

s h a k e - u p t r a n s i t i o n s i n t h e p a r t i c u l a r c a s e o f p o 1 y - p a r a s u b s t i t u t e d 
140 

s t y r e n e s has p r e v i o u s l y b e e n d i s c u s s e d i n some d e t a i l . I t i s e v i ­

d e n t , h o w e v e r , t h a t t h e p r e s e n c e o r a b s e n c e o f l o w e n e r g y s a t e l l i t e 

p e a k s a c c o m p a n y i n g c o r e i o n i z a t i o n o f C 1 l e v e l s a n d h a l o g e n s i n g e n ­

e r a l , p o t e n t i a l l y p r o v i d e s a d i a g n o s t i c t o o l f o r d i f f e r e n t i a t i n g 

c h l o r i n e i n s a t u r a t e d a n d u n s a t u r a t e d e n v i r o n m e n t s . I t s h o u l d be 

p o s s i b l e , t h e r e f o r e , e v e n i n t h e a b s e n c e o f a n y s h i f t i n a b s o l u t e 

b i n d i n g e n e r g y , t o e s t i m a t e t h e p r o p o r t i o n o f c h l o r i n e s u b s t i t u e n t s 

d i r e c t l y a t t a c h e d t o p i s y s t e m s i n p o l y m e r s . 

The d a t a f o r t h e c o m p l e t e s e t o f c h l o r i n e c o n t a i n i n g p o l y m e r s 

i s s h o w n i n F i g . The l a c k o f t h e o r e t i c a l c a l c u l a t i o n s on s e v e r ­

a l o f t h e p o l y m e r s y s t e m s i s l a r g e l y d u e t o t h e i n c o m p l e t e i n f o r m a t i o n 

o n t h e g e o m e t r y o f t h e m o l e c u l e , e s p e c i a l l y f o r e x a m p l e , i n t h e c h l o r i ­

n a t e d p o 1 y e t h y 1 e n e s . 

5 ) M i s c e l l a n e o u s S y s t e m s C o n t a i n i n g C o m b i n a t i o n s o f C a r b o n , H y ­

d r o g e n , O x y g e n , S u l p h u r , S i l i c o n , B r o m i n e , a n d F l u o r i n e 

I n t h i s s e c t i o n a m i s c e l l a n e o u s c o l l e c t i o n o f r o u t i n e l y a v a i l a b l e 

h o m o p o l y m e r s w h i c h do n o t c o n v e n i e n t l y f i t i n t o t h e p r e c e e d i n g s e c t i o n s 

i s d i s c u s s e d . C l a r k a n d c o w o r k e r s h a v e d i s c u s s e d t h e c o r e l e v e l s p e c t r a 

a n d a s s o c i a t e d s h a k e - u p t r a n s i t i o n s i n p o l y d i m e t h y l (PDMS) a n d p o l y -

d i p h e n y 1 s i 1 o x a n e s ( P D P S ) ^ ^ ° . F r o m t h e r e l a t i v e p e a k a r e a r a t i o s t h e 



- 141 -

SAMPLE FORM 

Polyethylene, chlorinated (23%) P 

Polyethylene, chlorinoted(J6%) P 

Polyethylene,chlorlnated(42%) P 

Polyvinyl chloride P 

Polypropylene,chlorinated P 

Chlorinated rubber R 

Polyvinyl benryl chloride'60/40 a/rf P 

Poly-4-chloroslyrene 

Potychloro-sfyrenefmixedisomers) P 

Poly-chloro-p-xylylene 

Poly-dichloro-p-xylylene 

S T R U C T U R E 

<9"C>n 
a» 

<9"C>n 
CI , 

<9- c^ 
a, 
a. •» 

<9"c*. 
CI 
c 

a 
<c ,a 
c«c 
c o„ 
« r 

299 293 291 289 287 283 283 204 202 20O 198 
I I I I I I I I I I I I I I I I 

CI 

<c-r9t, 

a 

ci 

q _ 

ci 

_i>«?_ I III 

I I I I I I I I I I I I I I I I I I I I I I I 
296 294 292 290 288 286 284 203 203 201 199 

CI, a.E.(in«V) 
"l/1,1/2 

C^B.E . l in tv) 

FIGURE 3 . 1 4 

T a b u l a t i o n o f e x p e r i m e n t a l S- t h e o r e t i c a l d a t a f o r p o l y m e r s 

c o n t a i n i n g c a r b o n , h y d r o g e n a n d c h l o r i n e 

a p p a r e n t s e n s i t i v i t y f a c t o r s may be d e r i v e d f o r t h e a n d S i ^ p l e v e l s 

a n d t h e s e a r e d e t a i l e d i n T a b l e 3 - 2 . The m o s t s t r i k i n g f e a t u r e o f t h e 

c o r e l e v e l s p e c t r a a r e t h e p r e s e n c e o f l o w e n e r g y s h a k e - u p s a t e l l i t e s 

a c c o m p a n y i n g C , S i , a n d 0 . p h o t o i o n i z a t i o n f o r POPS b u t n o t f o r PDMS. 
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The s h a k e - u p i n t e n s i t i e s f o l l o w t h e o r d e r C, > S i „ > 0 . a n d t h i s 
I s 2p i s 

may r e a d i l y be u n d e r s t o o d i n t e r m s o f l o w e n e r g y 7 r — - > 7 r * s h a k e - u p t r a n s i ­

t i o n s . The n e t e f f e c t o f h a v i n g s i l i c o n d i r e c t l y a t t a c h e d t o o x y g e n 

as f a r as t h e l e v e l s a r e c o n c e r n e d i s e x t r e m e l y s m a l l a n d t h e a b ­

s o l u t e b i n d i n g e n e r g i e s f o r t h e p e a k m a x i m a a n d t h e FWHM f o r t h e 

l e v e l s a r e c l o s e l y s i m i l a r i n PDMS a n d PDPS. I t i s i n s t r u c t i v e t o 

c o m p a r e t h e a b s o l u t e b i n d i n g e n e r g i e s f o r t h e 0 l e v e l s i n t h e s i l i ­

c o n e s w i t h t h o s e d i s c u s s e d p r e v i o u s l y f o r p o 1 y m e t h y 1 e n e a n d p o l y e t h y l e n e 

o x i d e s . F o r PDMS a n d PDPS t h e 0 j b i n d i n g e n e r g i e s a r e 5 3 3 - 6 + 0 . 2 eV 

w h i c h i s w i t h i n e x p e r i m e n t a l e r r o r o f t h e c o r r e s p o n d i n g v a l u e o f t h e 

p o 1 y m e t h y 1ene a n d p o l y e t h y l e n e o x i d e s ( 5 3 3 - 8 - 0 . 2 e V ) . T h i s i s n o t e n ­

t i r e l y u n e x p e c t e d o n t h e b a s i s o f t h e r e l a t i v e e 1 e c t o n e g a t i v i t i e s o f 

c a r b o n a n d s i l i c o n . I t i s a l s o o f i n t e r e s t t o c o m p a r e t h e e f f e c t s on 

c o r e b i n d i n g e n e r g i e s o f g o i n g f r o m c a r b o n ( g r a p h i t e ) t o p o 1 y m e t h y 1 e n e 

o x i d e a n d s i l i c o n c o m p a r e d w i t h t h e s i l o x a n e s as f a r as t h e C, a n d 
1 s 

S i 2 p l e v e l s , r e s p e c t i v e l y , a r e c o n c e r n e d . T h e s o m e w h a t g r e a t e r 

p o l a r i t y o f t h e c a r b o n o x y g e n b o n d i s m a n i f e s t i n t h e s u b s t a n t i a l l y 

l a r g e r s h i f t f o r t h e l e v e l s ( — 3 e V ) c o m p a r e d w i t h — 2 eV f o r t h e 

S i 2 p l e v e l s . The s h i f t f o r t h e l a t t e r i s , i n f a c t , a p p r o x i m a t e l y 

h a l f t h a t i n g o i n g f rom s i 1 i c o n ( S i ) t o s i l i c a ( S i O ? ) — 4 e V , w h e r e 
1 57 

e a c h s i l i c o n i n t e r a c t s w i t h f o u r n e a r e s t n e i g h b o r o x y g e n s 

Two b r o m o - s u b s t i t u t e d p o l y m e r s h a v e b e e n s t u d i e d ( v i z . p o l y - 4 -

b r o m o s t y r e n e a n d p o 1 y b r o m o - p - x y 1 y 1 e n e ) a n d f o r b o t h d e c o n v o 1 u t i o n o f 

t h e s p e c t r a p r o v i d e s a s u b s t i t u e n t e f f e c t o n t h e C j l e v e l s o f ~ 1 eV 

d i r e c t l y c o m p a r a b l e w i t h t h a t p r e v i o u s l y e s t a b l i s h e d f o r s i m p l e m o n o -
154 

m e r i c s y s t e m s . The i n t e g r a t e d i n t e n s i t i e s f o r t h e B r ^ a n d 

l e v e l s p r o v i d e s t h e a p p a r e n t s e n s i t i v i t y f a c t o r s g i v e n i n T a b l e 2 . 

C l a r k h a s p r e v i o u s l y d i s c u s s e d t h e e l e c t r o n i c e f f e c t o f a b r o m i n e 

s u b t i t u e n t i n t h e c a s e o f p o 1 y - 4 - b r o m o s t y r e n e i n an i n v e s t i g a t i o n o f 

s h a k e - u p p h e n o m e n a i n s u b s t i t u t e d p o l y s t y r e n e s ^ * " . S i n c e i n b o t h o f 

t h e p o l y m e r s y s t e m s s t u d i e d b r o m i n e i s d i r e c t l y a t t a c h e d t o a c o n j u ­

g a t e d p i s y s t e m , l o w e n e r g y s h a k e - u p s a t e l l i t e s a c c o m p a n y i n g c o r e 

i o n i z a t i o n a r e a p p a r e n t n o t o n l y f o r t h e C ^ s l e v e l s , b u t a l s o f o r t h e 

B f ^ d ' e v e ' s - The a b s o l u t e b i n d i n g e n e r g i e s , t h e r e f o r e , may be u s e d 

t o c o n f i r m t h a t t h e s y s t e m s c o n t a i n c o v a l e n t C - B r b o n d s a n d a l s o i n 

t h e l i g h t o f t h e c o n s i d e r a b l e s a t e l l i t e s t r u c t u r e a c c o m p a n y i n g c o r e 

i o n i z a t i o n t h a t i n e a c h c a s e t h e b r o m i n e i s a t t a c h e d t o t h e a r o m a t i c 

m o e i t y . The t o t a l s h a k e - u p i n t e n s i t i e s f o r t h e C j l e v e l s , as m i g h t 

h a v e b e e n a n t i c i p a t e d , a r e c l o s e l y s i m i l a r f o r p o 1 y - 4 - b r o m o s t y r e n e 
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and p o 1 y b r o m o - p - x y 1 y 1 e n e ( " 

A l t h o u g h e x t e n s i v e s t u d i e s h a v e b e e n made o f s i m p l e o r g a n o -

i u • • • , 8 ' 1 5 8 , 1 6 0 , t , . . s u l p h u r c o n t a i n i n g s y s t e m s , v e r y f e w s t u d i e s chave p r e v i o u s l y . 

b e e n r e p o r t e d on o r g a n o - s u 1 p h u r p o l y m e r s . I n d e e d , t h e m o s t e x t e n s i v e l y 

s t u d i e d w o u l d a p p e a r t o be p o 1 y ( t h i o c a r b o n y 1 f l u o r i d e ) w h i c h h a s b e e n 

s h o w n t o be o n e o f t h e f e w p o l y m e r s y s t e m s t o r a p i d l y d e g r a d e u n d e r t h e 
1 26 

n o r m a l c o n d i t i o n s f o r ESCA e x a m i n a t i o n . The p r e v i o u s s t u d i e s o f 
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s i m p l e m o n o m e r s a n d s u l p h u r c o n t a i n i n g a m i n o a c i d s and p r o t e i n s 

p r o v i d e s s e n s i t i v i t y r a t i o s f o r C j g / ^ p c o r e l e v e ' s . T h e o n l y s i m p l e 

o r g a n o s u 1 p h u r p o l y m e r s t u d i e d i n t h i s w o r k , p o 1 y p h e n y I e n e s u l p h i d e , 

p r o v i d e s f r o m an a n a l y s i s o f t h e C, / S „ a r e a r a t i o s a s e n s i t i v i t y f a c -
1 s 2p ' 

t o r w i t h i n e x p e r i m e n t a l e r r o r t h e same as t h a t f o r s i m p l e m o n o m e r s i n d i ­

c a t i n g u n a m b i g u o u s l y on t h e ESCA d e p t h s a m p l i n g s c a l e t h a t t h e r e p e a t 

u n i t i s s t a t i s t i c a l l y s a m p l e d . Low e n e r g y s h a k e - u p s a t e l l i t e s a t t r i b u ­

t a b l e t 0 7 T - > 7 T " ' e x c i t a t i o n s a c c o m p a n y i n g c o r e i o n i z a t i o n a r e i n e v i d e n c e 
o n b o t h t h e C, a n d S „ c o r e l e v e l s . The s u b s t i t u e n t e f f e c t o f s u l p h u r 

1 s 2p r 

o n t h e l e v e l s i s q u i t e s m a l l ( ~ 0 . 4 e V ) c o m p a r e d w i t h o x y g e n ( ~ l . 6 

e V ) as p r e v i o u s l y o u t l i n e d . The c o r e b i n d i n g e n e r g y ( c e n t r o i d o f 

s p i n o r b i t s p l i t d o u b l e t ) o f 1 6 3 - 7 eV i s t y p i c a l f o r s u l p h u r c o v a l e n t l y 

b o n d e d t o c a r b o n . 

By way o f c o n c l u d i n g t h i s C h a p t e r , i t i s o f i n t e r e s t t o show how 

t h e ESCA d a t a p r e v i o u s l y d e s c r i b e d my be u s e d t o i n v e s t i g a t e s t r u c t u r e 

a n d b o n d i n g i n m o r e c o m p l e x s y s t e m s . As a p a r t i c u l a r e x a m p l e , c o n s i d e r 

a t y p i c a l p o l y s u l p h o n e r e s i n w h e r e t h e c o r e l e v e l s p e c t r a a r e d i s p l a y e d 

i n F i g . 3 - 1 5 , a n d a s t e p - b y - s t e p a n a l y s i s o f t h e ESCA d a t a i s g i v e n t o 

p r o v i d e i n f o r m a t i o n on s t r u c t u r e a n d b o n d i n g i n t h i s s y s t e m . 

I g n o r i n g f o r a moment t h e f i n e s t r u c t u r e c l e a r l y e v i d e n t f o r 

b o t h t h e 0 j s a n d l e v e l s , d i r e c t i n t e g r a t i o n p r o v i d e s an a n a l y s i s 

( a s s u m i n g f o r a momen t t h a t ESCA s t a t i s t i c a l l y s a m p l e s t h e l i k e l y 

r e p e a t u n i t ) o f C, 7 6 . 6 % , S , 8 . 6 % a n d 0 , 14 .8%. - ' - I t i s d i f f i c u l t t o 

p l a c e e r r o r l i m i t s o n t h e s e f i g u r e s , b u t i t i s u n l i k e l y t h a t t h e s e 

e x c e e d - 0 . 5 % - By c o m p a r i s o n , t h e c o m p o s i t i o n s b a s e d on t h e r e p e a t 

u n i t s h o w n i n F i g . 9 a r e 11.\%, 1.6% a n d 1 5 - 2 % f o r c a r b o n , s u l p h u r 

a n d o x y g e n , r e s p e c t i v e l y . The a n a l y s e s i n t e r m s o f c a r b o n a n d 

; , ' l t s h o u l d be n o t e d t h a t t h i s a n a l y s i s i s b a s e d on c a r b o n s u l p h u r a n d 
o x y g e n a l o n e s i n c e f o r h y d r o g e n t h e I s l e v e l i s s i m u l t a n e o u s l y b o t h a 
c o r e a n d v a l e n c e l e v e l . I n t h e ESCA s p e c t r u m t h e r e a r e n o l e v e l s s p e c i ­
f i c a l l y c h a r a c t e r i s t i c o f h y d r o g e n and t h e h y d r o g e n c o n t e n t m u s t t h e r e ­
f o r e be i n f e r r e d i n d i r e c t l y ( e . g . f r o m s h a k e - u p p h e n o m e n a e t c . ) . 
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Polysulfona Resin 

rr— n 

537 535 533 531 

0» 

293 291 289 287 285 283 

Binding energies (ineV) 

170 ' 168 ' 166 

FIGURE 3- 15 

The C j s j 0 j a n d c o r e l e v e l s p e c t r a f o r P o l y s u l f o n e R e s i n 

o x y g e n a r e i n s t r i k i n g l y g o o d a g r e e m e n t , h o w e v e r , t h e ESCA d a t a m i g h t 

t e n d t o s u g g e s t t h a t t h e s l i g h t l y h i g h e r s u l p h u r c o n t e n t f r o m t h i s 

a n a l y s i s a r i s e s f r o m a p r e f e r e n t i a l o r i e n t a t i o n o f s u l p h u r c o n t a i n i n g 

s t r u c t u r a l f e a t u r e s a t t h e s u r f a c e . S i n c e , h o w e v e r , t h e s u l p h u r a n a l y ­

s e s a r e so c l o s e i t i s n o t p o s s i b l e t o i n f e r m o r e t h a n t h i s . I t i s 

i n t e r e s t i n g t o n o t e t h a t t h e c a r b o n s t o i c i o m e t r y i n d i c a t e s no e v i d e n c e 

f o r a n y h y d r o c a r b o n c o n t a m i n a t i o n on t h e s a m p l e w h i c h c a n r e a d i l y be 

c o n f i r m e d b y a n g u l a r d e p e n d e n t s t u d i e s . C o n s i d e r i n g now t h e d e t a i l s o f 

t h e i n d i v i d u a l c o r e l e v e l s , t h e S^^ l e v e l s ( b i n d i n g e n e r g y f o r p e a k 

m a x i m u m 1 6 7 - 6 e V ) a r e a t s i g n i f i c a n t l y h i g h e r b i n d i n g e n e r g y t h a n f o r 

a t y p i c a l t h i o e t h e r o r t h i o l a n d t h e m e a s u r e d s h i f t w i t h r e s p e c t t o 

p o 1 y p h e n y 1 e n e s u l p h i d e o f 3 - 9 eV i s e n t i r e l y c o n s i s t e n t w i t h s u l p h o n e 

g r o u p s . T h i s i s c o n f i r m e d by c o m p a r i s o n w i t h d a t a f o r s i m p l e o r g a n i c 
161 

s u l p h o n e s a n d s u l f o x i d e s w h i c h h a v e p r e v i o u s l y b e e n s t u d i e d . I t 
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i s i n t e r e s t i n g t o n o t e t h a t t h e s h i f t f o r s u l p h u r w i t h t w o o x y g e n s 

a t t a c h e d i s s o m e w h a t s i m i l a r t o t h a t f o r c a r b o n w i t h t w o o x y g e n s 

a t t a c h e d ( 0 - C = 0 w i t h r e s p e c t t o C s h i f t =s 4 e V ) . 

The 0 | s l e v e l s e x h i b i t a c l e a r c u t d o u b l e s t r u c t u r e w i t h t h e 

t w o c o m p o n e n t s o f e q u a l i n t e n s i t y b e i n g s h i f t e d b y ~ 1 . 7 eV w i t h t h e 

h i g h e r b i n d i n g e n e r g y c o m p o n e n t b e i n g c e n t e r e d ~ 5 3 ^ e V . T h i s i s e n ­

t i r e l y c o n s i s t e n t w i t h o x y g e n s d i r e c t l y b o n d e d t o c a r b o n s i n e t h e r 

t y p e l i n k a g e s . The l o w e r b i n d i n g e n e r g y c o m p o n e n t h a s s u b s t a n t i a l l y 

l o w e r b i n d i n g e n e r g y t h a n t h o s e p r e v i o u s l y d i s c u s s e d i n s e c t i o n ( 2 ) 

a n d a r e e n t i r e l y c o n s i s t e n t w i t h o x y g e n s a t t a c h e d t o s u l p h u r i n s u l -

f o n e g r o u p s . The o v e r a l l c o n c l u s i o n s t o be d r a w n f r o m t h e a b s o l u t e 

a n d r e l a t i v e b i n d i n g e n e r g i e s o f t h e 0 , a n d S „ c o r e l e v e l s i s t h a t 
3 3 I s 2p 

b o t h e t h e r t y p e a n d s u l p h o n e l i n k a g e s a r e p r e s e n t i n e q u a l a m o u n t s . 

T h e C l e v e l s e x h i b i t a m a r k e d a s y m m e t r y a n d t a i l i n g t o t h e l o w k i ­

n e t i c e n e r g y s i d e o f t h e m a i n p h o t o i o n i z a t i o n p e a k a n d l i n e s h a p e 

a n a l y s i s r e v e a l s t w o c o m p o n e n t s w i t h r e l a t i v e i n t e n s i t i e s w i t h r e s p e c t 

t o t h e l o w b i n d i n g e n e r g y c o m p o n e n t o f 1 1 : 7 : 8 2 . The c o r r e s p o n d i n g 

s h i f t s o f ~ 1 . 6 eV a n d ~ 0 . 6 eV a r e c o n s i s t e n t w i t h c a r b o n s , w i t h e i t h e 

a s i n g l e o x y g e n o r s u l f o n e g r o u p a t t a c h e d . I t i s i n t e r e s t i n g t o n o t e 

t h a t t h e l i n e s h a p e a n a l y s i s i s e q u a l l y w e l l d e s c r i b e d b y t w o c o m p o n ­

e n t s o f r e l a t i v e i n t e n s i t y 7 : 1 1 w i t h c o r r e s p o n d i n g s h i f t s o f 1 .8 eV 

a n d 1 .2 e V , r e s p e c t i v e l y , w i t h r e s p e c t t o t h e m a i n p h o t o i o n i z a t i o n 

p e a k . A l t h o u g h t h i s i s an e q u a l l y g o o d f i t m a t h e m a t i c a l l y i t i s n o t 

c o n s i s t e n t w i t h t h e r e m a i n d e r o f t h e d a t a . T h u s , a s h i f t o f 1 .8 eV i s 

r e a s o n a b l e f o r c a r b o n s s i n g l y b o n d e d t o o x y g e n , h o w e v e r , a s h i f t o f 

1 .2 eV i s t o o h i g h f o r c a r b o n s d i r e c t l y a t t a c h e d t o s u l p h u r s i n c e t h e 

/3 e f f e c t o f o x y g e n i s r e l a t i v e l y s m a l l . The a l t e r n a t i v e a s s i g n m e n t i 

e v e n l e s s l i k e l y , n a m e l y , t h a t c a r b o n s s i n g l y b o n d e d t o o x y g e n a r e s h i f t 

e d b y 1 .2 e V , w h i l s t c a r b o n s a t t a c h e d t o s u l p h o n e r e s i d u e s a r e s h i f t e d 

by 1 .8 e V . The o n l y a s s i g n m e n t c o n s i s t e n t w i t h a l l o f t h e a v a i l a b l e 

d a t a i s , t h e r e f o r e , t h a t b a s e d o n an i n t e n s i t y r a t i o o f 1 1 : 7 f o r t h e 

h i g h e r b i n d i n g e n e r g y c o m p o n e n t , s h i f t e d by 1 .6 eV a n d 0 . 6 e V , r e s p e c t ­

i v e l y . R o u n d e d t o t h e n e a r e s t i n t e g e r s t h e c a l c u l a t e d i n t e n s i t y r a t i o s 

f o r t h e C j s l e v e l s , b a s e d on t h e s t a t i s t i c a l s a m p l i n g o f t h e r e p e a t 

u n i t s h o w n i n F i g . 3 - 1 5 > a r e 1 1 : 7 : 8 1 i n e x c e l l e n t o v e r a l l a g r e e m e n t w i t 

t h e a n a l y s i s p r e s e n t e d h e r e . The i n t e n s e l o w e n e r g y s h a k e - u p s a t e l l i t e 

b o t h i n t e r m s o f i t s i n t e n s i t y b a n d s h a p e a n d s e p a r a t i o n w i t h r e s p e c t 

t o t h e d i r e c t p h o t o i o n i z a t i o n p e a k i s c h a r a c t e r i s t i c o f a s t r u c t u r e 
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w h i c h i s p r e d o m i n a n t l y b e n z o i d ^ * " . T h i s f a c t t a k e n i n c o n j u n c t i o n w i t h 

t h e e v i d e n c e t h a t a l t h o u g h t h e n u m b e r o f e t h e r t y p e a n d s u l f o n e t y p e 

o x y g e n s a r e t h e s a m e , b u t t h a t t h e n u m b e r o f c a r b o n s d i r e c t l y a t t a c h e d • 

t o o x y g e n a r e d i f f e r e n t f o r t h e t w o s t r u c t u r a l f e a t u r e s l e a d s s t r a i g h t ­

f o r w a r d l y t o a f o r m u l a t i o n a l o n g t h e l i n e s o f t h a t d i s p l a y e d i n F i g . 

3 - 1 5 - A l t h o u g h t h e ESCA d a t a d o e s n o t p e r m i t an u n a m b i g u o u s a s s i g n ­

m e n t o f t h e s t r u c t u r e as t h a t s h o w n i n F i g . 3 - 1 5 , t h e r e a r e i n f a c t 

s u r p r i s i n g l y f e w a l t e r n a t i v e s w h i c h w o u l d f i t i n t o t h e o v e r a l l s c h e m e . 

S i n c e , i n m o s t c a s e s , an e d u c a t e d g u e s s may be made o f t h e l i k e l y 

m a t e r i a l s i n v o l v e d i n p r o d u c i n g s u c h a r e s i n , t h e a l t e r n a t i v e s c a n 

be r u l e d o u t a n d t h e ESCA d a t a , t h e r e f o r e , t a k e n i n c o n j u n c t i o n w i t h 

a k n o w l e d g e o f t h e c h e m i s t r y o f s u l f o n e r e s i n s p r o v i d e s a means o f 

i d e n t i f y i n g t h e b a s i c . b u i I d i n g b l o c k i n s u c h s y s t e m s . 

T h e d a t a f o r t h i s f i n a l c l a s s o f m i s c e l l a n e o u s p o l y m e r s i s 

s h o w n i n F i g . 3 - 1 6 a n d i n c l u d e d i n t h e f i g u r e a r e t h e f l u o r i n a t e d 

e t h y l e n e s w h i c h h a v e b e e n d i s c u s s e d i n g r e a t d e t a i l e l s e w h e r e ' , 

a n d a f l u o r i n a t e d p o l y c a r b o n a t e w h i c h w i l l be d i s c u s s e d i n d e t a i l i n 

C h a p t e r 7-

I n c o n c l u s i o n f o r t h e t w o c o r e l e v e l s f o r w h i c h t h e w o r k d e s ­

c r i b e d i n t h i s C h a p t e r p r o v i d e s t h e m o s t e x t e n s i v e d a t a ( v i z . C ^ a n d 

0 , l e v e l s ) i t i s o f i n t e r e s t t o t a b u l a t e t h e d a t a i n a m a n n e r s u i t a b l e 
1 s 

f o r r e a d y r e f e r e n c e f o r t h e i d e n t i f i c a t i o n . o f p a r t i c u l a r s t r u c t u r a l 

f e a t u r e s . T h e d a t a f o r l e v e l s i s s h o w n i n F i g . 3 - 1 7 , w h e r e t h e 

r a n g e o f s h i f t s f o r C ^ s l e v e l s i s ~ 1 0 e V . 

The c o r r e s p o n d i n g d a t a f o r 0 ^ l e v e l s a r e a l s o s h o w n i n F i g . 

3 - 1 7 a n d i n t h i s c a s e , t h e s p a n i n b i n d i n g e n e r g i e s i s ~ 4 e V . 

F i n a l l y , i n F i g . 3 - 1 8 i s s h o w n t h e b i n d i n g e n e r g y r a n g e s f o r t h e 

F , , 0 . , N . , C . , C l „ , S „ , S i „ a n d B r - , c o r e l e v e l s f r o m t h e h o m o -
I s I s ' I s 7 I s ' 2p' 2p' 2p 3d 

p o l y m e r s d e s c r i b e d i n t h i s C h a p t e r . I t s h o u l d be n o t e d , h o w e v e r , t h a t 

f o r F. , 0 , , C, , N , , C l „ c o r e l e v e l s w h e r e s e v e r a l d i f f e r e n t h o m o -
I s I s ' I s I s 2p 

p o l y m e r s w e r e s t u d i e d i n e a c h c l a s s a n d t h e d a t a c a n be c o n s i d e r e d t o 

be a g o o d r e p r e s e n t a t i o n o f t h e r a n g e i n c o r e l e v e l b i n d i n g e n e r g i e s 

f o r t h o s e p o l y m e r s , t h e d a t a f o r t h e S „ , S i „ a n d B r . , c o r e l e v e l s i s 
r 1 ' 2p' 2p 3d 

much l e s s s u b s t a n t i a l . I n f a c t f o r t h o s e c o r e l e v e l s o n l y t w o p o l y m e r s 

w e r e i n v e s t i g a t e d i n e a c h c a s e . As m o r e d a t a b e c o m e s a v a i l a b l e f o r 

t h e s e p a r t i c u l a r c o r e l e v e l s t h e r a n g e i n b i n d i n g e n e r g i e s may w e l l 

e x p a n d . 
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CHAPTER k 

E l e c t r o n Mean Free Pa ths as a F u n c t i o n o f K i n e t j c Energy 

in Po1yme r i c F i1ms 

i ) I n t r o d u c t i on 

The deve lopmen t o f e l e c t r o n s p e c t r o s c o p y , i n g e n e r a l , f o r t he 

q u a n t i t a t i v e i n v e s t i g a t i o n o f s t r u c t u r e , b o n d i n g and r e a c t i v i t y o f 

s o l i d s i s dependent t o a l a r g e deg ree on an a c c u r a t e knowledge o f t he 

escape d e p t h dependence o f e l e c t r o n s as a f u n c t i o n o f t h e i r k i n e t i c 

e n e r g y . The r e s t r i c t e d number o f c o r e and v a l e n c e l e v e l s a v a i l a b l e f o r 

s t u d y f o r a g i v e n e l e m e n t and t h e l i m i t i n g n a t u r e o f t he c h a r a c t e r i s t i c 

X - r a y s o u r c e s , means t h a t f o r even t he most w e l l s t u d i e d c a s e s , t h e e s ­

cape d e p t h dependence on k i n e t i c e n e r g y has o n l y been s t u d i e d o v e r s e l -
+ A 1 8 , 1 0 0 , 1 0 1 , 1 2 0 , 1 3 0 , 1 6 2 - 1 9 ^ , „ . . e c t e d e n e r g y ranges . I n t h e p a r t i c u l a r case 

o f the low e n e r g y r e g i o n 0 -100 eV, the a d v e n t o f s y n c h r o t r o n s o u r c e s 

have e n a b l e d r e l a t i v e l y d e t a i l e d s t u d i e s in t h i s p a r t i c u l a r e n e r g y 
1 95 

range . Of more i m p o r t a n c e , howeve r , in t he d e v e l o p m e n t o f ESCA, i s 

the escape d e p t h dependence i n the e n e r g y r e g i o n up t o ~ 1500 eV 

spanned by the commonly used A l K a . „ X - r a y s o u r c e s . D e s p i t e the l a c k 

o f c o m p l e t e i n v e s t i g a t i o n s encompass ing t he w h o l e o f t h i s e n e r g y r a n g e , 

a c l e a r p i c t u r e emerges as t o the g e n e r a l b e h a v i o r o f e l e c t r o n mean 

f r e e p a t h s as a f u n c t i o n o f k i n e t i c e n e r g y . Namely , a minimum o f 

t he o r d e r o f a few Angs t roms i n t he r e g i o n o f 80 eV w i t h a r o u g h l y squa re 

r o o t dependence on e n e r g y t o t h e h i g h e r k i n e t i c e n e r g y s i d e and a s t e e p l y 

i n c r e a s i n g mean f r e e p a t h t o low k i n e t i c e n e r g y such t h a t f o e l e c t r o n s 
o f near z e r o e n e r g y escape d e p t h s can be i n t he range o f hund reds o f 

195 

Angs t roms . The i n c r e a s e i n mean f r e e p a t h w i t h i n c r e a s i n g k i n e t i c 

e n e r g y i n t he r e g i o n 100-1500 eV i s w e l l documented f o r a w i d e range 

o f m a t e r i a l s i n i n v e s t i g a t i o n s based on a number o f t e c h n i q u e s , and has 

been e x p l o i t e d f o r s e m i - q u a n t i t a t i v e i n v e s t i g a t ion o f inhomogeneous 

samples in t he p a r t i c u l a r case where two l e v e l s o f t he same e l e m e n t 

c o r r e s p o n d i n g t o w i d e l y d i f f e r e n t escape d e p t h d e p e n d e n c i e s a r e a v a i l -
130-137 

a b l e f o r d i r e c t c o m p a r i s o n ( e . q . F, and F„ and 0 . and 0 „ ) r 3 1s 2s Is 2s 

( c f . F i g u r e s ^4. I and k. 2) 

S i n c e the m a j o r i t y o f ESCA i n v e s t i g a t i o n s have been (and w i l l 

c o n t i n u e t o be) c a r r i e d o u t w i t h i n s t r u m e n t a t i o n i n v o l v i n g e i t h e r o r 

b o t h o f A l K a , „ and MgK a , 9 , i t i s c l e a r t h a t a n e c e s s a r y p r e - r e q u i s i t e 
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FIGURE k.1 

E x p e r i m e n t a l d a t a f o r e l e c t r o n mean f r e e p a t h s i n the k i n e t i c e n e r g y 

range f r o m 0 —»• 100 eV. (Numbers on d a t a p o i n t s r e f e r t o r e f e r e n c e s a t 
t h e end o f t h e s i s ) 

t o the q u a n t i t a t i v e deve lopmen t o f the t e c h n i q u e i s a knowledge o f e s ­

cape dep ths f o r e l e c t r o n s p h o t o e m i t t e d f r o m the commonly o b s e r v e d c o r e 

l e v e l s . A l t h o u g h i t w o u l d be d e s i r a b l e , p a r t i c u l a r l y f o r c o m p a r i s o n w i t h 

t h e o r e t i c a l mode ls t o have a d e t a i l e d knowledge o f escape d e p t h as a 

f u n c t i o n o f k i n e t i c e n e r g y a t n a r r o w spaced i n t e r v a l s a c r o s s t he e n e r g y 

range n o r m a l l y e n c o u n t e r e d f o r a g i v e n m a t e r i a l , t h i s does no t seem 

f e a s i b l e even i n t he most f a v o r a b l e cases in the near f u t u r e . The b e s t 

t h a t can be hoped f o r a t the p r e s e n t t i m e , t h e r e f o r e , a re d e t a i l e d i n ­

v e s t i g a t i o n s o v e r s e l e c t e d ene rgy r a n g e s . 

The a v a i l a b l e d a t a p u b l i s h e d up u n t i l 1972 and c o l l e c t e d t o g e t h e r 
1 96 

by T r a c y , seemed t o i n d i c a t e t h a t mean f r e e p a t h s f o r t he m a t e r i a l s 
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FIGURE h.2 

E x p e r i m e n t a l d a t a f o r e l e c t r o n mean f r e e p a t h s i n the k i n e t i c e n e r g y range 
100—> 3 0 0 0 eV (numbers on d a t a p o i n t s r e f e r t o r e f e r e n c e s a t t he end o f 

t h e s i s , a r e f e r s t o d a t a p o i n t s f r o m t h i s w o r k . ) 

w h i c h had been s t u d i e d t o t h a t d a t a f i t t e d a g e n e r a l i z e d c u r v e i m p l y ­

i ng t h a t mean f r e e p a t h s were n o t t oo s t r o n g l y dependen t on t h e m a t e r -
1 9 7 

i a l . The e x t e n s i v e r e v i e w by P o w e l l w h i c h i n c l u d e d s u b s t a n t i a l l y 

more da ta , r e v e a l e d a somewhat g r e a t e r s c a t t e r i n v a l u e s when t y p i c a l 

i n s u l a t o r s , s e m i - c o n d u c t o r s and m e t a l s were i n c l u d e d i n t he same c o r r e -
1 95 

l a t i o n . More r e c e n t l y , L i n d a u and S p i c e r have c o m p i l e d d a t a f o r 

20 d i f f e r e n t m a t e r i a l s in t h e e n e r g y range 0 - 3 0 0 0 eV, w h i c h a g a i n shows 

t h a t f o r a g i v e n k i n e t i c e n e r g y , escape d e p t h s can v a r y f r o m one m a t e r ­

i a l t o a n o t h e r . However , t he s t r i k i n g f e a t u r e i s t h a t even i n t he most 

ex t r eme c a s e s , t h e escape dep ths f a l l w i t h i n a range w h i c h i s t y p i c a l l y 
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± 50% o f t he a v e r a g e f o r a p a r t i c u l a r k i n e t i c e n e r g y . To pu t t h i s i n 

c o n t e x t i t s h o u l d be emphas ized t h a t t he e x p e r i m e n t a l d i f f i c u l t i e s a re 

such t h a t escape d e p t h s a re t y p i c a l l y q u o t e d t i ab a c c u r a c y o f ± 2 0 % ' ' ' ' ' 

I t i s g r a t i f y i n g t o no te t h a t t he a v a i l a b l e t h e o r e t i c a l mode 1 s ' ' 

w h i c h have r e c e i v e d c o n s i d e r a b l e a t t e n t i o n o v e r the p a s t few y e a r s , a re 

in good o v e r a l l ag reement w i t h t he main d e t a i l s r e v e a l e d by d i r e c t e x ­

p e r i m e n t a l d e t e r m i n a t i o n o f escape d e p t h s in t h a t t h e o r e t i c a l l y computed 

mean f r e e p a t h s a re dependen t on t he e l e c t r o n i c s t r u c t u r e o f a g f v e n 

m a t e r i a l , b u t n o n e t h e l e s s , f o r a g i v e n k i n e t i c e n e r g y f a l l w i t h i n q u i t e 

n a r r o w r a n g e s . I t i s p a r t i c u l a r l y n o t e w o r t h y , i n t h i s r e s p e c t , t h a t 

e l e m e n t a l s o l i d s as w i d e l y d i s p a r a t e i n e l e c t r o n i c s t r u c t u r e as c a r b o n 

and g o l d a re t h e o r e t i c a l l y p r e d i c t e d to be c l o s e l y s i m i l a r in te rms o f 
1 03 

e l e c t r o n mean f r e e p a t h s as a f u n c t i o n o f k i n e t i c e n e r g y 

I n v e s t i g a t i o n s o f s t r u c t u r e , b o n d i n g and r e a c t i v i t y o f p o l y m e r s 
1 28 

i n p a r t i c u l a r and o r g a n i c sys tems in g e n e r a l have r e v e a l e d t he g r e a t 

s u r f a c e s e n s i t i v i t y o f ESCA, and by t a k i n g advan tage o f t h e s t r o n g d e p e n ­

dence o f escape d e p t h s on the k i n e t i c e n e r g y o f p h o t o e m i t t e d e l e c t r o n s 

f r o m b o t h c o r e l e v e l s o f t h e same and d i f f e r e n t e l e m e n t s , i t has p r o v e d 

p o s s i b l e t o p r o v i d e s e m i - q u a n t i t a t i v e i n f o r m a t i o n on s u r f a c e and s u b -
* • • u , 1 2 8 , 1 3 0 , 1 3 6 , 1 4 0 . , s u r f a c e c o m p o s i t i o n s in 1nhomogeneous samples . A l t h o u g h 

t he e v i d e n c e has been somewhat i n d i r e c t , t he s t r o n g i n f e r e n c e f r o m 

these w i d e r a n g i n g i n v e s t i g a t i o n s is t h a t e l e c t r o n mean f r e e p a t h s i n 

o r g a n i c p o l y m e r s as a f u n c t i o n o f k i n e t i c e n e r g y a re q u i t e s i m i l a r t o 
1 28 

t hose f o r t y p i c a l m e t a l s and s e m i - c o n d u c t o r s . Thus , f r o m a s e l f 

c o n s i s t e n t compu te r a n a l y s i s o f d a t a p e r t a i n i n g t o the s u r f a c e f l u o r i -

n a t i o n o f p o l y e t h y l e n e , mean f r e e p a t h s o f ~ 1%, \Q% and 1 28 we re 

i n f e r r e d f o r e l e c t r o n s o f k i n e t i c e n e r g i e s o f 5 6 0 eV, 9 6 9 eV and 1220 

eV, r e s p e c t i v e l y . The use o f t h e s e d a t a i n subsequen t i n v e s t i g a t i o n s 
137 136 

o f s u r f a c e o x i d a t i o n , s u r f a c e s t r u c t u r e o f AB b l o c k c o p o l y m e r s , 
^ • r , . . 198 - _ , , . 140 , 

o f f 1 u o r o g r a p h 1 t e s and o f s t y r e n e - a 1 k a n e c o p o l y m e r s l ead t o 

e m i n e n t l y r e a s o n a b l e c o n c l u s i o n s b o t h on c h e m i c a l and p h y s i c a l g r o u n d s . 

Compar i son w i t h d a t a d e r i v e d f r o m much l e s s s u r f a c e s e n s i t i v e t e c h ­

n i q u e s , such as MATR ( m u l t i p l e a t t e n u a t e d i n t e r n a l r e f l e c t a n c e i n f r a ­

red s p e c t r o s c o p y ) a l s o r e v e a l s t h a t in o r g a n i c m a t e r i a l s ESCA w i t h 

c o n v e n t i o n a l X - r a y s o u r c e s t y p i c a l l y samples o n l y t he o u t e r m o s t I O 0 8 . 

The c o n c l u s i o n o f t h i s w o r k , t h e r e f o r e , i s t h a t i n terms o f t h e i r 

b e h a v i o r as f a r as e l e c t r o n mean f r e e p a t h s a r e c o n c e r n e d , o r g a n i c 

m a t e r i a l s a re n o t s i g n i f i c a n t l y d i f f e r e n t t han t y p i c a l m e t a l s and s e m i ­

c o n d u c t o r s . Much o f t h e d a t a so f a r p u b l i s h e d on p o l y m e r s wou ld be 
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d i f f i c u l t , i f no t i m p o s s i b l e , t o e x p l a i n on c h e m i c a l o r p h y s i c a l g rounds 

i f e l e c t r o n mean f r e e p a t h s in p o l y m e r s were d r a s t i c a l l y d i f f e r e n t t h a n 

f o r o t h e r c l a s s e s o f m a t e r i a l s a n d , i n d e e d , i f mean f re 'e p a t h s were an ' 

o r d e r o f m a g n i t u d e l a r g e r than f o r a t y p i c a l m e t a l ; f o r e x a m p l e , t h i s 

s h o u l d have been r e a d i l y d e t e c t a b l e by c a r e f u l e x p e r i m e n t s i n v o l v i n g 
130 199 

1 ess s u r f a c e s e n s i t i v e t e c h n i q u e s such as MATR ' . 

There h a s , in f a c t , t o d a t e , been a c o n s i d e r a b l e d i v e r g e n c e o f 

o p i n i o n on the r e l a t i v e m a g n i t u d e s o f e l e c t r o n mean f r e e p a t h s in o r ­

g a n i c m a t e r i a l s and t o s e t the wo rk p r e s e n t e d i n t he l a t e r s e c t i o n s in 

p r o p e r c o n t e c t , i t i s w o r t h w h i l e b r i e f l y r e v i e w i n g the a v a i l a b l e r e s u l t s 

p r i o r t o t h i s i n v e s t i g a t i o n and the m e t h o d o l o g y i n v o l v e d in t h e i r d e t e r ­

m i n a t i o n . 

I t is i n t e r e s t i n g t o n o t e t h a t one o f the f i r s t i n v e s t i g a t i o n s 

w h i c h r e v e a l e d t h e s u r f a c e s e n s i t i v i t y o f ESCA i n v o l v e d a r e l a t i v e l y 

c r u d e s t u d y o f s u c c e s s i v e l y d e p o s i t e d d o u b l e l a y e r s o f a - i o d o s t e a r i c 
I g 

a c i d by S iegbahn and c o - w o r k e r s . By m o n i t o r i n g t he i n t e n s i t y o f t h e 
I , , c o r e l e v e l s as a f u n c t i o n o f d o u b l e l a y e r s d e p o s i t e d i t was shown 
^ 5 / 2 

t h a t the s i g n a l i n t e n s i t y r a p i d l y reached a p l a t e a u v a l u e i n d i c a t i v e 

o f t he f a c t t h a t t he i n t e n s i t y o f the e l a s t i c peak d e r i v e s e s s e n t i a l l y 

f r o m the s u r f a c e and immed ia te s u b - s u r f a c e and a c r u d e e s t i m a t e o f 

~ 1 0 o S was s u g g e s t e d f o r the s a m p l i n g d e p t h . " ' I t is d i f f i c u l t t o 

a t t e m p t t o make a m e a n i n g f u l e s t i m a t e o f e l e c t r o n mean f r e e p a t h s f r o m 

t h i s p i o n e e r i n g d a t a s i n c e t h e r e a r e many f a c t o r s w h i c h a re d i f f i c u l t 

t o q u a n t i f y . T h u s , t h e i m p o r t a n c e o f i n v e s t i g a t i n g i n t e n s i t i e s as a 
f u n c t i o n o f e l e c t r o n t a k e o f f a n g l e has o n l y been a p p r e c i a t e d in the 

9 8 

p a s t few y e a r s . C o n t r o l e x p e r i m e n t on s u b s t r a t e c o r e l e v e l s ( c h r o m ­

ium o x i d e ) and o t h e r c o r e l e v e l s o f t he o v e r l a y e r s a re n o t a v a i l a b l e 

and c a n n o t , t h e r e f o r e , be used t o i n v e s t i g a t e the s e 1 f - c o n s i s t e n c y o f 

t he r e s u l t s ( e . g . i s t he r e p e a t u n i t f o r t he a - i d o s t e a r i c a c i d s t a ­

t i s t i c a l l y s a m p l e d ) . The d i f f i c u l t i e s o f p r o d u c i n g w e l l a u t h e n t i c a t e d , 

h i g h l y o r i e n t e d L a n g m u i r - B 1 o d g e t t f i l m s a re w e l l known and add f u r t h e r 
200-202 

c o m p l i c a t i o n s t o any a t t e m p t t o q u a n t i f y t h e a n a l y s i s . T h u s , i f 

t h e f i l m s were p r o d u c e d under c a r e f u l l y c o n t r o l l e d c o n d i t i o n s i n w h i c h 

•'-"It s h o u l d be n o t e d t h a t t h e r e i s c o n s i d e r a b l e c o n f u s i o n in t he l i t e r a ­
t u r e s i n c e escape d e p t h and s a m p l i n g d e p t h have o f t e n been used in 
senses w h i c h i m p l y they a r e synonymous w h i c h i s o f c o u r s e i n c o r r e c t . 
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t h e h y d r o p h i l i c c a r b o x y l g roup h y d r o g e n bonds t o t he s i m i l a r l y h y d r o -

ph i l i e ch romium s u r f a c e then w i t h such w e l l o r d e r e d f i l m s , i t becomes 

i m p e r a t i v e t o s t u d y i n t e n s i t i e s as a f u n c t i o n o f t ake o f f a n g l e . In 
I 9 7 

h i s c o m p r e h e n s i v e r e v i e w , P o w e l l r e c o g n i z e d t h a t s p e c i f i c c h a n n e l ­

l i n g phenomena f o r e l e c t r o n s t r a v e l l i n g n e a r l y p a r a l l e l t o the l ong 

c h a i n s o f the o r i e n t e d a - i o d o s t e a r i c a c i d m o l e c u l e s c o u l d lead t o 

l a r g e e s t i m a t e s o f mean f r e e p a t h s . I n d e e d , i t becomes a p p a r e n t t h a t 

i n v e s t i g a t i o n s o f e l e c t r o n mean f r e e p a t h s i n v o l v i n g L a n g m u i r - B 1 o d g e t t 

f i l m s have c o n s i s t e n t l y y i e l d e d mean f r e e p a t h s w h i c h a re e x t r e m e l y 

l a r g e by c o m p a r i s o n w i t h o t h e r s t u d i e s . T h u s , H e n k e ^ ^ in a s t u d y 

o f s t e a r i c a c i d o v e r l a y e r s on Ba r i um S t e a r a t e s u b s t r a t e s , o b t a i n e d a 

mean f r e e p a t h o f f o r e l e c t r o n s o f k i n e t i c e n e r g y o f 705 eV. De­

t a i l e d c o n s i d e r a t i o n o f t he e x p e r i m e n t a l a r r a n g e m e n t ' ^ emp loyed in the 

w o r k , howeve r , s t r o n g l y s u g g e s t s t h a t no a n g u l a r dependen t s t u d i e s were 

a t t e m p t e d and t h a t samples were s t u d i e d a t a f i x e d t a k e o f f a n g l e 

normal t o t he p l a n e o f t h e s u b s t r a t e . T h i s c o n f i g u r a t i o n i s op t imum 

f o r c h a n n e l l i n g and h e n c e , m i g h t be e x p e c t e d t o g i v e r i s e t o l a r g e r 

mean f r e e p a t h s t han f o r t y p i c a l o r g a n i c and p o l y m e r i c t h i n f i l m s y s -
197 

terns w i t h t h e i r more random s u r f a c e m o r p h o l o g i e s . Powe l l a l s o r e ­

p o r t s as a p r i v a t e c o m m u n i c a t i o n a mean f r e e p a t h o f 1068 o b t a i n e d by 

R iggs f o r 8 0 0 eV e l e c t r o n s in e r u c a m i d e ( w i t h a c h a i n ) , a l t h o u g h 

in t he i n t e r v e n i n g p e r i o d no d e t a i l s o r f u r t h e r i n f o r m a t i o n have 

a p p e a r e d i n p r i n t . I t i s a l m o s t c e r t a i n , howeve r , t h a t t h i s v a l u e 

r e p r e s e n t s an e s t i m a t e f o r o r i e n t e d m o n o l a y e r s d e p o s i t e d on an a p p r o p ­

r i a t e s u b s t r a t e . I t seems l i k e l y t h a t a n g u l a r dependen t s t u d i e s were 

n o t p e r f o r m e d and t h a t no a t t e m p t was made t o check t he i n t e r n a l c o n -

s i s t e n c y o f t he r e s u l t s f r o m the i n v e s t i g a t i o n o f more t han one c o r e 

l e v e l w h i c h w o u l d have i n d i c a t e d w h e t h e r on the ESCA d e p t h s a m p l i n g 

s c a l e the r e p e a t u n i t o f t he o v e r l a y e r was s t a t i s t i c a l l y s a m p l e d . 
I t us i n t e r e s t i n g t o n o t e t h a t i n a r e c e n t r e v i e w by S w i n g l e 

203 

and R iggs no m e n t i o n i s made o f t h i s wo rk a n d , i n d e e d , t he a u t h o r s 

r e p o r t a n g u l a r dependen t s t u d i e s o f p e r f 1 u o r o d e c a n o i c a c i d by Duch 

w h i c h c l e a r l y r e v e a l t h e s u r f a c e s e n s i t i v i t y o f ESCA i n e x a m i n i n g 

o r g a n i c m a t e r i a l s . The a u t h o r s c o n c l u d e t h e i r a r t i c l e by c o m p a r i n g the 

d e p t h r e s o l u t i o n o f v a r i o u s t e c h n i q u e s and s u g g e s t 1 0 - 3 f o r ESCA. 

L e a v i n g a s i d e the d i f f i c u l t i e s m e n t i o n e d above i n o b t a i n i n g 

r e l i a b l e escape d e p t h s on o r g a n i c m a t e r i a l s f r o m the s t u d y o f Langmui r 

B l o d g e t t f i l m s , one o b v i o u s l i m i t a t i o n i s t h a t p o i n t s a re g e n e r a t e d on 

t he a t t e n u a t i o n c u r v e a t w i d e l y spaced i n t e r v a l s ( s i n c e t y p i c a l l y 
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s u c c e s s i v e d o u b l e l a y e r s o f l o n g c h a i n f a t t y a c i d s o r amines a re d e ­

p o s i t e d ) . In a d d i t i o n , in the p u b l i s h e d w o r k t o d a t e emphas is has 
I g 

been p l a c e d on t h e s t u d y o f e i t h e r s u b s t r a t e o r o v e r l a y e r c o r e l e v e l s ; 

100.101 . . , , . . . . . , . , J . L , 
w h i l s t f o r i n t e r n a l c o n s i s t e n c y i t i s o b v i o u s l y a d v i s a b l e t o 

128 13 0 

s t u d y b o t h ' . The f a c t r e m a i n s , howeve r , t h a t t he most d e t a i l e d 

i n v e s t i g a t i o n s o f escape d e p t h as a f u n c t i o n o f k i n e t i c e n e r g y i n 

m a t e r i a l s in g e n e r a l , have employed the s u b s t r a t e o v e r l a y e r t e c h n i q u e 
I 9 5 - I 9 7 

s i n c e o n l y r e l a t i v e i n t e n s i t i e s are i n v o l v e d . The most d e t a i l e d 
i n v e s t i g a t i o n o f c a r b o n c o n t a i n i n g m a t e r i a l s r e p o r t e d t o d a t e i s t h a t 

185 

o f S t e i n h a r d t and c o - w o r k e r s who m o n i t o r e d s u b s t r a t e and o v e r l a y e r 

c o r e l e v e l s f o r t h i n vacuum d e p o s i t e d c a r b o n f i l m s ( 5 - 6 o S ) on g o l d . 

F i l m t h i c k n e s s e s were d e t e r m i n e d w i t h a q u a r t z d e p o s i t i o n m o n i t o r and 

a l t h o u g h the V a r i a n s p e c t r o m e t e r emp loyed i n t hese s t u d i e s o b v i a t e d any 

a n g u l a r dependen t i n v e s t i g a t i o n s t o p r o v i d e i n d e p e n d e n t e v i d e n c e f o r t h e 

u n i f o r m i t y o f t he f i l m s , the d a t a o v e r a l l f o r b o t h s u b s t r a t e and o v e r -

l a y e r s t r o n g l y s u p p o r t the c o n t e n t i o n o f S t e i n h a r d t and c o - w o r k e r s t h a t 
185 

t he f i l m s were i n f a c t u n i f o r m and t h a t ' i s l a n d i n g ' d i d n o t o c c u r 

Mean f r e e p a t h s o f 158 and 188 were o b t a i n e d f o r e l e c t r o n s o f k i n e t i c 

e n e r g y ~ 9 7 0 eV and ~ 1169 eV, r e s p e c t i v e l y . T h i s p r o v i ded t h e f i r s t 

e v i d e n c e s u p p o r t e d by more r e c e n t t h e o r e t i c a l c o n s i d e r a t i o n s ' ' ^ 

t h a t c a r b o n c o n t a i n i n g m a t e r i a l s a re n o t s i g n i f i c a n t l y d i f f e r e n t t han 

t y p i c a l m e t a l s and s e m i - c o n d u c t o r s and r a i s e s d o u b t s on t he a n o m a l o u s l y 

l o n g mean f r e e p a t h s o b t a i n e d f r o m t h e i n v e s t i g a t i o n o f L a n g m u i r -

B l o d g e t t f i1ms. 

More r e c e n t l y a t t e m p t s have been made t o e s t i m a t e mean f r e e 

p a t h s f r o m a knowledge o f p h o t o e 1 e c t r o n c r o s s s e c t i o n s , the mean f r e e 

p.->th f o r e l e c t r o n s o f a g i v e n k i n e t i c e n e r g y f o r a s t a n d a r d m a t e r i a l 

and a c o m p a r i s o n o f a b s o l u t e i n t e n s i t i e s f o r c o r e l e v e ' s o f t he samp'e 
193 

i n w h i c h mean f r e e p a t h s a re r e q u i r e d and t h e s t a n d a r d . In p r i n c i p l e , 

i f a l l t he c o n t r i b u t i n g f a c t o r s a re c l o s e l y c o n t r o l l e d t he method s h o u l d 

be c a p a b l e o f p r o v i d i n g i n f o r m a t i o n on mean f r e e p a t h s . However , even 
183 157 

i f we c o n s i d e r s i l v e r and s i l i c o n w h i c h a re r e l a t i v e l y easy t o 

p r o d u c e i n o p t i c a l l y f l a t t o p o g r a p h i c a l l y r e g u l a r f i l m s t h e r e s u l t s do 

n o t ag ree w e l l w i t h t hose d e t e r m i n e d by s u b s t r a t e - o v e r 1 aye r t e c h n i q u e s . 

T h u s , w h i l s t s u b s t r a t e o v e r a l y e r t e c h n i q u e s e m p l o y i n g e i t h e r Auger o r 

ESCA p r o v i d e mean f r e e p a t h s o f - 7 8 1 5 and 278 1 6 f o r s i 1 v e r and 

s i l i c o n a t k i n e t i c e n e r g i e s o f ~ 8 5 0 eV and 1386 eV, t he c o r r e s p o n d i n g 
1 93 

v a l u e s r e p o r t e d by Cadman and c o - w o r k e r s on t h e b a s i s o f a b s o l u t e 

i n t e n s i t y measurements (an an assumed mean f r e e p a t h f o r the s t a n d a r d 
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( g o l d ) ) , a r e 2 l 8 and 3 9 $ , r e s p e c t i v e l y f o r k i n e t i c e n e r g i e s o f 884 eV 

a n d M 7 8 eV. I t s h o u l d be emphas i zed t h a t the method depends on t he de­

t e r m i n a t i o n o f the r a t i o s o f a b s o l u t e i n t e n s i t i e s o f d F f f e r e n t c o r e 

l e v e l s in d i f f e r e n t samples and t h i s i n t r o d u c e s d i f f i c u l t i e s as w i l l 

become a p p a r e n t in t h e e n s u i n g d i s c u s s i o n . By s t u d y i n g p r e s s e d f i l m s 
204 

o f a number o f p o l y m e r s Evans has r e c e n t l y c l a i m e d t o have measured 

by t h i s t e c h n i q u e mean f r e e p a t h s in t he range o f ~ 1 0 0 ^ f o r e l e c t r o n s 

o f k i n e t i c e n e r g y o f ~ 1000eV. 

For an i n f i n i t e l y t h i c k homogeneous sample the i n t e n s i t y o f t h e 

e l a s t i c peak f o r p h o t o e m i s s i o n f r o m c o r e l e v e l i may be e x p r e s s e d as 

E q u a t i o n ( l ) 9 8 ' 9 9 . 

= k. F . a . N . X . 
i i i i i ( 0 

where k. i s a s p e c t r o m e t e r dependen t f u n c t i o n w h i c h i n c l u d e s e f f e c t s 

due t o d e t e c t o r e f f i c i e n c y , t r a n s m i s s i o n c h a r a c t e r i s t i c s o f t h e ana ­

l y z e r , and g e o m e t r i c f a c t o r s such as s o l i d a n g l e o f a c c e p t a n c e o f t h e 

a n a l y z e r . In t he c o n v e n t i o n a l a r r a n g e m e n t f o r i n s t r u m e n t a t i o n t h e 

X - r a y f l u x F. i s a t a f i x e d a n g l e w i t h r e s p e c t t o t h e a n a l y z e r so t h a t 

i n p r i n c i p l e , we do n o t need t o c o n s i d e r v a r i a t i o n s i n c r o s s s e c t i o n 
98 

a . a r i s i n g f r o m the asymmetry p a r a m e t e r ( 8 ) . However , t he e l e c t r o n 

t a k e o f f a n g l e $ ( w i t h r e s p e c t t o t h e sample c f . F i g . 4 . 3 ) may be 

Angular dependent 
studies 

4.0-

Composite 
sample 

20- V 

FIGURE 4 . 3 

Core l e v e l i n t e n s i t y r a t i o s f o r a c o m p o s i t e sample o f g o l d and PTFE 
s t u d i e d as a f u n c t i o n o f e l e c t r o n t a k e o f f a n g l e , 
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v a r i e d and the f u n c t i o n f . ( # ) ( r e p r e s e n t i n g the c o n v o l u t i o n o f e f f e c t s 

a r i s i n g f r om the e f f e c t i v e t o t a l f l u x i r r a d i a t i n g the sample ( F . ) and the 

s p e c t r o m e t e r f u n c t i o n k . ) , i s s t r o n g l y dependen t on t h e c o r e l e v e l under 

i n v e s t i g a t i o n . E q u a t i o n ( l ) may t h e r e f o r e be r e p l a c e d by (2 ) 

I . = f . ( # ) . N . \ . (2 ) i i i i i 

where N. is the number o f atoms per u n i t vo lume on w h i c h c o r e l e v e l s i 
i 

a re l o c a t e d \ . i s t h e mean f r e e p a t h o r escape d e p t h . I f f . ( d ) d e ­

pends on the c o r e l e v e l b e i n g s t u d i e d f o r a g i v e n sample, o r more impo r ­

t a n t l y , v a r i e s f r o m one sample t o a n o t h e r ( e . g . c o m p a r i n g c o r e l e v e l s 

o f a m e t a l and o f a p o l y m e r ) t h e n i t i s c l e a r t h a t i n d e p e n d e n t a n g u l a r 

s t u d i e s must be made i f r a t i o s o f a b s o l u t e i n t e n s i t i e s f o r d i f f e r e n t 

samples a re t o be used f o r e s t i m a t i n g escape d e p t h s f r o m E q u a t i o n ( 2 ) . 

As a t y p i c a l e x a m p l e , we may n o t e t h a t f o r a t h i c k homogeneous sample 

o f g o l d , t he s p e c t r o m e t e r f u n c t i o n f ( Q ) i s such t h a t t he a b s o l u t e 

i n t e n s i t y as a f u n c t i o n o f 6 i s d i f f e r e n t t h a n f o r a t y p i c a l p o l y m e r 

f i l m . In o u r p a r t i c u l a r s p e c t r o m e t e r , t he f i x e d a n d l e between X - r a y 

s o u r c e and a n a l y z e r i s 90° and F i g . k.J> shows d a t a on t he a n g u l a r d e ­

pendence o f t he r a t i o s o f i n t e f r a t e d i n t e n s i t i e s f o r homogeneous samples 

o f g o l d and PTFE mounted s i d e by s i d e on t he s p e c t r o m e t e r p r o b e . I t i s 

c l e a r f r o m t h i s t h a t the c o r e l e v e l s o f PTFE ( a l l o f s symmet ry ) m a x i ­

mize i n s i g n a l i n t e n s i t y a t a d i f f e r e n t a n g l e t han f o r t h o s e o f t h e g o l d 

s a m p l e . However , w h i l s t t h e c o r e l e v e l s f o r the p o l y m e r max im ize i n 

i n t e n s i t y a t t he same a n g l e , t hose f o r the g o l d sample d i f f e r s i g n i f i ­

c a n t l y . Tha t t h i s i s n o t an a r t i f a c t o f the sample t o p o g r a p h i e s , may 

r e a d i l y be d e m o n s t r a t e d s i n c e t h e r e s u l t s a r e r e p r o d u c i b l e i f samples 

o f g o l d and PTFE a re s t u d i e d i n d e p e n d e n t l y and the c o r r e s p o n d i n g r a t i o s 

a r e then compu ted . I t i s i n t e r e s t i n g t o n o t e t h a t a change i n a g i v e n 

r a t i o o f s i g n a l i n t e n s i t y as a f u n c t i o n o f t a k e o f f angle--'" when the 

c o r e l e v e l s b e i n g s t u d i e d a r e such t h a t the n u m e r a t o r d a t a c o r r e s ­

ponds t o a d i f f e r e n t escape d e p t h t h a n t h a t f o r t he d e n o m i n a t o r i s 

o f t e n t a k e n as e v i d e n c e o f i n h o m o g e n e i t y i n the s u r f a c e s t r u c t u r e o f 

a g i v e n s o l i d . The i n h o m o g e n e i t y n o r m a l l y a l l u d e d t o i s w i t h r e s p e c t 

t o the d e p t h c o - o r d i n a t e i n t o t h e sample w h i c h we r e f e r t o as ' v e r t i c a l 

i n h o m o g e n e i t y ' ( e . g . s u b s t r a t e - o v e r 1 a y e r ) . I t i s c l e a r , howeve r , t h a t 

*A t a k e o f f a n g l e o f 90° w o u l d , in o u r d e f i n i t i o n , c o r r e s p o n d t o . g r a z i n g 
e x i t f o r the p h o t o e m i t t e d e l e c t r o n . 
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i f r a t i o s o f i n t e n s i t i e s a re b e i n g employed and s e p a r a t e e x p e r i m e n t s on 

the c o r r e s p o n d i n g homogeneous ( i n b o t h a l a t e r a l and v e r t i c a l sense) 

m a t e r i a l s have no t been p e r f o r m e d t hen i t is p o s s i b l e Vo c o n f u s e l a t e r a l 

and v e r t i c a l i n h o m o g e n e i t i e s . T h u s , t he mere o b s e r v a t i o n t h a t the F ^ / 

A u , f i n t e n s i t y r a t i o s i n c r e a s e d r a m a t i c a l l y as the t ake o f f a n g l e 
7 / 2 

app roaches 90° c o u l d , i n t h e absence o f the r e l e v a n t c o n t r o l e x p e r i m e n t s 

and a knowledge o f the e x a c t n a t u r e o f the s a m p l e s , be i n t e r p r e t e d as 

a r i s i n g f r o m a f l u o r o c a r b o n o v e r l a y e r on a g o l d s u b s t r a t e . However , 

even w i t h o u t p r i o r know ledge o f t he samples c o n f i g u r a t i o n t o w h i c h t he 

e x p e r i m e n t a l d a t a i n F i g . k.3 p e r t a i n , the d a t a i t s e l f p r o v i d e s u n -

ambigous e v i d e n c e t h a t t he samples a re v e r t i c a l l y homogeneous. Thus 

t h e f a c t t h a t the F. / C , i n t e n s i t y r a t i o s a r e i n v a r i a n t t o t a k e o f f 
1 s 1 s 

a n g l e p r o v i d e s unambigous e v i d e n c e f o r a homogeneous f l u o r o c a r b o n f i l m 

a n d , i n d e e d , the a b s o l u t e b i n d i n g e n e r g i e s and r e l a t i v e i n t e n s i t i e s 

c o u l d r e a d i l y be emp loyed t o i d e n t i f y t h i s as PTFE. I t i s c l e a r , t h e r e ­

f o r e , t h a t a n g u l a r dependen t s t u d i e s ( t a k e o f f a n g l e ) a re m a n d a t o r y i f 

c o m p a r i s o n s a r e b e i n g made o f a b s o l u t e i n t e n s i t i e s . F u t h e r , i f t he 

r e l e v a n t c o n t r o l e x p e r i m e n t s have been made, i t i s p o s s i b l e t o c l e a r l y 

d i f f e r e n t i a t e between homogeneous samples on t he one h a n d , and samples 

w h i c h a r e e i t h e r l a t e r a l l y o r v e r t i c a l l y i .nhomogeneous. I t i s a l s o 

p o s s i b l e , by e x t e n s i o n , t o i n v e s t i g a t e samples w h i c h a r e b o t h l a t e r a l l y 

and v e r t i c a l l y inhomogeneous as w o u l d be t h e c a s e , f o r an o v e r l a y e r 
98 

w h i c h ' i s l a n d s ' on a s u b s t r a t e 

The second m a j o r o b j e c t i o n t o t h e use o f E q u a t i o n (2 ) even i f 

a n g u l a r dependen t s t u d i e s have e s t a b l i s h e d t he f . ( # ) ' s f o r each c o r e 

l e v e l , i s t h a t a b s o l u t e i n t e n s i t i e s a l s o depend on s u r f a c e t o p o g r a p h y , 

and on the d e n s i t y o f atoms on w h i c h the c o r e l e v e l s o f i n t e r e s t a re 

l o c a t e d . I f we c o n s i d e r a t y p i c a l po l ymer sample o f a g i v e n d e n s i t y 

s t u d i e d as e i t h e r a powder ( e . g . mounted on d o u b l e s i d e d S c o t c h t a p e ) 

o r as a f i l m t h e n t he a b s o l u t e i n t e n s i t i e s f o r t he c o r e l e v e l s o f t he 

l a t t e r a re s i g n i f i c a n t l y h i g h e r than f o r the f o r m e r . W h i l s t f o r a 

f i l m t h e s u r f a c e is r e l a t i v e ' y u n i f o r m the s u r f a c e t o p o g r a p h y f o r a 

powdered samples is i r r e g u l a r a n d , i n d e e d , t hese d i f f e r e n c e s a re m a n i ­

f e s t i n the o b s e r v e d l i n e w i d t h s f o r t he c o r e l e v e l s w h i c h a re s i g n i -
1 25 

f i c a n t l y n a r r o w e r f o r t he f i l m . T h u s , a l t h o u g h b o t h i n s u l a t i n g 

samples e x h i b i t sample c h a r i n g the s u r f a c e c h a r g e i s u n i f o r m l y d i s ­

t r i b u t e d f o r the f i l m , w h i l s t f o r the powder t he t o p o g r a p h i c a l i r r e g ­

u l a r i t i e s l ead t o a s m a l l s p r e a d in b i n d i n g e n e r g i e s g i v i n g r i s e t o 
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the o b s e r v e d l i n e b r o a d e n i n g . I t is a ' s o p o s s i b l e t o f a b r i c a t e p o l y ­

mer f i l m s o f d i f f e r i n g p o r o s i t y and s i n c e t h i s c o r r e s p o n d s t o a d i f ­

f e r e n c e i n atom d e n s i t y , t h i s a l s o g i v e s r i s e t o d i f f e r i n g i n t e n s i t i e s • 

f o r m a t e r i a l s o f t he same b u l k c o m p o s i t i o n ( c f . C h a p t e r 6 ) . I f a b s o ­

l u t e i n t e n s i t i e s a r e t o be e m p l o y e d , i t i s a g a i n m a n d a t o r y , t h e r e f o r e , 

t h a t samples o f i d e n t i c a l t o p o g r a p h y be s t u d i e d . W h i l s t t hese a r g u ­

ments p e r t a i n t o t he s t r u c t u r e s on t h e a t o m i c s c a l e , i t i s a l s o the 

case t h a t t he m a c r o s c o p i c t o p o g r a p h i c a l a s p e c t s be the same. As a 

s i m p l e e x a m p l e , two i d e n t i c a l samples o f a p o l y m e r f i l m may be moun t ­

ed on a sample p r o b e such t h a t t he f i l m s e i t h e r c l o s e l y f o l l o w ( f l a t ) 

sample mount ( e . g . by m o u n t i n g t h e sample on a d o u b l e s i d e d S c o t c h 

tape o f d i m e n s i o n e q u a l t o o r g r e a t e r t h a n t h a t o f t h e samp le ) o r by 

a f i x i n g t h e sample o n l y o v e r s m a l l a reas a t i t s c o r n e r s . The m a c r o ­

s c o p i c t o p o g r a p h i e s a r e , t h e r e f o r e , n o t i d e n t i c a l and s i g n i f i c a n t 

d i f f e r e n c e s i n a b s o l u t e i n t e n s i t i e s a r e o b s e r v e d f o r t h e two s a m p l e s . 

W h i l s t the o b j e c t i o n s so f a r r a i s e d t o t he e s t i m a t i o n o f mean 

f r e e p a t h s based on a b s o l u t e i n t e n s i t y measurements a re c l e a r l y c o n s i d ­

e r a b l e , a p o t e n t i a l l y more s e r i o u s o f e r r o r i n e m p l o y i n g E q u a t i o n 
98 

(2 ) i s t he r e l a t i v e i m p o r t a n c e o f s h a k e - u p and s h a k e - o f f p r o c e s s e s 

I t i s i m p l i c i t i n u s i n g a r e l a t i o n s h i p such as (2 ) ( t o r a t i o a b s o l u t e 

i n t e n s i t i e s f o r d i f f e r e n t c o r e l e v e l s i n d i f f e r e n t m a t e r i a l s ) t h a t 

the c o n t r i b u t i o n s o f shake up and shake o f f p r o c e s s e s (wh i ch e f f e c t ­

i v e l y remove i n t e n s i t y f r o m the e l a s t i c peak) a re c o n s t a n t p r o p o r t i o n s 

o f t he d i r e c t p h o t o i o n i z a t i o n p e a k s . Cadman and c o - w o r k e r s a re l a r g e l y 
. . , . . 1 9 3 d i s m i s s i v e on t h i s p o i n t ' . 

W h i l s t i t i s t o be e x p e c t e d " t h a t the sum t o t a l o f s h a k e - u p 

and s h a k e - o f f i n t e n s i t i e s w i t h r e s p e c t t o t he d i r e c t p h o t o i o n i z a t i o n 

peaks w o u l d v a r y o v e r a r e l a t i v e l y n a r r o w range f o r a g i v e n c l a s s o f 

r e l a t e d p o l y m e r s ( e . g . o r g a n i c p o l y m e r s ) t h i s m i g h t n o t be the case 

i n c o m p a r i n g t hese w i t h t y p i c a l s e m i - c o n d u c t o r s o r m e t a l s . In s u p p o r t 

o f t h e i r c o n t e n t i o n t h a t s h a k e - u p and s h a k e - o f f p r o c e s s e s may be 

" I n an e x t e n s i v e s e r i e s o f t h e o r e t i c a l s t u d i e s on p r o t o t y p e sys tems we 
have p r e v i o u s l y shown t h a t w h i l s t r e l a x a t i o n e n e r g i e s v a r y as a f u n c t i 
o f e l e c t r o n i c e n v i r o n m e n t , such v a r i a t i o n s a re s m a l l f o r r e l a t e d s y s ­
tems compared w i t h the t y p i c a l range o f s h i f t s in c o r e b i n d i n g e n e r ­
g i e s " . We may i n f e r t h a t the sum t o t a l o f s h a k e - u p and s h a k e - o f f 
i n t e n s i t i e s a re c 1 o s e 1 y o s i m i I a r in such sys tems f r o m the r e l a t i o n s h i p s 
d e v e l o p e d by Manne and A b e r g 5 9 . 
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n e g l e c t e d , Cadman and c o - w o r k e r s c i t e t he c o n s i s t e n c y o f the d a t a on 

r e l a t i v e i n t e n s i t i e s o f c o r e l e v e l s o b t a i n e d in t h e i r measurements w i t h 
193 

t hose p r e v i o u s l y r e p o r t e d i n the l i t e r a t u r e . The e r r o r s p r e a d i n 
t h e c r o s s s e c t i o n s r e p o r t e d i s c o n s i d e r a b l e and c o m p a r i s o n w i t h p r e -

205 
v i o u s e x p e r i m e n t a l d a t a o f Chapman and Lohr r e v e a l s c o n s i d e r a b l e 

2k 

d i s c r e p a n c i e s . T h u s , w h i l s t Chapman and Loh r 1 s d a t a f o r C ] s > 

and 0^ r e l a t i v e c r o s s s e c t i o n s a re i n e x c e l l e n t agreement w i t h t h e o r y 

the c o r r e s p o n d i n g d a t a o b t a i n e d by Cadman and c o - w o r k e r s a re k%, 9% and 

20% s m a l l e r . Fo r the S„ , C l „ , A g . , , and A u , r l e v e l s , howeve r , 
2 P 2 P 3 d 5 / 2 k f J / 2 

2 0 6 

d i r e c t c o m p a r i s o n w i t h the r e c e n t t h e o r e t i c a l t a b u l a t i o n s o f S c o f i e l d 

r e v e a l s d i s c r e p a n c i e s w h i c h a re 1 1 % , 9%, 12% and 5% l a r g e r , r e s p e c t i v e l y . 

W h i l s t t h i s does n o t n e c e s s a r i l y i n v a l i d a t e t h e w h o l e o f t he a rgumen ts 
1 93 

p u t f o r w a r d by Cadman and c o - w o r k e r s , i t h i g h l i g h t s the i m p o r t a n c e 

o f c o n s i d e r i n g a l l o f t he f a c t o r s w h i c h c o n t r i b u t e t o t he a b s o l u t e i n ­

t e n s i t y o f a g i v e n c o r e l e v e l . 

C o n s i d e r e d h e r e in b r o a d o u t l i n e a re some o f t he d i f f i c u l t i e s 

w h i c h a r i s e in a t t e m p t i n g t o e s t i m a t e e l e c t r o n mean f r e e p a t h s i n 

m a t e r i a l s f r o m a know ledge o f p h o t o i o n i z a t i o n c r o s s s e c t i o n s and the 

a b s o l u t e i n t e n s i t i e s o f t he e l a s t i c p e a k s . These d i f f i c u l t i e s a c c o u n t , 

a t l e a s t i n p a r t , f o r t h e d i s c r e p a n c i e s in mean f r e e p a t h s e s t i m a t e d 

f o r o r g a n i c m a t e r i a l s , s i n c e t he f a c t o r s e l a b o r a t e d w i l l be p a r t i c u l a r l y 

i m p o r t a n t f o r t h i s c l a s s o f m a t e r i a l . However , b e f o r e c o n c l u d i n g t h i s 

s e c t i o n , i t is w o r t h w h i l e p o i n t i n g o u t t h a t t h e r e a re l o g i c a l i n c o n s i s -

t e n s i e s i n t h e i n t e r p r e t a t i o n o f t h e d a t a p r e s e n t e d i n r e f e r e n c e 1 9 3 . 

and the r e s o l u t i o n o f t hese i n e o n s i s t e n s i e s s u g g e s t somewhat s h o r t e r 

mean f r e e p a t h s f o r o r g a n i c m a t e r i a l s . 

The d a t a on a b s o l u t e measured i n t e n s i t i e s i n T a b l e 1 o f r e f e r ­

ence 193 a l l o w a d i r e c t c o m p u t a t i o n o f t he i n t e n s i t y r a t i o f o r u n i t 

s t o i c h i o m e t r y f o r p h o t o e m i s s i o n f r o m t h e A u , , and C l e v e l s . T h u s , 
4 t 7 / 2 ' S 

f r o m co lumn 5 o f T a b l e 1 

^ = _AU . _H v _ 0 = 1 2 . 6 

' c ' N 'O 'C 

From the r e l a t i v e c r o s s s e c t i o n g i v e n f o r t he r e l e v a n t c o r e l e v e l s ( f o r 

u n i t s t o i ch iome t r y ) , t he i n t e n s i t y r a t i o n I ^ / ' Q m a Y a l s o be c a l c u l a t e d 

f r o m E q u a t i o n ( 3 ) o f r e f e r e n c e 193 as a f u n c t i o n o f the r a t i o o f t he 
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T a b l e k.1 

C a l c u l a t e d i n t e n s i t y Mean f r e e p a t h f o r 
r a t i o s l . , , / l r ' v e l e c t r o n s ( i n %) 

5 - 0 kk 
2 2 . 1 10 
1 2 . 3 18 
1 3 . 0 17 

"-'-'For A u , f and C l e v e l s u s i n g E q u a t i o n ( 3 ) o f r e f -
" ' 7 / 2 

e r e n c e 193 f o r h y p o t h e t i c a l m a t e r i a l o f u n i t s t o i c h i o m e t r y . 

e l e c t r o n mean f r e e p a t h s . The r e s u l t s a r e d i s p l a y e d in T a b l e k.1. 

Compar ison o f the d a t a i n T a b l e 4 . 1 w i t h t h e e x p e r i m e n t a l l y d e ­

r i v e d d a t a t h e r e f o r e p r o v i d e s an e s t i m a t e o f t he mean f r e e p a t h i n t h e 

h y p o t h e t i c a l m a t e r i a l o f u n i t s t o i c h i o m e t r y o f 1 7 - 1 8 8 . T h i s compares 

w i t h t h e assumed v a l u e o f 2 0 . 2 $ f o r g o l d and t he e s t i m a t e o f kkR f o r 

g r a p h i t e . The i n c o n s i s t e n c y i n t h i s a r i s e s l a r g e l y f r o m two e l e m e n t s 

o f c y c l i c a rguments employed i n r e f e r e n c e 1 9 3 - T h u s , the r e l a t i v e 

c r o s s s e c t i o n s c a l c u l a t e d i n T a b l e 1 o f r e f e r e n c e 193 a re o f two t y p e s . 

In co lumn 9 t he r a t i o r e p o r t e d f o r t he s o l i d samples assume t h a t t he 

mean f r e e p a t h s c o r r e s p o n d i n g t o p h o t o e m i s s i o n f r o m d i f f e r e n t l e v e l s 

i n b o t h t h e same and d i f f e r e n t compounds a re i d e n t i c a l a l t h o u g h the 

l a t t e r a n a l y s i s u s i n g t h e s e d a t a a r e p u r p o r t e d t o show t h a t t h i s i s n o t , 

i n f a c t , t h e c a s e . F u r t h e r , t he d a t a r e p o r t e d in co lumn 10 i n d i c a t e t h a t 

t he r e l a t i v e escape d e p t h s have been ' c o r r e c t e d f o r k i n e t i c e n e r g y 1 

a c c o r d i n g t o t h e r e l a t i o n s h i p 

^ ( E ) ° ' 5 

A n a l y s i s o f t he f i n a l d a t a , h o w e v e r , p r e s e n t e d in T a b l e 2 o f r e f e r e n c e 

193 shows t h a t t h e r e i s c o n s i d e r a b l e d e v i a t i o n f r o m a s q u a r e r o o t d e ­

pendence o f mean f r e e p a t h on k i n e t i c e n e r g y . 

I t s h o u l d be c l e a r t h a t t h e r e i s a c o n s i d e r a b l e d i v e r g e n c e o f 

o p i n i o n on mean f r e e p a t h s i n o r g a n i c m a t e r i a l s , i n g e n e r a l , and i t i s 

t he p u r p o s e o f the s u c c e e d i n g s e c t i o n o f t h i s paper t o p r e s e n t i n d e ­

t a i l e v i d e n c e o b t a i n e d on t he d i r e c t measurement o f mean f r e e p a t h s i n 

p o l y m e r s by the s u b s t r a t e o v e r l a y e r t e c h n i q u e w h i c h r e s o l v e s some o f 

t he a m b i g u i t i e s a l l u d e d t o i n t h e p r e c e d i n g d i s c u s s i o n . 
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i i ) Expe r i men ta1 

A l t h o u g h the s u b s t r a t e - o v e r 1 a y e r t e c h n i q u e p r o v i d e s , in p r i n c i p l e , 

t he most s t r a i g h t f o r w a r d and r e l i a b l e methods o f m e a s u r i n g e l e c t r o n mean 

f r e e p a t h s , the e x p e r i m e n t a l d i f f i c u l t i e s i n i m p l e m e n t a t i o n a re c o n s i d e r -
1Q7 

a b l e . T h u s , i f mean f r e e p a t h s a r e t o be e s t i m a t e d in p o l y m e r s , we 

r e q u i r e u n i f o r m f i l m s o f known t h i c k n e s s and s t r u c t u r e and an a n g u l a r d e ­

penden t s t u d y o f b o t h s u b s t r a t e and o v e r l a y e r c o r e l e v e l s . For a v a r i e t y 

o f reasons w h i c h w i l l become a p p a r e n t , the s t u d y t o be r e p o r t e d h e r e i n ­

v o l v e d the in s i t u p r o d u c t i o n o f p o l y p a r a x y l y l e n e f i l m s by p o l y m e r i z a ­

t i o n o f p a r a x y l y l e n e p r e c u r s o r s g e n e r a t e d in a p y r o l y s i s f l o w sys tem and 

the d i r e c t measurement o f f i l m t h i c k n e s s e s by means o f a q u a r t z d e p o s i ­

t i o n m o n i t o r . 

A c a r e f u l c o n s i d e r a t i o n o f a l l o f t h e f a c t o r s w h i c h must be c o n ­

t r o l l e d i n such a s t u d y leads t o a s t r a i g h t f o r w a r d s e l e c t i o n o f the 
207 

p o l y p a r a x y l y l e n e sys tem . T h u s , t he s u b l i m a t i o n and p y r o l y s i s r a t e s 
2 0 8 

f o r t he [ 2 . 2 ] p a r a c y c 1 o p h a n e s may be p r e c i s e l y c o n t r o l l e d p r o v i d i n g 

a c o n v e n i e n t d e p o s i t i o n r a t e f o r the p a r a x y 1 y 1 e n e s v i a v a r i o u s p y r o l y t i c 

r o u t e s has been e x h a u s t i v e l y s t u d i e d i n the l i t e r a t u r e and fo rms t he 
2 0 7 

b a s i s o f the c o m m e r c i a l l y a v a i l a b l e PARYLENE" c o a t i n g s . The m a j o r 

a d v a n t a g e s o f e m p l o y i n g t he s y n t h e t i c r o u t e i n v o l v i n g \l. 2] pa r acyc 1 o -

phane s t a r t i n g m a t e r i a l s may be summar ized as f o l l o w s : 

1) The p y r o l y s i s under a p p r o p r i a t e c o n d i t i o n s y i e l d s q u a n t i -
2 0 7 

t a t i v e c o n v e r s i o n t o t he p o l y m e r w i t h no s i d e r e a c t i o n s 

2 ) S ince t he method a l l o w s c l o s e c o n t r o l o f the r a t e o f p r o d u c ­

t i o n and d e p o s i t i o n r a t e o f the i n t e r m e d i a t e p a r a x y 1 y 1 e n e s , 
2 0 7 

u n i f o r m t h i n f i l m s may r e a d i l y be p roduced 

3 ) The t h i n f i l m s p r o d u c e d i n t h i s way as opposed t o o t h e r 

methods ( e . g . s o l v e n t c a s t i n g ) a r e e s s e n t i a l l y i m p u r i t y 

f r e e ( e . g . f r o m s o l v e n t i m p u r i t i e s , a n t i o x i d a n t s , c a t a l y s t s , 
207 

f i l l e r , a n t i b l o c k i n g a g e n t s , e t c . ) 
k) The p o l y p a r a x y l y l e n e p o l y m e r s p roduced by t h i s r o u t e have 

209 

been w e l l c h a r a c t e r i z e d in t he l i t e r a t u r e 

5 ) The f i l m s can be p r e p a r e d i n - s i t u in a sample chamber d i r ­

e c t l y a t t a c h e d t o the s p e c t r o m e t e r sou rce w h i c h o b v i a t e s any 

p o s s i b i l i t y o f c o n t a m i n a t i o n wh i ch m i g h t a r i s e i f t he samples 

"'-Union C a r b i d e C o r p o r a t i o n t r a d e mark . 
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were p r e p a r e d e l s e w h e r e and t h e n t r a n s f e r r e d t o the s p e c ­

t r o m e t e r ( c f . r e f . 185). 

6) S u b s t i t u t e d d e r i v a t i v e s o f [ 2 . 2 ] pa r a c y c ' ophane have been 

w e l l c h a r a c t e r i z e d and p r o v i d e a r o u t e t o t he s u b s t i t u t e d 

p o l y m e r s y s t e m so t h a t p o s s i b ' e v a r i a t i o n s in mean f r e e 

p a t h as a f u n c t i o n o f p o l y m e r s t r u c t u r e may be i n v e s t i g a t ­

ed ( c f . Chap te r 5 ) 

A s c h e m a t i c o f the s y n t h e t i c r o u t e is shown in F i g . 4 . 4 where 

X 

aubllmollon 
C SO-I50*C 

(•olid) (vopor) (vapor) 

Otpot i l inn and * ™ V " \ 
Polymirimllon \ ™ 

(•olid) 

FIGURE 4 . 4 

A s c h e m a t i c o f the p o l y m e r i z a t i o n p r o c e s s f r o m the [ 2 . 2 ] 

p a r a c y c I o p h a n e t o t h e p o l y p a r a x y l y l e n e 

the s u b l i m a t i o n and p y r o l y s i s t e m p e r a t u r e s were o p t i m i z e d f o r a g i v e n 

p a r a c y c 1 o p h a n e p r e c u r s o r and were i n the range i n d i c a t e d . 

The s t a r t i n g m a t e r i a l s [ 2 . 2 ] pa racyc1ophanes were o b t a i n e d f r o m 

Un ion C a r b i d e C o r p o r a t i o n , U .S .A . and i n c l u d e d the u n s u b s t i t u t e d and 

d i c h ' o r o 2 .2 pa racyc1ophanes ( m o n o s u b s t i t u t e d r i n g s ) . For the l a t t e r , 
209 

the dominan t isomer i s the pseudo p a r a , however , the f a c t t h a t an 

i s o m e r i c m i x t u r e was employed i s o f no s i g n i f i c a n c e s i n c e p y r o l y s i s 
207 

l eads t o the same m o n o c h l o r o p a r a x y l y l e n e i n t e r m e d i a t e . D ib romo 

[ 2 . 2 ] p a r a c y c 1 o p h a n e was s y n t h e s i z e d a c c o r d i n g t o the l i t e r a t u r e p r o -
207C 

c e d u r e and a U s t a r t i n g m a t e r i a l s were rec rys t a 1 1 i zed f r o m a p p r o p ­

r i a t e s o l v e n t s , a minimum o f t h r e e t imes and c h a r a c t e r i z e d by V . P . C . , 

M .P t . and by U.V. and I . R. s p e c t r o s c o p i e s . In a l l c a s e s , t he p u r i ­

t i e s were > 9 9 • 5 % • ESCA s p e c t r a were r e c o r d e d on a l l s t a r t i n g m a t e r i a l 
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and as an a d d i t i o n a l c h e c k , t he c o n s t a n c y o f t he r a t i o s o f shake up i n ­

t e n s i t i e s in the r e g i o n ~ 1 0 eV f r o m the d i r e c t p h o t o i on i za t i on peaks 

d e t e r m i n e d " . T h i s p r o v i d e s a good i n t e r n a l check on t h e p o l y m e r o v e r -

l a y e r s p roduced and w o u l d r e a d i l y r e v e a l any e x t r a n e o u s c o n t a m i n a t i o n . 

However , i n a l l cases r e p o r t e d he re e x c e l l e n t ag reement was o b t a i n e d f o r 

t h e shake up i n t e n s i t i e s f o r pa racyc1ophane p r e c u r s o r s and the p o l y m e r s 

t hemse1ves . 

The room t e m p e r a t u r e d e p o s i t i o n o f the p a r a x y 1 y I e n e s p roduce 

p o l y m e r f i l m s w h i c h have been w e l l c h a r a c t e r i z e d and an e x t e n s i v e l i t ­

e r a t u r e i s a v a i l a b l e on s t r u c t u r e , c r y s t a 1 1 i n i t y , d e n s i t y and l i n e a r i t y 

2 0 9 

o f t h e p o l y m e r s . The mechanism o f p o l y m e r i z a t i o n i n v o l v i n g as i t 

does s u c c e s s i v e a d d i t i o n o f p a r a x y 1 y 1 e n e s t o a g r o w i n g ( l i n e a r ) p o l y m e r 

c h a i n wou ld s u g g e s t a p r i o r i t y t h a t f i l m s o f c ' o s e l y u n i f o r m c o v e r a g e 
s h o u l d be p r o d u c e d by t h i s r o u t e w i t h M t t ' e o r no t e n d a n c y f o r 

207 
' i s l a n d i n g ' . As w i l l become a p p a r e n t , t h i s i s i n f a c t the c a s e * * . 

The ' i n i t i a l ' s t i c k i n g p r o b a b i l i t i e s f o r s u b s t i t u t e d p a r a -

x y l y l e n e sys tems i s a s t r o n g f u n c t i o n o f t he e l e c t r o n i c e f f e c t o f t h e 

s u b s t i t u e n t and o f t he s u b s t r a t e and r e p r e s e n t s t he c o n v o l u t i o n o f 

e f f e c t s due t o t he i n i t i a l i n t e r a c t i o n between p a r a x y l y l e n e and s u b ­

s t r a t e and t he o v e r a l l r a t e o f the p o l y m e r i z a t i o n r e a c t i o n a t the 

207 

i n t e r f a c e . For a v a r i e t y o f reasons g o l d was chosen as t h e s u b ­

s t r a t e . The s t i c k i n g c o e f f i c i e n t s f o r the p a r a x y 1 y 1 e n e s i n v o l v e d 

i n t h i s wo rk f o r a g o l d s u b s t r a t e p r o v i d e a v e r y c o n v e n i e n t t i m e s c a l e 

f o r t he i n i t i a l b u i l d up o f t h i n f i l m s . The c o r e l e v e l s o f g o l d 

have a s u f f i c i e n t l y l a r g e c r o s s s e c t i o n t h a t t hey may s t i l l be m o n i ­

t o r e d w i t h c o n s i d e r a b l e s t a t i s t i c a l a c c u r a c y f o r r e l a t i v e l y t h i c k 

* S i n c e t he shake up i n t e n s i t y i n t h i s r e g i o n d e r i v e s f romn- — ->ir * 
t r a n s i t i o n s accompany ing c o r e i o n i z a t i o n in the c o n j u g a t e d s y s t e m , we 
w o u l d a n t i c i p a t e t h a t t he s h a k e - u p i n t e n s i t y f o r t he p r e c u r s o r w o u l d 
be i d e n t i c a l t o t h a t f o r the p o l y m e r s i n c e they a r e c l o s e l y r e l a t e d 
s t r u c t u ra11y . 

* * A f u r t h e r i m p o r t a n t c o n s i d e r a t i o n i s t h a t s i n c e such p o l y m e r s a re n o t 
' c r y s t a l l i n e ' i n t h e sense n o r m a l l y emp loyed when d i s c u s s i n g s i n g l e 
c r y s t a l s o f t y p i c a l o r g a n i c s , m e t a l s and semi c o n d u c t o r s , t h e p r o b l e m 
o f s p e c i f i c c h a n n e l l i n g phenomena does n o t a r i s e . In t h i s sense the 
r e s u l t s a r e l i k e l y t o be p a r t i c u l a r l y u s e f u l s i n c e the m a j o r i t y o f 
ESCA s t u d i e s where q u a n t i t a t i v e d a t a i s o f use p e r t a i n s t o p o l y -
c r y s t a l l i n e o r amorphous m a t e r i a l s . 
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o v e r l a y e r s . There i s a l s o no l i k e l i h o o d o f c h e m i c a l i n t e r a c t i o n b e ­

tween d e p o s i t e d p a r a x y 1 y 1 e n e s and the s u b s t r a t e . F i n a l l y , s i n c e the 

t h i n f i l m t h i c k n e s s e s were measured u s i n g a q u a r t z d e p o s i t i o n m o n i t o r 

( g o l d c o a t e d ) , i t i s i m p o r t a n t t h a t a s u b s t r a t e i s a v a i l a b l e f r o m w h i c h 

i t is r e l a t i v e l y s t r a i g h t f o r w a r d t o p roduce a u n i f o r m e v a p o r a t e d o v e r -

l a y e r on q u a r t z c r y s t a l s such t h a t s t i c k i n g p r o b a b i l i t i e s e t c . f o r the 

d e p o s i t i o n m o n i t o r a re i d e n t i c a l t o t h o s e f o r the s u b s t r a t e i t s e l f . 

As we have n o t e d , the use o f a p y r o l y s i s f l o w s y s t e m o b v i a t e s 

many o f t he p rob lems and a r t e f a c t s w h i c h m i g h t a r i s e i f p o l y m e r f i l m s 

o f known t h i c k n e s s a re p r o d u c e d by o t h e r means. The f i n a l d e s i g n o f 

t he a p p a r a t u s emp loyed i n t h i s w o r k i s shown i n F i g . k.$ and u t i l i z e d 

V o l . ! 

•lilt lo To pyrolysis and anolyttf sublimation chambtri 

inter lion 
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0 ring Molt X-ray gun 
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tamplt 
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o r t n u r t gaugt 
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o Ihlckncii monilor vacuu 
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FIGURE k.S 

The a p p a r a t u s (shown a t t a c h e d t o the i n s e r t i o n l o c k sys tem o f t h e 

s p e c t r o m e t e r ) f o r t he c o n t r o l l e d d e p o s i t i o n o f p o l y p a r a x y 1 y 1 e n e s 

t he f l e x i b i l i t y o f t h e i n s e r t i o n l o c k sys tem o f o u r p a r t i c u l a r ESCA i n -

s t rumen t a t i o n . 

The p u r i f i e d [ 2 . 2 ] pa racy 1cophane s t a r t i n g m a t e r i a l s were p l a c e d 

i n the t e m p e r a t u r e c o n t r o l l e d s u b l i m a t i o n end o f 1 /2 " d i a m e t e r q u a r t z 
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t ubes ~ 2V 1 i n l e n g t h . The samples ~ 2 qms. were s u b l i m e d i n t o t he 

p y r o l y s i s zone w h i c h e x t e n d e d o v e r a l e n g t h o f ~ 1 2 " s t a r t i n g some 6 " 

f r o m the c l o s e d end o f the t u b e s . The ' L i n d b e r g ' (Type 55035A, L i n d b e r g , 

W a t e r t o w n , W i s c o n s i n , U . S . A . ) p y r o l y s i s f u r n a c e e n a b l e d a c c u r a t e c o n t r o l 

o f the t e m p e r a t u r e p r o f i l e o v e r the p y r o l y s i s zone and d e p e n d i n g on the 

[ 2 . 2 ] p a r a c y c l o p h a n e p r e c u r s o r t e m p e r a t u r e s i n t he range 500-650°C were 

e m p l o y e d . The p o s t p y r o l y s i s zone o f the q u a r t z t ube was c o n n e c t e d v i a 

g r e a s e l e s s c o u p l i n g s (Ca jon C o r p o r a t i o n , C l e v e l a n d , O h i o , U . S . A . ) t o 

the d e p o s i t i o n chamber . The use o f vacuum T f i t t i n g s e n a b l e d p r e s s u r e s 

t o be measured a t t he i n l e t t o the d e p o s i t i o n chamber by means o f a 

H a s t i n g s DV-6 t h e r m o c o u p l e gauge ( T e l e d y n e H a s t i n g s - R a d i s t , Hampton, 

V i r g i n i a , U . S . A . ) w h i c h c o u l d be i s o l a t e d f r o m t h e p y r o l y s i s s t r e a m 

d u r i n g an a c t u a l d e p o s i t i o n e x p e r i m e n t . The i n l e t t o t h e d e p o s i t i o n 

chamber f r o m t h e p y r o l y s i s t ube c o u l d be i s o l a t e d by means o f a g r e a s e -

l e s s v a l v e . The d e p o s i t i o n chamber was mounted d i r e c t l y o n t o t h e 

s p e c t r o m e t e r i n s e r t i o n l o c k s y s t e m w h i c h i n t u r n was mounted on a 

' G o d d a r d ' v a l v e (Goddard V a l v e C o r p o r a t i o n , W o r c e s t e r , M a s s . , U . S . A . ) 

d i r e c t l y a t t a c h e d t o t h e s o u r c e o f t he ESCA s p e c t r o m e t e r . Pumping 

f o r the s y s t e m was p r o v i d e d by t h e two s t a g e r o t a r y pump (Edwards 

ED50, Edwards H igh Vacuum, C r a w l e y , E n g l a n d ) n o r m a l l y emp 'oyed f o r 

p r e - p u m p i n g i n the i n s e r t i o n l o c k s f o r t h e normal mode o f i n t r o d u c ­

t i o n o f t he sample p robe i n t o t he s p e c t r o m e t e r . T h i s a r r a n g e m e n t 

p r o v i d e s c o n s i d e r a b l e f l e x i b i l i t y s i n c e t h e d e p o s i t i o n chamber and 

a n c i l l a r y a p p a r a t u s may r e a d i l y be demounted so t h a t t h e e x p e r i m e n t s 

d e s c r i b e d he re c o u l d c o n v e n i e n t l y be i n t e r f a c e d w i t h t h e norma l s p e c -

t o m e t e r w o r k l o a d . The q u a r t z d e p o s i t i o n m o n i t o r was a t t a c h e d t o t h e 

d e p o s i t i o n chamber i n such a manner t h a t the g o l d s u b s t r a t e mounted 

on the sample p robe t i p and t h e m o n i t o r head ( g o l d c o a t e d q u a r t z 

c r y s t a l ) were as n e a r l y as p o s s i b l e a r r a n g e d i n a s y m m e t r i c a l r e ­

l a t i o n s h i p t o t h e i n l e t f r o m the p y r o l y s i s chamber . I ndependen t 

e x p e r i m e n t s d e s c r i b e d b e l o w e s t a b l i s h e d the r e l a t i o n s h i p be tween f i l m 

t h i c k n e s s f o r p o l y m e r f i l m s d e p o s i t e d on t h e g o l d s u b s t r a t e on the 

sample p robe and on t h e d e p o s i t i o n m o n i t o r . The t h i c k n e s s m o n i t o r 

(K ronos Type 0_M 300 , Kronos C o r p o r a t i o n , T o r r a n c e , C a l i f o r n i a , U . S . A . ) , 

emp loyed i n t h i s w o r k , measures t he change i n p e r i o d o f o s c i l l a t i o n 

o f t he q u a r t z c r y s t a l , t h e r e b y e l i m i n a t i n g the n o n - l i n e a r i t y r e s u l t i n g 
210 

f r o m t h e measurement o f changes o f f r e q u e n c y . An a s s u m p t i o n w h i c h 

must be made, howeve r , i s t h a t a d e p o s i t e d f i l m o f some g i v e n mass 

pe r u n i t a r e a w i l l p r o d u c e t h e same e f f e c t as a q u a r t z f i l m o f the 
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same mass per u n i t a r e a , p r o v i d e d t h a t the t h i c k n e s s o f t he d e p o s i t e d 

f i l m i s s m a l l compared t o the t h i c k n e s s o f the q u a r t z c r y s t a l . S u f ­

f i c i e n t s t u d i e s have been made t o e s t a b l i s h the v a l i d i t y o f t h i s 

a s s u m p t i o n up t o f i l m t h i c k n e s s e s in excess o f 100,0008 The ca1 -

i b r a t i o n o f the t h i c k n e s s m o n i t o r i t s e l f f o r t he d e t e r m i n a t i o n o f f i l m 

t h i c k n e s s e s f o r t h e p o l y m e r f i l m s r e q u i r e s a knowledge o f t h e i r d e n s i ­

t i e s . D e t a i l e d s t u d i e s a r e , i n f a c t , a v a i l a b l e in t h e l i t e r a t u r e f o r 

the b u l k p o l y m e r s - a n d t h e r e seems no reason t o s u s p e c t a p r i o r i t h a t 

the t h i n p o l y m e r f i l m s s t u d i e d i n t h i s w o r k w o u l d v a r y s i g n i f i c a n t l y 
209 

i n d e n s i t y f r o m t h e r e p o r t e d d a t a . I n d e e d , as w i l l become a p p a r e n t , 

t he o v e r a l l agreement w i t h i n d e p e n d e n t e s t i m a t e s o f f i l m t h i c k n e s s e s 

based on e l l i p s o m e t r y and m i c r o b a l a n c e measurements f u l l y s u p p o r t t h i s 

c o n t e n t i o n . In a t y p i c a l e x p e r i m e n t , the a p p a r a t u s was pumped down t o 
- 2 

a p r e s s u r e o f ~ 1 0 t o r r and t he t h i c k n e s s m o n i t o r z e r o e d . The s u b ­

l i m a t i o n h e a t e r was t hen p l a c e d o v e r the c l o s e d end o f t h e q u a r t z tube 

c o n t a i n i n g the r e l e v a n t [ 2 . 2 ] p a r a c y c 1 o p h a n e p r e c u r s o r . W i t h a p p r o p ­

r i a t e a d j u s t m e n t o f s u b l i m a t i o n and p y r o l y s i s t e m p e r a t u r e s t he p o l y 

p a r a x y 1 y 1 enes f i l m s were d e p o s i t e d o n t o b o t h the g o l d s u b s t r a t e mounted 

on the s p e c t r o m e t e r sample p robe t i p (mounted on the d e p o s i t i o n chamber 

by means o f the i n s e r t i o n l o c k ) and t he d e p o s i t i o n m o n i t o r h e a d . When 

a f i l m o f a p p r o p r i a t e t h i c k n e s s as m o n i t o r e d on t h e d i g i t a l r e a d o u t o f 

the a p p a r a t u s had been d e p o s i t e d , t h e p y r o l y s i s chamber was v a l v e d o f f 

f r o m the d e p o s i t i o n chamber and the s u b l i m a t i o n h e a t e r removed. The 

sample p robe was then d i r e c t l y i n t r o d u c e d i n t o t he s p e c t r o m e t e r s o u r c e 

by o p e n i n g the i n t e r v e n i n g Goddard v a l v e . Our p a r t i c u l a r i n s t r u m e n t a ­

t i o n i s e q u i p p e d w i t h a h o r i z o n t a l l y mounted unmonoch roma t i zed MgK a „ 

X - r a y s o u r c e o f Henke d e s i g n and a l s o a m o n o c h r o m a t i z e d A 1 K Q . „ s o u r c e 

p r o d u c e d by d i s p e r s i o n f r o m t h r e e t o r o i d a l l y ben t q u a r t z d i s c s . T h i s 

s l i t f i l t e r e d m o n o c h r o m a t i z e d s o u r c e i s a t an a n g l e o f 6 0 ° t o the h o r i ­

z o n t a l in the same v e r t i c a l p l a n e as t he MgK a , „ s o u r c e as shown i n 

F i g . k.G. I t t h e r e b y p r o v e d p o s s i b l e t o s t u d y samples w i t h b o t h X - r a y 

s o u r c e s . S i n c e , howeve r , a n g u l a r dependent s t u d i e s ( w h i c h a re q u i t e 

t i m e - c o n s u m i n g ) were a l s o p e r f o r m e d , in w h i c h the e l e c t r o n t ake o f f 

a n g l e w i t h r e s p e c t t o t he sample s u r f a c e was i n v e s t i g a t e d , s t u d i e s 

w i t h b o t h X - r a y s o u r c e s were r e s t r i c t e d t o the p a r e n t p o l y p a r a -

x y l y l e n e r i n g s y s t e m . For s i m i l a r r e a s o n s , o n l y t he most i n t e n s e 

c o r e l e v e l s were i n v e s t i g a t e d ; name l y , the Cj l e v e ' s o f t he po l ymer 

o v e r l a y e r and the A u ^ l e v e l s f o r t he s u b s t r a t e . P r e l i m i n a r y e x ­

p e r i m e n t s e s t a b l i s h e d a s u i t a b l e range o f f i l m t h i c k n e s s e s and 
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FIGURE k.G 

The AEI ES 200B s c h e m a t i c i n d i c a t i n g the r e l a t i v e p o s i t i o n s o f the 

Mg and A l X - r a y s o u r c e s w i t h r e s p e c t t o t h e s a m p l e , and the sample 

w i t h r e s p e c t t o the a n a l y s e r 

c o n v e n i e n t t i m e s c a l e s f o r d e p o s i t i o n . The p r e l i m i n a r y e x p e r i m e n t s i n ­

d i c a t e d the o v e r a l l r e p r o d u c i b i l i t y o f p r o d u c i n g f i l m s o f g i v e n t h i c k n e s s 

and a l s o e s t a b l i s h e d t h a t f i l m s o f t he same i n d i c a t e d o v e r a l l t h i c k n e s s 

w h i c h were e i t h e r d e p o s i t e d i n one run o r b u i ' t - u p by s u c c e s s i v e r u n s , 

gave i d e n t i c a l r e s u l t s . For t he p a r e n t po l ymer sys tem w h i c h was s u b ­

j e c t e d t o the most d e t a i l e d s c r u t i n y 20 t h i c k n e s s e s i n t e r s p e r s e d i n t he 

range 5-1008 were i n v e s t i g a t e d and r e p e a t runs were e n t i r e l y r e p r o d u c i b l e . 

A rea measurements were made u s i n g a DuPont 310 A n a l o g c u r v e r e s o l v e r (E . 

I . DuPont de Nemours and C o . , I n s t r u m e n t P r o d u c t s D i v i s i o n , W i l m i n g t o n , 

D e l a w a r e , U . S . A . ) 

The c a ' i b r a t i o n o f f i l m t h i c k n e s s e s e s s e n t i a l l y r e s o l v e s i n t o 

two c o m p o n e n t s . F i r s t l y , the c a l i b r a t i o n o f t he t h i c k n e s s m o n i t o r 

i t s e l f , and s e c o n d l y t h e c a l i b r a t i o n i n v o l v i n g the r e l a t i o n s h i p b e ­

tween f i l m s d e p o s i t e d on the sample p robe t i p and on the d e p o s i t i o n 

m o n i t o r . For the d i r e c t ca1 i b r a t i o n o f f i l m t h i c k n e s s p o l y m e r f i l m s 

i n t h e t h i c k n e s s range ~ 1 0 u . were p roduced w h i c h c o u l d r e a d i l y be r e ­

moved f r o m b o t h the m o n i t o r head and t he s u b s t r a t e . D i r e c t w e i g h i n g 
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o f samples o f known a rea by means o f c a p i c t a n c e m i c r o b a l a n c e (Cahn 

E 1 e c t r o b a 1 a n c e , Model G, Pa ramoun t , C a l i f o r n i a , U . S . A . ) e s t a b l i s h e d 

t h a t the i n d i c a t e d f i l m t h i c k n e s s on the d e p o s i t i o n m o n i t o r was w i t h ­

in e x p e r i m e n t a l e r r o r the same as t h a t o b t a i n e d by d i r e c t w e i g h i n g , 

and t h i s i n d i c a t e s t h a t t o a h i g h deg ree o f a c c u r a c y the d e n s i t y o f 
209 

the f i l m s were i d e n t i c a l t o t hose r e p o r t e d i n t h e l i t e r a t u r e 

(For p o l y p a r a x y l y l e n e d e n s i t y = 1.129 gm. cm. 3^209a^ measu re ­

ments were h i g h ' y r e p r o d u c i b l e i n d i c a t i n g t h a t c l e a v a g e o f the p o l y m e r 

f i l m s f r o m t h e s u b s t r a t e a l m o s t c e r t a i n l y l e f t ' e s s than a few mono­

l a y e r s o f m a t e r i a l a d h e r i n g t o the l a t t e r ( t h i s was c o n f i r m e d i n t h e 

case o f the g o l d s u b s t r a t e on the sample p robe t i p ) . T h i s o p e r a t i o n 

c o u l d r e a d i ' y be e f f e c t e d w i t h no s i g n i f i c a n t change in s u r f a c e a r e a 

o f the f i l m s ( i . e . t h e f i l m s d i d n o t ' s t r e t c h ' ) . Hav ing e s t a b l i s h e d 

the d i r e c t c o r r e s p o n d e n c e between t he i n d i c a t e d and i n d e p e n d e n t l y 

measured f i l m t h i c k n e s s e s f o r t h e q u a r t z d e p o s i t i o n m o n i t o r , a c o r r e ­

l a t i o n was t h e n e s t a b l i s h e d f o r f i l m s p e e l e d f r o m the d e p o s i t i o n 

m o n i t o r and f r o m the sample p robe t i p . Repeat measurements on d i f ­

f e r e n t f i l m s i n the t e n s o f m i c r o n s t h i c k n e s s range gave a r a t i o 

o f f i l m t h i c k n e s s e s f o r the p robe s u b s t r a t e and d e p o s i t i o n m o n i t o r 

o f 0 .75 - 0 . 0 3 - T h i s r e p r e s e n t s a g e o m e t r i c f a c t o r s i n c e t he p robe 

s u b s t r a t e and m o n i t o r head a re no t i n i d e n t i c a l p o s i t i o n s w i t h r e ­

s p e c t t o t he p y r o l y s i s chamber i n l e t . The d i m e n s i o n s o f the a p p a r a ­

t us were such as t o p r e c l u d e an a b s o l u t e l y i d e n t i c a l a r rangemen t and 

t o a v o i d the p o s s i b i l i t y o f w i d e l y d i s p a r a t e f i l m t h i c k n e s s e s on t he 

two s u b s t r a t e s w h i c h c o u l d a r i s e f r o m s t r e a m i n g e f f e c t s t he a r r a n g e ­

ment employed was as i n d i c a t e d i n F i g . *4.5 w i t h t he g o l d s u b s t r a t e 

mounted on t h e sample p robe a t r i g h t a n g l e s t o the q u a r t z d e p o s i t i o n 

m o n i t o r and thus b e i n g r o t a t e d 180° w i t h r e s p e c t t o t he p y r o l y s i s 

i n l e t t u b e . S t r e a m i n g e f f e c t s s h o u l d , t h e r e b y , be m i n i m i z e d and i f 

t hey o c c u r w o u l d be e x p e c t e d t o p roduce a somewhat t h i c k e r f i l m on 

t he d e p o s i t i o n m o n i t o r s u b s t r a t e . T h i s i s , i n f a c t , the case as has 

p r e v i o u s l y been n o t e d ( r a t i o o f t h i c k n e s s e s 0 .75 - 0 . 0 3 ) . 

The c a l i b r a t i o n o f f i l m t h i c k n e s s e s was checked f o r i n t e r n a l 

c o n s i s t e n c y by i n d e p e n d e n t measurements e m p l o y i n g e 1 1 i p s o m e t r y . S i n c e 

t h e s e measurements i n v o l v e d p r e p a r a t i o n o f f i l m s and then t r a n s p o r t a t i o n 

t o a n o t h e r l a b o r a t o r y - ' f o r t he e l l i p s o m e t r y s t u d i e s , sample t h i c k n e s s e s 

"Thanks are due t o D r . I C a l l a g h a n , P r o c t o r and Gamble Research L a b o r a ­
t o r i e s , N e w c a s t l e - u p o n - T y n e f o r u n d e r t a k i n g t h e s e measu remen ts . The 
r e q u i s i t e r e f r a c t i v e index d a t a f o r t he p o l y p a r a x y l y l e n e f i l m s were 
t aken f r o m r e f e r e n c e 209a . 
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were chosen such t h a t any c o n t a m i n a t i o n wh ich m i q h t a r i s e in h a n d l i n g 

w o u l d be m i n i m i z e d . F i l m s o f p o l y p a r a x y l y ! e n e w e r e , t h e r e f o r e , d e ­

p o s i t e d on g o l d s u b s t r a t e s , the i n d i c a t e d f i l m t h i c k n e s s e s on t he d e p ­

o s i t i o n m o n i t o r b e i n q 3 5 0 8 and 6 0 0 8 . 

The He/Ne l a s e r ( 6 3 2 . 8 nm. ) employed i n t he e l l i p s o m e t r y s t u d i e s 

p r o v i d e d a s a m p l i n g a rea ~ l mm. i n d i a m e t e r and measurements w e r e , 

t h e r e f o r e , made o v e r d i f f e r e n t a reas o f the p o l y m e r f i l m s and t h e v a l u e s 

r e p o r t e d a re the ave rage o f t h e s e i n each c a s e . For a g i v e n p o l y m e r 

f i l m measurements f e l l w i t h i n a n a r r o w range w h i c h may be t a k e n as i n ­

dependen t e v i d e n c e , a t l e a s t on t h e m a c r o s c o p i c s c a l e t h a t the samples 

a r e o f u n i f o r m t h i c k n e s s . For the 3 5 0 $ sample ( i n d i c a t e d t h i c k n e s s on 

t he d e p o s i t i o n m o n i t o r ) t h e e l l i p s o m e t r y measurements gave a t h i c k n e s s 

o f 263A 5 - 5 8 , wh i 1 s t f o r t he 6 0 0 8 sample the c o r r e s p o n d i n g v a l u e was 

^ 6 2 - 5 8 . T h i s p r o v i d e s r a t i o s o f 0 . 7 5 and 0 . 7 7 f o r the g e o m e t r i c f a c ­

t o r i n v o l v e d in r e l a t i n g f i l m t h i c k n e s s e s f o r t he p robe s u b s t r a t e and 

t h e d e p o s i t i o n m o n i t o r head i n e x c e l l e n t agreement w i t h t h a t f o r t he 

t h i c k f i 1 m s . 

i i i ) R e s u l t s and D i s c u s s i o n 

I n i t i a l e x p e r i m e n t s e s t a b l i s h e d a c o n v e n i e n t range o f t h i c k n e s s ­

es and d e p o s i t i o n r a t e s f o r f i l m s and t o e s t a b l i s h t he o v e r a l l r e p r o ­

d u c i b i l i t y o f t he method s t u d i e s were c a r r i e d o u t on t he p a r e n t s y s t e m , 

p o l y p a r a x y I y 1 e n e , u s i n g unmonoch roma t i zed MgK a . r a d i a t i o n . Samples 
^ o 

were s t u d i e d a t a f i x e d t a k e o f f a n g l e ( d) o f 10 w h i c h c o r r e s p o n d s t o 

the maximum in s i g n a l i n t e n s i t y f o r t he A u , f l e v e l s o f the g o l d s u b -
f 7 / 2 

s t r a t e w i t h o u t p a r t i c u l a r e x p e r i m e n t a l a r r a n g e m e n t . The d a t a a re d i s ­

p l a y e d i n F i g . h.7 w h i c h shows a p l o t o f In v s . f i l m t h i c k n e s s 

f o r t he s u b s t r a t e c o r e l e v e ' s and the c o r r e s p o n d i n g p l o t o f In ( l - ' s / l ^ ) 
f o r t h e C. l e v e l s o f the p o l y m e r o v e r l a y e r . S t a t i s t i c a l a n a l y s i s o f 

I s 2 

t h e d a t a y i e l d s R v a l u e s o f 0 . 9 9 f o r b o t h c o r r e l a t i o n s w i t h d e r i v e d 

mean f r e e p a t h s o f 2 0 . ^ 8 and f o r e l e c t r o n s o f k i n e t i c e n e r g y 

~ 1170 eV and ~ 9 6 9 eV, r e s p e c t i v e l y . Even in t h e absence o f a n g u l a r 

dependen t i n v e s t i g a t i o n s t he good s t a t i s t i c a l m t u r e o f t he d a t a w i t h 

l i n e a r e x t r a p o l a t i o n s p r o v i d e s s t r o n e v i d e n c e f o r t he absence o f any 

s i g n i f i c a n t ' i s l a n d i n g ' e f f e c t s . S ince the q u a r t z d e p o s i t i o n m o n i t o r 

a c t u a l l y measures t he mass o f m a t e r i a l d e p o s i t e d , i s l a n d i n g s h o u l d 

r e a d i l y be d e t e c t a b l e by d e v i a t i o n s f r o m s t r a i g h t f o r w a r d e x p o n e n t i a l 

b e h a v i o r f o r the a t t e n u a t i o n o f c o r e l e v e l s i g n a l s f o r s u b s t r a t e and 
1 72 

o v e r l a y e r . T h i s is r e a d i l y a p p r e c i a t e d i n a s i m p l i s t i c f a s h i o n , 
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FIGURE 4 . 7 

I I 
Ln (1 - — ) f o r t h e o v e r l a y e r and l n ( — - ) f o r t he s u b s t r a t e , v e r s u s d / c o s f l , 

f \C 

o s 

f o r a s e r i e s o f t h i c k n e s s e s o f p o l y p a r a x y l y l e n e on a g o l d s u b s t r a t e , 

s t u d i e d a t a c o n s t a n t 6 o f 1 0 ° , w i t h a MqK a X - r a y s o u r c e . 

(Note the o r d i n a t e has been a r b i t r a r i l y n o r m a l i z e d t o a r a t i o o f 100 
where j _ e q u a l s 1.) 

r 
o 
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i f we i g n o r e t o a f i r s t a p p r o x i m a t i o n shadowing e f f e c t s . T h u s , f o r a 

u n i f o r m c o v e r a g e o f t h i c k n e s s d the i n t e n s i t y r a t i o s a re o f the f o r m : 

,d _ °° - d A . c o s e ( 4 . 3 ) f o r s u b s t r a t e ( A u , f ) 
s s 6 S 4 t 7 / 2 

I d = I * (1 - e ' d / X o C O S e ) ( 4 . 4 ) f o r o v e r l a y e r (C, ) 
o o Is 

I f t he same mass o f m a t e r i a l , howeve r , i s d i s t r i b u t e d in ' i s l a n d s ' w i t h 

f r a c t i o n a l s u r f a c e c o v e r a g e f t h e n t h e ana logues o f ( 3 ) and (4 ) a r e : 

| d = (1 - f ) £ + f \% - d / ^ f l { k m 5 ) 

and I d = f l ^ (1 - e _ d / f V° S 1 ( 4 . 6 ) 
o o 

The m a n i f e s t a t i o n o f t h i s b e h a v i o r w o u l d be an e x p o n e n t i a l d e ­

pendence f o r b o t h s u b s t r a t e and o v e r l a y e r c o r e l e v e l s , h o w e v e r , f o r th<= 

f o r m e r a p l a t e a u v a l u e w o u l d be reached c o r r e s p o n d i n g t o t he f i r s t t e r m 

i n E q u a t i o n 4 . 5 - The n e t e f f e c t w o u l d be t h a t d e p e n d i n g on f, an upper 

bound on mean f r e e p a t h s w i l l be o b t a i n e d . The n a t u r e o f t he e x p e r i ­

ments in w h i c h f i l m s a re b u i l t up by s u c c e s s i v e d e p o s i t i o n , and t he 

p o l y m e r i z a t i o n r e a c t i o n s t h e m s e l v e s w o u l d make the p o s s i b i l i t y o f 

i s l a n d i n g seem e x c e e d i n g l y r e m o t e . The f i n a ' c o n f i r m a t i o n o f t h i s , 

howeve r , comes f r o m the a n g u l a r dependen t s t u d i e s w h i c h have been 

c a r r i e d o u t i n a s e p a r a t e s e r i e s o f e x p e r i m e n t s . 

The r e s u l t s a re d i s p l a y e d i n F i g . 4 . 8 f o r p o l y p a r a x y l y l e n e f i l m s 

s t u d i e d w i t h unmonoch roma t i zed MgK a r a d i a t i o n . Tike o f f a n g l e s w i t h 

r e s p e c t t o a normal sample s u r f a c e o f 0 ° , 10° 3 0 ° and 5 0 ° were i n v e s t i ­

g a t e d and i t i s c l e a r f r o m the d a t a d i s p l a y e d i n F i g . 4 . 8 t h a t the 

o v e r a l l agreement i s e x t r e m e l y good f o r b o t h s u b s t r a t e and o v e r l a y e r 

c o r e l e v e l s . S t a t i s t i c a l a n a l y s i s o f the d a t a p o i n t s t a k e n f o r each 
2 

a n g l e i n each case p r o v i d e s R v a l u e s o f 0 . 9 9 and the d e r i v e d mean 

f r e e p a t h s f o r the o v e r l a y e r and s u b s t r a t e c o r e l e v e l s show a r e m a r k ­

a b l y s m a l l degree o f s c a t t e r . The d e r i v e d mean f r e e p a t h s o f 10° t a k e 

o f f a n g l e o f 2 1 . 0 $ and 1 2 . 6 8 r e s p e c t i v e l y f o r e l e c t r o n s o f k i n e t i c 

e n e r g y o f ~ 1 1 7 0 eV and ~ 969 eV compare f a v o r a b l y w i t h t h o s e o b t a i n e d 

i n the i n d e p e n d e n t s t u d y j u s t d e s c r i b e d ( 2 0 . 4 8 and 1 4 . 4 8 ) . 

The s c a t t e r i n the d a t a i n F i g . 4 . 8 is more a p p a r e n t t han r e a l 

s i n c e t he d a t a c o r r e s p o n d t o t he s u p e r p o s i t i o n o f .? s e r i e s o f d a t a 
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FIGURE 4 . 8 

I I 
Ln (1 - — ) f o r t he o v e r l a y e r and 1 n (——) f o r the s u b s t r a t e v e r s u s d / c o s i 

" l " 5 I " 
o s 

f o r a s e r i e s o f t h i c k n e s s e s o f p o l y p a r a x y l y l e n e on a g o l d s u b s t r a t e 

s t u d i e d as a f u n c t i o n o f d , 0° , 1 0 ° , 3 0 ° , and 50° w i t h a MqKg 

X - r a y s o u r c e (Note t he o r d i n a t e has been a r b i t r a r i l y n o r m a l i z e d t o a 

r a t i o o f 100 where I equa1s 1) 
r-
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p o i n t s d e s c r i b i n g s t r a i g h t l i n e s w i t h s l i g h t l y d i f f e r i n g o r i g i n s , i . e . 

no a t t e m p t has b e e n made t o a d j u s t i n t e n s i t y r a t i o s t o a common o r i g i n 

f o r a g i v e n c o r e l e v e l as a f u n c t i o n o f t a k e - o f f a n g l e . The i m p o r t a n t 

p o i n t i s , o f c o u r s e , t h a t t h e mean f r e e p a t h s a r e d e t e r m i n e d by t h e 

s l o p e s o f t h e l e a s t s q u a r e s d e f i n e d s t r a i g h t l i n e c o r r e l a t i o n s . I n 

t h i s c o n n e c t i o n , i t m i g h t a l s o be n o t e d t h a t some o f t h e i n i t i a l 

p o i n t s o n t h e s e c o r r e l a t i o n s u n d o u b t e d l y r e f e r t o l e s s t h a n a m o n o ­

l a y e r c o v e r a g e o f t h e s u b s t r a t e . As s u c h ' i s l a n d i n g ' e f f e c t s may be 

s i g n i f i c a n t ) i . e . i n s u f f i c i e n t p o l y m e r mass h a s b e e n d e p o s i t e d t o p r o ­

v i d e u n i f o r m c o v e r a g e ) . S i n c e , h o w e v e r , s u c h d a t a p o i n t s a r e c l o s e t o 

t h e i n t e r c e p t t h e y p l a y a r e l a t i v e l y m i n o r r o l e i n d e t e r m i n i n g t h e s l o p e . 

I f , i n f a c t , t h e s e i n i t i a l p o i n t s ( f o r s u b s t r a t e a n d o v e r l a y e r ) a r e 

p l o t t e d o n a g r e a t l y e x p a n d e d s c a l e ( e . g . i n t h e 0 - 1 0 ° \ r a n g e ) i t i s c l e a r 

t h a t t h e p r o j e c t e d s l o p e s w o u l d c o r r e s p o n d t o t h e t y p e o f b e h a v i o r p r o ­

j e c t e d f r o m E q u a t i o n a n d k.G} a n d p r o v i d e e x a g g e r a t e d e s t i m a t e s o f 

t h e r e l e v a n t mean f r e e p a t h s . A l t h o u g h a d i s c u s s i o n o n t h e a b s o l u t e 

m a g n i t u d e s o f t h e m e a s u r e d mean f r e e p a t h s w i l l a p p e a r l a t e r o n , a t 

t h i s s t a g e n o t e t h a t t h e v a l u e s a g r e e w e l l w i t h t h o s e p r e v i o u s l y p u b ­

l i s h e d by S t e i n h a r d t ' ^ a n d a r e a l s o e m i n e n t l y r e a s o n a b l e i n t e r m s o f 

t h e r e l a t i v e m a g n i t u d e s as a f u n c t i o n o f k i n e t i c e n e r g y ( v i z . ^ j j y Q e y 

X36S e V ^ 

To g a i n f u r t h e r i n f o r m a t i o n , a n g u l a r d e p e n d e n t s t u d i e s h a v e a l s o 

b e e n c a r r i e d o u t o n d e p o s i t e d p a r a x y l y l e n e f i l m s u s i n g t h e h i g h e r e n e r g y 

m o n o c h r o m a t i z e d A I K „ , . p h o t o n s o u r c e ( h v = 1 ^ 8 6 . 6 eV) f o r w h i c h t h e 
" • 1 , 2 

c o r r e s p o n d i n g k i n e t i c e n e r g i e s f o r e l e c t r o n s p h o t o e m i t t e d f r o m A u , f 

7 / 2 

a n d C j l e v e l s a r e — 1^+03 eV a n d •— 1202 e V , r e s p e c t i v e l y . The r e s u l t s 

a r e d i s p l a y e d i n F i g . 4 . 9 - The s t a t i s t i c a l c o r r e l a t i o n i s a g a i n e x -

t r e m e l y g o o d (R 0 . 9 8 - 0 . 9 9 ) , h o w e v e r , t h e d i s t r i b u t i o n o f v a l u e s o b ­

t a i n e d f o r t h e mean f r e e p a t h s ( c o m p a r i n g o n e a n g l e w i t h a n o t h e r ) i s 

s o m e w h a t g r e a t e r t h a n f o r t h e d a t a o b t a i n e d w i t h t h e M g K a . „ p h o t o n 

s o u r c e . T h i s i s p a r t i a l l y a t t r i b u t a b l e t o t h e p o o r e r s i g n a l / n o i s e r a t i o s 

b o t h a t l a r g e ( f o r t h e s u b s t r a t e c o r e l e v e l s ) a n d s m a l l ( f o r t h e o v e r -

l a y e r c o r e l e v e l s ) t h i c k n e s s e s a r i s i n g f r o m t h e r e l a t i v e l y l o w f l u x 

a v a i l a b l e w i t h t h e X - r a y m o n o c h r o m a t o r . I t i s i n t e r e s t i n g t o n o t e , 

h o w e v e r , t h a t s t u d i e s o f t h e s e c o n d a r y e l e c t r o n d i s t r i b u t i o n s and o f 

t h e s h i f t i n c o r e l e v e l s as a f u n c t i o n o f a p p l i e d b i a s v o l t a g e , r e v e a l s 

t h a t i n a l l c a s e s s u f f i c i e n t c h a r g e c a r r i e r s a r e a v a i l a b l e f o r t h e p o l y ­

mer f i l m s t o be i n e l e c t r i c a l c o n t a c t w i t h t h e s p e c t r o m e t e r ( i . e . no 

s a m p l e c h a r g i n g was e v i d e n t f o r a n y o f t h e s e s y s t e m s , c f . C h a p t e r 6 . 
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FIGURE k.3 

I I 
o s 

L n f l - ) f o r the o v e r l a y e r and 1 n ( ) f o r the s u b s t r a t e v e r s u s d / c o s 6 , 

o s 
f o r a s e r i e s o f t h i c k n e s s e s o f p o l y p a r a x y l y l e n e on a g o l d s u b s t r a t e 

s t u d i e d as a f u n c t i o n o f 6 ; 0 ° , 1 0 ° , 30° and 50° w i t h an A1 Kg 

m o n o c h r o m a t i z e d X - r a y s o u r c e . (Note t he o r d i n a t e has been a r b i t r a r i l y 

n o r m a l i z e d t o a r a t i o o f 100 where I e q u a l s l ) 
r 
o 

T h i s i s no t e n t i r e l y u n e x p e c t e d on the b a s i s o f o u r p r e v i o u s l y r e p o r t e d 

s t u d i e s o f t h i n f i l m s o f low m o l e c u l a r w e i g h t o r g a n i c monomers g e n e r a t e d 

by c o n t r o l l e d d e p o s i t i o n f r o m the vapo r o n t o a c r y o g e n i c t i p ' . A s t r i k ­

i n g f e a t u r e e v i d e n t f r o m t h e d a t a is the e x c e l l e n t o v e r a l l agreement 

f o r t h e measured mean f r e e p a t h s f o r e l e c t r o n s o f s i m i l a r k i n e t i c 

e n e r g y o b t a i n e d by s t u d y i n g t he C l e v e l s o f t h e p o l y m e r f i l m s u s i n g 
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A I K Q , - r a d i a t i o n and the A u , f l e v e l s o f the s u b s t r a t e u s i n g MgK a . 
• • 7 / 2 ' > 2 

r a d i a t i o n , the r e s p e c t i v e k i n e t i c e n e r g i e s b e i n g 1202 eV and 1170 eV ( e . g 

ave rage o f d a t a f r o m F i g u r e s 4 . 8 and 4 . 9 , 2 3 - 1 $ and 2 2 . 2 $ , r e s p e c t i v e l y ) 

The i n t e r n a l c o n s i s t e n c y is a l s o shown by t he mean f r e e p a t h s f o l l o w i n g 

the e x p e c t e d t r e n d as a f u n c t i o n o f k i n e t i c e n e r g y ' ^ ' ' " ^ I t i s 

d i f f i c u l t t o e s t i m a t e e r r o r s f o r t he measurements r e p o r t e d he re and t h e 

mean f r e e p a t h s q u o t e d a re m e r e l y t o t h e a c c u r a c y o f t h e l e a s t s q u a r e s 

a n a l y s i s . A more r e a l i s t i c e r r o r l i m i t w o u l d seem t o be o f the o r d e r 

o f - 1 5 % - The s p r e a d i n v a l u e s g e n e r a t e d by l e a s t squa res a n a l y s i s o f 

d a t a p e r t a i n i n g t o d i f f e r e n t t a k e o f f a n g l e s i s c e r t a i n l y w e l l w i t h i n 

such l i m i t s . The ave rage v a l u e s f o r t h e e l e c t r o n mean f r e e p a t h s as a 

f u n c t i o n o f k i n e t i c e n e r g y f o r p o l y p a r a x y l y l e n e w i t h i n t h e s e e r r o r 

l i m i t s a re 13-2A*, 2 2 - 3 $ , 2 3 - e $ , and 29-4$ f o r e l e c t r o n s o f k i n e t i c 

e n e r g y 9 6 9 eV, 1170 eV, 1202 eV and 1403 eV, r e s p e c t i v e l y . I t i s i n ­

t e r e s t i n g t o compare t h e s e v a l u e s w i t h t hose f o r g o l d a t c o m p a r a b l e 

k i n e t i c e n e r g i e s s i n c e t he t h e o r e t i c a l model r e c e n t l y d i s c u s s e d by 

P e n n ' ^ s u g g e s t s a c l o s e s i m i l a r i t y be tween c a r b o n and g o l d . A t 940 

eV and 1403 eV f o r e x a m p l e , the q u o t e d v a l u e s f r o m the most c o m p l e t e 

s t u d y on g o l d a r e 1 9 - 6 $ and 2 6 - 3 $ , r e s p e c t i v e l y ' ^ . 
1 03 

The t h e o r e t i c a l c a l c u l a t i o n s d i s c u s s e d by Penn s u g g e s t mean 

f r e e p a t h s o f ~ 1 3 $ and ~ 17$ f o r b o t h c a r b o n and g o l d a t k i n e t i c 

e n e r g i e s o f ~ 9 5 0 eV and 1400 eV, r e s p e c t i v e l y . The e x p e r i m e n t a l r e ­

s u l t s f o r b o t h t he p o l y m e r s and f o r g o l d s u g g e s t a g r e a t e r i n c r e a s e 

i n mean f r e e p a t h s as a f u n c t i o n o f k i n e t i c e n e r g y than i s e v i d e n t 

f r o m the t h e o r y . However , c o n s i d e r i n g t he o v e r a l l a p p r o x i m a t i o n s and 

d i f f i c u l t i e s i n v o l v e d in b o t h t h e o r y and e x p e r i m e n t , t h e agreement i s 
e n t i r e l y r e a s o n a b l e . I t i s i n t e r e s t i n g t o n o t e t h a t Cadman and c o -

193 

w o r k e r s l ay c o n s i d e r a b l e emphas is on the v a l i d i t y o f t h e i r d e r i v e d 

v a l u e o f 4 4 $ f o r t h e mean f r e e p a t h f o r ~ 1000 eV e l e c t r o n s in g r a p h i t e 

by c o m p a r i s o n w i t h t h e a v a i l a b l e d a t a f o r s i l i c o n a t s i m i l a r e n e r g y 

(1178 eV) ( 3 9 8 ) In t h i s c o n n e c t i o n , howeve r , i t is n o t e w o r t h y 

t h a t a r e c e n t c a r e f u l i n v e s t i g a t i o n , i n c l u d i n g a n g u l a r dependen t 

s t u d i e s o f t h e mean f r e e p a t h o f e l e c t r o n s in s i l i c o n by H i l l and c o ­

w o r k e r s ' ^ ' ' , s u g g e s t s a c o n s i d e r a b l y s h o r t e r mean f r e e p a t h than t h a t 
180 

o b t a i n e d i n p r e v i o u s w o r k . T h u s , f o r e l e c t r o n s o f k i n e t i c e n e r g y 

1386 eV, a mean f r e e p a t h o f 2 7 - 6 $ i s q u o t e d ' ^ w h i c h compares e x ­

t r e m e l y w e l l w i t h t h a t o b t a i n e d f o r p o l y p a r a x y l y l e n e in t h i s w o r k , 

29 -4$ f o r 1403 eV e l e c t r o n s . I n d e e d , t he t h e o r e t i c a l mode 1 s ' ' ° ^ 

s u g g e s t t h a t mean f r e e p a t h s i n s i l i c o n s h o u l d , i f a n y t h i n g , be 
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somewhat l o n g e r t han in c a r b o n . I f we c o n s i d e r t he range o f v a l u e s , 

w h i c h a r i s e w i t h i n t h e l i k e l y e r r o r l i m i t s , f o r t he r a t i o o f mean f r e e 

p a t h s f o r s i l i c o n and f o r p o l y p a r a x y l y l e n e f o r e l e c t r o n s o f ~ 1400 eV, 

u s i n g t he e x p e r i m e n t a l d a t a r e p o r t e d i n t h i s wo rk and t h a t g i v e n by 

H i l l and c o - w o r k e r s ' " ^ , t h e s e range f r o m \ . A 1 . 3 - 0 . 6 4 . The t h e o r e t i c a l 
103 . s i c 

r a t i o by c o m p a r i s o n is 1.45, w h i l s t t he c o r r e s p o n d i n g r a t i o s e l a b o r a t e d 
193 

w i t h the most r e c e n t v a l u e f o r s i l i c o n and an e x t r a p o l a t i o n o f Cadman's 

v a l u e o f 448 t o a k i n e t i c e n e r g y o f ~ 1400 eV and assuming a l i k e l y 

e r r o r l i m i t o f -15% is 0 . 7 3 - 0 . 3 4 . W h i l s t t h e e x p e r i m e n t a l d a t a p r e ­

s e n t e d he re c o u l d , t h e r e f o r e , be c o m p a t i b l e w i t h t h e o r y the e r r o r l i m i t s 

b e i n g such t h a t t h e y encompass the p o s s i b i l i t y o f a l o n g e r mean f r e e 

p a t h i n s i l i c o n t h a n c a r b o n , t he mean f r e e p a t h f o r c a r b o n d e r i v e d by 
193 

Cadman and c o - w o r k e r s i s e n t i r e l y i n c o n s i s t e n t w i t h t h e o r y . T h i s 

s t r o n g l y s u p p o r t s o u r p - e v i o u s c o n t e n t i o n t h a t the a n a l y s i s o f d a t a , 

p r e s e n t e d by Cadman and c o - w o r k e r s i s i n e r r o r and o u r own r e - a n a l y s i s 

g i v e s a v a l u e o f 17^ f o r 1000 eV e l e c t r o n s w h i c h c o r r e s p o n d s q u i t e 

c l o s e l y t o t h a t r e p o r t e d he re f o r p o l y p a r a x y l y l e n e . 

S i n c e , as we have a l r e a d y p o i n t e d o u t , b o t h t h e o r y and e x p e r i ­

ment t end t o s u g g e s t t h a t e l e c t r o n mean f r e e p a t h s as a f u n c t i o n o f 

k i n e t i c e n e r g y a re s u b t l y dependen t on t he m a t e r i a 1, a n o t h e r s u r p r i s i n g 

c o n c l u s i o n reached by Cadman and c o - w o r k e r s was t h a t t h e i r method o f 

e s t i m a t i n g mean f r e e p a t h s s u g g e s t e d t h a t t h e s t r u c t u r e o f o r g a n i c 

f i l m s r e s u l t s i n mean f r e e p a t h s a t a g i v e n k i n e t i c e n e r g y w h i c h can 

d i f f e r by >100% ( c f . q u o t e d v a l u e s f o r 1000 eV e l e c t r o n s o f 44$ f o r 

g raph i te and 100^ f o r p o l y e t h y l e n e , a l t h o u g h as we have p o i n t e d o u t , 

o u r own a n a l y s i s o f t he d a t a p r e s e n t e d i n r e f e r e n c e 193 s u g g e s t s a mean 

f r e e p a t h o f 17$ f o r g r a p h i t e ) . The i n c o n s i s t e n c y o f t h i s a s s e r t i o n 

i s e v i d e n t f r o m a c o m p a r i s o n o f t h e d a t a on g r a p h i t e o b t a i n e d by 
1 85 

S t e i n h a r d t and c o - w o r k e r s and t h a t r e p o r t e d h e r e f o r p o l y p a r a x y l y ­

l e n e , w h i c h a r e i n good a g r e e m e n t , s u g g e s t l i t t l e s t r u c t u r a l v a r i a t i o n 

on e l e c t r o n mean f r e e p a t h s in m a t e r i a l s o f a g i v e n c l a s s . To i n v e s t i ­

g a t e t h i s p o i n t , howeve r , we have s t u d i e d in some d e t a i l e l e c t r o n mean 

f r e e p a t h s i n t h e c h l o r o - and b r o m o - s u b s t i t u t e d p o l y p a r a x y 1 y 1 e n e s . 

C o n s i d e r i n g f i r s t l y t he p o l y c h l o r o p a r a x y l y l e n e s y s t e m , t he 

a n g u l a r dependen t d a t a a re d i s p l a y e d i n F i g . 4 . 1 0 where t he d a t a r e f e r 

t o t he M g K a i „ p h o t o n s o u r c e . W i t h the e x c e p t i o n s o f t he d a t a p e r -

t a i n i n g t o 0° and 10° t a k e o f f a n g l e s f o r t he p o l y m e r o v e r l a y e r s , t he 
2 

s t a t i s t i c a l c o r r e l a t i o n s a re e x t r e m e l y good R 0 . 9 8 - 0 . 9 9 - Even f o r 
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I I 
L n ( l - — ) f o r t h e o v e r l a y e r and l n ( — ) f o r t h e s u b s t r a t e , v e r s u s d / c o s f l , 

o s 
f o r a s e r i e s o f t h i c k n e s s e s o f p o 1 y c h ) o r o p a r a x y ) y 1 e n e on a g o l d 

s u b s t r a t e s t u d i e d as a f u n c t i o n o f d ; 0 ° . 1 0 ° . 30° and 50° w i t h a 

MqKg „ X - r a y s o u r c e . (Note t h e o r d i n a t e has been a r b i t r a r i l y 

n o r a m l i z e d t o a r a t i o o f 100 where I e q u a l s 1) 
r 
o 
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t hese two s e t s o f d a t a , howeve r , the c o r r e l a t i o n s are s t i l l 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 h a t 93% and 85% o f t h e t o t a l v a r i a b i l i t y i s 

a c c o u n t e d f o r i n t he d i r e c t r e l a t i o n s h i p be tween o r d i n a t e and a b c i s s a . 

In t h i s c o n n e c t i o n i t s h o u l d be p o i n t e d o u t t h a t the e r r o r bounds f o r 

the c o r r e l a t i o n s a r e w e l l w i t h - 3$ even f o r t h e s t a t i s t i c a l l y w o r s t 
2 

c o r r e l a t i o n (R 0 . 8 5 ) - The s t a t i s t i c a l l y l ower v a l u e s f o r the 0°and 

10° a n g l e s a r i s e p a r t i a l l y f rom the r e l a t i v e l y low s i g n a l i n t e n s i t i e s 

f o r t h e o v e r l a y e r f o r t h e s e a n g l e s as compared, f o r e x a m p l e , w i t h t h e 

30° and 50° s p e c t r a . A c o n t r i b u t i n g f a c t o r i n t h i s r e s p e c t i s t h a t 

t he e l e c t r o n i c e f f e c t o f c h l o r i n e g i v e s r i s e t o a s i g n i f i c a n t c h e m i c a l 

s h i f t i n t he C c o r e l e v e l s and compared w i t h p o l y p a r a x y l y l e n e i t s e l f 

t he s p e c t r u m i s , t h e r e f o r e , somewhat more e x t e n d e d o v e r the e n e r g y 

s c a l e , c f . C h a p t e r 5 ) - The d e r i v e d a v e r a g e o f t he mean f r e e p a t h s 

f o r e l e c t r o n s o f k i n e t i c e n e r g y ~ 969 eV and ~ 1 1 7 0 eV f r o m the d a t a 

i n F i g . ^4.10 f o r p o l y c h l o r o p a r a x y l y l e n e a re 1 5 - 3 ^ and 2*AA\ r e s p e c -

t i v e l y . W i t h i n e x p e r i m e n t a l e r r o r t hese a re i d e n t i c a l t o t h o s e f o r 

t he p a r e n t p o l y m e r s y s t e m . 

The e x p e r i m e n t s d e s c r i b e d t hus f a r a r e e x t r e m e l y t i m e c o n ­

suming and s i n c e t h e a n g u l a r dependen t s t u d i e s f o r b o t h p o l y p a r a x y l y ­

l ene and the c h l o r o d e r i v a t i v e a re i n t e r n a l l y s e l f - c o n s i s t e n t , s t u d i e s 

on the c o r r e s p o n d i n g bromo d e r i v a t i v e were l i m i t e d t o a f i x e d a n g l e 

( 1 0 ° ) i n v e s t i g a t i o n . T h i s was p a r t i a l l y d i c t a t e d by l o g i s t i c s s i n c e t he 

c o n v o l u t i o n o f s t i c k i n g c o e f f i c i e n t and r e a c t i o n r a t e f o r t he bromo 

p a r a x y l y l e n e o b t a i n e d by p y r o l y s i s o f t he bromo pa racyc1ophane meant 

t h a t t he d e p o s i t i o n o f po l ymer f i l m s under i d e n t i c a l c o n d i t i o n s t o 

t h o s e employed f o r t h e u n s u b s t i t u t e d and c h l o r o d e r i v a t i v e s r e q u i r e d 

a much l o n g e r t i m e s c a l e . The p r e p a r a t i o n and s t u d y o f t he and 
A u , f s p e c t r a f o r t h e r e q u i s i t e number o f f i l m t h i c k n e s s e s even a t 

7 /2 

a t f i x e d a n g l e , t h e r e f o r e , r e q u i r e d a l a r g e amount o f i n s t r u m e n t and 

o p e r a t o r t i m e . The d a t a p r e s e n t e d in F i g . 1 1 , f o r e x a m p l e , r e q u i r e d 

~ 50 h r s . o f d e d i c a t e d o p e r a t o r and i n s t r u m e n t t i m e . The d e r i v e d mean 

f r e e p a t h s f o r e l e c t r o n s o f k i n e t i c e n e r g y ~ 969 eV and ~ 1170 eV o f 

16-38 and 22-̂ +8 i s i n e x c e l l e n t agreement w i t h t h a t f o r the p a r e n t and 

c h l o r o s u b s t i t u t e d p o l y m e r s , 

i v ) Cone 1 us i ons 

The work r e p o r t e d h e r e goes some c o n s i d e r a b l e way towards t h e 

c l a r i f i c a t i o n o f a m b i g u i t i e s r e g a r d i n g t he m a g n i t u d e s o f e l e c t r o n mean 
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I I 

L n ( l - - * * - ) f o r t he o v e r l a y e r and l n ( — ) f o r t he s u b s t r a t e , v e r s u s d / c o s 9 , 

o s 

f o r a s e r i e s o f t h i c k n e s s e s o f po1yb romoparaxy1y1ene on a g o l d s u b s t r a t e 

s t u d i e d a t a c o n s t a n t 0. o f 10° w i t h a MqKa ^ - X - r a y s o u r c e . (Note 

t h e o r d i n a t e has been a r b i t r a r i l y n o r m a l i z e d t o a r a t i o o f 100 where I 

equa1s 1) ' o 

f r e e p a t h s as a f u n c t i o n o f k i n e t i c e n e r g y i n o r g a n i c m a t e r i a l s as com-
i g 5 _ ] 9 7 

p a r e d t o t y p i c a l m e t a l s and s e m i - c o n d u c t o r s . The d a t a a l s o p r o ­

v i d e s a f i r m b a s i s f o r t he q u a n t i t a t i v e d e v e l o p m e n t o f ESCA t o o r g a n i c 

and p o l y m e r i c sys tems i n g e n e r a l . Compar i son o f t he d a t a r e p o r t e d he re 

w i t h t he a v a i l a b l e t h e o r e t i c a l m o d e l s ' ^ ' r e v e a l s o v e r a l l s a t i s f a c t o r y 
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agreement and r e s o l v e s i n c o n s i s t e n c i e s w h i c h were p r e v i o u s l y a p p a r e n t . 

The work a l s o d e m o n s t r a t e s the i m p o r t a n c e o f d e t a i l e d a n g u l a r dependen t 

s t u d i e s and h i g h l i g h t s t he d i f f i c u l t i e s o f o b t a i n i n g e s t i m a t e s o f mean 

f r e e p a t h s f r o m the s t u d y o f o r i e n t e d L a n g m u i r - B 1 o d g e t t f i l m s and f r o m 

measurements o f a b s o l u t e s i g n a l i n t e n s i t i e s . 

The f a c t t h a t t he measured mean f r e e p a t h s in t h e p a r e n t p o l y 

p a r a x y l y l e n e and c o r r e s p o n d i n g m o n o c h l o r o and bromo s u b s t i t u t e d d e r i v a ­

t i v e s a re w i t h i n e x p e r i m e n t a l e r r o r t he same i l l u s t r a t e s the o v e r a l l 

c o n s i s t e n c y o f t h e d a t a and s u p p o r t s t he c o n t e n t i o n t h a t mean f r e e p a t h s 

a re o n l y s u b t l y dependen t on e l e c t r o n i c s t r u c t u r e f o r r e l a t e d m a t e r i a l s . 

The a v e r a g e v a l u e s f o r mean f r e e p a t h s as a f u n c t i o n o f k i n e t i c e n e r g y 

f o r the p o l y m e r sys tems s t u d i e d a re ~ 1^8, ~ 228 , ~ 23A5 and - 2 9 8 f o r 

k i n e t i c e n e r g i e s o f ~ 969 eV, ~ I 170 eV, ~ 1202 eV, and ~ 1403 eV, 

r e s p e c t i v e l y , and i s shown in F i g . 4 . 1 2 . Compar i son w i t h t h e o r y ' ^ 

r e v e a l s a much s t r o n g e r dependence on k i n e t i c e n e r g y and t h i s is a l s o 

a p p a r e n t f r o m the e x p e r i m e n t a l d a t a on t y p i c a l m e t a l s and s e m i -
195-197 

c o n d u c t o r s 
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E l e c t r o n mean f r e e p a t h s d e t e r m i n e d f r o m t h i s w o r k 
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CHAPTER 5 

An ESCA I n v e s t i g a t i o n o f a S e r i e s o f [ 2 . 2 ! Pa racyc1ophanes 

i ) In t roduc t i on 

2 1 2 

The p y r o l y s i s o f p - x y l e n e by Szwarc a t the U n i v e r s i t y o f Man­

c h e s t e r i n 19^7 l ed t o a t remendous amount o f r e s e a r c h o v e r the p a s t 

t h i r t y y e a r s i n v o l v i n g r e a c t i o n b y - p r o d u c t s o f the p y r o l y s i s , p o l y m e r s 

f r o m the r e a c t i o n p r o d u c t s and p o l y m e r s f r o m v a r i a t i o n s and improvements 

o f S z w a r c ' s m e t h o d . The r e a c t i o n c o n d i t i o n s o f t h i s p y r o l y s i s , b e i n g 

i n the t e m p e r a t u r e range o f 800 - 1000°C under a p r e s s u r e o f 2 - 15 mm 

Hg a f f o r d e d many p y r o l y s i s p r o d u c t s , o f w h i c h " d i - p - x y 1 y 1 e n e " ( t r i -

c y c l o [ 8 : 2: 2 : l"' 7 ] hexadeca - 4 : 6 : 1 0 : 1 2 ( 0 : 1 3 : 1 5 hexane) was i s o l a t e d 

212 213 

i n s m a l l q u a n t i t y . Brown and F a r t h i n g ' s e x t r a c t i o n o f the p o l y ­

mer ( p r e p a r e d by G i l l and Fo rd o f I m p e r i c a l Chemica l I n d u s t r i e s , L t d . , 

u s i n g the t e c h n i q u e d e s c r i b e d by Szwarc ) w i t h c h l o r o f o r m in a S o x h l e t 

a p p a r a t u s , gave a m i x t u r e o f many low m o l e c u l a r w e i g h t c o m p o n e n t s . The 

e x t r a c t c o n t a i n e d s m a l l amounts o f a compound, t h a t when r e c y s t a 1 1 i z e d 

f r o m g l a c i a l a c e t i c a c i d had a m .p . o f 285°C. A n a l y s i s by X - r a y i n ­

t e n s i t i e s f r o m about 300 p l a n e s i n d i c a t e d t h e s t r u c t u r e t o be t h a t 

r e p r e s e n t e d i n F i g . 5-1 be low ( f o r s i m p l i c i t y the hyd rogens have been 

omi t t e d ) : 

-<o>-< 
FIGURE 5 -1 

Genera l s t r u c t u r e f o r |_2 • 2 | pa r acyc I ophane 

The a t o m i c c o n f i g u r a t i o n o f the m o l e c u l e p r o v e d to be q u i t e i n ­

t e r e s t i n g in t h a t the two s u b s t i t u t e d c a r b o n atoms on the benzene r i n g 

were d i s p l a c e d f r o m the p l a n e o f the r e m a i n i n g f o u r c a r b o n s by 0 . 1 3 $ . 
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T h i s d i s p l a c e m e n t was a t t r i b u t e d t o a r e l i e v i n g o f the s t r a i n i n t he s y s ­

tem. Brown and F a r t h i n g ' s a t t e m p t s t o p r e p a r e the " d i - p - x y 1 y I e n e " were 
208 

u n s u c c e s s f u l , howeve r , i n 1 9 5 ' , Cram and S t e i n b e r g s u c c e s s f u l l y s y n t h e ­

s i z e d the " d i - p - x y 1 y 1 e n e " and s u g g e s t e d the name o f " p a r a c y c l o p h a n e " (PCP) 

f o r t he c l a s s o f compounds. The [ 2 . 2 ] p a r a c y c l o p h a n e " ( t h e [ 2 . 2 ] r e f e r s 

t o t he number o f c a r b o n b r i d g e s j o i n i n g the p a r a p o s i t i o n s o f t he benzene 

r i n g ) was p r e p a r e d by an i n t e r m o I ecu 1 a r Wur t z r e a c t i o n w i t h a d i b r o m i d e , 

w i t h the r e d u c t i o n and l i n e a r p o l y m e r i z a t i o n o f the b r o m i d e s o c c u r r i n g as 

s i d e r e a c t i o n s . Thus ( l l ) was p r e p a r e d by the a c t i o n o f magnesium on Q 

b e n z y l c h l o r i d e a f t e r w h i c h the h y d r o c a r b o n s were a c e t y l a t e d w i t h (CH^d) 

g i v e ( I I I ) w h i c h in t u r n was o x i d i z e d w i t h KOC1; t h e a c i d i c p r o d u c t was 

e s t e r f i e d w i t h CH^OH a d t he e s t e r was reduced w i t h l i t h i u m a luminum 

h y d r i d e t o g i v e the a l c o h o l ( I V ) . R e a c t i o n o f t h i s c a r b i n o l w i t h p h o s ­

p h o r u s t r i b r o m i d e gave t he r e s u l t a n t d i b r o m i d e ( V ) . The d i b r o m i d e was 

t h e n ' added t o sod ium t o g i v e t he [ 2 . 2 ] pa racyc1ophane ( V I ) . 

CH.CL CH H.C H H CH H 
2 1.K0C1 

3 
2.HCH.0H A1C1 3 3 
3 - L i A l H 

0 
( I I ) CH.OH CH.OH ( C H , C ) „ 0 

0 

CH CH 

( M l I V ) 

H.C H CH H.C 

PBr Na 3 

H.C CH CH_Br CH.Br 

V I ) 

Cram and S t e i n b e r g c h a r a c t e r i z e d the [ 2 . 2 ] pa r a c y c 1 ophane by u l t r a ­

v i o l e t and i n f r a r e d a b s o r p t i o n s p e c t r a and compared i t w i t h the open 

c h a i n a n a l o g and f ound e v i d e n c e f o r c o n s i d e r a b l e e l e c t r o n i c p e r t u r ­

b a t i o n a s s o c i a t e d w i t h t he f u s e d r i n g s y s t e m . T h i s t hey a t t r i b u t e d 

t o t h e f a c t t h a t the p r o x i m i t y o f the two benzene r i n g s in space was 
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w e l l w i t h i n t h e i r van der Waals r a d i i , g i v i n g r i s e t o an i n t e r - b e n z o i d 

o v e r l a p o f t he TT - o r b i t a l s , t h a t a re pushed o u t p e r p e n d i c u l a r l y f r o m 

the benzene r i n g s . T h i s e x p l a n a t i o n i s s u b s t a n t i a t e d by the X - r a y 
213 

d i f f r a c t i o n s t u d i e s o f Brown and F a r t h i n g m e n t i o n e d e a r l i e r , F i g . 

5 - 2 : 

0.1 3A 1 .4A sr 2.88A 
3.09A 

115° 
& 116° 

69° 

FIGURE 5 -2 

I n t e r a t o m i c d i s t a n c e s and bond a n g l e s f o r c a r b o n s i n p a r a c y c l o p h a n e 

The r e p u l s i o n o f t h e two benzene r i n g s i n c r e a s e s t he bond a n g l e 

be tween the b r i d g e s and t he r i n g f r o m 109° t o 1 1 5 ° , t hus g i v i n g r i s e t o 

6° o f s t r a i n . The o t h e r bonds e q u a l l y sha re i n d i s t r i b u t i o n o f t he s t r a i n 

w h i c h i l l u s t r a t e s t he p r i n c i p l e t h a t in a s t r a i n e d sys tem the d i s t r i b u ­

t i o n o f s t r a i n be tween s e v e r a l bonds is e n e r g e t i c a l l y f a v o r e d o v e r the 

s t r a i n i n o n l y one bond a n g l e . 
214 

L a t e r s t u d i e s by L o n s d a l e , Mi H e d g e and Rao r e p o r t e d r e s u l t s 
21 3 

w h i c h were q u i t e d i f f e r e n t f r o m Brown and F a r t h i n g . L o n s d a l e , e t a l , 

r e p o r t e d a l i p h a t i c C-C bonds o f c o n s i d e r a b l y l o n g e r l e n g t h than any 

known C-C bond and r e p o r t e d v a r i a t i o n s in l e n g t h w i t h t e m p e r a t u r e changes 

f r o m room t e m p e r a t u r e t o 9 3 ° K . They c o n c l u d e d f r o m t h e i r s t u d y t h a t 

t h e r e e x i s t e d i n t e r n a l v i b r a t i o n s o f l a r g e a m p l i t u d e s i n t h e m o l e d u l e and 

d e s c r i b e d them as 1 1 c o n c e r t i n a - I i k e m o t i o n o f the r i n g s t owa rd and away 

f r o m one a n o t h e r , accompan ied by a t w i s t i n g m o t i o n o f each benzene r i n g 

abou t i t s n o r m a l , o u t o f p a r a l l e l i s m w i t h i t s o p p o s i t e member" . W i t h 
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2 I 5 
t h e r e s u l t s r e p o r t e d by L o n s d a l e , e t a], T r u e b l o o d r e - e x a m i n e d the 
s t r u c t u r e o f the [ 2 . 2 ] p a r a c y c 1 o p h a n e . T a l e 5-1 compares the d i f f e r e n t 

,215 213 214 
d e t e r m i n a t i o n s o f Brown ' J , L o n s d a l e 4 " ' ' and T rueb 1 ood'~' J . D i f f e r e n c e s 

i n t he d a t a o f a l l t h r e e i n v e s t i g a t i o n s i s no t e a s i l y e x p l a i n e d and i t 

i s c l e a r t h a t b e t t e r d a t a needs t o be o b t a i n e d i n o r d e r t o d e t e r m i n e t he 

e x a c t s t r u c t u r e o f t he [ 2 . 2 ] pa r a c y c 1 ophane . 

D i s t a n c e s and A n g l e s i n [ 2 . 2 ] Paracyc1ophane 

Compar ison o f D i f f e r e n t D e t e r m i n a t i o n s and R e f i n e m e n t s 

D i s t a n c e 
o r Anq 1 e * * Brown 

L. S. on 
B r o w n 1 s 
Data 

Lonsda1e 
e t a 1 . » 

L . S . on T rueb 
Di f f r a c t o m e t e 
Data 

c ( D - c ( i ' ) 1.548 R 1.563 8 1.627 8 1.569 8 
C ( D - C ( 2 ) 1 -540 1 .493 1 .546 1 .522 

C ( 2 ) - C ( 3 ) 1 .390 1 .408 1 .378 1 .384 

C ( 3 ) - C ( 3 ' ) 1 .400 1.343 ( s i c ) 1 .421 1 .400 

C ( l ) - H ( l ) 0 . 9 7 1.12 1.13 

C ( 3 ) - H ( 3 ) 0 . 9 1 1 .03 1 .02 

C ( 2 ) . . . C ( 2 ' ) 2 .83 2 . 7 6 2-75 2 .786 

C(3) • • . C ( 3 " ) 3 -09 3 . 1 0 3 . 0 8 3 .10 

C ( l 1 ) -C ( 1 ) - C (2 ) 1 1 4 . 6 ° 111 .2° 113 .6° 

C ( l ) - C ( 2 ) - C ( 3 ) 1 19 .9 119 .9 120.6 

C ( 3 ) - C ( 2 ) - C ( 3 a ) 118 .6 1 19-7 117.6 

C ( 2 ) - C ( 3 ) - C ( 3 ' ) 120 .2 119.1 120 .4 

10 1/2° 14° 12 .7° 

1*4 7 10.9 

The n u m b e r i n g o f the atoms i s shown be low 

H L 

H3. 

1 1 1 

/ \ 
2 2 ' 

/\ r 
-3 3a 3" 

3- ' 
TABLE 5. 

There i s a c o n s i d e r a b l e amount o f d a t a a v a i l a b l e c o n c e r n i n g the 

s p e c t r a o f the [2 .2 ] p a r a c y c l o p h a n e and a b r i e f p r e s e n t a t i o n o f the m a j o r 

c h a r a c t e r i z a t i o n methods i s p r e s e n t e d . 
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The UV s p e c t r u m o f the [ 2 . 2 ] p a r a c y c 1 o p h a n e r e v e a l e d s e v e r a l 

d i s t i n c t d i f f e r e n c e s compared w i t h p r o t o t y p e b e n z o i d sys tems and t h e s e 
2 1 6 

were d i s c u s s e d by L. L. Ingraham . The most s t r i k i n g f e a t u r e i s t he 

band wh i ch o c c u r s a t 2600ft f o r the p a r e n t benzene s y s t e m . The l a r g e 

b e n d i n g v i b r a t i o n s caused by t he more f l e x i b l e s t r a i n e d sys tem r e s u l t s 

in s t r o n g e r i n t e r a c t i o n be tween the e l e c t r o n i c and v i b r a t i o n a l s t a t e s 

and tends t o " smear o u t " t h e f i n e s t r u c t u r e . 
2 1 7 - 218 

L a t e r , Cram and He igson s u b s t a n t i a t e d e m p i r i c a l l y the 

t h e o r e t i c a l t r e a t m e n t o f Ingraham by the f o l l o w i n g c o n c l u s i o n ; t h a t t h e 

abnormal s p e c t r u m was due t o t r a n s a n n u l a r e l e c t r o n i c e f f e c t s and the 

n o n p l a n a r i t y o f the r i n g s . 

The e l e c t r o n i c s p e c t r u m s t u d i e d on s i n g l e c r y s t a l s o f jj2. 2 j 
2 19 

pa racyc1ophane by Ron and Schnepp u t i l i x i n g p o l a r i z e d a b s o r p t i o n 

and f l u o r e s c e n c e s p e c t r a i n d i c a t e d a b road band i n t h e f l u o r e s c e n c e 

s p e c t r u m w i t h a maximum a t 3500$ . T r a n s a n n u l a r i n t e r a c t i o n s and r i n g 

b e n d i n g a c c o u n t e d f o r the p o s i t i o n o f t he band due t o t he r i n g s e p a r a ­

t i o n o f o n l y 3$ i n t h e g r o u n d s t a t e . L a t e r work by Ron and S c h n e p p ^ ^ 

i n d i c a t e d t h a t t he a b s o r p t i o n s p e c t r u m a l l o w e d , o r i g i n a t e d i n t r a n s i ­

t i o n s t o two d i f f e r e n t e l e c t r o n i c s t a t e s , b e i n g the o u t - o f - p h a s e com­

b i n a t i o n s o f t he B„ and B, benzene s t a t e s . 
2u. In 

The p h o s p h o r e s c e n c e s p e c t r u m o f t he [2 . 2J pa racyc1ophane was 
221 o 

t a k e n by E lSayed and was f o u n d t o be b r o a d (4100 t o 56OOA) w i t h a 
maximum a t 4 7 0 0 ^ . The l i f e t i m e o f the b l u e p h o s p h o r e s c e n c e was 3-3 

2 1 2 

s e c o n d s . Work by V a l t a , e t a l , f u r t h e r s u b s t a n t i a t e d the r o l e o f 

i n t e r m o I ecu 1 a r e l e c t r o n i c i n t e r a c t i o n s i n t h i s r e s p e c t . 
223 

The p r o t o n m a g n e t i c resonance ( N . M . R . ) s p e c t r a by W i l s o n , 
224 

e t a l , and J . S. Waugh and R. W. Fessenden c o n s i s t e d o f two s h a r p 

peaks o f equa l i n t e n s i t y a t 6 . 9 6 and 3 - 7 0 o - a n d i n d i c a t e d t h a t b o t h 

k i n d s o f p r o t o n s a re i n r e g i o n s where t h e d i a m a g n e t i c e f f e c t s a re 

s m a l l e x c e p t f o r the e f f e c t o f i t s own r i n g . The l a r g e c h e m i c a l s h i f t 

was r e p o r t e d due t o t he s t r a i n i n t he s y s t e m . 

The p o t e n t i a l e n e r g y and the rmodynamic f u n c t i o n s o f the [ 2 . 2 j 
225 226 

pa racyc1ophane have been i n v e s t i g a t e d by Boyd and J . T. S. Andrews 
e t a l , and v a l u e s f o r t he h e a t c a p a c i t y measured be tween 10 and 350°C 

226 

by a d i a b a t i c c a l o r i m e t r y gave v a l u e o f 6 0 . 3 ' a t 298°K . The shape 

o f the c u r v e i s norma l e x c e p t nea t 50°K where a rounded maxima o c c u r s 

w h i c h was p o s t u l a t e d by Andrews t o be " a w e a k l y c o o p e r a t i v e d i s o r d e r ­

i ng phenomenon" . Andrews s u g g e s t e d t h a t NMR and IR i n t h i s r e g i o n 
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m i g h t h e l p e x p l a i n the max ima. E n t r o p y , e n t h a l p y and Gibbs f r e e 

ene rgy f u n c t i o n s were f o u n d t o be 6 3 - 5 0 , 3 0 . 7 4 and - 3 2 . 7 6 c a l / m o l e 

d e g r e e s , r e s p e c t i v e l y a t 298°K. 
227 

Boyd f o u n d the hea t o f c o m b u s t i o n and vapo r p r e s s u r e c u r v e 

f o r the (2 .2 j p a r a c y c 1 ophane and used t hese v a l u e s t o d e t e r m i n e t he 

h e a t s o f c o m b u s t i o n and f o r m a t i o n i n b o t h t he s o l i d and g a s . A sum­

mary o f the t he rmochemica1 d a t ^ a t 298°K i s shown i n T a b l e 5 - 2 . 

The rmochem ica l Data 

AH AH 

s o l i d 

gas 

( k c a l mole ' ) 

- 2 0 8 8 . 2 - 0 . 9 

- 2 1 1 1 . 2 - 1 . 9 

( k c a l mole ) 

2 2 . 2 - 0 . 2 

2 3 - 0 - 1 . 0 

A H F 

( k c a l mole ' ) 

3 6 . 9 - 0 . 9 

5 9 - 9 - 1 - 9 

T a b l e 5 -2 

The [ 2 . 2 ] p a r a c y c l o p h a n e has been a n a l y z e d by VPC and a s e r i e s 

o f f i v e i m p u r i t i e s were i d e n t i f i e d i n t r a c e amoun ts . 

1) l , 2 - D ! - p - t o l y l e t h a n e ( 1 i n e a r d i m e r ) 

H 3 C <0>s I O •CH. 

2) 4 , 4 ' - t r a n s - d i m e t h y 1 s t i I b e n e 

•C T H^C ;H o •CH. 

3) 2 , 6 - O i m e t h y l a n t h r a c e n e 

o o o 
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k) L i n e a r t r i m e r 

H.C CH 
3 3 

5) Cyc l i e t r i mer 

<? 
The r e t e n t i o n t ime f o r each compound appears i n the o r d e r g i v e n 

above w i t h poo r r e s o l u t i o n on t h e l i n e a r and c y c l i c t r i m e r . The VPC was 

run on 1% 20m carbowax on Gas-Chrom D (1 me te r co l umns ) a t 75°C w i t h 

p rog ramming a t 1 5 ° C / m i n . t o 225°C. A t h e r m a l c o n d u c t i v i t y d e t e c t o r a t 

315°C w i t h a h e l i u m f l o w r a t e o f 70 c c / m i n . was u s e d . A n a l y s i s on 

s i l i c o n co lumns w i t h a f l a m e d e t e c t o r a t 2X i n d i c a t e s h i g h p u r i t y (99+) 

a f t e r r e c r y s t a 1 1 i n g f r o m p - x y l e n e . 

The [ 2 . 2 j p a r a c y c 1 o p h a n e has l i m i t e d s o l u b i l i t y in p - x y t e n e a t 

135°C o f a b o u t 10 g / l O O c c . I t s s o l u b i l i t y in d i c h 1 o r o m e t h a n e a t 25°C 
228 ^ 

is 1.5%. Cram and R i e c h f o u n d t h a t when [2 .2 j p a r a c y c 1 ophane i s 

h e a t e d t o abou t 200°C t h a t the c y c l i c d i m e r s t r u c t u r e was c l e a v e d t o 

t h e p , p ' - d i m e t h y 1 e n e b i b e n z y 1 d i r a d i c a l . The f a t e o f t h i s d i r a d i c a l 

s p e c i e s was dependen t upon the e n v i r o n m e n t t h a t i t was g e n e r a t e d i n . 

A f t e r Cram's w o r k on t h e s y n t h e s i s o f [2 . 2j p a r a c y c 1 ophane , 

s e v e r a l i n v e s t i g a t o r s r e p o r t e d o t h e r s y n t h e t i c r o u t e s t o t h e compound. 
229 

W inbe rg , e t a l , s y n t h e s i z e d t h e compound by t h e t h e r m a l d e c o m p o s i ­

t i o n o f p - m e t h y 1 b e n z y 1 1 r i m e t h y 1ammoniurn h y d r o x i d e t o y i e l d p o l y m e r 

and c y c l o p h a n e ; 

CH 
CH 

o o CH„N(CH, ) , 0H H.C 
3 ' 3 

CH 
n 

A l t h o u g h the r o u t e was n o t i n v e s t i g a t e d i n any d e t a i l , i t was f o u n d 

t h a t by a d d i t i o n o f a f r e e r a d i c a l p o l y m e r i z a t i o n i n h i b i t o r , the c y c l o -
230 

phane y i e l d was abou t 17%. Marsh and Young a l s o s y n t h e s i z e d the 

c y c l o p h a n e by t h e d e o m p o s i t i o n o f the q u a t e r n a r y h a l i d e in h o t a l k a l i , 

t h i s b e i n g a s i m p l e r r o u t e s i n c e the h a l i d e s a re c o m m e r c i a l l y a v a i l a b l e . 
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L a t e r Brown and Sondhe imer r e p o r t e d the s y n t h e s i s o f the 

c y c l o p h a n e by the B i r c h r e d u c t i o n o f t e r e p h t h a l i c a c i d w i t h sod ium in 

l i q u i d ammonia, w h i c h gave t he c i s - t r a n s m i x t u r e o f 1 , 4 - d i h y d r o t e r e -

p h t h a l i c a c i d . E s t e r i f i c a t i o n by d i a z o m e t h a n e i n e t h e r gave the d i ­

m e t h y l e s t e r w h i c h when reduced w i t h l i t h i u m a luminum h y d r i d e gave t he 

d i o l . R e a c t i o n o f the d i o l w i t h p - t o 1uenesu1 fony1 c h l o r i d e gave the 

d i - t o s y l a t e w h i c h was s o l v a t e d i n p y r i d i n e t o t h e r 2 . 2 ! p a r a c y c l o p h a n e . 

O oiro 

232 

Hopf s y n t h e s i z e d t h e c y c l o p h a n e v i a a n o n a r o m a t i c r o u t e by 

t h e 1 , 4 - c y c 1 o a d d i t i o n t o 1 , 2 , k , 5 - h e x a t e t r a n e w i t h d i m e t h y l a c e t y l e n e -

d i c a r b o x y 1 a t e . R e d u c t i o n o f the e s t e r w i t h l i t h i u m a luminum h y d r i d e 

in THF gave t he t e t r o l and h y d r o l y s i s o f t he - o l w i t h a p o t a s s i u m 

h y d r o x i d e / m e t h a n o l m i x t u r e gave t h e a c i d . The t e t r a c a r b o x y 1 i c a c i d , 

when c y c l i z e d t o t h e a n h y d r i d e and b o i l e d in g l a c i a l a c e t i c a c i d , d e -

c a r b o x y l a t e s t o the f 2 . 2 j p a r a c y c l o p h a n e . 

The most s i g n i f i c a n t p r o c e d u r e d e v e l o p e d , and t he one o f com-
233 

m e r c i a l i m p o r t a n c e caire f r o m P o l l a r t o f Un ion C a r b i d e . In h i s 

p r o c e s s t he r e a c t i v e d i r a d i c a l , p - x y l y l e n e i s g e n e r a t e d by t he p y r o l y ­

s i s o f p a r a - x y l e n e a t h i g h t e m p e r a t u r e s (850 -950°C) and p a r t i a l p r e s s u r e s 

o f be tween .1 and 20 mm Hg. 

o>-H.C-
850-950°C 

O . H.C 

Steam is i n t r o d u c e d a t a t m o s p h e r i c p r e s s u r e as a d i l u e n t t o m a i n t a i n 

the p a r t i a l p r e s s u r e o f p - x y l e n e and a l s o t o p r e v e n t c h a r i n g o f the p-

x y l e n e r e s u l t i n g f r o m o v e r p y r o 1 y s i s . The d i r a d i c a l v a p o r s a re t h e n 

c o o l e d t o be tween 25 and 150°C and i n t r o d u c e d i n t o a f l u i d medium, 
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such as p - x y l e n e , where t h e y condense and d i m e r i z e t o t he £2.2] p a r a -

c y c l o p h a n e , upon w h i c h r e c r y s t a 1 1 i z a t i o n r e c o v e r s the p r o d u c t . 

T h i s p r o c e d u r e i s now in commerc ia l use f o r the p r o d u c t i o n o f 

P a r y l e n e N (Un ion C a r b i d e t radename f o r 2 . 2_! pa r a c y c 1 ophane) . A l t h o u g h 

o n l y 8-10% y i e l d s a re o b t a i n e d on each p a s s , r e c y c l i n g o f t h e mo the r 
234 

l i q u o r r e s u l t s i n o v e r a l l y i e l d s o f b e t t e r t han 60%. 

T a b l e 5 -3 summar izes t he d a t a a v a i l a b l e f r o m t h e l i t e r a t u r e s o u r c e s 

on (2.2] pa racyc 1 ophane . 

ACS N o m e n c l a t u r e 

S t r u c t u r e [ 2 . 2 ] P a r a c y c l o p h a n e 
d i - p - x y 1 y 1 e n e 

Un ion C a r b i d e " P a r y l e n e N" 

M e l t i n g P o i n t 

Dens i t y 

So 1ub i 1 i t i es 

P u r i f i c a t i o n T e c h n i q u e 

UV S p e c t r u m 

IR S p e c t r u m 

H f 0 

NMR 

T y p i c a l i m p u r i t i e s by VPC 
ana 1ys i s 

T r i c y c l o %:2:2:21>'~l 

1 2 ( 1 ) : 1 3 : 1 5 - h e x a n e 
H2C 

h e x a d e c a - 4 : 6 : 1 0 : 

CH2 

H2c CH2 
284°C (decom. ) 

1.22 g r a m / c c 

p - x y l e n e a t 135°C 10 g rams / lOOcc 
d i c h 1 o r o m e t h a n e a t 25°C I . 5 g rams / lOOcc 

S u b l i m a t i o n (vacuum) 
R e c r y s t a l 1 i z a t i o n : p - x y l e n e 

g1ac i a 1 a c e t i c a c i d 

\max ,mu 
224 
284 
302 

2 5 , 0 0 0 
250 
160 

S t r o r g b a n d s (u.) 1 3 - 9 , 1 2 . 4 , 1 1 . 3 
Medium bands (u ) 1 0 . 8 , 9 - 2 , 7 . 1 , 6 . 5 , 6 . 3 
Weak bands (u.) 1 1 . 8 , 8 . 5 , 8 . 3 , 7 - 4 , 5 - 3 , 3 . 4 

Sol i d 

Sol i d 

• 2 0 8 8 . 2 - 0 . 9 

2 2 . 2 - 0 . 2 

3 6 . 9 i ° ' 9 Sol i d 

two p e a k s , o f equa l a r e a - 6 . 9 6 and 3 -70 

1 , 2 - d i - p - t o l y l e t h a n e 
4 , 4 1 - t r a n s - d i m e t h y 1 s t i l b e n e 
2 , 6 - d i m e t h y l a n t h r a c e n e 
L i n e a r t r i m e r 
Cyc1 i c t r i me r 

TABLE 5-3 
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A se r ies o f s u b s t i t u t e d 2.2_ paracyc1ophanes have a lso been 

i n v e s t i g a t e d and inc lude the d i c h l o r o , t e t r a c h l o r o , dime thy 1dibromo, 

e t h y l , b e n z y l , ace ty l and the l i n e a r dimer I , 2 - d i - p - t o 1 ye thane. Very 

l i t t l e i n fo rma t i on was a v a i l a b l e on these d e r i v a t i v e s in the l i t e r a t u r e 

and an ESCA i n v e s t i g a t i o n was undertaken in an at tempt to de f ine some 

s t r u c t u r e and bonding p r o p e r t i e s o f these s u b s t i t u t e d [2.2_ pa racyc lo -

phanes. 

i i ) Expe r i men t a I 

Both the unsubst i t u t e d and s u b s t i t u t e d 2̂ . 2j P C P 1 s were ob­

ta ined from Xerox C o r p o r a t i o n , Webster Research Center , Webster, N.Y., 

U.S.A.'-'' The unsubst i t u ted and s u b s t i t u t e d d i c h l o r o and t e t r a c h l o r o 

dimers were commerc ia l ly a v a i l a b l e m a t e r i a l s from Union Carbide Corp . , 

Bound Brook, N . J . , U.S.A. , and were r e c r y s t a 1 1 i z e d from p-xy lene and 

g l a c i a l a c e t i c ac id be fore use. The remaining s u b s t i t u t e d dimers were 
207 218 228 233 

s p e c i a l l y prepared accord ing to l i t e r a t u r e p repa ra t i ons ' ' 

and were p u r i f i e d by techniques descr ibed t h e r e i n . 

The ESCA instrumen t a t ion used has been descr ibed p r e v i o u s l y in 

Chapter 3-

i i i ) Theoret ica1 

The t h e o r e t i c a l models used were based upon the ground s t a t e 

p o t e n t i a l model (GPM) w i t h i n the a l l - v a l e n c e e l e c t r o n (CND0/2 SCF MO 

fo rma l i sm, a lso p r e v i o u s l y descr ibed in d e t a i l in Chapter 3- The bond 

angles and bond lengths used as input to the MO programs were ob ta ined 
213-215 

from the c r ys ta1og raph i c data where a v a i l a b l e , and standard 

bond angles and lengths were used where i t was no t . 

i v) Resul ts and Discuss ion 

a) Unsubst i t u ted ^2. 2j PCP 
The c r y s t a l l o g r a p h i c data on the 2.2. PCP is descr ibed in the 

213-215 

i n t r o d u c t i o n and an at tempt was made t o vary the i n t e r m o l e c u l a r 

d i s tance between benzene r ings us ing the GPM model to determine whethe 

the carbon Is core l eve l s B .E . ' s would s i g n i f i c a n t l y change to be de­

tec ted by ESCA. The models va r i ed the t ransannu la r d i s tance from the 

c r y s t a I 1ographicaI Iy determined 3 • 0 3 % f o r a minimum value of 2 .898 to 

maximum value of 3 .298 by va ry ing the i n t e ra tom ic d i s tance between 

"The author is indebted to Dr. C. B. Duke f o r approval to use these 
s p e c i a l l y prepared 2.2 PCP's f o r t h i s work. 
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a l i p h a t i c b r i d g i n g carbons ( c f . F i g . 5 - 2 ) . This increased s t r a i n ( 2 . 8 9 8 ) 

and decreased s t r a i n ( 3 - 2 9 8 ) r e l a t i v e to the expe r imen ta l l y determined 

3 . O 9 8 might be expected to e f f e c t B . E . ' s , and i f they are a f f e c t e d , 

cou ld be p o t e n t i a l l y i d e n t i f i e d by ESCA. 

The r e s u l t s o f the GPM's, a long w i t h the core evel spec t ra 

are shown in F i g . 5 - 3 and i t can be r e a d i l y seen tha t the very small 

0 . 3 C 0 . 1C 

0 . 2 : 

(A B.E. from 285-OeV) 

2 . 8 9 ^ 

TRANSANNULAR DISTANCE 

3 . 0 9 8 3 . 2 9 8 

291 2 8 8 285 

FIGURE 5 - 3 

E f f e c t s o f v a r i a b l e t ransannu la r d is tances c a l c u l a t e d from the 

GPM compared w i t h expe r imen ta l l y determined core leve l 

spectrum fo r unsubs t i tu ted [_2.2\ pa racyc 1 ophane 
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(O. leV) d i f f e r e n c e s in c a l c u l a t e d B. E . ' s in going from the 2 . 8 9 $ 

to 3 . 2 9 ^ t ransannu la r d is tances cannot be reso lved w i t h the present i n ­

s t r u m e n t a t i o n . We mighty however, expect there to be somewhat la rger 

i d e n t i f i a b l e d i f f e r e n c e s in then -—»7r* r e l a t i v e i n t e n s i t y r a t i o s when 

compared to the pr imary photo i o n i z a t i o n peak and the c a l c u l a t i o n s f o r 

de te rm in ing the shake-up i n t e n s i t i e s , descr ibed e l sewhere "^ ' re ­

vealed a t rend in the t o t a l p r o b a b i l i t i e s f o r the TT—»7r« t r a n s i t i o n s 

in the o rder as expec ted , namely 8 . 0 8 , 7-73 and 7-^3% f o r t r ansannu la r 

d is tances of 2 . 8 9 8 , 3 . 0 9 8 and 3 . 2 9 8 , r e s p e c t i v e l y . Th i s w- >7T « t r a n s i ­

t i o n can be seen in F i g . 5 -3 (expanded by a f a c t o r of 10) and area 

r a t i o s measured as a c c u r a t e l y as poss ib le i n d i c a t e an 8.2% rw * t r a n ­

s i t i o n r e l a t i v e to the pr imary p h o t o i o n i z a t i o n peak. P rev ious l y r e ­

por ted r e s u l t s i n d i c a t e tha t t rends f o r shake-up phenomenon in s i m i l a r 

compounds can be p r e d i c t e d ' us ing the CND0/2 model, however, ab­

so lu te i n t e n s i t i e s are somewhat determined by the p a r t i c u l a r parameter­

i z a t i o n . That the shake-up i n t e n s i t y p r e d i c t e d f o r the smal les t t r a n s -

annular d i s tance o f 2 . 898 agrees q u i t e we l l w i t h the CND0/2 p r e d i c t i o n 

is almost c e r t a i n l y f o r t u i t o u s . I t i s , however, g r a t i f y i n g tha t the 

values are as c lose as they a r e . Concluding t h i s s e c t i o n , i t would 

appear tha t i f there is some d e v i a t i o n s from the t ransannu la r d is tance 

repor ted in the l i t e r a t u r e f o r the unsubs t i t u t e d _2.2^ PCP, i t would 

be very d i f f i c u l t to de tec t i t by the d i f f e r e n c e in the C, core leve l 
Is 

spect rum. 

b) S u b s t i t u t e d "l. 2 PCP's 

When cons i de r i ng the t h e o r e t i c a l models to p r e d i c t the Cj core 

leve l B .E . ' s the s u b s t i t u t e d compounds can be d i v i d e d i n t o two d i s t i n c t 

c lasses when cons i de r i ng the d i - and t e t r a - s u b s t i t u t e d models, and these 

are dep ic ted in F i g . 5-^, the s i n d l e and double r i ng s u b s t i t u t i o n . 

Cons ider ing f i r s t l y the d i c h l o r o 2 .2 . PCP, c a l c u l a t i o n s w i t h i n 

the GPM were c a r r i e d out on the seven poss ib le isomers and the r e s u l t s 

of the p r e d i c t e d Cj B .E . ' s are d i sp layed in F i g . 5-5 along w i t h the 

syn thes ized core leve l spec t ra p r e d i c t e d by the GPM and the e x p e r i ­

men ta l l y determined spectrum. I t is q u i t e apparent tha t d i f f i c u l t i e s 

would be encountered in d i s t i n g u i s h i n g any o f the psuedo-isomers (double 

r i n g s u b s t i t u t i o n ) , however, not on ly are the s i n g l e r i n g isomers d i s ­

t i n g u i s h a b l e from each o t h e r , they are a lso d i s t i n g u i s h a b l e from the 

pseudo- isomers. Comparing the e x p e r i m e n t a l l y determined spec t ra w i t h 

the c a l c u l a t e d s p e c t r a , i t is r e a d i l y apparent t ha t a number of the 

isomers can be e l i m i n a t e d based upon l ineshape compar ison. (The 
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Mono-Ring S u b s t i t u t i o n 

META PARA ORTHO 

Double-Ring S u b s t i t u t i o n 

4> GEM ^ PARA <A ORTHO ip META 

FIGURE 5-^ 

Isomeric model nomenclature f o r s u b s t i t u t e d f 2 . 2 l paracyc1ophane 

do t ted l i nes appear ing on the syn thes ized curves r e f l e c t the exper imen­

t a l l i n e shape d i f f e r e n c e to the h igh B.E. s ide o f the peak) . A ' though 

poor comparisons are drawn between most o f the c a l c u l a t e d isomers, when 

compared w i t h the exper imenta l spectrum a c lose f i t is found f o r the 

pseudo-para isomer and an e x c e l l e n t f i t f o r the s i n g l e r i n g s u b s t i t u t e d 

para isomer. Assuming a l i n e w i d t h o f approx imate ly ! eV f o r the C^ s 

l i n e (normal ly found f o r our ins t rument ) the para isomer f i t s more 

c l o s e l y w i t h the exper imenta l data than the pseudo-para isomers in t ha t 

the chemical s h i f t s c a l c u l a t e d f o r the pseudo-para isomer would requ i re 

a l i n e w i d t h of ~ 1 . 2 eV to f i t the da ta , which is q u i t e narrow f o r a 

powder sample commonly exper ienced w i t h our ins t rument . The ESCA data 
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FIGURE 5-5 

Theo re t i ca l c a l c u l a t i o n s w i t h i n the GPM, synthes ized core 

leve l spectrum and e x p e r i m e n t a l l y determined Ĉ  core l eve l 

spectrum fo r d i c h ' o r o | 2 . 2 | paracyc1ophane 
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wou ld , t h e r e f o r e , f avo r the para isomer when compared to the t h e o r e t i c a l 

c a l c u l a t i o n . The CL„ to C. i n t e n s i t y r a t i o s con f i rm a d i c h l o r o d e r i v a -
2p 1 s 

t i ve . 

C a l c u l a t i o n s on the t e t r a c h l o r o 2.2 PCP reveal a more compl i ca ­

ted isomer ic p o s s i b i l i t y in t ha t not on ly can we have pseudo isomers, but 

we can have them in a n t i - a n d s y n - c o n f i g u r a t i o n s . Because o f s t e r i c h i n -

derance c o n s i d e r a t i o n s , i t is u n l i k e l y to have a l l fou r c h l o r i n e s 

subs t i t u te on the same r i n g , t h e r e f o r e , c a l c u l a t i o n s were c a r r i e d out 

on the double r i n g s u b s t i t u t e d d e r i v a t i v e s w i t h only one f o r s i n g l e 

r i n g s u b s t i t u t i o n and these are shown in F i g . 5-6 . Wi thout s y n t h e s i z ­

ing c a ' c u l a t e d s p e c t r a , the carbon , B.E.^ shown on the f i g u r e reso lve 
I s 

i n t o spec t ra i n d i c a t i n g tha t the o r t h o (both a n t i - and s y n - ) , t r i -

s i n g l e and t e t r a - s i n g l e s u b s t i t u t i o n are u n l i k e l y isomers and t ha t 

based upon the c a l c u l a t e d l ineshapes the para and meta isomers f o r 

both the a n t i - a n d syn-are i n d i s t i n g u i s h a b l e . 

These conc lus ions appear reasonable based upon the r e s u l t s of the d i ­

c h l o r o d e r i v a t i v e p r e v i o u s l y d i scussed . The CL„ to C. r e l a t i v e i n -
2p 1 s 

t e n s i t y r a t i o are c o n s i s t a n t w i t h a t e t r a s u b s t i t u t e d isomer. 

The t h e o r e t i c a l c a l c u l a t i o n s on the pseudo-isomers f o r the d i ­

methyl £2.2} PCP revea' very l i t t l e d i f f e r e n c e in the C ( B .E . ' s f o r 

the o r t h o , meta, para and gem isomers and a r ep resen ta t i ve c a l c u l a t i o n 

( f o r the pseudo-para) along w i t h the exper imenta l spectrum is shown in 

F i g . 5-7- Then- ^w'' i n t e n s i t y r a t i o to the pr imary peak is c o n s i s ­

ten t w i t h the s t r u c t u r e . 

The remain ing d i s u b s t i t u t e d d e r i v a t i v e , dibromo '2-2, PCP was 

not eva lua ted from a t h e o r e t i c a l s tandpo in t cons ide r i ng tha t l i t t l e 

d i f f e r e n c e is expected between the bromo and the ch lo ro d e r i v a t i v e s . 

The exper imenta l spec t ra f o r the C ^ and B r ^ l eve ls are a lso shown 

in F i g . 5-7- In comparing the spec t ra f o r the u n s u b s t i t u t e d , c h l o r o 

and bromo s u b s t i t u t e d dimers w i t h the spec t ra from the exper imenta l 

work in Chapter U on e l e c t r o n mean f ree pa ths , i t is apparent t ha t 

ESCA is sampling the repeat u n i t o f the polymer in t ha t i d e n t i c a l 

spect ra are observed f o r both the paracyc1ophane and the p o l y - p -

x y l y l e n e s . To f u r t h e r con f i rm t h i s evidence the B. E . ' s f o r the 

model compound f o r the u n s u b s t i t u t e d polymer, 1 , 2 - d i - p - t o 1 ye thane, were 

c a l c u l a t e d and the r e s u l t s , a long w i t h the exper imenta l spectrum, are 

shown in F i g . 5 -8 . Exce l l en t agreement is demonstrated between the 

c a l c u l a t e d B. E . ' s f o r the model and the exper imenta l B. E . ' s f o r the 

1, 2 - d i - p - t o 1 ye thane and the po1y-p-xy1y1ene. 
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FIGURE 5-6 

T h e o r e t i c a l l y c a l c u l a t e d B .E. ' s ( w i t h i n the GPM) f o r a se r i es o f 

t e t ra-subs t i t u t ed c h l o r o [2.2] pa racyc 1 ophanes and the e x p e r i m e n t a l l y 

determined C, core leve l spectrum 
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FIGURE 5 - 7 

T h e o r e t i c a l l y de r i ved B .E. ' s ( w i t h i n the GPM) f o r pseudo-para 

d imethy l [_2 . 2j pa racyc 1 ophane and the e x p e r i m e n t a l l y determined 

core leve l spect ra Is 

o 0 . 1 
0 . 5 

(A B.E. from 285.OeV) , 
285 

FIGURE 5 - 8 

T h e o r e t i c a l l y der i ved B.E. 's ( w i t h i n the GPM) f o r I , 2 - d i - p - t o 1 ye thane 

and the e x p e r i m e n t a l l y determined C. core leve l spectrum 
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For the remaining mono-subs t i t u ted d e r i v a t i v e s , the t h e o r e t i c a l 
c a l c u l a t i o n s , a long w i t h spec t ra f o r the e thy l and benzyl d e r i v a t i v e s , 
are shown in F i g . 5 - 9 - C a l c u l a t i o n s were c a r r i e d out w i t h the sub-
s t i t u e n t s r o ta ted throughout d i f f e r e n t angles w i t h respect to the 
paracyc1ophane benzene r ings and f o r the e t h y l and benzyl d e r i v a t i v e s , 
the p r e d i c t e d core leve l B. E . ' s were not changed regard less o f the 

c o n f i g u r a t i o n . However, f o r the ace ty l d e r i v a t i v e , s l i g h t d i f f e r e n c e s 

were observed when the carbonyl group was ro ta ted to be e i t h e r in the 

plane o f the benzene r i n g or pe rpend i cu la r t o i t . The r e s u l t s are d i s ­

played in F i g . 5 - 1 0 and a l though these d i f f e r e n c e s were c a l c u l a t e d 

and the exper imenta l data best f i t s the d e r i v a t i v e where the carbonyl 

group is pe rpend i cu la r to the r i n g , t h e d i f f e r e n c e s are so marginal 

tha t the c o n f i g u r a t i o n determined by ESCA would be q u e s t i o n a b l e . 

In c o n c l u s i o n , the study o f these isomer ic conformat ions o f 
r— 

the s u b s t i t u t e d ;_2.2_ pa racyc 1 ophanes has revealed t ha t in some 

cases (namely the d i c h l o r o and a c e t y l ) ESCA, a long w i t h the approp­

r i a t e GPM's can p r e d i c t the l ineshape o f p a r t i c u l a r isomers and w i t h 

more d e t a i l e d i n v e s t i g a t i o n s of shake-up phenomenon in these systems, 

along w i t h the use of monochromatized X-ray source, one might be able 

to i d e n t i f y p a r t i c u l a r isomers in systems such as these . 

The data a lso p rov ides a f i r m bas is f o r i n v e s t i g a t i n g the 

i n t e r n a l cons is tancy of the data f o r the t h i n f i l m s employed in the 

i n v e s t i g a t i o n of mean f ree paths as a f u n c t i o n o f k i n e t i c energy. 
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FIGURE 5-9 

T h e o r e t i c a l l y c a l c u l a t e d B .E. ' s f o r isomers of e t h y ' and benzyl - 3 
paracyc1ophane and t h e i r expe r imen ta l l y determined Ĉ  

core leve l spec t ra 
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T h e o r e t i c a l l y c a ' c u l a t e d B .E . ' s f o r isomers of ace ty l Qi • 2] 

paracyclophane and the exper imenta l and 0^ core leve l spect ra 
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CHAPTER 6 

An I n v e s t i g a t i o n i n t o Sample Charging Phenomena 

i ) In t roduc t i on 

The problems assoc ia ted w i t h sample charg ing in the ESCA exam­

i n a t i o n o f t h i c k i n s u l a t i n g samples was recognized and diagnosed at an 

e a r l y stage o f development of the technique o f Siegbahn and co-workers 

Indeed, the suggested use o f the c h a r a c t e r i s t i c s igna l a r i s i n g from con 

taminant hydrocarbon f i l m s o r i g i n a t i n g in the extraneous atmosphere of 

the spectrometer as a convenient energy re ference der i ves from those 

p i onee r i ng s tud ies and to t h i s date o f f e r s w i t h due care and a t t e n t i o n 
18 1 28 

a convenient and r e l i a b l e means of c o r r e c t i n g f o r sample charg ing ' 
In the i n t e r v e n i n g decade, va r ious aspects o f sample charg ing phenomena 

29 194 235-238 
hpve been s tud ied in some d e t a i l ' ' , however, as 3 recent 

239 

ASTM repor t a f f i r m s , sample charg ing and i t s c o r r e c t i o n is s t i l l a 

source o f e r r o r in a t t emp t i ng to set up c a l i b r a t i o n standards f o r i n ­

s u l a t o r s and, indeed, the p r e v a i l i n g c ' ima te would seem to be tha t 

the phenomena encompassed by sample charg ing is a nuisance which 

p r a c t i c i n g spec t r oscop i s t s must learn to l i v e w i t h . Through ex ten ­

s i ve i n v e s t i g a t i o n s on po lymer ic systems we have come to apprec ia te 

the p o t e n t i a l source o f i n fo rma t i on which may be de r i ved from the 

d i r e c t study of sample charg ing and which has l a r g e l y been over -
127 1^2 

looked in the past ' I t is the purpose o f t h i s chapter to 

i l l u s t r a t e t h i s theme by c o n s i d e r a t i o n o f sample charg ing phenom­

ena f o r both metal and polymer samples and i t w i l l be shown t ha t 

the e q u i l i b r i u m s t a t i c charge b u i l t up on a sample is c h a r a c t e r i s t i c 

of s t r u c t u r e and bonding in the outermost few tens of Angstroms. 

The exper iments descr ibed in t h i s work f a l l i n t o three c a t e ­

g o r i e s . In the f i r s t ca tegory a se r i es of polymer f i l m s and gold 

were mounted on the sample probe such tha t they were e f f e c t i v e l y 

e l e c t r i c a l l y i s o l a t e d , a l though in ' i n t i m a t e c o n t a c t ' w i t h the 

probe t i p . Measurements were then made o f the s t a t i c e q u i l i b r i u m 

charge f o r each sample as evidenced by the s h i f t in core leve l 

spec t ra from the b ind ing energ ies app rop r i a te to samples i d e a l l y 

i n e l e c t r i c a l con tac t w i t h the spect rometer . The second se r i es of 

exper iments invo lved the m o n i t o r i n g of the t ime dependent nature o f 

the sample charg ing under a g iven set o f exper imenta l c o n d i t i o n s 

as a f u n c t i o n o f hydrocarbon con tamina t ion which was a l lowed to 
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accumulate on the sample su r f aces . The f i n a l se r i es of exper iments 

cons i s ted in a t t a c h i n g polymer f i l m s ( ~ 5 0 u , t h i c k ) to the spectrom­

e t e r probe such tha t on ly ' s p o t t e d c o n t a c t 1 was made, and m o n i t o r i n g 

the time dependence o f the i n i t i a l charg ing phenomena, as we l l as 

t ha t assoc ia ted w i t h d e l i b e r a t e hydrocarbon con tam ina t i on , 

i i ) Expe r i men ta1 

a) Samples 

The polymers used in t h i s study are l i s t e d in Table 6 . 1 , 

L i s t o f m a t e r i a l s used in t h i s study and the Dhys i ca1 f o rm 

s t u d i e d in the ESCA experiment 

Mate r i a 1 
Des i gnat ion 
f o r S c r i p t Form 

Po lye thy lene (h igh d e n s i t y ) PE F i lm(F) 

Po1yv i ny1 F 'uor i de PVF F,Powde 

Po1yviny1 idene F l u o r i d e PVF2 F 

P o l y t e t r a f l u o r o e thy 1ene PTFE P , F 

Polyhexaf1uoropropene PHFP P 

E thy lene-Te t r a f1uo roe thy 1ene Copolymer E-TE F 

P o l y - n - b u t y l Methacry la te PBMA F, P 

Po lye thy lene Te reph tha la te PET F 

Po1ycapro1actarn (Nylon 6 ) N6 F 

Po1yv i ny1 Ch1 or i de PVC P 

Gol d Au F (Shee 

TABLE 6 . 1 

and were used d i r e c t l y in p repar ing samples f o r the ESCA i n v e s t i g a -

t i ons . 

A l l po lymers, except f o r the E-TE copolymer, were ob ta ined 

from Cellomer Assoc ia tes , I n . , Webster, N.Y. 1 ^ 5 8 0 , U.S.A., and were 

used as rece i ved . 

The e t h y 1 e n e - t e t r a f 1 u o r o e t h y 1 e n e copolymer (E-TE) inc luded 

in t h i s work has p r e v i o u s l y been sub jec t pf an ESCA i n v e s t i g a t i o n 

The s t r u c t u r e o f the copolymer ( 5 2 % t e t r a f 1 u o r o e t h y 1ene) is known to 

be ' a r g e l y a l t e r n a t i n g and, t h e r e f o r e , is c l o s e l y s i m i l a r in composi 

t i o n and s t r u c t u r e to po 1 y v i ny 1 i dene f l u o r i d e (PVFj) • 

11*2 
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The polymers were s tud ied as e i t h e r f i n e powders (P) coated onto 

doubles ided ' S c o t c h ' tape (3M Company, Tape No. 75, a t he rmose t t i ng 

s i l i c o n e based adhesive on p o l y e s t e r f i l m ) d i r e c t l y a t tached to the 

spect rometer probe t i p , or as f i l m s (F) a t tached by e i t h e r o f two meth­

ods: 1) f i l m s mounted in what is r e f e r r e d t o as ' i n t i m a t e c o n t a c t 1 were 

a t tached d i r e c t l y to the probe t i p w i t h doub le -s ided 'Sco t ch ' tape, and 

pressed in p l ace , 2) f i l m s mounted in what is hence fo r th r e f e r r e d to as 

' s p o t t e d c o n t a c t ' were wrapped over the probe t i p and taped to the 

oppos i te s i d e . These two methods o f a t t a c h i n g the f i ' ms t o the probe 

t i p p rov ided two d i s t i n c t s i t u a t i o n s . The f i r s t being a composite o f 

conductor (probe t i p at ground p o t e n t i a 1 ) / d i e 1 e c t r i c ( ' S c o t c h ' t a p e ) / 

and f i l m sample; the second being a conductor/vacuum and p o i n t con tac t 

o f f i l m and probe t i p . 

The go ld (Johnson Matthey Chemicals L t d . , Grade | , London) sampl 

were mounted d i r e c t l y onto the probe t i p w i t h 'Sco tch ' tape . 

In the hydrocarbon con tamina t ion study i n v o l v i n g b i a s i n g o f a 

gold sample, the exper imenta l procedure was as f o l l o w s . Two samples 

were mounted s i d e - b y - s i d e on doub le -s ided tape where one sample was in 

e l e c t r i c a l con tac t w i t h the spect rometer (grounded) and one sample 

connected to a D.C. supp ly , v a r i a b l e from +20 to -20 V o l t s . Under 

these exper imenta l c o n d i t i o n s two peaks are observed in the spec t ra o f 

the p a r t i c u l a r core l eve l s being i n v e s t i g a t e d assoc ia ted w i t h the two 

samples separated by the app l i ed b i a s . 

In a l l cases, except the b ias ing . exper iment , sample s izes were 

7 x '8 mm., whereas in the b i a s i n g experiment each sample approximated 

h a l f t ha t v a ' u e . 

b) I ns t rumen ta t i on 

Spectra were recorded w i t h an A . E . I . ES200 AA spect rometer 

us ing Mg., e x c i t i n g r a d i a t i o n . 
S , 2 

The X-ray gun is o f the 'h idden f i l a m e n t or Henke' type de­

s i g n ' ^ in which the f i l a m e n t is not d i r e c t l y in f r o n t o f the t a r g e t . 

The power source to the gun c o n s i s t s of a Marcon i -E11 io t Type GX5 

high vo l t age generator tha t may be operated in the vacuum reg ion of 

~10 ^ t o r r . The t a r g e t can be operated at a power of up. to 500 

wat ts and both vo l tage and c u r r e n t supp l ies i r e s t a b i l i z e d to 0 .1% 

which produces photon f l u x e s in the region o f ~ 0 . 1 m i l l i r a d per 

second. Both vo l tage and cu r ren t are d i a l up f a c i l i t i e s in which 
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i n t e g r a l values in the range 2—15 kv and 2-20 mA were a v a i l a b l e . 

Typ ica l o p e r a t i n g c o n d i t i o n s were: X-ray gun, 12 kv, 15 mA; 
- 8 

pressure in the sample chamber, ~ 1 0 t o r r . Under the exper imenta l 

c o n d i t i o n s employed, the go ld ^ 7 / 2 ' e v e ' a t 8^ eV used f o r c a l i b r a ­

t i o n of the energy s c a l e , had a f u l l w id th at h a l f maximum (FWHM) of 

1.2 eV. No evidence was ob ta ined f o r r a d i a t i o n damage to the samples 

du r ing the t y p i c a l t ime sca le invo lved in these measurements. A l l 

spec t ra taken in t h i s study were recorded at a f i x e d angle o f ^ 5 ° w i t h 

respect to the X-ray photon source and the focus ing lens to the 

ana lyze r . Spectra were recorded in the f i x e d r e t a r d a t i o n r a t i o mode. 

c) Sample Charge Measurement and Time Dependent Stud ies 

The charge on the sample was determined as the d i f f e r e n c e be­

tween the measured k i n e t i c energy o f a pho toemi t ted e l e c t r o n from a 

s p e c i f i c core leve l and the k i n e t i c energy approximate to a sample 

i d e a l l y in e l e c t r i c a l con tac t w i t h the spec t rometer . The l a t t e r is 

taken as the k i n e t i c energy a p p r o p r i a t e to the abso lu te b i nd i ng energy 

as p r e v i o u s l y determined f o r these systems, on the same c a l i b r a t i o n 

scale ( c f . Chapter 3) 

I t was observed f o r a l l o f the samples in t h i s i n v e s t i g a t i o n t ha t 

the charge was t ime dependent, t h e r e f o r e , spec t ra were recorded immed­

i a t e l y upon i r r a d i a t i o n ( taken as T=0) and subsequent ly every f i v e 

minu tes . The e q u i l i b r i u m charge is taken as the maximum observable 

s h i f t ob ta ined from a con tamina t ion f r ee sample. 

For the p a r t i c u l a r cases o f p o 1 y t e t r a f 1 u o r o e thy 1ene and g o l d , 

the e q u i l i b r i u m sample charge was measured as a f u n c t i o n of the app l i ed 

p o t e n t i a l (kv) and the f i l a m e n t emiss ion c u r r e n t (mA) to the X-ray 

sou rce . 

( i i i ) Resul ts and Discuss ion 

a) E q u i l i b r i u m Charging o f Polymers 

Over a pe r i od o f years i t has become i n c r e a s i n g l y ev iden t from 
. c e . - , 1 25 -130 

ex tens ive i n v e s t i g a t i o n s of a wide range o f po lymer ic m a t e r i a l s , 

t ha t sample charg ing is dependent on e l e c t r o n i c s t r u c t u r e . The i n i t i a l 

exper iments in t h i s work invo lved a sys temat ic i n v e s t i g a t i o n of the 

sample charg ing c h a r a c t e r i s t i c of a se r i es of polymers (~ 50u. in t h i c k ­

ness) s tud ied under i d e n t i c a l ins t rumenta l c o n d i t i o n s , (unmonochroma-
t i z e d Mg X-ray source 12 kv, 15 mA w i t h a f i x e d e l e c t r o n t a k e - o f f 

S , 2 
angle o f kS°) • In these i n i t i a l exper iments samples were mounted in 

i n t ima te con tac t w i t h the copper probe t i p (spectrometer probe grounded) 
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by means o f d o u b I e - s i d e d ' S c o t c h ' t a p e as o u t ' i n e d a b o v e . W i t h t h i s 

c o n f i g u r a t i o n , i t was e s t a b ' i s h e d t h a t t h e e q u i l i b r i u m s h i f t i n k i n e t i c 

e n e r g y s c a l e a r i s i n g f r o m s a m p l e c h a r g i n g was r a p i d l y e s t a b l i s h e d ( a t 

l e a s t as f a r as t h e t y p i c a l t i m e s c a l e t s k e n t o r e c o r d s p e c t r a a r e c o n ­

c e r n e d ) . R e p e a t m e a s u r e m e n t s e s t a b l i s h e d t h a t t h e s a m p l e c h a r g i n g was 

t y p i c a l l y r e p r o d u c i b l e t o - 10% e v e n i n c o m p a r i n g p o w d e r e d s a m p l e s w i t h 

f i 1ms . 

T h a t t h e s h i f t s a r e c h a r a c t e r i s t i c o f t h e p o l y m e r s y s t e m i s 

r e a d i l y a p p a r e n t i f we c o n s i d e r t h e d a t a f o r t h r e e t y p i c a l s a m p l e s 

v i z . P E , P V F ^ a n d PHFP. The c o r r e s p o n d i n g s h i f t s i n k i n e t i c s c a l e 

5 a r e ~ 3 - +̂ e V , ~ 7 - 5 eV a n d ~ 10 e V . I t s h o u l d be e m p h a s i z e d t h a t 

t h e s e v a l u e s p e r t a i n s p e c i f i c a l l y t o t h e e x p e r i m e n t s ' a r r a n g e m e n t 

d e s c r i b e d a b o v e . To s h e d f u r t h e r l i g h t on t h e r e l a t i o n s h i p b e t w e e n 

s a m p l e c h a r g i n g a n d e l e c t r o n i c s t r u c t u r e , i n v e s t i g a t i o n s w e r e a l s o 

made o n g o l d s h e e t ( u l t r a h i g h p u r i t y ~ 0 . 3 mm. t h i c k ) m o u n t e d o n 

d o u b l e - s i d e d ' S c o t c h ' t a p e . The e q u i l i b r i u m s t a t i c c h a r g e i n t h i s 

c a s e a m o u n t e d t o ~ 1 3 - 5 e v . 

U n d e r i d e n t i c a l i n s t r u m e n t a l c o n d i t i o n s i t seems t h a t t h e 

s u r f a c e c h a r g e a c q u i r e d by a s a m p l e m u s t be a f u n c t i o n o f t h e t o t a l 

p h o t o i o n i z a t i o n c r o s s s e c t i o n a n d t o i n v e s t i g a t e d t h i s i n some d e ­

t a i l we may c o n s i d e r a p p r o p r i a t e r e ' a t i v e t h e o r e t i c a l c r o s s s e c t i o n s 

f o r e a c h m a t e r i a l . As a s t a r t i n g p o i n t , t h e r e c e n t ' y p u b l i s h e d d a t a 
20 6 

o f S c h o f i e l d h a v e b e e n e m p l o y e d t o c o m p u t e c r o s s s e c t i o n s f o r b o t h 

t h e g o l d a n d p o l y m e r s u r f a c e s a n d f o r c o n v e n i e n c e i n d i s c u s s i n g t h i s 

d a t a , t h i s h a s b e e n n o r m a l i z e d t o a u n i t s u r f a c e a r e a . K n o w i n g t y p -
2^0 

i c a l c o v a l e n t r a d i i f o r g o l d a n d as a f i r s t a p p r o x i m a t i o n t a k i n g 
1 i+1 

r e p r e s e n t a t i v e b o n d l e n g t h s a n d a n g l e s f o r e x t e n d e d c h a i n s o f t h e 
2k 1 

p o l y m e r s t o g e t h e r w i t h a p p r o p r i a t e i n t e r c h a i n s p a c i n g s , i t i s 

p o s s i b l e t o c o m p u t e r e l a t i v e p h o t o i o n i z a t i o n c r o s s s e c t i o n s p e r u n i t 

a r e a f o r t h e p o l y m e r a n d g o l d s u r f a c e s * . The c o r r e l a t i o n b e t w e e n 

e q u i l i b r i u m c h a r g e , as m e a s u r e d as a s h i f t (5) i n k i n e t i c e n e r g y 

s c a l e ; a n d t o t a l t h e o r e t i c a l c r o s s s e c t i o n f o r p h o t o i o n i z a t i o n i s 

s h o w n i n F i g . 6 . 1 . The e x h i b i t e d t r e n d o f l a r g e r s h i f t b e i n g 

" " G o l d was c h o s e n f o r t h i s p a r t i c u l a r s t u d y b o t h b e c a u s e o f i t s c h e m i c a 
i n e r t n e s s ( a n d , h e n c e , r e p r o d u c i b l e c h a r a c t e r o f t h e s u r f a c e ) a n d f o r 
t h e h i g h c r o s s s e c t i o n f o r p h o t o i o n i z a t i o n . I n a d d i t i o n , g o l d s t i l l 
s e r v e s as a p r i m a r y s o u r c e f o r t h e e n e r g y r e f e r e n c i n g o f s p e c t r o m e t -

e r s l 8 , 1 2 8 . 
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C a l c u l a t e d t o t a l t h e o r e t i c a l c r o s s s e c t i o n s f o r n o r m a l i z e d u n i t a r e a s f o r 

v a r i o u s p o l y m e r s a n d g o l d , v e r s u s , e x p e r i m e n t a l l y d e t e r m i n e d e q u i l i b r i u m 

c h a r g i n g s h i f t ( 5 ) f o r s a m p l e s i r r a d i a t e d w i t h a Mq„ X - r a y p h o t o n 
K q 1 , 2 

s o u r c e (12 k v , 15 rnA) a n d e l e c t r i c a l l y i s o l a t e d f r o m t h e s p e c t r o m e t e r 

a s s o c i a t e d w i t h h i g h e r c r o s s s e c t i o n i s p a r t i c u l a r l y s t r i k i n g a n d 

a l t h o u g h t h e a b s o l u t e m a g n i t u d e o f s a m p l e c h a r g i n g ' as s u c h r e p r e s e n t s 

a c o n v o l u t i o n o f many c o n t r i b u t i n g f a c t o r s , s u c h a c o r r e l a t i o n u n d e r ­

s c o r e s t h e s t r u c t u r a l d e p e n d e n c e o f s u c h p h e n o m e n a . I t i s o f a p a r ­

t i c u l a r i n t e r e s t t o n o t e t h a t p o 1 y v i n y 1 i d e n e f l u o r i d e ( P \ J F ^ ) e x h i b i t s 

t h e same c h a r g i n g c h a r a c t e r i s t i c s as a e t h y 1 e n e / t e t r a f 1 u o r o e t h y 1ene 

c o p o l y m e r ( E - T E i n F i g . 6 . 1 ) o f e s s e n t i a l l y i d e n t i c a l o v e r a l l c o m p o ­

s i t i o n . T h i s a g a i n i l l u s t r a t e s t h e c h a r a c t e r i s t i c n a t u r e o f s a m p l e 

c h a r g i n g p h e n o m e n a s i n c e i t i s known t h a t t h e s t r u c t u r e o f t h i s c o ­

p o l y m e r i s l a r g e l y a l t e r n a t i n g a n d , h e n c e , h a s a c l o s e c o r r e s p o n d e n c e 

w i t h P V F ^ - H a v i n g o u t l i n e d t h e c h a r a c t e r i s t i c n a t u r e o f t h e s a m p l e 

c h a r g i n g p h e n o m e n a a n d h a v i n g i n t i m a t e d t h a t t h i s d e p e n d s s t r o n g l y o n 

s t r u c t u r e a n d b o n d i n g i n t h e s u r f a c e r e g i o n s , we now d e s c r i b e a s e r i e s 

o f e x p e r i m e n t s w h i c h a m p l y d e m o n s t r a t e t h e s u r f a c e s e n s i t i v i t y o f t h e 

p h e n o m e n a . 
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b ) S u r f a c e S e n s i t i v i t y o f S a m p l e C h a r g i n g 

I n C h a p t e r 3 a m e t h o d was o u t l i n e d w h i c h a l l o w s a c o n v e n i e n t 

means o f b o t h o b v i a t i n g a n d s e l e c t i v e l y c o n t r o l l i n g h y d r o c a r b o n c o n ­

t a m i n a t i o n o f s u r f a c e s . We h a v e , t h e r e f o r e , s y s t e m a t i c a l l y i n v e s t i ­

g a t e d s a m p l e c h a r g i n g as a f u n c t i o n o f h y d r o c a r b o n c o n t a m i n a t i o n o f 

t h e s u r f a c e f o r b o t h g o l d a n d t h e p o l y m e r s a m p l e s . The o b j e c t i v e o f 

t h i s i n v e s t i g a t i o n i s t w o f o l d ; f i r s t , t o i n v e s t i g a t e t h e s e n s i t i v i t y 

o f s a m p l e c h a r g i n g p h e n o m e n a t o s u r f a c e c o n t a m i n a t i o n a n d s e c o n d , t o 

p r o v i d e a m o r e d e t a i l e d s t u d y t h a n h a s h e r e t o b e e n a v a i l a b l e o n t h e 

r e l i a b i l i t y o f e s t a b l i s h i n g a b s o l u t e b i n d i n g e n e r g i e s by r e f e r e n c e t o 

h y d r o c a r b o n c o n t a m i n a t i o n s a m p l e s . 

S p e c t r a w e r e , t h e r e f o r e , r e c o r d e d u n d e r c o n d i t i o n s i n w h i c h 

h y d r o c a r b o n c o n t a m i n a t i o n b u i l t up o v e r a c o n v e n i e n t t i m e p e r i o d o f 

— 100 m i n u t e s . S i n c e t h e f e a t u r e s w h i c h e m e r g e f r o m t h i s i n v e s t i ­

g a t i o n a r e common t o a l l o f t h e s y s t e m s s t u d i e d , we c o n f i n e o u r d e ­

t a i l e d a t t e n t i o n t o g o l d , PTFE a n d PVF^ w h i c h t o g e t h e r w i t h PE e n ­

c o m p a s s t h e s p e c t r u m o f s a m p l e c h a r g i n g o b s e r v e d f o r t h e c o m p l e t e 

s e r i e s . C o n s i d e r i n g f i r s t l y g o l d , F i g . 6 . 2 s h o w s a p l o t o f t h e 
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C h a n g e i n s a m p l e c h a r g i n g ( 6 ) , v e r s u s , h y d r o c a r b o n c o n t a m i n a t i o n 

c a l c u l a t e d f r o m p e a k a r e a i n t e n s i t y r a t i o s A u , r / C f o r a g o l d 
7 / 2 ' S 

s a m p l e e l e c t r i c a l l y i s o l a t e d f r o m t h e s p e c t r o m e t e r 
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c h a n g e i n s a m p l e c h a r g i n g as a f u n c t i o n o f h y d r o c a r b o n b u i l d u p . F r o m 

t h e r e l a t i v e i n t e n s i t y r a t i o s o f t h e c o r e l e v e l s p e c t r a i t may r e a d i l y 

be s h o w n ( c f . C h a p t e r h) t h a t t h e i n i t i a l g o l d s a m p l e t o w h i c h t h e e q u i l 

i b r i u m s t a t i c c h a r g e i n F i g . 6 . 1 p e r t a i n s c o r r e s p o n d s t o a g o l d s u r f a c e 

w i t h h y d r o c a r b o n c o v e r a g e c o r r e s p o n d i n g t o a m o n o l a y e r ( ~ 5 ^ ) . The 

c o r r e l a t i o n b e t w e e n d e c r e a s e i n s u r f a c e c h a r g i n g a n d i n c r e a s e i n t h i c k ­

n e s s o f t h e h y d r o c a r b o n c o n t a m i n a n t l a y e r p r o v i d e s a s t r a i g h t f o r w a r d 

p i c t o r i a l r e p r e s e n t a t i o n o f t h e s u r f a c e s e n s i t i v i t y o f s a m p l e c h a r g i n g . 

W i t h a k n o w l e d g e o f e l e c t r o n mean f r e e p a t h s as a f u n c t i o n o f k i n e t i c 

e n e r g y i t i s a s t r a i g h t f o r w a r d m a t t e r t o e s t i m a t e t h e t h i c k n e s s o f t h e 

h y d r o c a r b o n f i l m ( c f . C h a p t e r 4 ) . ( I n t h i s c o n n e c t i o n i s s h o u l d be 

n o t e d t h a t t h e i n d e p e n d e n t e s t i m a t e s b a s e d o n t h e s i g n a l a t t e n u a t i o n s 

f o r t h e A u , f a n d C. l e v e l s g i v e e s s e n t i a l l y t h e same r e s u l t . ) F o r 
4 t 7 / 2 1 5 

a d e c r e a s e i n s a m p l e c h a r g i n g o f 2 e V , t h e c o r r e s p o n d i n g i n c r e a s e i n 

t h i c k n e s s o f t h e h y d r o c a r b o n o v e r l a y e r i s ~ 8 ^ . T h e f o r m o f t h e 

c u r v e r e l a t i n g s a m p l e c h a r g i n g t o t h e t h i c k n e s s o f c o n t a m i n a n t f i l m 

w o u l d s u g g e s t t h a t a c o m p l e t e l y c l e a n s u r f a c e s t u d i e d u n d e r i d e n t i ­

c a l c o n d i t i o n s w o u l d h a v e a s l i g h t l y l a r g e r s h i f t ( p r o b a b l y o f t h e 

o r d e r o f a f e w e V ) t h e n e t e f f e c t b e i n g t o d i s p l a c e t h e d a t a p o i n t 

f o r g o l d i n d i c a t e d i n F i g . 6 . 1 t o t h e r i g h t . I f f o r a s a m p l e o f 

e s s e n t i a l l y z e r o t o t a l c r o s s s e c t i o n , t h e s a m p l e c h a r g i n g w e r e z e r o , 

t h e d a t a p o i n t s r e l a t i n g t o s a m p l e c h a r g e ( 8 ) t o c r o s s s e c t i o n w o u l d 

t h e n f i t a s m o o t h c u r v e . T h e s e e x p e r i m e n t s , t h e r e f o r e , s u g g e s t t h a t 

c h a r g i n g f o r s a m p l e s w h i c h a r e i n s u l a t e d f r o m t h e s p e c t r o m e t e r p r o b e 

d e p e n d on s t r u c t u r e a n d b o n d i n g o n a d e p t h s c a l e o f t h e same o r d e r o f 

m a g n i t u d e as e l e c t r o n mean f r e e p a t h s . 

T h e d e l i b e r a t e s u r f a c e c o n t a m i n a t i o n o f s a m p l e s w i t h h y d r o c a r b o n ' 
1 27 

h a s b e e n a d v o c a t e d as o n e o f t h e m o s t r o u t i n e l y r e l i a b l e a n d r e p r o ­

d u c i b l e means o f e s t a b l i s h i n g t h e e n e r g y r e f e r e n c e f o r i n s u l a t i n g s a m ­

p l e s . I n t h i s c o n n e c t i o n , t h e r e f o r e , i t i s o f i n t e r e s t t o c o n s i d e r ' 

t h e s h i f t i n b i n d i n g e n e r g y b e t w e e n t h e A u , f a n d C l e v e l s as a 
7 / 2 1 5 

f u n c t i o n o f o v e r a l l s a m p l e c h a r g i n g . T h i s i s s h o w n i n F i g . 6 . 3 -

- A s we h a v e p r e v i o u s l y e m p h a s i z e d , s e p a r a t e e x p e r i m e n t s m u s t be c a r r i e d 
o u t t o f u l l y c h a r a c t e r i z e t h i s h y d r o c a r b o n c o n t a m i n a t i o n w h i c h , i n o u r 
p a r t i c u l a r s p e c t r o m e t e r , h a s a b i n d i n g e n e r g y o f 285 eV ( r e f e r e n c e 
A u , 8A e V ) . 

7 / 2 
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A b s o l u t e s h i f t i n k i n e t i c e n e r g y b e t w e e n t h e A u , , a n d C. c o r e 
4 t ? / 2 i s 

l e v e l s , v e r s u s , o v e r a l l s a m p l e c h a r g i n g ( <5 ) 

C o n s i d e r i n g t h e e x t r e m e s , o f z e r o s a m p l e c h a r g i n g ( g o l d i n e l e c t r i c a l 

c o n t a c t w i t h s p e c t r o m e t e r ) a n d t h e max imum i n s a m p l e c h a r g i n g ( — 1 3 - 5 e 

t h e s h i f t i n e n e r g y b e t w e e n t h e c o r e l e v e l s o f s u b s t r a t e ( A u ) a n d o v e r -

l a y e r ( h y d r o c a r b o n ) i s e x a c t l y t h e same w i t h i n v e r y s m a l l e r r o r l i m i t s 

~ 0 . 1 e V . S i n c e f o r m o s t p o l y m e r i c s y s t e m s ( f o r w h i c h we h a v e p r e ­

v i o u s l y a d v o c a t e d t h e u s e o f t h i s t e c h n i q u e f o r e n e r g y c a l i b r a t i o n ) , 

t h e s p a n i n s a m p l e c h a r g i n g i s s u b s t a n t i a l l y s m a l l e r , t h e a c c u r a c y o f 

t h e m e t h o d i s e x t r e m e l y g o o d . 

T h e c o r r e s p o n d i n g d a t a f o r P T F E , PVF^ a n d PE a r e s h o w n i n F i g . 

S.h. T h e d e c r e a s e i n s a m p l e c h a r g i n g as a f u n c t i o n o f h y d r o c a r b o n d e ­

p o s i t e d o n t h e s u r f a c e us c l e a r l y e v i d e n t i n t h e p a r t i c u l a r c a s e s o f 

PTFE a n d PVF2- H o w e v e r , t h e c l o s e l y s i m i l a r c h e m i c a l n a t u r e o f t h e 

p o l y m e r s u r f a c e a n d c o n t a m i n a n t f i l m e n s u r e t h a t f o r PE t h e s a m p l e 

c h a r g i n g r e m a i n s e s s e n t i a l l y c o n s t a n t . S i n c e t h e o v e r a l l i n t e g r a t e d 

i n t e n s i t y o f t h e l e v e l s f o r t h e l a t t e r do n o t c h a n g e w i t h t i m e , 

t h e r e i s n o t d i r e c t e v i d e n c e f r o m t h i s s o u r c e a l o n e t h a t h y d r o c a r b o n 

c o n t a m i n a t i o n o f PE i t s e l f o c c u r s . The f a c t t h a t i t d o e s , h o w e v e r , 

may r e a d i l y be d e m o n s t r a t e d b y i n v e s t i g a t i n g s a m p l e s w i t h s u b m o n o l a y e r 

e x t e n t s o f s u r f a c e o x i d a t i o n . S u c h l o w l e v e l s o f o x i d a t i o n do n o t o f 

t h e m s e l v e s a l t e r t h e o v e r a l l s a m p l e c h a r g i n g , h o w e v e r , t h e y do p r o v i d e 
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FIGURE S.k 

D e c r e a s e i n s a m p l e c h a r g i n g ( 8 ) , v e r s u s , h y d r o c a r b o n c o n t a m i n a t i o n 

a v a l u a b l e ' m a r k e r ' i n t h e 0^ l e v e l s . By m o n i t o r i n g t h e d e c r e a s e i n 

i n t e n s i t y as a f u n c t i o n o f t i m e i t may t h u s be r e a d i l y d e m o n s t r a t e d t h a t 

h y d r o c a r b o n c o n t a m i n a t i o n a l s o o c c u r s f o r P E . 

The r a t e o f b u i l d up o f h y d r o c a r b o n i s a c o n v o l u t i o n o f s e v e r a l 

f a c t o r s i n c l u d i n g t h e p a r t i a l p r e s s u r e o f e x t r a n e o u s h y d r o c a r b o n i n t h e 

v i c i n i t y o f t h e s a m p l e s u r f a c e ' " . The s i n g l e m o s t i m p o r t a n t s a m p l e d e ­

p e n d e n t f a c t o r w i l l be t h e s t i c k i n g p r o b a b i l i t y f o r h y d r o c a r b o n a t t h e 

p o l y m e r s u r f a c e w h i c h w i l l be r e l a t e d t o s u r f a c e f r e e e n e r g y . On t h i s 

*We h a v e p r e v i o u s l y d i s c u s s e d ( C h a p t e r 3 ) t h a t i n o u r p a r t i c u l a r s p e c ­
t r o m e t e r c o n f i g u r a t i o n h y d r o c a r b o n c o n t a m i n a t i o n i s a t t r i b u t a b l e t o 
d e s o r p t i o n f r o m t h e e n d c a p o f t h e h o r i z o n t a l l y m o u n t e d X - r a y g u n o f 
H e n k e d e s i g n . T h e s e e x p e r i m e n t s show t h a t t h e c o n t a m i n a t i o n i s ' l i n e 
o f s i g h t ' as m i g h t h a v e b e e n a n t i c i p a t e d f r o m t y p i c a l mean f r e e p a t h s 
i n t h e p r e s s u r e r a n g e t o w h i c h t h e e x p e r i m e n t s p e r t a i n ( ~ 1 0 ~ 8 t o r r ) . 
S u c h c o n t a m i n a t i o n may r e a d i l y be o b v i a t e d b y c o o l i n g t h e e n d c a p a n d 
t h u s a d v e n t i t o u s 1 y i t i s p o s s i b l e t o s e l e c t i v e l y c o n t a m i n a t e s u r f a c e . 
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b a s i s we m i g h t a n t i c i p a t e t h a t u n d e r c o m p a r a b l e e x p e r i m e n t a l c o n d i ­

t i o n s , r a t e s o f h y d r o c a r b o n c o n t a m i n a t i o n s h o u l d r e f l e c t t h i s . By 

m o n i t o r i n g t h e d e c r e a s e i n i n t e n s i t y a p p r o p r i a t e c h a r a c t e r i s t i c 

p e a k s f o r PHFP, P T F E , P V F 2 , E-TE a n d PVF , f i l m s a t t r i b u t a b l e t o 

h y d r o c a r b o n c o n t a m i n a t i o n as a f u n c t i o n o f t i m e t h i s may r e a d i l y be 

d e m o n s t r a t e d . T h u s , t h e t i m e t a k e n f o r t h e s i g n a l t o d e c r e a s e by 

l / e t h o f i t s o r i g i n a l v a l u e i n a p a r t i c u l a r s e r i e s o f e x p e r i m e n t s i n 

w h i c h h y d r o c a r b o n c o n t a m i n a t i o n was d e l i b e r a t e l y a c c e l e r a t e d was 2 8 0 , 

1 2 0 , 8k, 9 0 , a n d 8 0 m i n u t e s , r e s p e c t i v e l y , f o r PHFP, PTFE , P V F 2 , E-TE 

a n d P V F . S i n c e e a c h p o l y m e r s y s t e m h a s a c h a r a c t e r i s t i c e q u i l i b r i u m 

c h a r g i n g s h i f t , we m i g h t a l s o a n t i c i p a t e t h a t t h e c h a n g e i n t h i s 

s h i f t as a f u n c t i o n o f s u r f a c e c o n t a m i n a t i o n s h o u l d a l s o be c h a r a c ­

t e r i s t i c o f t h e s a m p l e . T h i s may r e a d i l y be s h o w n b y c o n s i d e r i n g 

t h e c h a n g e i n e q u i l i b r i u m c h a r g i n g s h i f t f o r PHFP, P T F E , P V F 2 , E -TE 

a n d PVF w h e n t h e c o n t a m i n a n t f i l m i s s u c h t h a t t h e c h a r a c t e r i s t i c 

l e v e l s f o r t h e s e s y s t e m s h a s a g a i n d e c r e a s e d by l / e t h o f i t s o r i ­

g i n a l v a l u e . The c o r r e s p o n d i n g s h i f t s f o r t h i s s e r i e s o f p o l y m e r s 

a r e 3 - 5 , 3-3, l - 5 > 1 .8 a n d 1 .2 e V , r e s p e c t i v e l y . 

I t s h o u l d be n o t e d t h a t i n t h e s e e x p e r i m e n t s i t i s a l s o p o s s i b l e 

t o m o n i t o r t h e s h i f t b e t w e e n t h e s i g n a l o f t h e h y d r o c a r b o n c o n t a m ­

i n a n t a n d t h e p e a k s o f c h a r a c t e r i s t i c b i n d i n g e n e r g y f o r t h e f l u o r o -

p o l y m e r s . As i n t h e c a s e o f g o l d , d i s c u s s e d a b o v e , t h e s h i f t i s i n d e ­

p e n d e n t o f s a m p l e c h a r g i n g w i t h i n v e r y n a r r o w l i m i t s c o n f i r m i n g o u r 

p r e v i o u s l y d e v e l o p e d t h e s i s t h a t h y d r o c a r b o n c o n t a m i n a t i o n i s an e x ­

c e l l e n t t e c h n i q u e f o r e n e r g y r e f e r e n c i n g . ( T h e d a t a f o r PTFE b e i n g a 

r e p r e s e n t a t i v e s a m p l e i s s h o w n i n F i g . 6 . 3 - ) I n t h e p a r t i c u l a r c a s e 

o f P E , t h e r a t e o f b u i l d up o f h y d r o c a r b o n may be m o n i t o r e d by f o l l o w ­

i n g t h e d e c r e a s e i n i n t e n s i t y o f t h e e x t r a n e o u s 0 ^ s i g n a l . F o r g o l d , 

as we h a v e p r e v i o u s l y n o t e d , t h e o r i g i n a l s a m p l e h a s a p p r o x i m a t e l y a 

m o n o l a y e r o f h y d r o c a r b o n c o n t a m i n a t i o n a l r e a d y p r e s e n t a n d we m i g h t , 

t h e r e f o r e , a n t i c i p a t e t h a t t h e r a t e o f b u i l d up o f h y d r o c a r b o n c o n ­

t a m i n a t i o n o f b o t h t h e PE a n d g o l d s a m p l e s w o u l d be s o m e w h a t s i m i l a r . 

T h a t t h i s is t h e c a s e may r e a d i l y be d e m o n s t r a t e d by f o l l o w i n g t h e d e ­

c r e a s e i n i n t e n s i t y o f t h e g o l d kf l e v e l s . When d u e a l l o w a n c e i s 

t a k e n o f t h e d i f f e r i n g e l e c t r o n mean f r e e p a t h s c o r r e s p o n d i n g t o 

e l e c t r o n s p h o t o m e i t t e d f r o m t h e 0 ^ a n d A u ^ l e v e l s , t h e c o m p a r a b l e 

r a t e s p u t o n t o a s i m i l a r b a s i s as t h o s e o f t h e o t h e r s a m p l e s g i v e s a 

t i m e s c a l e o f ~ 5 0 m i n u t e s w h i c h i s e n t i r e l y r e a s o n a b l e on t h e b a s i s 
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o f t h e h i g h e r s u r f a c e f r e e e n e r g y . 

One q u e s t i o n w h i c h i m m e d i a t e l y s p r i n g s t o m i n d on t h e b a s i s o f 

t h e d a t a p r e s e n t e d t h i s f a r i s , " d o r a t e s o f h y d r o c a r b o n c o n t a m i n a t i o n 

t h e m s e l v e s d e p e n d o n t h e a b s o l u t e m a g n i t u d e o f s u r f a c e c h a r g e ? " The 

c r u c i a l i s s u e e m b o d i e d i n t h i s q u e s t i o n i s w h e t h e r s t i c k i n g p r o b a b i l i ­

t i e s a r e i n a n y way s u b s t a n t i a l l y a l t e r e d c o m p a r e d w i t h t h e n e u t r a l 

s y s t e m i f t h e s a m p l e c a r r i e s a s u r f a c e c h a r g e . To i n v e s t i g a t e t h i s 

p o s s i b i l i t y e x p e r i m e n t s w e r e c a r r i e d o u t i n w h i c h g o l d s a m p l e , e i t h e r 

i n s u l a t e d f r o m o r i n e l e c t r i c a l c o n t a c t w i t h t h e s p e c t r o m e t e r , w e r e 

s t u d i e d s i m u l t a n e o u s l y a n d t h e r a t e s o f h y d r o c a r b o n c o n t a m i n a t i o n 

m o n i t o r e d as a f u n c t i o n o f c h a r g i n g s h i f t b e t w e e n t h e m . E x p e r i m e n t s 

c o r r e s p o n d i n g t o o v e r a l l p o s i t i v e a n d n e g a t i v e c h a r g i n g s h i f t s w e r e 

c a r r i e d o u t a n d r e v e a l e d t h a t f o r c h a r g i n g s h i f t s r a n g i n g f r o m + 1 9 v 

t o - l O v t h e r a t e s o f h y d r o c a r b o n b u i l d up w e r e i d e n t i c a l t o t h a t o f 

t h e g o l d s a m p l e i n e l e c t r i c a l c o n t a c t w i t h t h e s p e c t r o m e t e r . T h e 

s t i c k i n g p r o b a b i l i t i e s u n d e r t h e c o n d i t i o n s o f t h e s e e x p e r i m e n t s , 

t h e r e f o r e , d i r e c t l y r e f l e c t s t r u c t u r e a n d b o n d i n g o f t h e s a m p l e 

su r f a c e . 

To s u m m a r i z e t h e d a t a p r e s e n t e d t o t h i s p o i n t , i t i s c l e a r 

t h a t s a m p l e c h a r g i n g u n d e r a g i v e n s e t o f c o n d i t i o n s i s c h a r a c t e r i s t i c 

o f a s a m p l e and d e p e n d s on s t r u c t u r e a n d b o n d i n g o n a s i m i l a r d e p t h 

s c a l e t o t h a t a p p r o p r i a t e t o t y p i c a l e l e c t r o n mean f r e e p a t h s . 

c ) S a m p l e C h a r g i n g as a F u n c t i o n o f t h e O p e r a t i n g P a r a m e t e r s 

o f t h e X - r a y S o u r c e . 

As t h e l o g i c a l n e x t s t a g e i n t h e i n v e s t i g a t i o n , t h e r e f o r e , we 

h a v e s t u d i e d s a m p l e c h a r g i n g as a f u n c t i o n o f t h e o p e r a t i n g p a r a m e t e r s 

o f t h e X - r a y s o u r c e . As a r e a s o n a b l e o v e r a l l c o m p r o m i s e i n t e r m s o f 

s i g n a l i n t e n s i t y , s i g n a 1 / b a c k g r o u n d , s i g n a 1 / n o i s e , t i m e s c a l e f o r 

g e n e r a t i n g s p e c t r a , m i n i m i z i n g r a d i a t i o n d a m a g e , e t c . , t h e m o s t u s u a l 

o p e r a t i n g c o n d i t i o n s u s i n g an u n m o n o c h r o m a t i z e d Mg.. X - r a y s o u r c e 

K ° - l , 2 

i s 12 k v a n d 15 mA. We h a v e , t h e r e f o r e , i n v e s t i g a t e d s a m p l e c h a r g i n g 

f o r g o l d m o u n t e d i n s u l a t e d f r o m t h e s p e c t r o m e t e r p r o b e a n d t h e r e s u l t s 

a r e d i s p l a y e d i n F i g . 6 . 5 - C o n s i d e r i n g f i r s t l y s a m p l e c h a r g i n g as a 

f u n c t i o n o f c u r r e n t i n t h e X - r a y t u b e a t a f i x e d v o l t a g e ( 1 2 k v ) i t i s 

c l e a r t h a t i n t h e r a n g e 6 - 2 0 mA s a m p l e c h a r g i n g r e m a i n s e s s e n t i a l l y 

c o n s t a n t . B e l o w 6 mA t h e r e i s a g r a d u a l i n c r e a s e s u c h t h a t a t 2 mA 

t h e s a m p l e c h a r g e h a s c h a n g e d by ~ 0 . 2 eV ( v i z . ~ 1 . 4 % c h a n g e i n s a m p l e 
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FIGURE 6 . 5 

O v e r a l l s a m p l e c h a r g i n g ( 8 ) , as a f u n c t i o n o f f i x e d v o l t a g e ( 1 2 k v ) a n d 

v a r i a b l e c u r r e n t ( 6 - 2 0 mA) a n d f i x e d c u r r e n t ( 1 5 mA) and v a r i a b l e v o l t a g e 

( 2 - 1 5 k v ) f o r a q o l d s a m p l e e l e c t r i c a l l y i s o l a t e d f r o m t h e s p e c t r o m e t e r 

c h a r g i n g f o r an o r d e r o f m a g n i t u d e d e c r e a s e i n c u r r e n t ) . A l s o s h o w n i s 

t h e c h a n g e i n s a m p l e c h a r g i n g f o r a f i x e d o p e r a t i n g c u r r e n t o f 15 mA a n d 

v a r y i n g t h e v o l t a g e i n t h e r a n g e o f 2 k v - 1 5 k v . I n t h e r e g i o n 6 - 1 5 k v 

w h i c h s p a n s t h e n o r m a l o p e r a t i n g r e g i o n f o r a l l c o m m e r c i a l l y a v a i l a b l e 

s p e c t r o m e t e r s , t h e s a m p l e c h a r g i n g i s c o n s t a n t w i t h i n v e r y n a r r o w l i m i t s . 

B e l o w 6 kv t h e r e i s a t e n d e n c y f o r s a m p l e c h a r g i n g t o d e c r e a s e , h o w e v e r , 

t h e e f f e c t i s a g a i n s m a l l s u c h t h a t a t 2 kv t h e s a m p l e c h a r g i n g d i f f e r s 

b y o n l y ~ 0 . 3 eV f r o m t h e e q u i l i b r i u m c h a r g e u n d e r n o r m a l o p e r a t i n g 

c o n d i t i o n s . T h e s e e x p e r i m e n t s , t h e r e f o r e , a m p l y d e m o n s t a t e t h a t u n d e r 

t h e c o n d i t i o n s e m p l o y e d i n t h i s w o r k , t h e e q u i l i b r i u m c h a r g e a c q u i r e d 

b y a s a m p l e i s e s s e n t i a l l y c o n s t a n t o v e r a w i d e r a n g e o f o p e r a t i n g 

c o n d i t i o n s e n c o m p a s s i n g p o w e r l o a d i n g s i n t h e r a n g e 12 w a t t s - 225 w a t t s . 

F u r t h e r m o r e , i t may r e a d i l y be s h o w n t h a t w i t h s a m p l e s d i r e c t l y m o u n t e d 

o n t o t h e p r o b e w i t h d o u b l e - s i d e d ' S c o t c h ' i n s u l a t i n g t a p e t h a t t h e t i m e 

s c a l e t o e s t a b l i s h e q u i l i b r i u m c h a r g e i s r a p i d c o m p a r e d w i t h t h e t y p i c a l 

t i m e s c a l e r e q u i r e d t o r e c o r d t h e d a t a . E s s e n t i a l l y i d e n t i c a l d a t a a r e , 

t h e r e f o r e , o b t a i n e d i f e q u i l i b r i u m c h a r g e i s s t u d i e d by s u c c e s s i v e l y 



i n c r e a s i n g o r d e c r e a s i n g e i t h e r t h e v o l t a g e o r c u r r e n t i n t h e X - r a y t u b e , 

v i z . t h e d a t a d i s p l a y e d i n F i g . 6 . 5 e x h i b i t no h y s t e r s i s e f f e c t s . To 

d e m o n s t r a t e t h a t t h e p h e n o m e n a i l l u s t r a t e d i n F i g . 6 . 5 a r e e n t i r e l y r e p ­

r e s e n t a t i v e o f s a m p l e s i n g e n e r a l c o m p a r a b l e s t u d i e s h a v e a l s o b e e n 

c a r r i e d o u t o n PTFE a n d a g a i n i n t h e o p e r a t i n g r a n g e 6 - 1 5 k v a n d 4 - 2 0 

mA e q u i l i b r i u m c h a r g e r e m a i n s c o n s t a n t . 

d ) T i m e D e p e n d e n t S t u d i e s o f S a m p l e C h a r g i n g 

A l t h o u g h , as we h a v e i n d i c a t e d f o r s a m p l e m o u n t e d o n d o u b l e - s i d e d 

' S c o t c h ' i n s u l a t i n g t a p e t h e e q u i l i b r i u m f o r a g i v e n s a m p l e i s r a p i d l y 

e s t a b l i s h e d , t h i s i s n o t g e n e r a l l y t h e c a s e f o r p o l y m e r f i l m s w h i c h a r e 

d i r e c t l y a t t a c h e d t o t h e s p e c t r o m e t e r p r o b e e i t h e r by l o c a t i n g s c r e w s 

o r by i n s u l a t i n g t a p e l o c a t e d o n t h e r e v e r s e s i d e o f t h e p r o b e t i p . I n 

t h e c a s e o f s a m p l e m o u n t e d o n ' S c o t c h ' t a p e t h e a d h e s i v e b o n d i n g a t 

t h e t a p e / p r o b e a n d p o l y m e r / t a p e i n t e r f a c e e n s u r e s i n t i m a t e c o n t a c t a n d 

t h e c o m p o s i t e , t h e r e f o r e , b e h a v e s as a c a p a c i t o r o f l a y e r e d d i e l e c t r i c 

c o m p o s i t i o n . F o r s a m p l e s m o u n t e d d i r e c t l y o n t h e p r o b e , h o w e v e r , t h e 

p o l y m e r - p r o b e c o n t a c t o n a m a c r o s c o p i c s c a l e i s ' s p o t t e d ' a n d t h e s i t u ­

a t i o n i s much m o r e c o m p l e x . 

I n t h i s s e c t i o n , t h e r e f o r e , we d e s c r i b e t h e t i m e d e p e n d e n c e o f 

s a m p l e c h a r g i n g p h e n o m e n a f o r p o l y m e r f i l m s m o u n t e d d i r e c t l y i n c o n t a c t 

w i t h t h e s p e c t r o m e t e r p r o b e . 

T h r e e s y s t e m s w e r e c h o s e n f o r d e t a i l e d i n v e s t i g a t i o n , n a m e l y , 

P T F E , E-TE a n d PE . C o n s i d e r i n g f i r s t l y t h e d a t a ( F i g . 6 . 6 ) f o r PE, 

t h e i n i t i a l l y m e a s u r e d s h i f t f o r t h e 50u. f i l m ( i d e n t i c a l t o t h a t u s e d 

f o r t h e i n v e s t i g a t i o n d e s c r i b e d i n s e c t i o n 3 b ) , c o r r e s p o n d s c l o s e l y 

t o t h a t f o r f i l m s m o u n t e d on ' S c o t c h ' t a p e , h o w e v e r , o v e r a p e r i o d o f 

~ 2 5 m i n u t e s t h e c h a r g i n g s h i f t i n c r e a s e s u n t i l an e q u i l i b r i u m v a l u e 

o f ~ 5 eV i s a t t a i n e d . B o t h PTFE a n d t h e E-TE c o p o l y m e r e x h i b i t 

s i m i l a r , b u t s o m e w h a t l a r g e r i n c r e a s e s i n s a m p l e c h a r g i n g w i t h r e ­

s p e c t t o t h e i n i t i a l v a l u e s w h i c h a g a i n c o r r e s p o n d c l o s e l y t o t h o s e 

m e a s u r e d f o r s a m p l e m o u n t e d o n i n s u l a t i n g t a p e . The m a x i m u m i n c h a r g ­

i n g s h i f t r e l a t i v e t o t h a t m e a s u r e d f o r s a m p l e s m o u n t e d o n t a p e i n ­

c r e a s e s i n g o i n g f r o m PE t o P T F E . F o r PTFE a n d E-TE p o l y m e r f i l m s 

t h e d e c r e a s e i n s a m p l e c h a r g i n g i s a t t r i b u t a b l e t o h y d r o c a r b o n c o n ­

t a m i n a t i o n as i s c l e a r l y e v i d e n c e d b y t h e c o r e l e v e l s p e c t r a . A l ­

t h o u g h t h e s t i c k i n g p r o b a b i l i t y f o r h y d r o c a r b o n on t h e PTFE s u r f a c e 

i s l o w e r t h a n f o r t h e E-TE c o p o l y m e r t h e d e c r e a s e i n s h i f t o n s e t s 

a f t e r a s h o r t e r p e r i o d s i n c e t h e d i f f e r e n c e i n c r o s s s e c t i o n s b e t w e e n 
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S a m p l e c h a r g i n g o f PTFE , E-TE a n d PE m o u n t e d d i r e c t l y i n c o n t a c t w i t h 

t h e p r o b e t i p ( ' s p o t t e d c o n t a c t 1 ) v e r s u s t i m e 

a h y d r o c a r b o n o v e r l a y e r a n d p o l y m e r a r e s o m e w h a t l a r g e r i n t h e c a s e o f 

PTFE ( c f . F i g . 6 . 1 ) . The d a t a d i s p l a y e d i n F i g . 6 . 6 a r e r e p r e s e n t a t i v e 

o f t h a t o b t a i n e d f o r a n u m b e r o f r e p e a t e x p e r i m e n t s . S i n c e i t i s u n ­

l i k e l y t h a t t h e p o l y m e r - p r o b e i n t e r f a c e was e x a c t l y t h e same i n t h i s 

s e r i e s o f e x p e r i m e n t s , a n d s i n c e t h e e x t r a n e o u s h y d r o c a r b o n p a r t i a l 

p r e s s u r e was a l s o a l l o w e d t o v a r y , we w o u l d n o t e x p e c t t o e x a c t l y r e ­

p r o d u c e t h e d a t a f o r a g i v e n s a m p l e . T h e b r o a d f e a t u r e s i n e a c h c a s e , 

h o w e v e r , f o l l o w t h e t r e n d s d i s c u s s e d a b o v e . N a m e l y , t h a t t h e i n i t i a l 

c h a r g e s h o w e d a c l o s e s i m i l a r i t y t o t h a t f o r s a m p l e s m o u n t e d d i r e c t l y 

o n ' S c o t c h ' t a p e a n d t h a t t h e s h i f t f i r s t i n c r e a s e d a n d t h e n d e c r e a s e d 

as a f u n c t i o n o f t i m e , t h e d e c r e a s e b e i n g a s s o c i a t e d w i t h h y d r o c a r b o n 

c o n t a m i n a t i o n . F o r f i l m s s t u d i e d i n t h i s m a n n e r , t h e r e f o r e , ( s p o t t e d 

c o n t a c t ) , e v e n i n t h e a b s e n c e o f h y d r o c a r b o n c o n t a m i n a t i o n t h e r e i s a 

d i s t i n c t i v e t i m e d e p e n d e n c e f o r t h e s a m p l e c h a r g i n g a n d c l e a r l y t h e 

a c c u r a t e m e a s u r e m e n t o f a b s o l u t e b i n d i n g e n e r g i e s r e q u i r e s t h a t s u c h 

f i l m s be s t u d i e d w h e n e q u i l i b r i u m h a s b e e n e s t a b l i s h e d . I f m e a s u r e m e n t s 

a r e b e i n g made o v e r e x t e n s i v e e n e r g y r a n g e s a n d w h i c h r e q u i r e c o n s i d e r a b l e 
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t i m e s p a n s , t h e n i t b e c o m e s i m p e r a t i v e t o t a k e s u c h f a c t o r s i n t o a c c o u n t . 

S u c h a s i t u a t i o n e x i s t s i n g e n e r a t i n g v a l e n c e b a n d s p e c t r a w h e r e t h e 

l o w p h o t o i o n i z a t i o n c r o s s s e c t i o n s f o r s o f t X - r a y s o u r c e s o f t e n e n t a i l s 
1 27 

e x p e r i m e n t s o n an e x t e n d e d t i m e s c a l e . H y d r o c a r b o n c o n t a m i n a t i o n 

w h i c h n e e d s t o be t a k e n i n t o a c c o u n t i n m e a s u r i n g a b s o l u t e a n d r e l a ­

t i v e b i n d i n g e n e r g i e s m u s t a l s o be c o n s i d e r e d f r o m t h e p o i n t o f v i e w o f 

t h e s h i f t s i n s a m p l e c h a r g i n g w h i c h . m a y a r i s e c o n s e q u e n t u p o n i t s b u i l d 

up a t s a m p l e s u r f a c e . A l t h o u g h , t h e r e f o r e , e v e n f o r p o l y m e r s a m p l e s 

m o u n t e d d i r e c t l y on t o t h e s p e c t r o m e t e r p r o b e , s a m p l e c h a r g i n g i s c h a r ­

a c t e r i s t i c o f t h e p o l y m e r , t h e c o n v o l u t i o n o f f a c t o r s c o n t r i b u t i n g t o 

t h e t i m e d e p e n d e n c e o f s u c h c h a r g i n g c o n s i d e r a b l e c o m p l i c a t e s m a t t e r s 

a n d i n t h e e x t r e m e c o u l d l e a d t o a r t i f i c i a l l y n a r r o w e d o r b r o a d e n e d 

p e a k s , s k e w e d l i n e s h a p e s a n d i n c o r r e c t e n e r g y r e f e r e n c i n g . I t i s 

c l e a r , t h e r e f o r e , t h a t i f u s e i s t o be made o f t h e s t r u c t u r a l d e p e n d e n c e 

o f s a m p l e c h a r g i n g t h e n s a m p l e s m u s t b e s t u d i e d u n d e r c o n d i t i o n s i n 

w h i c h t h e e q u i l i b r i u m c h a r g e i s r a p i d l y a t t a i n e d a n d h y d r o c a r b o n c o n ­

t a m i n a t i o n ( w h i c h p r o v i d e s an e x t r e m e l y c o n v e n i e n t a n d r e l i a b l e e n e r g y 

r e f e r e n c e ) m u s t a l s o be c l o s e l y c o n t r o l l e d . 

e ) S a m p l e C h a r g i n g as a F u n c t i o n o f S u r f a c e M o d i f i c a t i o n 

One o f t h e m o s t i m p o r t a n t a t t r i b u t e s o f ESCA as a s p e c t r o s c o p i c 

t o o l i n t h e s t u d y o f p o l y m e r i c s y s t e m , i s t h e c a p a b i l i t y o f e l a b o r a t i n g 

f e a t u r e s o f s t r u c t u r e a n d b o n d i n g p e r t a i n i n g t o t h e s u r f a c e a n d s u b -
1 27 

s u r f a c e a n d h e n c e , e f f e c t i n g a d e p t h p r o f i l e . The i n f o r m a t i o n 

l e v e l s w h i c h h a v e b e e n e m p l o y e d i n t h i s r e g a r d h i n g e o n t h e a b s o l u t e 

m a g n i t u d e a n d d i f f e r e n c e s i n m a g n i t u d e o f e l e c t r o n mean f r e e p a t h s as 

a f u n c t i o n o f k i n e t i c e n e r g y . T h u s , f r o m t h e r e l a t i v e i n t e n s i t i e s o f 

c o r e l e v e l s p e c t r a c o r r e s p o n d i n g t o d i f f e r i n g e s c a p e d e p t h s a n d f r o m 

t h e a n g u l a r d e p e n d e n c e b o t h o f i n t e n s i t y r a t i o s f o r i n d i v i d u a l c o r e 

l e v e l s a n d f o r t h e c o m p o n e n t p e a k s o f a g i v e n c o r e l e v e l i t i s p o s s i b l e 

t o i n v e s t i g a t e s t r u c t u r e a n d b o n d i n g i n i n h o m o g e n e o u s s u r f a c e r e g i o n s . 

A p a r t i c u l a r l y i m p o r t a n t a r e a o f a p p l i c a t i o n o f t h e t e c h n i q u e i s i n 

t h e e l a b o r a t i o n o f s u r f a c e m o d i f i c a t i o n o f p o l y m e r s w h i c h e n c o m p a s s e s 

many i m p o r t a n t c o m m e r c i a l p r o c e s s e s s u c h as i m p r o v e m e n t o f a d h e s i v e 

b o n d i n g , p r i n t a b i 1 i t y , w e t t a b i l i t y , b a r r i e r c o a t i n g s , e t c . 

C l a r k a n d D i 1 k s h a v e d e m o n s t r a t e d t h e g r e a t u t i l i t y o f ESCA i n 

s u c h a r e a s i n r e c e n t p a p e r s d e t a i l i n g t h e k i n e t i c a n d m e c h a n s i m o f 

b o t h d i r e c t a n d r a d i a t i v e e n e r g y t r a n s f e r p r o c e s s i n v o l v e d i n t h e 

m o d i f i c a t i o n o f p o l y m e r s by i n t e r a c t i o n w i t h i n d u c t i v e l y c o u p l e d RF 
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p l a s m a e x c i t e d i n i n e r t g a s e s ' . The s u r f a c e s e n s i t i v i t y o f t h e 

s a m p l e c h a r g i n g p h e n o m e n a s u g g e s t s t h a t t h e m a j o r c h a n g e s i n s u r f a c e 

s t r u c t u r e a s s o c i a t e d w i t h s u c h t r e a t m e n t s w o u l d r e a d i l y be m o n i t o r e d 

by t h i s means a n d we h a v e p r e v i o u s l y i n d i c a t e d t h a t t h i s i s i n d e e d 
1 i+2 

t h e c a s e i n a p r e l i m i n a r y f o r m . As a p a r t i c u l a r a p p o s i t e e x a m p l e 

o f t h e i n f o r m a t i o n a v a i l a b l e f r o m t h e d i r e c t i n v e s t i g a t i o n o f s a m p l e 

c h a r g i n g we t h e r e f o r e , c o n s i d e r how t h e p h e n o m e n o n p r o v i d e s a s t r a i g h t ­

f o r w a r d m e a n s o f m o n i t o r i n g t h e i n t e r a c t i o n o f an E-TE c o p o l y m e r w i t h 
1 ^ 2 

p l a s m a e x c i t e d i n a r g o n a t p o w e r l o a d i n g o f 0 . 5 a n d 5 - 0 W 

The c o p o l y m e r o f e s s e n t i a l l y t h e same c o m p o s i t i o n as PVF2 h a s 

a c l o s e l y s i m i l a r e q u i l i b r i u m c h a r g i n g s h i f t o f 7 - 5 eV w h e n s t u d i e d 

u n d e r s t a n d a r d o p e r a t i n g c o n d i t i o n s ( s a m p l e m o u n t e d on d o u b l e - s i d e d 

' S c o t c h ' t a p e ) . The d e t a i l e d a n a l y s i s o f b o t h t h e c o r e a n d v a l e n c e 

l e v e l s p e c t r a f o r t h e s y s t e m as a f u n c t i o n o f r e a c t i o n t i m e w i t h 

p l a s m a e x c i t e d u n d e r g i v e n c o n d i t i o n s r e v e a l s t h a t t h e s u r f a c e m o d i ­

f i c a t i o n i s d o m i n a t e d by a d i r e c t e n e r g y t r a n s f e r m e c h a n i s m i n v o l v i n g 

i n e r t g a s i o n s a n d m e t a s t a b l e s a n d w h i c h i n v o l v e s t h e p r o d u c t i o n o f a 
1*42 2 ^ 3 

s u r f a c e w h i c h h a s a g r e a t l y r e d u c e d f l u o r i n e c o n t e n t ' . S i n c e 

t h e c h a r g i n g c h a r a c t e r i s t i c o f t h e c o p o l y m e r a n d o f a s o l e l y h y d r o ­

c a r b o n b a s e d p o l y m e r s u c h as PE a r e s o d i f f e r e n t , i t m i g h t be a n t i ­

c i p a t e d t h a t c h a n g e s i n e q u i l i b r i u m c h a r g e w o u l d p r o v i d e a s e n s i t i v e 

m o n i t o r f o r c h a n g e s i n s u r f a c e c o m p o s i t i o n . T h a t t h i s i s i n d e e d t h e 

c a s e i s a m p l y i l l u s t r a t e d by t h e d a t a i n F i g . 6 . 7 -
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FIGURE 6 - 7 

S a m p l e c h a r g i n g o f E-TE ( 8 ) as a f u n c t i o n o f t i m e o f e x p o s u r e t o p l a s m a s 

e x c i t e d i n a r g o n a t p o w e r l o a d i n g s o f 0 . 5 a n d 5 . 0 w a t t s 
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I n a l l c a s e s t h e e q u i l i b r i u m c h a r g e f o r e x t e n d e d r e a c t i o n t i m e a p p r o a c h e s 

t h a t o f PE a n d , i n d e e d , w i t h a k n o w l e d g e o f e l e c t r o n mean f r e e p a t h s as 

a f u n c t i o n o f k i n e t i c e n e r g y i t i s p o s s i b l e t o e s t i m a t e t h e t h i c k n e s s o f 

t h e s u r f a c e l a y e r a t w h i c h t h i s s i t u a t i o n o b t a i n s . I n e a c h c a s e t h e 

e s t i m a t e s u g g e s t s a d e p t h o f ~ 3 m o n o l a y e r s w h i c h i s e n t i r e l y r e a s o n a b l e 

i n t h e l i g h t o f t h e d a t a p r e v i o u s l y p r e s e n t e d i n s e c t i o n b . T h u s , f o r 

e f f e c t i v e l y m o n o l a y e r h y d r o c a r b o n c o v e r a g e o f t h e E-TE c o p o l y m e r t h e 

s a m p l e c h a r g i n g d e c r e a s e s b y ~ 1 .8 eV w h i c h i s r o u g h l y h a l f o f t h e t o t a l 

d e c r e a s e i n s h i f t f o r t h e d i s c h a r g e t r e a t e d s a m p l e s . F r o m a d e t a i l e d 

a n a l y s i s o f t h e r e a c t i o n k i n e t i c s i t may r e a d i l y be s h o w n t h a t u n d e r a 

g i v e n s e t o f e x p e r i m e n t a l c o n d i t i o n s , t h e r a t e o f s u r f a c e r e a c t i o n i n ­

c r e a s e s i n t h e o r d e r 0 . 5 w . < 5 - 0 w . a n d t h e s a m p l e c h a r g i n g d a t a a l o n e 

i l l u s t r a t e t h i s m o s t c o n v i n c i n g l y . T h u s , t h e r a t e o f d e c r e a s e o f s a m p l e 

c h a r g i n g w h i c h r e f l e c t s t h e d e c r e a s e d f l u o r i n e c o n t e n t o f t h e s u r f a c e 

r e g i o n a l s o f a l l s i n t h e same o r d e r . I t i s c l e a r , t h e r e f o r e , t h a t 

s a m p l e c h a r g i n g p h e n o m e n a c a n a d d an e x t r a d i m e n s i o n t o s u c h i n v e s t i ­

g a t i o n s a n d i s e m i n e n t l y w o r t h w h i l e s t u d y i n g i n i t s own r i g h t . 
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- 222 

CHAPTER 7 

An ESCA I n v e s t i g a t i o n i n t o a S e r i e s o f A l i p h a t i c , 

A r o m a t i c a n d F l u o r i n e C o n t a i n i n g P o l y c a r b o n a t e s 

i ) I n t r o d u c t i o n 

A s y s t e m a t i c ESCA s t u d y on a l a r g e n u m b e r o f h o m o p o l y m e r s o f 

s i m p l e m o n o m e r i c s y s t e m s was p r e s e n t e d i n C h a p t e r 3 - The c o m p i l a t i o n 

o f s u b s t i t u e n t e f f e c t s on C, . 0 . . C L „ . S i „ , F . , S „ a n d B r _ , c o r e 
I s I s 2p 2 p ' I s 2 3d 

l e v e l s i l l u s t r a t e s t h e c h a r a c t e r i s t i c n a t u r e o f t h e e f f e c t s and s u g g e s t s 

t h a t t h e y may be u s e d as a ' f i n g e r p r i n t ' a n a l y t i c a l t o o l f o r t h e c h a r a c ­

t e r i z a t i o n o f p o l y m e r i c s u r f a c e s . The d e t e r m i n a t i o n o f t h e a b s o l u t e and 

r e l a t i v e b i n d i n g e n e r g i e s a n d t h e r e l a t i v e p e a k i n t e n s i t i e s f o r t h e v a r ­

i o u s p o l y m e r s y s t e m s e n a b l e s a c o m p a r i s o n t o be d r a w n w i t h d a t a p e r t a i n -
21 125 127 

i n g t o t h e s u r f a c e c o m p o s i t i o n w i t h t h a t o f t h e b u l k ' ' . W i t h 

t h i s e x t e n s i v e t a b u l a t i o n o f d a t a o n p o l y m e r s y s t e m s , m o r e d e t a i l e d i n ­

v e s t i g a t i o n s o n p a r t i c u l a r p o l y m e r s y s t e m s c a n r e a d i l y be a c c o m p l i s h e d 

w i t h ESCA. 

I n t h i s c h a p t e r , a s t u d y h a s b e e n made o n a s e r i e s o f a l i p h a t i c , 

a r o m a t i c a n d f l u o r i n e c o n t a i n i n g p o l y c a r b o n a t e s w h i c h i n c l u d e s d a t a 

p e r t a i n i n g t o t h e a b s o l u t e a n d r e l a t i v e b i n d i n g e n e r g i e s f o r C ^ , 0 | s 

a n d F j s c o r e l e v e l s , d e g r e e o f p o l y m e r i z a t i o n ( D . P . ) f o r l o w MW p o l y -

f 1 u o r o c a r b o n a t e s , c o n f i r m a t i o n o f t h e c o r e l e v e l a s s i g n m e n t s by c o m ­

p a r i s o n w i t h m o d e l c o m p o u n d s a n d t h e o r e t i c a l c a l c u l a t i o n s ( w i t h i n t h e 

CND0/2 SCF f o r m a l i s m u t i l i z i n g t h e g r o u n d s t a t e p o t e n t i a l m o d e l ) a n d 

t h e c o m p o s i t i o n s o f t h e s e s e l e c t e d p o l y m e r s as d e t e r m i n e d b y ESCA. 

i i ) E x p e r i men t a 1 

a ) S a m p l e s 

The m o d e l c o m p o u n d s a n d p o l y c a r b o n a t e s , l i s t e d i n T a b l e 7 - i , 

w e r e o b t a i n e d f r o m t h e f o l l o w i n g s o u r c e s : t h e m o d e l c o m p o u n d s w e r e 

o b t a i n e d as r e a g e n t - g r a d e m a t e r i a l s w h i c h w e r e s h o w n by GLC t o be 

> 9 8 % p u r i t y , t h e a r o m a t i c p o l y c a r b o n a t e s ( o f b i s p h e n o l A t y p e ) o f 

t h e v a r i o u s MW's l i s t e d w e r e o b t a i n e d f r o m C e l l o m e r A s s o c i a t e s , I n c . 

( P . O . Box 3 1 1 , W e b s t e r , N . Y . , U . S . A . ) a n d w e r e u s e d d i r e c t l y i n p r e ­

p a r i n g s a m p l e s f o r t h e ESCA i n v e s t i g a t i o n . T h e r e m a i n i n g a l i p h a t i c , 

g l y c o l a n d f l u o r i n e c o n t a i n i n g p o l y c a r b o n a t e s w e r e s p e c i a l l y p r e p a r e d 

p o l y m e r s a n d t h e i r s y n t h e s i s a n d c h a r a c t e r i z a t i o n i s d e s c r i b e d e l s e -

w h e r e 
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Model Compounds and P o l y c a r b o n a t e s S t u d i e d 

Mode 1 Compounds 

0 
U 

0 - O - C - O-0 

CF 3 CH 2 0-

_ 0 
II 

2° 
0 0 

0 -OC-O-CH 2 - (CF 2 ) 3 CH 2 OC-O-0 

Po1yme rs 

CF,CH„0 - - C - 0 C H o ( C F - ) , C H o 0 - - C-0CH o CF. x ~ 2 - l 8 
3 2 ' 
" 0 

_ 0 c ' - 0 ( C H 2 ) x j - n 

O C - ( 0 ( C H 2 ) 2 ) x - -

C o 
0 - C - 0 OC-0-j-

C 

2 V 2 ' 3 2 

0 
ii 

• 2 - 3 

x = 4 , 5 , 6 , 1 0 

x = 2 , 3 , 4 

MW = 3 3 , 50 and 95K 

TABLE 7. 1 

Form 

(SP) 

( c v ) 

(SP) 

(N) 

(P) 

(P) 

(CF) 

b) Sample P r e p a r a t i o n 

The t h r e e model compounds were s t u d i e d i n t h e f o r m o f t h i n 

f i l m s condensed o n t o a c o o l e d g o l d s u b s t r a t e ( - — 1 7 0 ° C ) d i r e c t l y i n 

t he s p e c t r o m e t e r s o u r c e . To a c c o m p l i s h t h i s , t he l i q u i d sample (CV) 
0 

(CF^Ch^O^C was i n j e c t e d ( ~ 0 . 1 u l ) i n t o a r e s e r v o i r s h a f t 

(2500 cm^ in vo l ume) w h i c h was a t t a c h e d t o the s o u r c e r e g i o n o f the 

s p e c t r o m e t e r by means o f an i n s e r t i o n l o c k s y s t e m . The sample was 

l e a k e d t h r o u g h a M e t r o s i l p l u g i n t he r e s e r v o i r s h a f t and t he d i r e c t ­

ed j e t o f v a p o r imp inged o n t o t he c o o l e d g o l d s u b s t r a t e mounted o n t o 

a sample p r o b e . The r e s e r v o i r t e m p e r a t u r e was t y p i c a l l y c a . 30°C 

and t h a t o f t he c o o l e d p r o b e t i p c a . - 1 7 0 ° C . The r e m a i n i n g model 

compounds, i n the f o r m o f powders ( S P ) , were i n t r o d u c e d i n t o t he 

s p e c t r o m e t e r i n f i n e c a p i l l a r y t u b e s and the compounds s u b l i m e d o n t o 

t h e c o o l e d p robe t i p as d e s c r i b e d above f o r t he l i q u i d compound. By 

s t u d y i n g t h e s e samples as t h i n f i l m s on g o l d , s u f f i c i e n t c h a r g e 

c a r r i e r s a re a v a i l a b l e such t h a t sample c h a r g i n g i s o b v i a t e d , 
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a l l o w i n g f o r d i r e c t c a l i b r a t i o n o f t h e e n e r g y s c a l e ( c f . C h a p t e r 6 ) . 

The p o l y m e r s were s t u d i e d as e i t h e r f i n e powders (P) c o a t e d o n t o 

d o u b l e - s i d e d ' S c o t c h ' t ape d i r e c t l y a t t a c h e d t o t h e s p e c t r o m e t e r p r o b e , 

as n e a t f i l m s (N) where a s m a l l sample was s p r e a d on g o l d and the g o l d 

a t t a c h e d t o the p robe by d o u b l e - s i d e d ' S c o t c h ' t a p e , o r as t h i n f i l m s 

( C F ) , c a s t f r o m m e t h y l e n e c h l o r i d e ( s p e c t r o s c o p i c g r a d e ) o n t o g o l d s u b ­

s t r a t e s a t t a c h e d t o t he p robe as d e s c r i b e d above . Due c a r e was t a k e n 

t o a v o i d c o n t a m i n a t i o n o f t he p o l y m e r s d u r i n g p r e p a r a t i o n f o r t he ESCA 

s t u d i e s , a l t h o u g h t he c o m m e r c i a l a r o m a t i c p o l y m e r s were used as r e ­

c e i v e d w i t h no f u r t h e r p u r i f i c a t i o n . 

c ) I n s t r u m e n t a t i o n 

The i n s t r u m e n t a t i o n used f o r t he r e c o r d i n g o f ESCA s p e c t r a and 

the d e c o n v o 1 u t i o n o f o v e r l a p p i n g peaks has been d e s c r i b e d i n C h a p t e r 3 

under ( c ) I n s t r u m e n t a t i o n , 

i i i ) T h e o r e t i ca1 

The d a t a p e r t a i n i n g t o model compounds f o r monomer ic sys tems 

w i t h r e s p e c t t o the C, , 0 . and F, c o r e l e v e l s have been d e s c r i b e d 
s s 1<; 

1 21 125 127 1 37 

e l s e w h e r e > > • ' > ' > . These d a t a i n c l u d e t he d e t e r m i n a t i o n o f 

a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s f o r s i m i l a r s y s t e m s , a l t h o u g h 

f u r t h e r i n v e s t i g a t i o n s were p e r f o r m e d on t h r e e a d d i t i o n a l model com­

pounds i n t h i s s t u d y . For t h e l a r g e r p o l y m e r model s y s t e m s , c a l c u ­

l a t i o n s were c a r r i e d o u t w i t h i n t h e a l l v a l e n c e e l e c t r o n CND0/2 SCF 

MO f o r m a l i s m ^ e m p l o y i n g t he c h a r g e p o t e n t i a l m o d e l ^ w i t h i n t h e 

g round s t a t e c o n f i g u r a t i o n (GPM), d e s c r i b e d i n d e t a i l i n C h a p t e r 3, 

i n t h e s e c t i o n on 'Mode l Compounds ' , 

i v ) R e s u l t s and D i s c u s s i o n 

a) Model Compounds 

1) E x p e r i m e n t a l 

The p r i m a r y s o u r c e s o f ESCA d a t a w h i c h have been u t i l i z e d t o 

d a t e a r e the r e l a t i v e and a b s o l u t e b i n d i n g e n e r g i e s and r e l a t i v e peak 
• • , 1 , 2 1 , 1 2 5 , 1 2 7 , 1 3 7 A . . . «. i n t e n s i t i e s o f c o r e l e v e l s As a p r e l i m i n a r y t o t he 

d e t a i l e d i n v e s t i g a t i o n o f t h e p o l y c a r b o n a t e s , t h e r e f o r e , a s t u d y was 

made on s i m p l e model compounds w h i c h c o n t a i n e d c h e m i c a l f u n c t i o n a l i ­

t i e s w h i c h have no t been i n v e s t i g a t e d i n d e t a i l p r e v i o u s t o t h i s w o r k . 

T h i s a b s o l u t e and r e l a t i v e b i n d i n g e n e r g y d a t a , i n a d d i t i o n t o t h a t 

p r e v i o u s l y e s t a b l i s h e d f o r s i m i l a r ( c f . C h a p t e r 3 ) , b u t n o t i d e n t i c a l 

s y s t e m s , p r o v i d e s a f i r m f o u n d a t i o n f o r t h e i n t e r p r e t a t i o n o f the 

p o l y m e r d a t a . 
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The ESCA s p e c t r a f o r the C and 0 , c o r e l e v e l s f o r t h e model 
Is i s 

compounds a re shown i n F i g . 7 - 1 - D i r e c t measurement o f t h e r e l a t i v e 

a r e a r a t i o s f o r t h e C, and 0 , l e v e l s when used i n c o n j u n c t i o n w i t h t h e 
1 s 1 s 

r e q u i r e d s e n s i t i v i t y f a c t o r s p r e v i o u s l y d e t e r m i n e d f o r Carbon and o x y ­

gen s t o i c h i o m e t r i c r a t i o s f o r t he model compounds. H a v i n g d e t e r m i n e d 

on t he ESCA d e p t h p r o f i l i n g s c a l e t h a t t he model compounds are homo­

geneous and t h e peak a reas r e p r e s e n t a t i v e o f t he s t o i c h i o m e t r y o f the 

compounds, a d i s c u s s i o n on the r e l a t i v e and a b s o l u t e b i n d i n g e n e r g i e s 

f o r the v a r i o u s s t r u c t u r a l f e a t u r e s r e l e v a n t t o t h e i n v e s t i g a t i o n o f 

t h e p o l y c a r b o n a t e s f o l l o w s . W e l l r e s o l v e d s p e c t r a were o b t a i n e d i n 

a l l cases and by c a r e f u l c a 1 i b r a t i o n - o f t h e l i n e w i d t h s (FWHM) and 

l i n e s h a p e s , i n c o m p l e t e l y r e s o l v e d peaks c o u l d be u n a m b i g u o u s l y d e -

c o n v o l u t e d w i t h i n n a r r o w e r r o r l i m i t s ( - 0 . 2 eV) and t he r e l e v a n t d a t a 

i s shown i n T a b l e 7 . 2 -

^ C F 2 ) l l / 2 C H 2 ° - C - ° - ( 0 

•-CH 

A 

C H 2 

x3.3 

0 
( C F j C H 2 0 4 g C 

H 

»3.3 

I 1 535 533 292 288 265 
I t I 

FIGURE 7-1 

C and 0 , c o r e l e v e l s p e c t r a f o r model compounds 
Is I s 
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E x p e r i m e n t a l l y D e t e r m i n e d B i n d i n g E n e r g i e s f o r Model Compounds 

E x p e r i m e n t a l B . E . ' s i n eV 

1 s 1 eve 1s 
0 
i; 

Compound C - 0 - C=0 0=C=0 C=0 CF- CF 
0 i 1 

0 -OC-O-0 535 -3 5 3 3 - 9 290 -9 2 8 6 . 6 

0 
CF 3 CH 2 0- - 2 C 5 3 5 - 9 53*4-1 291 -6 2 8 8 . 2 293-5 

' 0 Q 
0OC -OCH 2 (CF 2 ) 3 CH 2 OC-O0 535 -5 533 -7 291-5 2 8 7 . 2 2 8 8 . 2 

TABLE 7-2 

As i n t he cases f o r o t h e r sys tems p r e v i o u s l y s t u d i e d ( c f . C h a p t e r 3 ) , 

t he c o r e l e v e l s c o r r e s p o n d i n g t o c a r b o n atoms no t d i r e c t l y bonded t o 

oxygen o r f l u o r i n e had b i n d i n g e n e r g i e s c e n t e r e d a round 285-0 eV and 

have been o m i t t e d f r o m T a b l e 7 - 2 . In t h e case where t h e r e were no 

c a r b o n atoms n o t d i r e c t l y bonded t o e i t h e r oxygen o r o t h e r c a r b o n 

atoms c o n t a i n i n g f l u o r i n e e . g . (CF^Ch^O^C h y d r o c a r b o n b u i l d - u p on 

t h e sample s u r f a c e a l l o w e d f o r a c c u r a t e d e t e r m i n a t i o n o f t he r e f e r e n c e 
1 125 127 

e n e r g y ' ' . A s has been p r e v i o u s l y n o t e d in C h a p t e r 3 , t he s h i f t 
i n b i n d i n g e n e r g y f o r a p a r t i c u l a r c a r b o n c o r e l e v e l i s c h a r a c t e r i s t i c 

1 125 

o f t he c h e m i c a l e n v i r o n m e n t ; . For c a r b o n atoms s i n g l y bonded t o 

o x y g e n , the b i n d i n g e n e r g i e s f a l l i n t h e range o f 2 8 6 . 6 eV w i t h s h i f t s 

o f 1.6 eV and a r e c h a r a c t e r i s t i c o f t h e s e t y p e c a r b o n s p r e v i o u s l y d e ­

t e r m i n e d i n o t h e r s t u d i e s ' ^ . The c a r b o n atoms d o u b l y bonded t o o x y ­

gen atoms i n t h e s e models f o l l o w t he a d d i t i v e r u l e s , d i s c u s s e d i n 

C h a p t e r 2 , in t h a t t h e b i n d i n g e n e r g y i s h i g h e r t h a n t h a t f o r e s t e r 

t y p e c a r b o n atoms d o u b l y bonded t o oxygen due t o t h e a d d i t i o n a l o x y ­

gen atom a t t a c h e d i n t h e c a r b o n a t e g r o u p , t h e B .E . b e i n g 291 - 3-3 eV. 

T h i s l a r g e s h i f t i n B . E . f o r t he c a r b o n a t e t y p e c a r b o n ( e . g . ~ 6 . 3 eV) 

a l l o w s f o r ready i d e n t i f i c a t i o n o f t h i s p a r t i c u l a r f e a t u r e . The c a r ­

bons d i r e c t l y a t t a c h e d t o f l u o r i n e f o l l o w t h e s h i f t s i n b i n d i n g e n e r ­

g i e s p r e v i o u s l y e s t a b l i s h e d i n the e x t e n s i v e s t u d i e s by C l a r k and 
1 2 5 , 1 2 7 , 1 2 8 , 1 3 0 , 1 3 5 r u c o w o r k e r s on o t h e r f 1 u o r o p o 1 y m e r . s y s t e r n s . Carbon 

atoms w i t h two f l u o r i n e s a t t a c h e d ( - C F 2 ~ ) b e i n g s h i f t e d by ~ 6 . 0 eV 

and t h o s e w i t h t h r e e f l u o r i n e s a t t a c h e d s h i f t e d by ~ 8 . 5 eV. 
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I t is w o r t h w h i l e t o n o t e t h a t s e v e r a l s u b t l e t i e s e x i s t i n the ab ­

s o l u t e B . E . ' s f o r che c a r b o n c o r e l e v e l s . The c h e m i c a l s h i f t f o r a c a r ­

bon a t t a c h e d t o the c a r b o n a t e g r o u p (-O-cl-C 1 - ) is w i t h i n e x p e r i m e n t a l 

e r r o r i d e n t i c a l t o t h a t a p p r o p r i a t e t o a c a r b o n a t t a c h e d to two f l u o r i n e s , 

a l t h o u g h two d i f f e r e n t c h e m i c a l e n v i r o n m e n t s e x i s t f o r t he -CF^~ g roups 

i n t h i s w o r k . From p r e v i o u s s t u d i es ' 3 ' ' i t can be shown t h a t 

s e c o n d a r y s u b s t i t u e n t e f f e c t s a r e such t h a t f o r -CF - g roups t he b i n d ­

ing e n e r g y a p p r o p r i a t e t o - C F ^ - C F ^ - C H ^ - e n v i r o n m e n t s i s s l i g h t l y l e s s 

than f o r - C F ^ - C F ^ - C F ^ - e n v i r o n m e n t s , t h e B . E . ' s b e i n g ~ 2 9 0 . 8 eV and 

~ 2 9 2 . 2 eV, r e s p e c t i v e l y . T h i s nea r c o i n c i d e n c e o f t he a b s o l u t e B . E . ' s 

f o r t he c a r b o n s in d i f f e r e n t c h e m i c a l e n v i r o n m e n t s m a n i f e s t s i t s e l f as 

an e n v e l o p e c o n t a i n i n g these p a r t i c u l a r s t r u c t u r a l f e a t u r e s f o r the 

sys tems s t u d i e d . 

I t i s i m p o r t a n t a l s o t o n o t e t h a t t h e n - — > 7 r » s h a k e - u p s a t e l l i t e 

o v e r l a p s t he c e n t r o i d o f t he h i g h b i n d i n g e n e r g y component f o r t he a r o ­

m a t i c model sys tem ( 0 - 0 C - 0 - 0) as m i g h t have been a n t i c i p a t e d f r o m 
, . , , . , 5 8 . 1 4 0 

p r e v i o u s l y p u b l i s h e d d a t a 

Low e n e r g y n—>7r * s h a k e - u p t r a n s i t i o n s f o r the a r o m a t i c r e s i d u e 

i s w i t h i n 1.5 eV o f the C l e v e l f o r t he c a r b o n a t e g roup and w h i c h , 
1 s • 

t h e r e f o r e , m a n i f e s t s i t s e l f as a b r o a d peak , w h i c h may r e a d i l y be d e -

c o n v o l u t e d , howeve r , t o o b t a i n t h e c o m p o n e n t s . 

To c o n c l u d e t he C j s c o r e l e v e l a s s i g n m e n t s t he - C H ^ - f u n c t i o n a l 

g r o u p w i t h a d j a c e n t - 0 - and a CF^ s t r u c t u r a l f e a t u r e a d j a c e n t ( (CF-^CH-
O ^ C mode l ) r e s u l t i n a c h e m i c a l s h i f t f o r t h e - C H ^ - g roup o f ~ 3 - 2 eV 

w h i c h i s c l o s e l y s i m i l a r t o t h a t o b s e r v e d f o r a - C h ^ - g roup w i t h ad-

0O?-OCH-(CF„)-iCH-O?-O^0 mode j a c e n t " C F 2 " C F 2 " a n d " ° " 9 r o u p s I n t h e (CF^-^CH-

compounds. For the 0^ l e v e l s t h e b i n d i n g e n e r g i e s f o r t h e s i n g l y 

and d o u b l y bonded oxygens e x h i b i t t he same c h e m i c a l s h i f t s ( ~ 1.2 eV 

- . 2 eV) as t h a t f o u n d f o r the oxygens i n an e s t e r t y p e e n v i r o n m e n t ' ^ . 

P r e v i o u s t h e o r e t i c a l s t u d i e s ' ^ have u n a m b i g u o u s l y a s s i g n e d the h i g h e r 

b i n d i n g e n e r g y component as a r i s i n g f r o m the s i n g l y bonded oxygen and 

t h i s can a l s o be o b s e r v e d f r o m the 0^ c o r e l e v e l s p e c t r a i n F i g . 7 - 1 , 

m a n i f e s t i n g i t s e l f i n the 2 :1 i n t e n s i t y r a t i o f o r t h e e s t e r and c a r b o n y l 

o x y g e n , r e s p e c t i v e l y , i n t h e s e c a r b o n a t e s y s t e m s . 

2) T h e o r e t i c a l 

I t has p r e v i o u s l y been shown i n Chap te r 3 t h a t w i t h c a r e f u l 

c a l i b r a t i o n , w i t h r e s p e c t t o s i m p l e model s y s t e m s , i t i s p o s s i b l e t o 

q u a n t i t a t i v e l y d e s c r i b e b o t h r e l a t i v e and a b s o l u t e b i n d i n g e n e r g i e s 

f o r p o l y m e r s y s t e m s . The a n a l y s i s i s based on the c h a r g e p o t e n t i a l 
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model , w h i c h , as p r e v i o u s l y d i s c u s s e d , can be f o r m a l l y d e r i v e d 

f r o m Koopman 1 s Theorem i n t he z e r o d i f f e r e n t i a l o v e r l a p a p p r o x i ­

m a t i o n , ( e . g . CNDO/2 f o r m a 1 i s m ) ^ . 

As a n e c e s s a r y p r e r e q u i s i t e i n t h e a p p l i c a t i o n o f t h i s model 

t o the d i s c u s s i o n o f d a t a p e r t a i n i n g t o the p o l y c a r b o n a t e s , t h r e e 

s i m p l e model compounds have been s t u d i e d e x p e r i m e n t a l l y , as we have 

a l r e a d y n o t e d , and we now c o n s i d e r the t h e o r e t i c a l a n a l y s i s . The 

c h a r g e p o t e n t i a l p a r a m e t e r s , E° and k, f o r t he g round s t a t e p o t e n t i a l 

model (GPM), d i s c u s s e d i n C h a p t e r 3 , f o r 0^ and C ^ c o r e l e v e l s 

have p r e v i o u s l y been d e t e r m i n e d by a n a l y s i s o f a s e r i e s o f s i m p l e 

model c o m p o u n d s ' ^ . These v a l v e s o f E° and k f o r each c o r e l e v e l 

were d e t e r m i n e d as the i n t e r c e p t and s l o p e , r e s p e c t i v e l y , by p l o t t i n g 

E i - y ] g . v e r s u s the c h a r g e , q i , on atom i f r o m t h e CNDO/2 c a l c u l a -

r i j 

t i o n s ' ^ . The v a l u e s o b t a i n e d f o r the C, and 0 . model s y s t e m s , 
Is Is ' 

f r o m a l e a s t - s q u a r e s a n a l y s i s o f t he d a t a , y i e l d e d v a l u e s o f 2 8 ^ . 6 

eV and 25-2 f o r E° and k, r e s p e c t i v e l y , f o r the C ^ s c o r e l e v e l s and 

5 3 ^ - 6 eV and 16.7 f o r E° and k, r e s p e c t i v e l y , f o r the 0 ^ c o r e l e v e l s 

A l t h o u g h t h e c o r r e l a t i o n c o e f f i c i e n t f o r t h e C^ i s e x c e l l e n t ( o . 9 9 ) , 

t he r e l a t i v e l y s m a l l range o f b i n d i n g e n e r g i e s f o r t h e 0 ^ c o r e l e v e l 

leads t o a c o n s i d e r a b l e s c a t t e r i n t he d a t a f o r t he 0 . l e v e l s , a n d , 
Is 

t h e r e f o r e , the c o r r e l a t i o n c o e f f i c i e n t i s somewhat lower ( 0 . 7 6 ) . 

N o n e t h e l e s s , the c o n c o m m i t a n t e r r o r l i m i t s s t i l l l ead t o an u n a m b i g u ­

ous a s s i g n m e n t o f t he 0 . c o r e l e v e l s , and t h i s has been checked by 
137 

c a r r y i n g o u t d e t a i l e d n o n e m p i r i c a l LCA0 SCF M0 c a l c u l a t i o n s o f 

a b s o l u t e b i n d i n g e n e r g i e s f r o m c o m p u t a t i o n s on the n u e t r a l m o l e c u l e s 

and t h e r e l e v a n t h o l e s t a t e s . 

F i g . 7-2 shows t he c a l c u l a t e d a b s o l u t e b i n d i n g e n e r g i e s f o r 

t he t h r e e model compounds i n v e s t i g a t e d w i t h i n t he GPM f o r m a l i s m , 

( c f . C h a p t e r 3 ) , u s i n g t he v a l u e s o f E° and k f o r t h e and 0 ^ 

c o r e l e v e l s g i v e n a b o v e . These a b s o l u t e b i n d i n g e n e r g i e s t a k e n i n 
• U U J , AC • 125, 127 ,128 c o n j u n c t i o n w i t h t h o s e d e v e l o p e d f r o m p r e v i o u s s t u d i e s on 

c a r b o n , oxygen and f l u o r i n e c o n t a i n i n g sys tems a l l o w s f o r d e t a i l e d 

a s s i g n m e n t s o f e x p e r i m e n t a l d a t a . I t i s a p p a r e n t t h a t the t h e o r e t ­

i c a l l y c a l c u l a t e d B . E . ' s f r o m F i g . 7-2 a re i n e x c e l l e n t agreement 

w i t h t he e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s f o r the p a r t i c u l a r c o r e 

l e v e l f u n c t i o n a l i t y when compared w i t h T a b l e 7 - 2 . 

b) A l i p h a t i c P o l y c a r b o n a t e s 

The c o r e l e v e l s p e c t r a f o r the a l i p h a t i c p o l y c a r b o n a t e s a re 
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FIGURE 7-2 

C a l c u l a t e d B . E . ' s f r o m CNDO/2 w i t h i n t he GPM f o r m a l i s m f o r 

t h e model compounds 

shown i n F i g . 7 -3 - I f we c o n s i d e r f i r s t the s i m p l e s t o f t he s e r i e s , 

namely the r e p e a t u n i t c o n t a i n i n g x = k, t he s p e c t r u m c o n s i s t s o f 

a d o u b l e t w i t h the ma in p h o t o i o n i z a t i o n e n v e l o p e d e c o n v o l u t e d i n t o two 

e q u a l i n t e n s i t y peaks s e p a r a t e d by ~ 1.6 eV. The peak t o t h e h i g h e r 

b i n d i n g e n e r g y i n t h e e n v e l o p e c o r r e s p o n d i n g t o t h e e s t e r t y p e c a r b o n , 

o f w h i c h t h e r e are two i n t h e r e p e a t u n i t and the lower b i n d i n g e n e r g y 

peak c o r r e s p o n d i n g t o t h e r e m a i n i n g two c e n t e r c a r b o n s . These c h e m i c a l 

d a t a a re in e x c e l l e n t agreement w i t h t he d a t a f r o m t h e model compounds. 
/ 0 

The peak a t ~ 290 eV can be r e c o g n i z e d as the c a r b o n a t e c a r b o n ( - 0 - C - 0 - ) 

and i t s r e l a t i v e i n t e n s i t y r a t i o and a b s o l u t e b i n d i n g e n e r g y y i e l d 

s t r u c t u r a l s a m p l i n g o f t h e r e p e a t u n i t where x = *4 f o r t h e p o l y m e r s y s ­

tem i n F i g . 7 - 3 - As the a l k y l g roup i n c r e a s e s i n l e n g t h f r o m x = k t o 

x = 10, the s h o u l d e r a r i s i n g f rom the c a r b o n atoms d i r e c t l y bonded t o 

e s t e r oxygens becomes l ess w e l l r e s o l v e d , b u t i s s t i l l q u i t e a p p a r e n t 

f o r t he x = 10 s y s t e m . The r e l a t i v e i n t e n s i t y r a t i o o f t he c e n t r a l 

c a r b o n s t o e s t e r t y p e c a r b o n s i s i n e x c e l l e n t agreement w i t h the 

p r o p o s e d s t r u c t u r e s . 

In o b s e r v i n g t he 0^ c o r e l e v e l s f o r t he p o l y m e r sys tems i t i s 

a p p a r e n t t h a t the o v e r a l l band p r o f i l e s a r i s e f r o m t h e two peaks o f 
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FIGURE 7-3 

CI and 0^ c o r e l e v e l s p e c t r a f o r t he a l i p h a t i c p o l y c a r b o n a t e s 

unequa l i n t e n s i t y a s s i g n e d t o t he c a r b o n y l and e s t e r o x y g e n s , s e p a r a t e d 

by ~ 1 . 5 eV. The a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s a r e i n e x c e l ­

l e n t agreement w i t h t h o s e o f s i m p l e model sys tems f r o m T a b l e 7 - 2 . In 

c o m p a r i n g the r e l a t i v e i n t e n s i t y r a t i os o f t h e 0 ^ and C| c o r e l e v e l s , 

w i t h the a p p r o p r i a t e s e n s i t i v i t y f a c t o r s d e s c r i b e d in C h a p t e r 3 f o r the 

c o r e l e v e l s i t can be shown t h a t t he c o r e l e v e l s p e c t r a d e p i c t e d i n 

F i g . 7-3 a r e h i g h l y r e p r e s e n t a t i v e o f t h e p roposed s t r u c t u r e f o r the 

a l i p h a t i c p o l y c a r b o n a t e s e r i e s . A l s o shown i n F i g . 7-3 i s the t h e o r e t ­

i c a l model used f o r t h e d e t e r m i n a t i o n o f a b s o l u t e B . E . ' s w i t h i n the 

GPM f o r m a l i s m ^ . The B . E . ' s i n d i c a t e d on t he model f o r t he p o l y m e r 

sys tem is f u r t h e r c o n f i r m a t i o n o f t h e a s s i g n m e n t s g i v e n t o the c o r e 

l e v e l s p e c t r a f o r t h e p o l y m e r s . 
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An i n t e r e s t i n g c o m p a r i s o n can be made be tween an a l i p h a t i c and 

an a r o m a t i c p o l y c a r b o n a t e and the c o r e l e v e l s p e c t r a a re shown i n F i g . 

- 0 - ( C H 2 ) 6 - 0 - C - -

2>-9-<2> -o-c 
n 

«33 

i i 
535 533 531 293 289 285 

FIGURE l.k 

Core l e v e l s p e c t r a f o r a c o m p a r i s o n o f a t y p i c a l a l i p h a t i c and 

a r o m a t i c p o l y c a r b o n a t e 

The C j s s p e c t r u m o f one o f t he p o l y ( b i s p h e n o l A) c a r b o n a t e samples 

shows, i n a d d i t i o n t o t h e c h a r a c t e r i s t i c peaks a r i s i n g f r o m the chem­

i c a l l y s h i f t e d s t r u c t u r a l f e a t u r e s , a low i n t e n s i t y peak t o w h i c h t h e 

b i n d i n g e n e r g y s i d e o f the; main s p e c t r u m a r i s i n g f r o m the TT ?ir * 

t r a n s i t i o n s accompany ing c o r e i o n i z a t i o n s i n t he a r o m a t i c s y s t e m s . 

These s h a k e - u p t r a n s i t i o n s have v e n t r o i d s s h i f t e d ~ 7 eV f r o m t h e 
• • , 5 8 c , d , 1 4 0 , t I . „ 

p r i m a r y p h o t o i o n i z a t i o n peak and, consequen11 y , as a r e s u l t 

o f the c a r b o n a t e t y p e c a r b o n b e i n g s h i f t e d by ~ 6 eV, an e n v e l o p e 

appea rs i n t h e s p e c t r a c o n t a i n i n g t he two p e a k s . Based upon e x ­

p e r i m e n t a l l y d e t e r m i n e d i n t e n s i t y r a t i o s and b i n d i n g e n e r g i e s f o r 

the 7 r — ~ w * t r a n s i t i o n s r e l a t i v e t o t he p r i m a r y p h o t o ion i z a t i on peaks 
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in a number o f a r o m a t i c s y s t e r n s ' ^ ' a n e x c e l l e n t a s s i g n m e n t can be 

g i v e n t o the s p e c t r a i n F i g . 7 - ^ . The o b s e r v a t i o n o f s h a k e - u p p h e n ­

omena, t h e r e f o r e , g i v e s a s t r a i g h t f o r w a r d means o f d i s t i n g u i s h i n g be­

tween a l i p h a t i c and a r o m a t i c p o l y c a r b o n a t e s , and t h i s u n i q u e use o f 

s h a k e - u p phenomena has a l s o been a p p l i e d t o o t h e r s y s t e r n s ' ^ ' ' ^ ' 

c ) P o l y g l y c o l c a r b o n a t e s 

In F i g . 7-5 i s shown t h e C. and 0 . c o r e l e v e l s p e c t r a o f a 
1 s 1 s 

{(MCryJ 
n 

« 3 3 

x.33 x=3 

x.33 

535 533 289 287 285 

a • 

FIGURE 7-5 

C, and 0 , c o r e l e v e l s p e c t r a o f p o l y g l y c o l c a r b o n a t e s 
— I s 1 s — 

s e r i e s o f p o l y g l y c o l c a r b o n a t e s s where x i s 2 , 3 and h. S i m i l a r 

a rgumen ts a p p l y i n t h e d i s c u s s i o n o f t hese c o r e l e v e l s p e c t r a as t o 

t h e a l i p h a t i c p o l y c a r b o n a t e s . The ma jo r d i f f e r e n c e o f c o u r s e , b e i n g 

t h a t t he i n t e n s i t y r a t i o s o f t he e s t e r t y p e c a r b o n s t o the c a r b o n a t e 

t y p e c a r b o n s i s t h e o n l y measure o f the s t o i c h i o m e t r y o f the c a r b o n 

s y s t e m , s i n c e t he r e p e a t u n i t c o n s i s t s o f - 0 - C - C - O - c e n t r o i d u n i t s 
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and these c a r b o n s a l l f a l l w i t h i n a n a r r o w a b s o l u t e b i n d i n g e n e r g y 

range and appear as a s i n g l e peak i n the s p e c t r u m . A c o m p a r i s o n o f 

the r e l a t i v e i n t e n s i t y r a t i o o f t h e c a r b o n a t e t o e s t e r t y p e ca rbons 

i n F i g . 7-5 r e v e a l s r a t i o s i n agreement w i t h t he p r o p o s e d r e p e a t 

u n i t s where x = 2, 3 and h, and a b s o l u t e b i n d i n g e n e r g i e s i n a g r e e ­

ment w i t h s i m p l e model sys tems f o r t h e c o r e l e v e l s . 

The o v e r a l l band p r o f i l e s f o r t he 0 ^ s c o r e l e v e l s f o l l o w 

i d e n t i c a l ag reements t o t h o s e o f t h e a l i p h a t i c p o l y c a r b o n a t e s , and a 

c o m p a r i s o n o f the 0 ^ t o r e l a t i v e i n t e n s i t y r a t i o s t o g e t h e r w i t h 

the a p p r o p r i a t e s e n s i t i v i t y f a c t o r s ( c f . C h a p t e r 3) r e v e a l a s t a t i s ­

t i c a l l y sampled p o l y m e r r e p e a t u n i t c o r r e s p o n d i n g t o t he p r o p o s e d 

s t r u c t u r e s g i v e n i n F i g . 7 - 5 -

The t h e o r e t i c a l models d e v e l o p e d f o r the c o n f i r m a t i o n o f 

b i n d i n g e n e r g y a s s i g n m e n t s w i t h i n t h e GPM f o r m a l i s m a re shown i n 

F i g . 7 - 6 , and i t i s r e a d i l y seen t h a t the e x p e r i m e n t a l d a t a and 
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FIGURE 7-6 

C a l c u l a t e d B . E . ' s f r o m CNDO/2 w i t h i n GPM f o r m a l i s m 

f o r p o l y g y l c o l c a r b o n a t e s 

the t h e o r e t i c a l models a re i n good a g r e e m e n t , 

d) F 1 u o r o c a r b o n a t e Po lymers 

I t i s o f t e n the case t h a t p a r t i c u l a r s t r u c t u r a l f e a t u r e s may 

be c h a r a c t e r i s t i c o f t he end g roups o f a g i v e n p o l y m e r s y s t e m . The 
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d i r e c t d e t e c t i o n o f such end g roups by means o f t h e i r c h a r a c t e r i s t i c 

b i n d i n g e n e r g i e s p r o v i d e s a c o n v e n i e n t means o f e s t a b l i s h i n g the degree 

o f p o l y m e r i z a t i o n (DP) i n low m o l e c u l a r w e i g h t m a t e r i a l . ( I t i s impo r ­

t a n t t o emphas ize t h a t the d e t e r m i n a t i o n o f the DP i n p o l y m e r sys tems 

i s h i g h l y dependen t upon the p o l y m e r b e i n g i n v e s t i g a t e d . For i n s t a n c e , 

the c o r e l e v e l s p e c t r a f o r the t h r e e a r o m a t i c p o l y c a r b o n a t e s o f d i f ­

f e r i n g MW's r e v e a l no i n f o r m a t i o n w i t h r e g a r d t o t he D P ' s . ) However , 

a p a r t i c u l a r l y f a v o r a b l e s i t u a t i o n a r i s e s f o r sys tems i n w h i c h t he 

t e r m i n a l g roups i n v o l v e CF^ - r e s i d u e s where the c h e m i c a l s h i f t o f 

t he c a r b o n i s s i g n i f i c a n t l y h i g h e r i n b i n d i n g e n e r g y than o t h e r f u n c ­

t i o n a l g r o u p s , e . g . ~ 293-5 ev ' . I f due c a r e i s t a k e n t o e n s u r e t h a t 

ESCA s t a t i s t i c a l l y samples t he r e p e a t u n i t ( b y , f o r e x a m p l e , c o n s i d e r ­

i ng the r e l a t i v e i n t e n s i t i e s o f the same e l e m e n t w i t h d i f f e r i n g escape 

d e p t h dependenc i es ) ' ' t h e n the c o m p a r i s o n o f the a rea r a t i o s 

f o r c h e m i c a l l y s h i f t e d components o f a g i v e n c o r e l e v e l may be used t o 

s t r a i g h t f o r w a r d l y e s t i m a t e t he D P ' s . As an example , i n F i g . 7-7 i s 

shown the C, c o r e l e v e l s p e c t r a f o r a s e r i e s o f low MW f 1 u o r o c a r b o n a t e 
1 s 

p o l y m e r s , o f t he g e n e r a l f o r m u l a e i n d i c a t e d i n t h e F i g u r e . I t has been 

shown by the a p p r o p r i a t e model sys tems i n F i g . 7 -2 t h a t t h e - 0 - t - 0 -

and -CF' - c a r b o n Is l e v e l s o c c u r a t a p p r o x i m a t e l y t h e same b i n d i n g 

e n e r g y . The l e v e l s f o r t h e s e r i e s o f low MW m a t e r i a l s i n F i g . 7 -7 

f a l l i n t o t h r e e d i s t i n c t r e g i o n s and w i t h the a p p r o p r i a t e c a l i b r a t i o n 

o f l i n e w i d t h s and l i n e s h a p e s f o r t h e i n d i v i d u a l components f r o m t h e 

model compounds, the a n a l y s i s p r o d u c e s t h a t , i n d i c a t e d by t he d o t t e d 
c u r v e s . From the r e l a t i v e a reas o f t he C F , - component c a r b o n s t o 

0 i 

t h e -CF2~ and O-C-0 c a r b o n peaks t h e DP's may be c a l c u l a t e d as shown 

i n F i g . 7 - 8 . 

The two methods o f c o m p a r i n g r e l a t i v e a rea r a t i o s g i v e s l i g h t l y 

d i f f e r e n t r e s u l t s w h i c h may be due t o s p e c i f i c o r i e n t a t i o n e f f e c t s , 

h o w e v e r , the two methods a re w i t h i n ~ 1 0 % and shown an e x c e l l e n t c o r ­

r e l a t i o n w i t h DP's d e t e r m i n e d on t hese m a t e r i a l s by v a p o r p r e s s u r e 

osmomet ry as i n d i c a t e d i n F i g . 7 - 9 - By c o n t r a s t , t he DP's as d e t e r -
19 

mined by F NMR do n o t , h o w e v e r , ag ree w i t h t hose d e t e r m i n e d by t h e s e 

two t e c h n i q u e s , a l t h o u g h t he reason f o r t he d i s c r e p a n c y i s u n c l e a r . 
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CHAPTER 8 

An ESCA I n v e s t i g a t i o n o f P o l y m e r - M e t a l I n t e r f a c e s 

i ) I n t r o d u c t i on 

In the p r o c e e d i n g c h a p t e r s , d e t a i l s have been p r e s e n t e d on how 

ESCA may be a d d r e s s e d t o t h e i n v e s t i g a t i o n o f s t r u c t u r e , b o n d i n g and 

r e a c t i v i t y in p o l y m e r s . The r a d i o - f r e q u e n c y p lasma (RF p lasma) t r e a t 

ment and o x i d a t i o n o f p o l y m e r s and s o l i d s i n g e n e r a l has been t h e sub 

j e c t o f c o n s i d e r a b l e r e s e a r c h i n t e r e s t , b o t h a c a d e m i c a l l y and i n d u s ­

t r i a l l y o v e r t h e p a s t decade ( c f . r e f e r e n c e 1^+2). The s u r f a c e p r o p ­

e r t i e s o f such m o d i f i c a t i o n make i t d i f f i c u l t t o employ c o n v e n t i o n a l 

a n a l y t i c a l t e c h n i q u e s f o r u n d e r s t a n d i n g t he p r o c e s s e s w h i c h o c c u r 

d u r i n g s u r f a c e m o d i f i c a t i o n by means o f p lasmas e x c i t e d i n a v a r i e t y 

o f g a s e s . The g r e a t s u r f a c e s e n s i t i v i t y o f ESCA as a s p e c t r o s c o p i c 

t o o l i n t h i s i m p o r t a n t a rea i s c l e a r l y d e m o n s t r a t e d by t h e f a c t t h a t 

m o d i f i c a t i o n s e f f e c t e d under c o n d i t i o n s o f e x t r e m e l y low power l o a d -
127 1̂ +2 

ings a r e d e t e c t a b l e on t i m e s c a l e s o f t he o r d e r o f seconds ' 

In a p p r o p r i a t e cases where the c o r e l e v e l s i n v o l v e d span a s u b s t a n ­

t i a l range in k i n e t i c e n e r g y f o r t he p h o t o e m i t t e d e l e c t r o n s , i t i s 

p o s s i b l e t o d e r i v e c o n s i d e r a b l e i n f o r m a t i o n c o n c e r n i n g s t r u c t u r e and 

b o n d i n g i n t he m o d i f i e d r e g i o n s f r o m an i n v e s t i g a t i o n o f t h e p r i m a r y 

s o u r c e s o f i n f o r m a t i o n p r o v i d e d by r e l a t i v e peak a reas and a b s o l u t e 

and r e l a t i v e b i n d i n g e n e r g i e s ^ ' ' . T h u s , RF p lasmas e x c i t e d 

i n oxygen a t r e l a t i v e l y h i g h powers have r o u t i n e l y been used t o 

s e l e c t i v e l y remove an o r g a n i c phase so t h a t t he i n o r g a n i c compon­

e n t i n c o m p o s i t e s may be s t u d i e d i n t h e s o - c a l l e d p lasma a s h i n g 

p r o c e d u r e . A s i m i l a r t e c h n i q u e has been used t o p r e p a r e t h i n 
2hS 

samples f o r i n v e s t i g a t i o n by e l e c t r o n s p e c t r o s c o p y . I t i s 

c l e a r t h a t ESCA s h o u l d have a c o n s i d e r a b l e r o l e t o p l a y i n t h e s e 

t y p e s o f s u r f a c e s t u d i e s and t h i s c h a p t e r i l l u s t r a t e s t he p o t e n ­

t i a l o f t h e t e c h n i q u e f o r s e l e c t i v e remova l o f an o r g a n i c o v e r -

l a y e r on a s e r i e s o f t r a n s i t i o n m e t a l s (Nb, Mo, W and Z r ) by means 

o f RF p lasmas e x c i t e d i n a rgon and oxygen t o e n a b l e d i r e c t s t u d i e s 

t o be made o f t h e i n t e r f a c e , 

i i ) Background 

In many ' r e a l l i f e ' s i t u a t i o n s i t i s o f t e n n e c e s s a r y t o i n ­

v e s t i g a t e m e t a l s w i t h a c o n t a m i n a n t o v e r l a y e r w h i c h may be p o l y m e r i c 
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i n n a t u r e . For most m e t a l s used i n t y p i c a l w o r k i n g e n v i r o n m e n t s t he 

sys tems t o be i n v e s t i g a t e d are q u i t e c o m p l e x , u s u a l l y c o n s i s t i n g o f a 

m e t a l / m e t a l o x i d e s y s t e m t o g e t h e r w i t h the o v e r l a y e r . As we have 

p o i n t e d o u t i n C h a p t e r h, e l e c t r o n mean f r e e p a t h s a r e e x t r e m e l y s h o r t 

and an o v e r l a y e r of, say ~ 1 w o u l d e f f e c t i v e l y o b s c u r e t he c o r e l e v e l 

s p e c t r a f o r t he m e t a l / m e t a l o x i d e sys tem w h i c h i s o f t e n t h e f o c u s o f 

a t t e n t i o n . The s t u d y o f p o l y m e r / m e t a l I n t e r f a c e s may, t h e r e f o r e , be 

a p p r o a c h e d by a t e c h n i q u e w h i c h i n v o l v e s s e l e c t i v e removal o f t h e o r ­

g a n i c phase t o a l e v e l where i t i s p o s s i b l e t o ' see t h r o u g h 1 t o t he 

i n t e r f a c e . The f l e x i b i l i t y o f RF p lasmas e x c i t e d i n i n e r t gases and 

oxygen i n te rms o f i n s t r u m e n t a t i o n and c l o s e c o n t r o l o f i m p o r t a n t 

v a r i a b l e s (power , p r e s s u r e , r e a c t i o n t i m e , e t c . ) f a c i l i t a t e s the 

ESCA i n v e s t i g a t i o n o f i n t e r f a c e s t o o b t a i n i n f o r m a t i o n on s t r u c t u r e 

and b o n d i n g a t t he i n t e r f a c e , t h e p r i m e f o c u s o f a t t e n t i o n b e i n g t h e 

me ta l c o r e l e v e l s . S i n c e t h e phenomenon o f m u l t i p l e t s p l i t t i n g s i n 

p a r a m a g n e t i c sys tems i s e n e x t r i c a b l y l i n k e d w i t h s h a k e - u p phenom-

e n , i t s h o u l d be s t a t e d , a t t he o u t s e t , t h a t any s t u d y i n e v i t a b l y 

i n v o l v e s i n v e s t i g a t i o n o f a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s 

i n a d d i t i o n t o m u l t i p l e t and s h a k e - u p f i n e s t r u c t u r e . Over t h e 

p a s t few y e a r s , s t u d i e s o f w e l l c h a r a c t e r i z e d t r a n s i t i o n m e t a l s y s ­

tems ( m o s t l y f i r s t row) has y i e l d e d v a l u a b l e i n f o r m a t i o n on m u l t i ­

p l e t s p l i t t i n g s and s h a k e - u p p r o c e s s e s such t h a t m a j o r a reas o f 

a p p l i c a t i o n o f d a t a d e r i v e d f r o m such s t u d i e s ( e . g . d e t e r m i n i n g 

s p i n s t a t e s , s t e r e o c h e m i s t r y , e l e c t r o n i c e n v i r o n m e n t ) can be d e ­

l i n e a t e d . The t h e o r e t i c a l i n t e r p r e t a t i o n o f such d a t a i s a t a 

q u a l i t a t i v e l e v e l w i t h most o f t h e b r o a d f e a t u r e s b e i n g u n d e r -
152 2 ^ 6 - 2 ^ 9 

s t o o d ' . The o b v i o u s p rob lems i n t a k i n g a d v a n t a g e o f t h e s e 

i n f o r m a t i o n l e v e l s i n may r e a l l i f e s i t u a t i o n s a r i s e s f r o m t h e o v e r -

l a y e r s t h a t a re g e n e r a l l y p r e s e n t on t h e a v e r a g e c o m m e r c i a l m e t a l 

s a m p l e . The s h o r t mean f r e e p a t h s f o r t h e p h o t o e m i t t e d e l e c t r o n s , 

t h e r e f o r e , o b v i a t e s t h e p o s s i b i l i t y o f u s i n g t h e i n f o r m a t i o n l e v e l s 

i n p r i n c i p l e a v a i l a b l e f r o m the s t u d y o f m u l t i p l e t and s h a k e - u p 

phenomena i n such s y s t e m s . I t i s c l e a r t h a t w i t h t h e b a c k g r o u n d 

a l r e a d y a v a i l a b l e , t h e r e a l p r o b l e m i n t h i s a rea i s a means o f 

e f f e c t i v e l y c l e a n i n g t h e samples w i t h o u t c h e m i c a l l y m o d i f y i n g t he 

f e a t u r e s o f i n t e r e s t as f a r as t h e m e t a l s u r f a c e i s c o n c e r n e d . 

In s i m p l e t e r m s , i f d a t a o f adequa te s i g n a l / n o i s e r a t i o and i n t e n ­

s i t y can be o b t a i n e d f o r t he r e l e v a n t me ta l c o r e l e v e l s , , t he 
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c u r r e n t l y a v a i l a b l e b a c k g r o u n d on m u l t i p l e t e f f e c t s , s h a k e - u p p h e n ­

omena and c h e m i c a l s h i f t s w i l l be s u f f i c i e n t t o d e r i v e the i n f o r m a ­

t i o n on s p i n s t a t e , s t e r e o c h e m i s t r y , e t c . w h i c h one m i g h t hope t o 

g a i n f r o m the ESCA e x p e r i m e n t . T h i s d a t a i s n o t u s u a l l y a c c e s s a b l e 

f r o m c o m m e r c i a l l y p r o d u c e d s u r f a c e s because t h e y a r e e x t e n s i v e l y 

c o n t a m i n a t e d . 

The m a j o r r e s e a r c h p r o b l e m then r e s o l v e s i t s e l f i n t o d e v e l o p ­

i n g a g e n e r a l method o f r e m o v i n g most o f t h i s c o n t a m i n a t i o n w i t h o u t 

c h e m i c a l l y d i s t u r b i n g t h e i n t e r f a c e ( i . e . you need t o be s u r e t h a t 

you a re l o o k i n g a t t he t r a n s i t i o n m e t a l i n i t s o r i g i n a l s t a t e r a t h e r 

t h a t t h a t p r o d u c e d by t h e c l e a n i n g p r o c e s s ) . The o b v i o u s methods o f 

s o l v e n t and d e g r e a s i n g t r e a t m e n t s a re known f r o m p r e v i o u s w o r k t o be 

e i t h e r u n s u c c e s s f u l o r t o l ead t o c h e m i c a l m o d i f i c a t i o n o f t h e s u r ­

f a c e t o be s t u d i e d . A f u r t h e r p o s s i b i l i t y i s t o use an a r g o n i on 

gun and e t c h t he s u r f a c e , a l t h o u g h t h i s t e c h n i q u e has p r o b l e m s s i n c e 

w i t h the norma l a r r a n g e m e n t , any o r g a n i c f i l m i s r a p i d l y e t c h e d and 

s e l e c t i v e s p u t t e r i n g o f the u n d e r l y i n g s u r f a c e makes i t d i f f i c u l t t o 

c o n t r o l ' . In t h e w o r k d e t a i l e d i n t h i s c h a p t e r i t i s shown how c o n ­

t r o l l e d remova l o f c o n t a m i n a n t f i l m s , t o such a l e v e l t h a t t he m e t a l / 

m e t a 1 - o x i d e / c o n t a m i n a n t i n t e r f a c e may be d i r e c t l y i n v e s t i g a t e d by 

ESCA, can be a c c o m p l i s h e d by use o f low powered i n d u c t i v e l y c o u p l e d 

RF p lasmas e x c i t e d i n oxygen and a r g o n . 

We can d i v i d e t h e mechanisms f o r removal o f t h e c o n t a m i n a n t 

o v e r l a y e r s i n t o two d i s t i n c t c a t e g o r i e s , 1) t h o s e exposed t o an 

i n e r t gas p lasma where t h e o v e r l a y e r i s removed by ' a b l a t i o n ' and 2) 

t h o s e exposed t o an oxygen p lasma where t h e o v e r l a y e r i s removed 

by o x i d a t i o n o r ' a s h i n g 1 ; a l t h o u g h a t h i g h power l o a d i n g s a b l a t i o n 

may a l s o c o n t r i b u t e . C o n s i d e r i n g f i r s t l y t he f e a t u r e s o f i n e r t 

gas p lasmas a t power l o a d i n g s o f 0 .05 t o 100 w a t t s , and p r e s s u r e 

ranges o f 0 .1 t o 1.0 t o r r ; t h e e l e c t r o n d i s t r i b u t i o n may be a p p r o x ­

ima ted by a M a x i w e l l i a n f u n c t i o n w h i c h , i n t he p r e s s u r e range o f 

i n t e r e s t , peaks t y p i c a l l y i n t h e r e g i o n o f 0 -10 eV . The ave rage 

e l e c t r o n e n e r g y i s a f u n c t i o n o f t h e power and p r e s s u r e and has been 

shown t o i n c r e a s e w i t h i n c r e a s i n g i o n i z a t i o n p o t e n t i a l o f t h e s u s ­

t a i n i n g g a s , w h i l e e l e c t r o n c o n c e n t r a t i o n s v a r y i n t he o p p o s i t e sense 

W h i l e e l e c t r o n s p l a y a d o m i n a t e r o l e i n t h e p lasma i t s e l f , i n t h e i n ­

t e r a c t i o n o f a p l a s m a , w i t h a p o l y m e r t h e y p l a y a s e c o n d a r y r o l e . A l 

t hough t h e r e have been no d e f i n i t i v e s t u d i e s on t h e mean f r e e p a t h s 
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o f e l e c t r o n s i n t h e e n e r g y range o f 0 -10 eV i n p o l y m e r s , the g e n e r a l ­

i zed f o r m o f t h e mean f r e e p a t h as a f u n c t i o n o f k i n e t i c e n e r g y ( c f . 

C h a p t e r k) f o r most m a t e r i a l s w h i c h have been s t u d i e d i n d e t a i l s u g g e s t 

mean f r e e p a t h s o f hund reds o f angs t roms f o r near z e r o k i n e t i c e n e r g y 

e l e c t r o n s . W i t h t h e s e r e l a t i v e l y l ong mean f r e e p a t h s , the d i r e c t 

e n e r g y t r a n s f e r i n t h e s u r f a c e r e g i o n o f the o v e r l a y e r i s l i k e l y t o be 

r e l a t i v e l y s m a l l and d o m i n a t e d by phonon e x c i t a t i o n s . T h i s , o f c o u r s e , 

lends i t s e l f n i c e l y t o a g e n t l e t e c h n i q u e f o r r emov ing o r g a n i c o v e r -

l a y e r s f r o m m e t a l s . The i o n i z a t i o n p o t e n t i a l s and m e t a s t a b l e e n e r g i e s 

o f a rgon a re 1 5 - 7 6 , 1 5 - 9 ^ and 11.55 and 11 .72 eV, r e s p e c t i v e l y , and a l ­

though t h e p o s i t i v e i ons and n e u t r a l s p e c i e s i n t h e RF p lasma have mean 

amb ien t k i n e t i c e n e r g y , the ions and m e t a s t a b l e s have s u f f i c i e n t e n e r g y 

t o cause i o n i z a t i o n o f the o r g a n i c o v e r l a y e r t h r o u g h i o n n e u t r a l i z a t i o n 
25 1 

and Penn ing i o n i z a t i o n p r o c e s s e s , r e s p e c t i v e l y . A l l o f t he e n e r g i e s 

g i v e n above a r e s u f f i c i e n t l y l a r g e t o i o n i z e most p o l y m e r s and o r g a n i c 

o v e r l a y e r s . A l t h o u g h no a t t e m p t has been made h e r e t o d i s t i n g u i s h b e ­

tween t h e mechanisms o r t o d e t e r m i n e the k i n e t i c s o f the RF p lasma 

o v e r l a y e r i n t e r a c t i o n , r e c e n t w o r k o f t h e e f f e c t s on p o l y m e r s o f RF 

p lasmas e x c i t e d i n i n e r t gases has s i g n i f i c a n t l y e n l a r g e d the d e p t h 
127 l*+2 252-253 

o f u n d e r s t a n d i n g o f t h e s e sys tems ' ' . I n g e n e r a l , t h e 

a u t h o r s have p o i n t e d o u t t h a t v a l e n c e i o n i z a t i o n o f t he p o l y m e r s i s 

e n e r g e t i c a l l y f e a s i b l e by d i r e c t i n t e r a c t i o n w i t h t he i n e r t gas ions 

o r m e t a s t a b l e s w h i l e f o r s h o r t w a v e l e n g t h vacuum U.V. r a d i a t i o n t he 

l a r g e s t c o n t r i b u t i o n t o the a t t e n u a t i o n c o e f f i c i e n t is u n d o u b t e d l y 

f r o m p h o t o i o n i z a t i o n and f r o m t r a n s i t i o n s t o d i f f u s e Rydberg s t a t e s , 

w h i c h i n t h e s o l i d c l o s e l y a p p r o x i m a t e , i n p r o p e r t i e s , t h e i o n i z e d 
_ , 252 -253 s t a t e s 

The RF p 1 a s m a s e x c i t e d i n o x y g e n , howeve r , have been s t u d i e d 
i n d e t a i l w i t h r e s p e c t t o t h e c o m p o s i t i o n and mechanism o f atom f o r m -

2*45 
a t i o n by s e v e r a l a u t h o r s . The p r i m a r y r e a c t i v e s p e c i e s have been 

1 3 
f o u n d t o be O^A m o l e c u l e s and 0 P oxygen a t o m s ; t h e i r i n d i v i d u a l 

c o n c e n t r a t i o n r a n g i n g f r o m 10 t o 20% d e p e n d i n g on the e x p e r i m e n t a l 

c o n d i t i o n s , i n c l u d i n g w a l l and o t h e r c a t a l y t i c e f f e c t s . Bo th t h e 

atoms and e x c i t e d m o l e c u l e s r e a c t w i t h t he o r g a n i c o v e r l a y e r s and 

numerous pape rs have appea red on t h e s e r e a c t i o n s . The mechanisms o f 

r e a c t i o n o f oxygen atoms and i t s e x c i t e d e l e c t r o n i c s t a t e s w i t h o t h e r 

gas phase s p e c i e s c o m p r i s e a number o f e x h a u s t i v e k i n e t i c i n v e s t i g a ­

t i o n s , and i n some cases a c t i v a t i o n p a r a m e t e r s and r a t e c o n s t a n t s 
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have been d e t e r m i n e d w i t h a r e a s o n a b l e deg ree o f a c c u r a c y ( c f . 2^5 and 

r e f e r e n c e s t h e r e i n ) . However , i n h e t r o g e n e o u s s y s t e m s , the m e c h a n i s t i c 

d a t a f o r t he RF p lasmas e x c i t e d i n oxygen c a n n o t be i n t e r p r e t e d e a s i l y 

and t h e o x i d a t i o n f o r t hese sys tems i s q u i t e c o m p l e x . 

The i n t e r p r e t a t i o n o f t he ESCA s p e c t r a o f the h y d r o c a r b o n and 

p o l y m e r o v e r l a y e r s w i t h r e s p e c t t o t h e a b s o l u t e and r e l a t i v e b i n d i n g 

e n e r g i e s and t he r e l a t i v e peak i n t e n s i t i e s c o r r e s p o n d i n g t o the a p p r o p ­

r i a t e c o r e l e v e l s under i n v e s t i g a t i o n can be based on t h e e x t e n s i v e 

s t u d i e s on o r g a n i c sys tems d e t a i l e d i n C h a p t e r 2 t h r o u g h k. Chemica l 

s h i f t s i n t h e c a r b o n c o r e l e v e l s c o r r e s p o n d i n g t o c a r b o n a t t a c h e d t o 

oxygens i n d i f f e r e n t c h e m i c a l e n v i r o n m e n t s a re w e l l u n d e r s t o o d and 

t a b u l a t e d b o t h e x p e r i m e n t a l l y and t h e o r e t i c a l l y (c f . C h a p t e r 3) • 

The model sys tems chosen f o r s t u d y were mo lybdenum, t u n g s t e n , 

n i o b i u m and z i r c o n i u m . A l l o f t h e s e m e t a l s , as n o r m a l l y i n v e s t i g a t e d , 

have a h y d r o c a r b o n c o n t a m i n a n t f i l m and m e t a l o x i d e sys tem i n t h e o u t ­

e r m o s t few tens o f a n g s t r o m s . Molybdenum and t u n g s t e n a re w i d e l y used 

i n a l l o y s and have v e r y h i g h c r o s s s e c t i o n s f o r p h o t o e m i s s i o n f r o m the 

p r e f e r r e d c o r e l e v e l s w i t h the p h o t o e m i t t e d e l e c t r o n s h a v i n g c o n s i d e r ­

a b l e mean f r e e p a t h s . (Bo th o f t h e s e f e a t u r e s c o n t r a s t s t r o n g l y w i t h 

t he s i t u a t i o n t h a t e x i s t s f o r e l e m e n t s i n the f i r s t t r a n s i t i o n s e r i e s . ) 

A f u r t h e r f e a t u r e w h i c h d i s t i n g u i s h e s t h e s e sys tems i s t h e c o m p l e x i t y 

o f t h e o x i d e f o r m u l a t i o n s wh i ch n o n e t h e l e s s a re f a i r l y w e l l c h a r a c t e r ­

i z e d and p r o v i d e a u s e f u l i n t r o d u c t i o n t o t he use o f l i n e shape a n a l y ­

s i s p r o c e d u r e s . The v a r i e t y o f a v a i l a b l e o x i d a t i o n s t a t e s f o r m o l y b ­

denum, f o r e x a m p l e , p r o v i d e a f i n e p r o b e f o r f o l l o w i n g t h e remova l o f 

an o v e r l a y e r s i n c e when t h e r e a c t i v e s p e c i e s o f t he p lasma reach t he 

i n t e r f a c e t h e r e a re d r a m a t i c changes i n t h e molybdenum c o r e l e v e l s . 

Z i r c o n i u m and n i o b i u m a re i n c l u d e d as examples o f much s i m p l e r o x i d e 

sys tems and the c h o i c e o f a l l t h e s e s y s t e m s , i n g e n e r a l , i s based upon 

c o n s i d e r a t i o n s o f t h e m e t a 1 / m e t a 1 - o x i d e s y s t e m s , o f l a t t i c e e n e r g e t i c s 

f o r the s y s t e m s , p a r t i c u l a r l y w i t h r e g a r d t o o x i d a t i o n and r e d u c t i o n 

by s p e c i e s p r e s e n t i n a t y p i c a l ' c o o l ' i n d u c t i v e l y c o u p l e d RF p lasma 

e x c i t e d i n i n e r t gases and o x y g e n , 

i i i ) Expe r i menta1 

The s t u d y o f po1ymer /me ta 1 i n t e r f a c e s by t he p lasma a s h i n g 

t e c h n i q u e has l ed t o the d e v e l o p m e n t o f a p a r t i c u l a r r e a c t o r c o n f i g ­

u r a t i o n w h i c h a l l o w s c o n s i d e r a b l e f l e x i b i l i t y in te rms o f sample 

h a n d l i n g and t he i n v e s t i g a t i o n o f the p r e s s u r e and power dependence 
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o f the s u r f a c e m o d i f i c a t i o n s . The r e a c t o r employed i n t h i s s t u d y , 

shown s c e h m a t i c a 1 Iy in F i g . 8 . 1 , was mounted d i r e c t l y o n t o t he i n s e r ­

t i o n p o r t o f the ESCA s p e c t r o m e t e r and pumped by a 50 l i t e r / m i n u t e 

monomer 
inlet thermocouple 

aauge creen 

V ring » -

\ 7 Efi 
probe 7 u a o o 

spectrometer 

vocuum 
t'o sea l 

deposition monitor 
control 
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head 

0 5 10 
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FIGURE 8 . 1 

The p lasma r e a c t o r and sample m o u n t i n g 

r o t a r y vacuum pump s y s t e m v i a a 1 /2 " coppe r t u b e . P r e s s u r e s were r e c o r d ­

ed u s i n g a t h e r m o c o u p l e vacuum g a u g e . The r e a c t o r c o n s i s t e d o f a Py rex 

t u b e 16 cm. l ong and 5 cm. d i a m e t e r s a n d w i c h e d be tween s t a i n l e s s s t e e l 

f l a n g e s by V i t o n ' 0 ' r i n g s e a l s and e n c l o s e d in a c o p p e r mesh s c r e e n to 

p r e v e n t RF i n t e r f e r e n c e w i t h the e l e c t r o n i c s o f the s p e c t r o m e t e r . The 

d i s c h a r g e was e x c i t e d by a k u. H, 1^ t u r n coppe r c o i l wound c e n t r a l l y 

on t he Py rex t u b e . Samples were mounted (by means o f d o u b l e - s i d e d 

S c o t c h t a p e ) on a 1 /2 " s t a i n l e s s s t e e l p r o b e , 60 cm. l ong w h i c h was 

c a p a b l e o f p a s s i n g t h r o u g h the r e a c t o r on ' 0 ' r i n g s e a l s and i n t o the 

s p e c t r o m e t e r f o r a n a l y s i s o f t he samples w i t h o u t b e i n g exposed t o t h e 

atmosphe r e . 

Plasmas were e x c i t e d , in a l l c a s e s , u s i n g a Tega l C o r p o r a t i o n 

RF G e n e r a t o r c a p a b l e o f d e l i v e r i n g a power o u t p u t f r o m 0 . 0 5 w a t t s t o 

100 w a t t s , c o n t i n u o u s l y v a r i a b l e . A p u l s i n g f a c i l i t y was used a t 
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l ower power l e v e l s , g i v i n g g r e a t e r s t a b i l i t y t o the p l a s m a . T u n i n g 

o f the RF power was a c h i e v e d by an L-C m a t c h i n g n e t w o r k and m o n i t o r e d 

by the s t a n d i n g wave r a t i o u s i n g a H e a t h k i t HM102 RF power m e t e r . 

Research g rade a rgon was used and p u r i f i e d by a s o r p t i o n t r a i n 

( H y d r o - P u r g e , Coast E n g i n e e r i n g L a b o r a t o r i e s , C a l i f o r n i a , and Dow Gas 

P u r i f i e r , Dow Chemica l Company, M i d l a n d M i c h i g a n ) w h i c h removed h y d r o ' 

c a r b o n s , w a t e r , c a r b o n d i o x i d e and o x y g e n . The oxygen was r e s e a r c h 

g rade and was used w i t h no f u r t h e r p u r i f i c a t i o n . To m a i n t a i n r e p r o ­

d u c i b i l i t y f r o m run t o run f l o w r a t e s were measured by m o n i t o r i n g t he 

i n i t i a l r i s e i n p r e s s u r e as a f u n c t i o n o f t i m e when t he r e a c t o r was 

i s o l a t e d f r o m t h e pumping s y s t e m . 

S p e c t r a o f t he samples were r e c o r d e d on an AEI ES200 B s p e c t r o m 

e t e r u s i n g Mg r a d i a t i o n and under the c o n d i t i o n s emp loyed i n t h i s 
K c M , 2 

i n v e s t i g a t i o n t he A u , , l e v e l a t 8 4 . 0 eV b i n d i n g e n e r g y , used f o r 
4 t 7 / 2 

c a l i b r a t i o n p u r p o s e s , had a f u l l w i d t h a t h a l f maximum o f 1.15 eV. 

S p e c t r a were i n t e g r a t e d by means o f a DuPont 310 c u r v e r e s o l v e r 

In a l l cases the measured b i n d i n g e n e r g i e s a re q u o t e d w i t h a p r e c i s i o n 

o f - 0 . 1 eV and a r e a r a t i o s - 5%, a l t h o u g h t h e s e may be s l i g h t l y g e n e r ­

ous l i m i t s f o r some o f the s a m p l e s , t r e a t e d f o r l ong p e r i o d s i n t he 

p l a s m a , where t he c o r e l e v e l s p e c t r a e x h i b i t e d f a i r l y complex l i n e 

s h a p e s . 

For each p lasma run d e s c r i b e d i n t h i s c h a p t e r the c y c l e o f 

o p e r a t i o n was t he same. The p r o b e was f i r s t i n s e r t e d i n t o t h e r e a c t o r 

w i t h o u t a sample so t h a t the t i p was a t a f i x e d geome t r y w i t h r e s p e c t 

t o t he r e a c t o r . The p r e s s u r e was a d j u s t e d t o t h a t r e q u i r e d f o r t h e 

p a r t i c u l a r run t o be p e r f o r m e d and t h e s y s t e m a l l o w e d t o pu rge f o r 

a p p r o x i m a t e l y h a l f an hour b e f o r e s t r i k i n g t he g l o w and a d j u s t i n g 

t he power r a t i n g t o t h a t r e q u i r e d . The p robe was t hen w i t h d r a w n and 

a sample m o u n t e d , on t he p robe t i p by means o f S c o t c h t ape e n s u r i n g 

t h a t no t a p e was e x p o s e d . On r e p l a c i n g t he p robe the p r e s s u r e was r e ­

a d j u s t e d b e f o r e each d i s c h a r g e p e r i o d and the sys tem pu rged f o r h a l f 

an hour b e f o r e t he f i r s t and 5 m i n u t e s b e f o r e subsequen t p e r i o d s . The 

t i m e i n t e r v a l s o f t h e d i s c h a r g e p e r i o d s were such t h a t t h e t o t a l t r e a t 

ment t i m e i n c r e a s e d as d i s c u s s e d i n t he n e x t s e c t i o n . A f t e r each d i s ­

c h a r g e t h e p robe t i p was advanced i n t o t h e s p e c t r o m e t e r , v i a the ' 0 ' 

r i n g s e a l s and a g a t e v a l v e , f o r a n a l y s i s o f t he s a m p l e . S p e c t r a were 

r e c o r d e d as f a s t as p o s s i b l e ( ~ 3 m i n u t e s ) t o m i n i m i z e h y d r o c a r b o n 



- 2*45 -

c o n t a m i n a t i o n f r o m the s p e c t r o m e t e r o n t o t he s a m p l e . 

The t r a n s i t i o n m e t a l s s e l e c t e d f o r t h i s s t u d y were s t u d i e d as 

r e c e i v e d w i t h o u t r i g o r o u s p r e t r e a t m e n t t o p r e p a r e the s u r f a c e . The 

p o l y m e r o v e r l a y e r , a p p l i e d d i r e c t l y t o t he molybdenum s u r f a c e was 

p o 1 y c h l o r o - p - x y 1 y 1 ene and the p r o c e d u r e o f t he vapo r phase p o l y m e r i z a ­

t i o n o n t o t he t r a n s i t i o n m e t a l s was d e s c r i b e d t h o r o u g h l y i n C h a p t e r * 4 . 

H y d r o c a r b o n c o n t a m i n a t i o n b u i l d - u p on the s u r f a c e was a c c o m p l i s h e d by 

a l l o w i n g t he X - r a y cap t o h e a t i n t he s p e c t r o m e t e r w i t h the sample i n 

c l o s e p r o x i m i t y . D e t a i l s o f t h i s t e c h n i q u e a re d e s c r i b e d i n C h a p t e r 3 

under the h e a d i n g , " E n e r g y R e f e r e n c i n g " , 

i v ) R e s u l t s and D i s c u s s i o n 

As r e p r e s e n t a t i v e examples o f a complex and s i m p l e m e t a l / m e t a l 

o x i d e s y s t e m we c o n s i d e r i n d e t a i l t he r e s u l t s f o r molybdenum and z i r ­

c o n i u m , r e s p e c t i v e l y . Me ta l s u r f a c e s g e n e r a l l y i n v o l v e a c o m b i n a t i o n 

m e t a l / m e t a l o x i d e s u r f a c e b o t h o f w h i c h may r e a d i l y be c h a r a c t e r i z e d 

by t h e i r r e s p e c t i v e c o r e l e v e l s p e c t r a . I f we t a k e mo lybdenum, f o r e x -
25*4-

amp le , a c o n s i d e r a b l e amount o f d a t a has been t a b u l a t e d i n t he l i t e r a t u r e 
257 

on t he a b s o l u t e b i n d i n g e n e r g i e s f o r the r e l e v a n t c o r e l e v e l s on t he 
complex m e t a l / m e t a l o x i d e s u r f a c e . The b i n d i n g e n e r g i e s f o r t h e MO, , 

5 5 / 7 , 7 / 2 

c o r e l e v e l s , w h i c h have t he h i g h e s t c r o s s - s e c t i o n f o r t h e Mg., , . 
' 3 3 K a ] 2 p h o t o n 

s o u r c e , a r e shown i n Tab le 8 . 1 , a l o n g w i t h t he b i n d i n g e n e r g y f o r t he 

0 , 1 eve 1s. 
1 s 

Molybdenum/Molybdenum Ox ide System 

(BE i n eV) 

MoO^ MoOx Mo0 2 Mo 0 | s 

MO 3d 5 / 2 232 .2 231 -2 229-3 228 .0 5 3 0 . 5 

3d 7 / 2 235-5 23*4. 2 232.*4 231 .2 

FWHM 1 . 4 * 0 . 2 2 . 1 - 0 . 2 1 .6*0 .'2 1 . 3 * 0 . 3 

TABLE 8 . 1 

From the t a b l e i t i s a p p a r e n t t h a t the d i f f e r e n t o x i d a t i o n s t a t e s 

f o r the m e t a l o x i d e s a re s u f f i c i e n t l y s h i f t e d f o r a n a l y s i s and i d e n t i ­

f i c a t i o n by ESCA and w h i l s t the FWHM f o r t he M o ^ l e v e l s a s s o c i a t e d w i t h 

t h e Mo, Mo0 2 and Mo0^ s t r u c t u r e s a re c l o s e l y s i m i l a r , t h o s e f o r t h e MoOx 

o x i d e phase where 2 < x < 3 a re c o n s i d e r a b l y b r o a d e r . T h i s has been 
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a t t r i b u t e d to some seven o x i d e phases i n t e r m e d i a t e be tween Mo0 ? and 
258 

MoO^" . The l e v e l s a p p r o p r i a t e t o t h e me ta l o x i d e s appear as a 

r e l a t i v e l y b r o a d peak c e n t e r e d a t ~ 5 3 0 . 5 eV, w h i c h i s c o n v e n i e n t l y 

removed t o l ower b i n d i n g e n e r g y w i t h r e s p e c t t o oxygens a t t a c h e d t o 

c a r b o n s in the c o n t a m i n a n t l a y e r o r f o r h y d r o g e n bonded w a t e r . I t i s 

i m p o r t a n t t o n o t e t h a t w i t h a knowledge o f s p i n - o r b i t c o u p l i n g , FWHM 

and c h e m i c a l s h i f t s i n b i n d i n g e n e r g y i t i s r e l a t i v e l y s t r a i g h t f o r w a r d 

t o a n a l y z e t he complex l i n e s h a p e s w h i c h a r i s e f o r t y p i c a l m e t a l / m e t a l 

o x i d e sys tems t o o b t a i n the c o m p o n e n t s . For a s t u d y such as t h i s , where 

we a re e s s e n t i a l l y m o n i t o r i n g the m e t a l c o r e l e v e l s t o e s t a b l i s h t h e 

p o i n t a t w h i c h t he p o l y m e r / m e t a l o r c o n t a m i n a n t / m e t a l i n t e r f a c e b e ­

comes exposed d u r i n g the o v e r l a y e r removal s t e p , a knowledge o f t he 

v a r i o u s f a c t o r s d e s c r i b e d above i s e s s e n t i a l . 

To i l l u s t r a t e t he c o n t r o l l e d n a t u r e o f t he o v e r l a y e r removal 

s t e p , F i g . 8 . 2 shows the c o r e l e v e l s p e c t r a f o r t h e i n i t i a l sample o f 

Mo 
'Mod 

7 . 3 

c H / C o 

•=2.8 AT P lasma 1 
/ 

Oc/Om 

1.5 

MoA MoO H 
Oc/Om = 3 . 7 Co Abraided Mo 

1 
=1.1 = 3 . 2 M o / M o O * \ 

6.1 1 

' • l _ I I 1 1 1 1 1 1 1 1 1 
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Ois C B M o 3 d 
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FIGURE 8 . 2 

Core l e v e l s p e c t r a f o r molybdenum sample t r e a t e d i n 

an a r g o n p lasma 
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a b r a i d e d molybdenum (a) and t h a t t r e a t e d in an i n d u s t r i a l l y c o u p l e d 

RF p iasma e x c i t e d i n a r g o n (10 w a t t s , lOOu., kS m i n u t e s ) (b) . C o n s i d ­

e r i n g f i r s t t he a b r a i d e d molybdenum s a m p l e , an a n a l y s i s o f the M 0 ^ 

c o r e l e v e l s i n d i c a t e s t h a t the me ta l c o n t a i n s an o x i d e l a y e r c o m p r i s e d 

o f M0O2 a r " ^ ^ ° ^ x P n a s e s a n c ' based upon the r e l a t i v e i n t e n s i t i e s o f t h e 

o x i d e s to the me ta l l e v e l s , t h i s i s compa r a t i ve 1 y t h i n . The C ^ s p e c ­

t r u m , when d e c o n v o l u t e d i n t o t h r e e components c o r r e s p o n d i n g t o C00H, 

C=0 and CH s t r u c t u r a l f e a t u r e s i n g o i n g f r o m h i g h t o low b i n d i n g e n r g y , 

r e v e a l s the n a t u r e o f t h e c o n t a m i n a n t o v e r l a y e r . The 0 , c o r e l e v e l s 
1 s 

may be s i m i l a r l y d e c o n v o l u t e d i n t o two components c o r r e s p o n d i n g t o 

oxygens i n v o l v e d i n t h e i n o r g a n i c o x i d e phase ( l o w b i n d i n g e n e r g y com­

p o n e n t ) and o r g a n i c o v e r l a y e r ( h i g h b i n d i n g e n e r g y c o m p o n e n t ) . I t i s 

w o r t h w h i l e a t t h i s p o i n t , b e f o r e p r o c e e d i n g t o the d i s c u s s i o n on t he 

a r g o n p lasma t r e a t m e n t , t o d e m o n s t r a t e the inhomogeneous n a t u r e o f t h e 

c o m p o s i t e m e t a l / m e t a l o x i d e / c o n t a m i n a n t o v e r l a y e r sys tem i n the r e s u l t s 

o f an a n g u l a r dependen t s t u d y shown i n F i g . 8 . 3 - At a h i g h t a k e - o f f 

a n g l e f o r the p h o t o e m i t t e d e l e c t r o n s ( g o i n g t owa rds g r a z i n g e x i t ) t he 

s u r f a c e f e a t u r e s a r e enhanced (as d i s c u s s e d i n C h a p t e r s 1 £• 4 ) and i t 

i s r e a d i l y a p p a r e n t t h a t the o r g a n i c m a t e r i a l i s p r e s e n t as an o v e r -

l a y e r on t he m e t a l / m e t a l o x i d e s u r f a c e . The r e l a t i v e i n t e n s i t y r a t i o s 

f o r the c a r b o n and oxygen c o r e l e v e l s i n d i c a t e t h a t the o x i d i z e d com­

ponen t o f t he o r g a n i c phase i s a t the m e t a l o x i d e i n t e r f a c e . 

The a r g o n p lasma t r e a t m e n t ( F i g . 8 . 2 b ) o f t h e a b r a i d e d m o l y b ­

denum s u r f a c e reduces the MoOx phases and t he r e l a t i v e i n t e n s i t y r a t i o s 

o f the M0/M0O2 i n c r e a s e s f r o m 3 -7 t o 7-3 i n g o i n g f r o m the a b r a i d e d t o 

a rgon p lasma t r e a t e d s a m p l e s . The r e l a t i v e i n t e n s i t y r a t i o s o f t he Mo 

m e t a l t o t he c a r b o n and oxygen c o n t a m i n a n t l a y e r a l s o i n c r e a s e d q u i t e 

s u b s t a n t i a l l y w h i c h i s r e a d i l y a p p a r e n t i n F i g . 8 . 2 . I t i s i n t e r e s t i n g 

t o n o t e t h a t even a f t e r t he a rgon p lasma t r e a t m e n t f o r kS m i n u t e s t h a t 

t he o r g a n i c o v e r l a y e r c o n t a m i n a n t phase i s s t i l l a p p a r e n t i n t h e s p e c t r a 

and t h i s can be a t t r i b u t e d t o two e f f e c t s . F i r s t l y , the ions and m e t a -

s t a b l e s p r e s e n t in t h e RF p lasma t e n d t o cause p r e d o m i n a n t l y c r o s s l i n k i n g 

t o o c c u r w i t h i n the o r g a n i c phase in a d d i t i o n t o g e n t l e a b l a t i o n . I t 

c o u l d be a n t i c i p a t e d t h a t even c o n s i d e r i n g t h e g e n t l e a b l a t i o n , t h a t 

the c r o s s l i n k e d f i l m may be r e l a t i v e l y r e s i s t a n t t o a b l a t i o n . S e c o n d l y , 

a l t h o u g h f o r t y p i c a l o r g a n i c p o l y m e r and h y d r o c a r b o n c o n t a m i n a t e d me ta l 

s u r f a c e s , the s t i c k i n g c o e f f i c i e n t f o r e x t r a n e o u s h y d r o c a r b o n in t h e 
1 127 

s p e c t r o m e t e r s o u r c e i s e x t r e m e l y low ' , t h i s i s c e r t a i n l y no t the 
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FIGURE 8 . 3 

A n g u l a r s t u d y on a b r a i d e d molybdenum sample 

case f o r t h e c a t a 1 y t i c a 1 1 y a c t i v e ' c l e a n ' m e t a l / m e t a l o x i d e s u r f a c e . A t 
- 8 

a t y p i c a l base p r e s s u r e o f 10 t o r r , t h e r e f o r e , the a r g o n p lasma a b l a t e d 

m e t a l / m e t a l o x i d e s u r f a c e has an e x t r e m e l y h i g h s t i c k i n g p r o b a b i l i t y and 

the m a j o r c o n t r i b u t i o n t o t h e low b i n d i n g e n e r g y component i n t he 

s p e c t r u m o f the p lasma t r e a t e d s a m p l e , t h e r e f o r e , can be a t t r i b u t e d t o 

e x t r a n e o u s h y d r o c a r b o n scavenged f r o m the r e s i d u a l s p e c t r o m e t e r a t m o s ­

p h e r e . T h i s i s an i m p o r t a n t p o i n t s i n c e i t i s p o s s i b l e f o r s t i c k i n g 

c o e f f i c i e n t s t o d i f f e r by f o u r o r f i v e o r d e r s o f m a g n i t u d e f r o m the 

i n i t i a l ' c o n t a m i n a t e d ' s u r f a c e t o t he f i n a l ' c l e a n ' s u r f a c e 
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Now c o n s i d e r i n g a d i f f e r e n t sample o f a b r a i d e d mo lybdenum, F i g 

8 . 4 shows the e f f e c t s o f two s u c c e s s i v e t r e a t m e n t s w i t h p lasmas e x c i t e d 
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FIGURE 8 . 4 

Core l e v e l s p e c t r a f o r molybdenum sample t r e a t e d in an oxygen 

p lasma f o r s u c c e s s i v e o n e - m i n u t e e x p o s u r e s 

i n oxygen f o r o n e - m i n u t e p e r i o d s each ( a t lOOu. and 25 w a t t s ) . In c o r e 

l e v e l s p e c t r a f o r t he a b r a i d e d molybdenum sample a re shown i n F i g . 8 . 4 ( a ) 

and a l t h o u g h t h e r e a r e s u b t l e d i f f e r e n c e s i n t he s p e c t r a r e l a t i v e t o the 

a b r a i d e d sample shown i n F i g . 8 . 2 ( a ) , i n g e n e r a l t he s u r f a c e s c o n s i t u t e 
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s i m i l a r c h e m i c a l s t r u c t u r e . A f t e r the f i r s t one m i n u t e p e r i o d o f e x ­

p o s u r e t o the oxygen p lasma ( F i g . 8 . 4 (b ) ) i t i s c l e a r t h a t the i n t e r ­

f a c e rema ins i n t a c t s i n c e t h e me ta l c o r e l e v e l s rema in e s s e n t i a l l y u n ­

c h a n g e d . The f o r m o f the and 0^ c o r e l e v e l s , howeve r , change q u i t e 

d r a s t i c a l l y as the h y d r o c a r b o n o v e r l a y e r i s o x i d i z e d . A r e d u c t i o n i n 

t he -CH- t ype c o r e l e v e l s and an i n c r e a s e in the o x i d i z e d c a r b o n l e v e l s 

i s c o n s i s t e n t w i t h an o x i d a t i o n o f t he h y d r o c a r b o n o v e r l a y e r . A f t e r a 

f u r t h e r one m i n u t e e x p o s u r e ( F i g . 8 . 4 c ) , howeve r , t he M o ^ j l e v e l s i s 

s i g n i f i c a n t l y m o d i f i e d as t he i n t e r f a c e i s r e a c h e d . The 0 ^ c o r e l e v e l s 

a l s o m a n i f e s t t h i s i n t h a t t he r a t i o o f t he m e t a l bonded oxygens (0m) i n ­

c r e a s e s i g n i f i c a n t l y w i t h r e s p e c t t o t h e c a r b o n bonded oxygens ( 0 c ) . I t 

i s a g a i n i n t e r e s t i n g t o n o t e t h a t the low b i n d i n g e n e r g y component o f 

t he l e v e l s i s s t i l l a p p a r e n t and t h i s may be r a t i o n a l i z e d a l o n g t he 

same l i n e s as p r e s e n t e d a b o v e . However , the f a c t t h a t t he dom inan t 

e f f e c t i s the c o n v e r s i o n o f t h e M0O2 o x i d e phase t o the MoOx phases and 

o f t h e Mo m e t a l t o MoO^ w i t h o u t the p r o d u c t i o n o f s i g n i f i c a n t q u a n t i t i e s 

o f MoO^ i n d i c a t e s t h e s e l e c t i v e n a t u r e o f t he oxygen p lasma t r e a t m e n t . 

In a f u r t h e r s e r i e s o f e x p e r i m e n t s , an a b r a i d e d sample o f m o l y b ­

denum was d e l i b e r a t e l y c o n t a m i n a t e d i n t h e s p e c t r o m e t e r s o u r c e such t h a t 

a h y d r o c a r b o n c o n t a m i n a n t f i l m s e v e r a l m o n o l a y e r s t h i c k was p r o d u c e d . 

The r e s u l t s o f s u c c e s s i v e oxygen p lasma t r e a t m e n t s f o r p e r i o d s o f a 

m i n u t e on t he M o ^ l e v e l s a r e shown i n F i g . 8 . 5 , a l o n g w i t h a p l o t o f 

t he r a p i d removal o f h y d r o c a r b o n (Cj ( l - - j ^ - ) - v s - t i m e ) s u p e r i m p o s e d o v e r 

the s p e c t r a . The remova l o f t he h y d r o c a r b o n c o n t a m i n a n t o v e r l a y e r t o 

reach t he me ta l i n t e r f a c e i s c l e a r l y e v i d e n t i n F i g . 8 . 5 a t power 

l o a d i n g s o f 20 w a t t s a t lOOu.. As the h y d r o c a r b o n o v e r l a y e r i s removed , 

t h e e x t e n t o f o x i d a t i o n r a p i d l y i n c r e a s e s . The r a p i d change i n the 

m e t a l c o r e l e v e l s p e c t r a as t he i n t e r f a c e i s reached p r o v i d e s a v e r y 

c o n v e n i e n t i n d i c a t o r f o r c o n t r o l o f t he s y s t e m and t h i s w i l l g e n e r a l l y 

be t he case f o r m e t a l / m e t a l o x i d e / o v e r 1 aye r s y s t e m s . I t s h o u l d be 

n o t e d t h a t the c o r e l e v e l s p e c t r a a re a l s o h i g h l y d i a g n o s t i c a t 

t he s t a g e j u s t p r i o r t o r e a c h i n g the i n t e r f a c e and a re c h a r a c t e r i z e d 

by two components o f e q u a l i n t e n s i t y , ~ 2 8 9 eV and ~ 287-5 eV a s s o c i a t e d 
„ 0 ^ 

w i t h t he - C ' and .C = 0 c a r b o n componen ts , r e s p e c t i v e l y , and a l ower 
UH • — 

b i n d i n g e n e r g y component c e n t e r e d a t ~ 285 eV a t t r i b u t a b l e t o e x t r a n e o u s 

h y d r o c a r b o n m a t e r i a l scavenged by the m e t a l / m e t a l o x i d e s u r f a c e . 
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FIGURE 8 . 5 

Molybdenum 3d c o r e l e v e l s upon s u c c e s s i v e oxygen p lasma e x p o s u r e , 

p l o t o f ( 1 — ^ ~ ) r o v e r l a y e r - v s - t i m e s u p e r i m p o s e d on s p e c t r a 
l"° I s 
o 

H a v i n g e s t a b l i s h e d t h a t the p lasma t r e a t m e n t i s s u f f i c i e n t l y s e l e c t i v e 

t o a l l o w the d i r e c t i n v e s t i g a t i o n o f i n t e r f a c e s , t h i n p o l y m e r f i l m s o f 

known t h i c k n e s s were p r e p a r e d by i n - s i t u p o l y m e r i z a t i o n o f the p y r o l y s 

p r o d u c t o f [ 2 .2 ; p a r a c y c l p p h a n e as d e s c r i b e d in C h a p t e r k. The c h l o r o 

d e r i v a t i v e , D i c h l o r o ^2-2 p a r a c y c 1 o p h a n e , was chosen f o r a v a r i e t y o f 
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r e a s o n s , the p r i m a r y one b e i n g the ease o f c o n t r o l o f g e n e r a t i n g t h i n 

f i l m s on m e t a l / m e t a l o x i d e s u b s t r a t e s . W i t h the use o f a q u a r t z c r y s t a l 

m i c r o b a l a n c e i t was p o s s i b l e t o d e p o s i t f i l m s o f known t h i c k n e s s d i r e c t l y 

o n t o the a b r a i d e d molybdenum s u b s t r a t e s . P r e l i m i n a r y e x p e r i m e n t s demon­

s t r a t e d t h a t the o x i d a t i o n o f t h e p o 1 y c h 1 o r o - p - x y 1 y l e n e o v e r l a y e r p r o ­

ceeded a t a much f a s t e r r a t e t h a n f o r the t y p i c a l h y d r o c a r b o n c o n t a m i n a ­

t i o n and a a power l o a d i n g o f 10 w a t t s a 3008 p o l y m e r f i l m was removed 

i n abou t 20 m i n u t e s . In F i g . 8 . 6 a r e shown the s u c c e s s i v e oxygen p lasma 
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FIGURE 8 . 6 

Molybdenum 3d c o r e l e v e l s upon s u c c e s s i v e oxygen p lasma e x p o s u r e 

t o t he p o l y m e r o v e r l a y e r , p l o t o f ( I — r p o l y m e r o v e r l a y e r 
\ u ^ 1 s 
o 

- v s - t i m e s u p e r i m p o s e d on s p e c t r a 

t r e a t m e n t s o f t he p o l y m e r c o a t e d molybdenum s u b s t r a t e and the v e r y r a p i d 

remova l o f the po l ymer o v e r l a y e r w i t h t i m e . I t s h o u l d be n o t e d t h a t the 
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C^ c o r e l e v e l s r e v e a l e s s e n t i a l l y c o m p l e t e remova l o f the p o l y m e r f i l m 

as shown i n F i g . 8 . 7 a f t e r a seven m i n u t e e x p o s u r e . 
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FIGURE 8 . 7 

Core l e v e l s p e c t r a f o r molybdenum o v e r c o a t e d w i t h 

p o 1 y p a r a x y 1 y 1 ene and exposed t o an oxygen p lasma W i t h t hese two q u i t e d i f f e r e n t r e s u l t s i n the remova l o f the 

o r g a n i c o v e r a l y e r f r o m t h e molybdenum s u b s t r a t e c o m p e t i t i v e e x p e r i m e n t s 

were c a r r i e d o u t w i t h a p o l y m e r o v e r l a y e r o f abou t 308 ( a t w h i c h l e v e l 

t he s u b s t r a t e Mo. , l e v e l s a r e o b s e r v e d a t r e l a t i v e l y low a t t e n u a t i o n ) 
3d 

and a h y d r o c a r b o n o v e r l a y e r o f abou t 158 t h i c k , a l e v e l reached i n a 
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r e a s o n a b l e t i m e ( 3 - ^ h o u r s ) i n t h e s p e c t r o m e t e r . I t a g a i n was a s t r a i g h t ­

f o r w a r d m a t t e r t o m o n i t o r t h e i n c r e a s e i n i i t e n s i t y o f t h e s u b s t r a t e c o r e 

l e v e l s as t h e o v e l a y e r s w e r e r e m o v e d , b e f o r e t h e o x y g e n p l a s m a m o d i f i e d 

t h e i n t e r f a c e i t s e l f . T h a t t h e r a t e o f r e m o v a l o f t h e h y d r o c a r b o n o v e r -

l a y e r i s s l o w e r t h a n t h a t o f t h e po 1 y c h I o i ' 0 - p - x y 1 y I e n e i s e v i d e n t f r o m 

t h e d a t a i n F i g . 8 . 8 . I t s h o u l d a l s o be n o t e d t h a t t h e i n d u c t i o n p e r i o d 
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FIGURE 8 . 8 

A b s o l u t e i n t e n s i t y r a t i o s f o r h y d r o c a r b o n and p o l y m e r i c o v e r l a y e r s 

o n m o l y b d e n u m e x p o s e d t o an o x y g e n p l a s m a 

o f a p p r o x i m a t e l y 50 - 100 s e c o n d s i s a s s o c i a t e d w i t h t h e g e n e r a t i o n s o f 

- C ^ Q a n d - - C = 0 s t r u c t u r a l f e a t u r e s i n t h e o r g a n i c p h a s e b e f o r e a s i g ­

n i f i c a n t r e m o v a l o f o r g a n i c m a t e r i a l t a k e s p ' a c e . T h e r e i s some e v i d e n c e 

t h a t a t t h e v e r y i n t e r f a c e , t h e o x i d i z e d o r g a n i c p h a s e i s s t r o n g l y b o u n d 

t o t h e i n o r g a n i c p h a s e a n d t h a t i t i s s o m e w h a t d e p e n d e n t u p o n t h e s t r u c ­

t u r e o f t h e i n i t i a ' s y s t e m . I t s h o u l d be n o t e d i n F i g . 8 . 8 t h a t t h e 

c u r v e f o r t h e p o l y m e r o v e r c o a t i n g a p p r o a c h e s u n i t y ( a n a r b i t r a r y v a l v e 
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w h e r e a l l t h e o v e r l a y e r i s r e m o v e d ) , w h e r e a s f o r t h e h y d r o c a r b o n o v e r -

l a y e r t h e c u r v e l e v e l s o u t a t a b o u t . 8 a n d u n d e r t h e c o n d i t i o n s e m p l o y e d 

f o r t h e o x y g e n p l a s m a , d i d n o t show a n y m a r k e d d e c r e a s e i n t h e o v e r l a y e r 

w i t h t i m e . The g e n e r a t i o n o f p o I y f u n c t i o n a 1 l o w m o l e c u l a r w e i g h t m a ­

t e r i a l s a t t h e i n t e r f a c e w h i c h c a n b e h a v e as g o o d l i g a n d s , m i g h t w e l l 

f o r m t h e b a s i s f o r t h i s o b s e r v a t i o n . I t s h o u l d a l s o be n o t e d t h a t t h e 

s t i c k i n g p r o b a b i l i t y f o r t h e e x t r a n e o u s h y d r o c a r b o n d e p e n d s m a r k e d l y 

on t h e s u r f a c e s t r u c t u r e p r o d u c e d d u r i n g t h e p l a s m a m o d i f i e d s u r f a c e s . 

F o r z i r c o n i u m , an e x a m p l e o f a s i m p l e r m e t a l / m e t a l o x i d e s y s t e m , 

a s i m i l a r p i c t u r e e m e r g e s f o r t h a t f o u n d i n t h e m o l y b d e n u m s y s t e m as 

shown i n F i g . 8 . 9 o n t h e a n g u l a r d e p e n d e n t s t u d y o n an a b r a i d e d z i r ­

c o n i u m s a m p l e . The c o r e l e v e l s p e c t r a f o r t h e z i r c o n i u m s a m p l e e x p o s e d 
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A n g u l a r s t u d y on a b r a i d e d z i r c o n i u m s a m p l e 



- 256 -

t o an o x y g e n e x c i t e d p l a s m a a r e shown i n F i g . 8 . 1 0 a n d a g a i n t h e m o s t 

i n t e r e s t i n g f e a t u r e i s t h e c o n t r o l l e d r e m o v a l o f t h e h y d r o c a r b o n o v e r -

l a y e r u n t i l t h e i n t e r f a c e i s r e a c h e d w h e n t h e l o w m o l e c u l a r w e i g h t 
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FIGURE 8 . 1 0 

C o r e l e v e l s p e c t r a f o r z i r c o n i u m s a m p l e t r e a t e d i n an o x y g e n 

p l a s m a f o r 1 h o u r a n d e x p o s e d t o h y d r o c a r b o n 

o x i d i z e d m a t e r i a l i n t e r a c t s s t r o n g l y w i t h t h e m e t a l / m e t a l o x i d e s y s t e m 

a n d i s , t h e r e f o r e , n o t r e a d i l y r e m o v e d . The h i g h s t i c k i n g p r o b a b i ' i t y 

f o r e x t r a n e o u s h y d r o c a r b o n m a n i f e s t f o r t h e m o l y b d e n u m s y s t e m p r e ­

v i o u s l y d i s c u s s e d , i s a l s o a p p a r e n t f o r t h e z i r c o n i u m a c t i v e s u r f a c e . 

I n t h i s c a s e , h o w e v e r , t h e o x i d e s y s t e m i s b a s i c a l l y v e r y much s i m p l e r , 



- 257 -

c o n s i s t i n g o f e s s e n t i a l l y a Z r O ^ p h a s e . A g a i n , i t c a n be r e a d i l y 

s h o w n t h a t t h e c o n t a m i n a n t o v e r l a y e r may be s e ' e c t i v e ' y r e m o v e d t o s u c h 

a l e v e ' t h a t t h e s u b s t r a t e c o r e l e v e l s f o r t h e m e t a l / m e t a 1 o x i d e may 

be i n v e s t i g a t e d a t a g o o d s i g n a l / n o i s e r a t i o . 

S i m i l a r r e s u l t s w e r e o b t a i n e d f o r t h e n i o b i u m a n d t u n g s t e n s u r ­

f a c e s a n d t h e r e s u l t s o f t h e s t u d i e s o n a l l t h e s y s t e m s a r e d i s p l a y e d i n 

F i g . 8 . 1 1 . The b a s i c t r e n d s on t h e s e l e c t i v e r e m o v a l o f t h e c o n t a m i n a n t 

Nb w Mo 
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Levels 
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C - 0 . O 0 
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FIGURE 8 . 1 1 

C o m p a r i s o n o f t h e c h a n g e s i n t h e r e l a t i v e i n t e n s i t y r a t i o s f o r c a r b o n , 

o x y g e n a n d m e t a l c o r e l e v e l s when e x p o s e d t o s u c c e s s i v e o x y g e n 

p l a s m a t r e a t m e n t s 
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o v e r l a y e r s a r e d i s p l a y e d r e v e a l i n g t h e s i m i l a r i t y i n s t u d y i n g s u b s t r a t e 

c o r e l e v e l s o n i n t a c t s y s t e m s . By s t u d y i n g a p p r o p r i a t e m o d e l s y s t e m s 

i t s h o u l d be p o s s i b l e t o e s t a b l i s h t h e ' e t c h i n g r a t e s ' f o r o r g a n i c c o n ­

t a m i n a n t o v e r l a y e r s , e n a b l i n g c l o s e r c o n t r o l o f t h e a p p r o a c h t o t h e i n ­

t e r f a c e and t h e d e t e r m i n a t i o n o f t h e t h i c k n e s s o f t h e o v e r l a y e r . The 

f l e x i b i l i t y o f t h e RF p l a s m a i n s t r u m e n t a t i o n w o u l d a l l o w c o n v e n i e n t 

' e t c h i n g r a t e s ' i n t h e t h i c k n e s s r a n g e s f r o m a f e w t o s e v e r a l t h o u s a n d 

a n g s t r o m s . 
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The A p p l i c a t i o n o f ESCA t o t h e S t r u c t u r a l D e t e r m i n a t i o n 
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CHAPTER 9 

The A p p l i c a t i o n o f ESCA t o t h e S t r u c t u r a l D e t e r m i n a t i o n ' 

o f a F 1 u o r o p o 1 y m e r 

i ) I n't r o d u c t i o n 

We h a v e d i s c u s s e d i n t h e p r e v i o u s e i g h t c h a p t e r s t h e a p p l i c a t i o n 

o f ESCA i n t h e d e t e r m i n a t i o n o f s t r u c t u r e , b o n d i n g a n d m o r p h o l o g y o f 

s u r f a c e s i n g e n e r a l w i t h p a r t i c u l a r e m p h a s i s o n p o l y m e r i c s u r f a c e s . I n 

t h e e x p e r i m e n t a l c h a p t e r s f r o m t h r e e t o e i g h t , we h a v e d e v e l o p e d t h e u s e ­

f u l n e s s o f ESCA i n t h e i n v e s t i g a t i o n o f we 11 c h a r a c t e r i z e d m a t e r i a l s t o 

d e f i n e p a r a m e t e r s s u c h as a b s o l u t e a n d r e l a t i v e b i n d i n g e n e r g i e s , r e l a t i v e 

i n t e n s i t y r a t i o s f o r s p e c i f i c c o r e l e v e l s , e l e c t r o n mean f r e e p a t h s , e t c . 

T h e s e s t u d i e s h a v e n o t o i l y a d d e d t o t h e a c c u m u l a t i o n o f an ESCA d a t a 

b a n k on p o l y m e r s o f w h i c h C l a r k a n d c o - w o r k e r s ( c f . r e f e r e n c e 1 , 1 2 7 , 

128 ) h a v e a l r e a d y c o n t r i b u t e d a s u b s t a n t i a l p o r t i o n , i n f a c t , e x c e p t 

f o r a f e w i s o l a t e d p u b l i c a t i o n s , n e a r l y a l l ) , b u t now e n a b l e us t o p r o ­

g r e s s , w i t h t h e a i d o f a l l t h e d a t a , t o e x a m i n e s y s t e m s t h a t h a v e h e r e ­

t o f o r e e l u d e d o t h e r a n a l y t i c a l t e c h n i q u e s b e c a u s e o f e x p e r i m e n t a l d i f ­

f i c u l t i e s . In t h i s c h a p t e r we p r e s e n t s u c h a s y s t e m ; a p o l y m e r i c m a t e r ­

i a l , h e r e a f t e r r e f e r r e d t o as PP-9> w h i c h f o r m s a s u b s t a n t i a l p a r t o f 

t h e b y - p r o d u c t i n t h e c a t a l y t i c f l u o r i n a t i o n r o u t e t o p o l y f 1 u o r o b e n z e n e 

f r o m I m p e r i a l S m e l t i n g C o r p o r a t i o n (a s u b s i d i a r y o f R i o T i n t o Z i n c ) . 

T h i s m a t e r i a l i s h i g h l y i n s o l u b l e i n t h e common s o l v e n t s u s e d i n s t a n ­

d a r d p o l y m e r a n a l y t i c a l t e c h n i q u e s , l e n d i n g i t s e l f t o ESCA i n v e s t i g a ­

t i o n ve r y n i c e l y , 

i i ) Expe r i men t a 1 

The m a t e r i a l , PP-3, as r e c e i v e d f r o m I m p e r i a l S m e l t i n g C o r p o r a ­

t i o n , h a d an a p p a r e n t l y l o w Tg a t r o o m t e m p e r a t u r e , was g l a s s y a n d c o l d -

f l o w e d r e a s o n a b l y r a p i d ( f o r i n s t a n c e , a c o a t i n g o n e i n c h l o n g o n t h e 

i n s i d e o f a g l a s s t u b e w o u l d f l o w t o t h e b o t t o m o f t h e t u b e i n a p p r o x i ­

m a t e l y t w o h o u r s a t r o o m t e m p e r a t u r e ) . S e v e r a l a t t e m p t s a t r e c r y s t a l l -

i z a t i o n o f t h e P P - 9 f r o m v a r i o u s a l i p h a t i c a n d a r o m a t i c s o l v e n t s was 

u n s u c c e s s f u l , due t o t h e i n s o l u b i l i t y o f P P - 9 - H o w e v e r , t w o f l u o r i n a t e d 

s o l v e n t s , n a m e l y CFCI ^ and 1 , 1 , 1 , 3 , 3 , 3 - H e x a f 1 u o r o i s o p r o p a n o I ( P i e r c e 

C h e m i c a l C o m p a n y ) w e r e f o u n d t o be r e a s o n a b l e s o l v e n t s f o r P P - 9 a t e l e ­

v a t e d t e m p e r a t u r e , w i t h t h e f o r m e r t h e s u p e r i o r o f t h e t w o . 

T h e r e f o r e , t h e f o l l o w i n g s a m p l e s w e r e p r e p a r e d f o r a n a l y s i s b y 

ESCA: 
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0 N e a t PP-9, as r e c e i v e d , d e s i g n a t e d P P - 9 n 

2) P P - 9 s o l u b i l i z e d i n b o i l i n g CFCI ^ a n d r e c r y s t a ' 1 i z e d by 

a l l o w i n g t o s t a n d a t r o o m t e m p e r a t u r e o v e r n i g h t , d e s i g n a t e d P P - 9 c 

3 ) P P - 9 s o l u b i l i z e d i n b o i l i n g CFCL^ a n d p r e c i p i t a t e d i n t o h o t 

b e n z e n e a n d a l l o w e d t o s t a n d o v e r n i g h t a t r o o m t e m p e r a t u r e . T h i s s y s ­

tem was d i v i d e d i n t o t w o s a m p l e s ( a ) t h e m a t e r i a l t h a t p r e c i p i t a t e d o u t 

o f s o l u t i o n o v e r n i g h t , d e s i g n a t e d P P - 9 p a n d ( b ) t h e m a t e r i a l r e m a i n i n g 

i n t h e s u p e r n a t e w h i c h was c o a t e d o n t o g o l d b y s o l u t i o n c a s t i n g a n d 

a l l o w i n g t h e s o l v e n t t o e v a p o r a t e , d e s i g n a t e d P P - 9 s . 

A l l s o l i d s a m p l e s w e r e c o a t e d o n t o a g o l d s u b s t r a t e a n d h e a t e d 

s l i g h t l y ( ~ 3 0 - i t 0 ° C ) t o f o r m a t h i n f i l m f o r ESCA a n a l y s i s . 

The ESCA i n s t r u m e n t a t i o n h a s b e e n d e s c r i b e d i n p r e v i o u s 

c h a p t e r s ( 3 - 8 ) a n d t h e d e c o n v o l u t i o n o f t h e c o r e l e v e l s p e c t r a was a c c o m -

p l i s h e d w i t h t h e D u p o n t 310 c u r v e r e s o l v e r , d e s c r i b e d i n p r e v i o u s c h a p t e r s 

i i i ) D i s c u s s i o n o f R e s u l t s 

A w i d e s c a n o f t h e n e a t P P - 9 n r e v e a l e d o n l y c a r b o n a n d f l u o r i n e 

e l e m e n t s p r e s e n t ( a l t h o u g h h y d r o g e n c a n n o t be i d e n t i f i e d w i t h ESCA, c f . 

C h a p t e r 1) a n d , t h e r e f o r e , h i g h r e s o l u t i o n n a r r o w s c a n s o f t h e C^ a n d 

F, c o r e l e v e l s w e r e made t o d e t e r m i n e t h e r e l a t i v e r a t i o s o f c a r b o n and 
1 s 

f l u o r i n e a n d t h e p a r t i c u l a r f e a t u r e s o f t h e c o r e l e v e l s p e c t r a , 

a n d t h e s e a r e s h o w n i n F i g . 9 - 1 - The c o r e l e v e l s p e c t r u m r e v e a l e d 

a r a t h e r c o m p l i c a t e d e n v e l o p e a n d i n o r d e r t o e s t a b l i s h a r e f e r e n c e 

b i n d i n g e n e r g y , h y d r o c a r b o n c o n t a m i n a t i o n was a l l o w e d t o b u i l d up on t h e 

s a m p l e o v e r a p e r i o d o f f i v e ( 5 ) h o u r s , ( c f . C h a p t e r I f o r t h e r a t i o n a l e 

o f u s i n g h y d r o c a r b o n c o n t a m i n a t i o n f o r a r e f e r e n c e b i n d i n g o f 285 e V ) . 

The C j s c o r e l e v e l s p e c t r a f o r t h e 0 , 2 a n d 5 h o u r d a t a p o i n t s a r e s h o w n 

i n F i g . 9 - 2 . A l t h o u g h t h e F | c o r e l e v e l s p e c t r a a r e n o t s h o w n f o r t h e s e 

s a m p l e s , t h e b i n d i n g e n e r g y was n o t s h i f t e d d u r i n g h y d r o c a r b o n b u i l d - u p 

a n d o n l y t h e i n t e n s i t y d e c r e a s e d , as w o u l d b e e x p e c t e d . U s i n g t h e h y d r o ­

c a r b o n r e f e r e n c e l i n e a t 2 8 5 - 0 e V , a d e c o n v o 1 u t i o n o f t h e e n v e l o p e was 

made w i t h a s s i g n m e n t s o f a b s o l u t e b i n d i n g e n e r g i e s f o r t h e r e s p e c t i v e 

p e a k s , i n c l u d i n g t h e F c o r e l e v e l s a n d F c o r e - l i k e l e v e l s a n d t h e s e 

F^ c o r e l e v e l s as i n d i c a t e d i n F i g . 9 - 3 a r e i n e x c e l l e n t a g r e e m e n t w i t h 

t h o s e f o u n d by C l a r k a n d c o - w o r k e r s on a s a m p l i n g o f a l a r g e n u m b e r o f 

f 1 u o r o p o 1 yme r s y s terns ^ ' ' ' ' ^ } n a m e l y ( 6 9 0 . 1 e V ) a n d F ^ s ( 3 3 - 3 

e V ) . I t i s e s p e c i a l l y i n t e r e s t i n g t o n o t e t h a t f o r t h e F l e v e l s t h e 

1 nc c o r e e v e 1 s s an 1 ng I s 2s 
a r e shown i n F i g . 9 - 3 

F i r s t l y , t h e a b s o l u t e b i n d i n g e n e r g y a s s i g n m e n t s f o r t h e F 
I s 

a n d 
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FIGURE 9 - 1 

A w i d e s c a n o f P P - 9 n i n d i c a t i n g t h e e l e m e n t a l c o m p o s i t i o n ( 9 . 1 a ) , 

a n d h i g h r e s o l u t i o n s c a n s o f t h e C^ a n d F^ c o r e 1 e v e I s ( 9 • 1 b ) 

f o r f i ne de t a i 1 s 

p e a k B . E . a t 6 9 0 . 1 eV i s i n d i c a t i v e o f a f 1 u o r o p o 1 y m e r s y s t e m w i t h a 

h i g h d e g r e e o f f l u o r i n a t i o n w h e r e a s a l o w d e g r e e o f f l u o r i n a t i o n r e ­

s u l t s i n a F j B . E . o f 6 8 9 - 3 e \ / ' . A c o m p a r i s o n o f t h e r e l a t i v e i n ­

t e n s i t y r a t i o s o f t h e F , t o C. c o r e l e v e l s f r o m F i g . 9 - 3 i n d i c a t e s 

' 1 s 1 s 3 

a r a t i o o f a p p r o x i m a t e l y 1 - 5 / ' ; r e s p e c t i v e l y a n d a r e l a t i v e i n t e n s i ­

t y r a t i o o f ^ i g / ^ s ° ^ ' • ^5 ( a f t e r t h e n e c e s s a r y c r o s s s e c t i o n a n d 

s e n s i t i v i t y c o r r e c t i o n s ) . T h e s e l a t t e r r e s u l t s i n d i c a t e a h o m o g e n e o u s 
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0 h o u r s 

2 h o u r s 

5 h o u r s 

FIGURE 9 . 2 

£ j c o r e l e v e l s p e c t r a o f P P - 9 n a t 0 , 2 a n d 5 h o u r s , a l l o w i n g h y d r o c a r b o n 

c o n t a m i n a t i o n t o b u i l d - u p on s a m p l e s u r f a c e t o e s t a b l i s h r e f e r e n c e 

b i n d i n g e n e r g y 

2 8 5 - 0 eV 

I s 

3 3 - 3 e V 
F 2 s 

FIGURE 9 - 3 

D e c o n v o 1 u t i o n o f C, c o r e l e v e l s p e c t r u m o f u n c o n t a m i n a t e d P P - 9 n a n d 
1 s — 

a s s i g n m e n t s f o r a b s o l u t e p e a k b i n d i n g e n e r g i e s f o r t h e ^ F^ a n d F ^ 

c o r e l e v e l s u s i n g t h e h y d r o c a r b o n c o n t a m i n a n t l e v e l a s s i g n e d t o 2 8 5 . 0 eV 
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s a m p l e o n t h e ESCA d e p t h p r o f i l i n g s c a l e w h i c h w o u l d a p p e a r r e a s o n a b l e . 

T h e r e f o r e , s i n c e we a p p e a r t o h a v e a r a t h e r h o m o g e n e o u s m a t e r i a l and 

t h e r e l a t i v e i n t e n s i t y r a t i o f o r t h e F , a n d F „ a r e i n t h e p r o p e r r a t i o s 
I s 2s 

f o r a h o m o g e n e o u s s a m p l e , a s t u d y was made t o o b t a i n t h e p u r e s t P P - 9 

f o r t h e ESCA s t u d y . 

The p o l y m e r w a s f o u n d t o be q u i t e s o l u b l e i n b o i l i n g C F C 1 ^ a n d 

when p r e c i p i t a t e d i n t o b e n z e n e a t e l e v a t e d t e m p e r a t u r e s a n d a l l o w e d t o 

s t a n d f o r ~ 2k h o u r s , some p r e c i p i t a t e was a b l e t o be f i l t e r e d f r o m t h e 

s o l v e n t m i x t u r e . I n F i g . S.h i s s h o w n t h e C c o r e l e v e l s p e c t r a f o r 

( s o 1 u b l e ) 

( i n s o 1 u b 1 e ) 

FIGURE 9.k 

c o r e l e v e l s p e c t r a o f s o l u b l e a n d i n s o l u b l e p o r t i o n s o f PP~9n 

p o l y m e r p r e c i p i t a t e d f r o m CFCL^ i n t o b e n z e n e 

f o r t h e p r e c i p i t a t e d m a t e r i a l , P P - 9 p , a n d t h e s o l u b l e m a t e r i a l f r o m t h e 

s o l v e n t m i x t u r e c a s t o n t o g o l d , P P - 9 s . On c l o s e e x a m i n a t i o n o f t h e c o r e 

l e v e l s p e c t r a , we c a n s e e v e r y l i t t l e d i f f e r e n c e i n t h e o v e r a l l a n d t h e 

d e c o n v o l u t e d e n v e l o p e s , w h i c h w o u l d l e a d us t o b e l i e v e t h a t t h e s o l u b l e 

p o r t i o n ( P P - 9 s ) o f t h e P P - 9 n m o s t l i k e l y d i f f e r s f r o m t h e p r e c i p i t a t e d 

p o r t i o n , P P - 9 p , i n m o l e c u l a r w e i g h t a n d n o t c o m p o s i t i o n , t h e l o w e r MW 

b e i n g s o l u b l e i n t h e s o l v e n t m i x t u r e . On t h e h y p o t h e s i s t h a t t h i s l o w 
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MW m a t e r i a l may be s o m e w h a t v o l a t i l e , P P - 9 n was c a s t n e a t o n t o a g o l d 

s u b s t r a t e a n d an i n v e s t i g a t i o n o f t h e e f f e c t s o n t h e C, c o r e l e v e l s o f 
1 s 

h e a t i n g t h e s a m p l e i n t h e s p e c t r o m e t e r i s s h o w n i n F i g . 9 - 5 - A l t h o u g h 

20°C 

5 0 ° C 

100°C 

2 8 5 - O e V 

FIGURE 9 - 5 

E f f e c t s o n C, c o r e l e v e l s p e c t r u m o f h e a t i n g PP~9n 
1 s 3 

t h e e v i d e n c e i s n o t c o n c l u s i v e , i n p r o g r e s s i n g f r o m t h e s a m p l e a t 20°C 

t o t h e s a m p l e a t 100°C we c a n s e e an o r d e r l y i n c r e a s e d r e s o l u t i o n i n t h e 

f i n e s t r u c t u r e o f t h e C, c o r e l e v e l e n v e l o p e , a n d we a l s o n o t e t h a t an 
I s 

i n c r e a s e i n t h e p r e s s u r e i n t h e s o u r c e r e g i o n o f t h e s p e c t r o m e t e r was 

e x p e r i e n c e d . The c o m b i n a t i o n o f t h e i n c r e a s e d r e s o l u t i o n and i n c r e a s e 

i n p r e s s u r e w o u l d be i n d i c a t i v e o f a l o w MW v o l a t i l e c o m p o n e n t ; w h i c h 

w o u l d l e a d t o a s m e a r i n g - o u t o f t h e s p e c t r u m e n v e l o p e . 

F u r t h e r s t u d y o f t h e P P - 9 n i n C F C I ^ r e v e a l e d t h a t u p o n d i s s o l u ­

t i o n a t r e f l u x a n d a l l o w i n g t h e s a m p l e t o s t a n d o v e r n i g h t , s m a l l c r y ­

s t a l s o f m a t e r i a l w e r e f o r m e d . S e p a r a t i o n o f t h e s e c r y s t a l s ( P P - 9 c ) 

by f i l t r a t i o n a n d s u b s e q u e n t e x a m i n a t i o n by ESCA, r e v e a l e d t h e c o r e 

l e v e l s p e c t r a s h o w n i n F i g . 3.6. F i g . 9 - 6 ( a ) s h o w s t h e c r y s t a l m a ­

t e r i a l m e l t e d o n t o a g o l d s u b s t r a t e a n d F i g . 9 - 6 ( b ) s h o w s a v a l e n c e 

b a n d s t u d y . I t i s o b v i o u s t h a t l i t t l e d i f f e r e n c e i s s e e n i n t h i s C. 
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( b ) 

M 35 29 23 17 11 5 

( B . E . i n e V ) 

( a 

2 8 5 . O e V I s 

FIGURE 9 . 6 

S p e c t r a f o r p u r i f i e d P P - 9 c ( a ) C c o r e l e v e l s , ( b ) v a l e n c e b a n d 
I s 

s p e c t r a w h e n c o m p a r e d t o p r e v i o u s f i g u r e s and e v e n when c o m p a r e d t o t h e 

' u n p u r i f i e d ' P P - 9 n e n v e l o p e ( F i g . 9-0> t h e r e a p p e a r s o n l y s u b t l e d i f ­

f e r e n c e s . D . S . C . i n d i c a t e d a l ^ r g e t r a n s i t i o n z o n e e x t e n d i n g f r o m 

- 5 0 t o 2 0 ° C , p r o b a b l y r e s u l t i n g f r o m g r o s s m i x t u r e s o f d i f f e r e n t MW 

m a t e r i a l s , h o w e v e r , s i m i l a r i n s t r u c t u r e as e v i d e n c e d by ESCA. 

The d e t a i l e d d e c o n v o 1 u t i o n o f t h e s p e c t r u m i n F i g . 9 - 6 ( a ) 

r e s u l t s i n t h e r e l a t i v e i n t e n s i t y r a t i o s a n d a b s o l u t e B . E . ' s f o u n d i n 

T a b l e 9 - 1 f o r t h e C, a n d F. c o r e l e v e l s b a s e d u p o n t h e p r e v i o u s w o r k 
1 s 1 s 

on f 1 u o r o p o l y m e r s ( c f . C h a p t e r 1, r e f . 1 , 1 2 6 , 127 a n d ' 2 8 ) . 
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E x p e r i m e n t a l d a t a f o r P P - 9 c f o r C, a n d F, c o r e l e v e l s 

a ) R e l a t i v e A r e a R a t i o s 

C l C 2 C 3 Ck C 5 C C H 

1 . 7 5 11 7 - 5 1 .25 1 1 

b ) A b s o l u t e B. E . ' s 

C ' C 2 C 3 Ck C

5

 C C H 

2 9 3 - 7 2 9 1 - 8 2 9 0 . 0 2 8 8 . 6 2 8 7 - 3 2 8 5 - 0 

c ) G r o u p A s s i g n m e n t s ( m o s t p r o b a b l e ) 

C l C 2 C 3 Ck C 5 C GH 

CF - C F 2 - C F H C F 2 - C H 2 CFH-CFH C H 2 - C F H - C H 2 - C H ^ C H ^ 

d ) F j B . E . - 6 9 0 . 7 eV 

F . / C , R e l a t i v e A r e a R a t i o 1 - 5 / 1 
I s >s 

TABLE 9 - 1 

F r o m t h e i n d i v i d u a l c o m p o n e n t p e a k s i n t h e C, c o r e l e v e l s p e c t r u m a 

g o o d e s t i m a t e o f t h e o v e r a l l c o m p u t e d s t o i c h i o m e t r y r e v e a l s t h e g e n ­

e r a l s y s t e m g i v e n b e l o w : 

( C F 3 ) 2 : ( C F 2 - C F H ) n : ( C F ^ C H ^ g : ( C F H - C F H ) , : ( C H ^ C F H - C H ^ , 

A n a n a l y s i s o f t h i s s y s t e m , b a s e d u p o n p r e v i o u s w o r k o n t h e f l u o r i n a -
259— 261 

t i o n d y n a m i c s o f a l i p h a t i c s y s t e m s a n d t h e w o r k o f C l a r k a n d 

c o - w o r k e r s ^ ^ on t h e f l u o r i n a t i o n o f p o l y e t h y l e n e , r e v e a l s t h o s e t o 

be l o g i c a l r a t i o s f o r t h e g r o u p a s s i g n m e n t s . A m i c r o a n a l y s i s o f t h e 

p u r i f i e d P P - 9 c c o n f i r m e d t h e o v e r a l l r a t i o o f F /C o b t a i n e d by ESCA 

( s e e T a b l e 9-0> a n d t h e a p p a r e n t l a c k o f a s h a k e - u p s a t e l l i t e i n 

t h e s p e c t r u m c o n f i r m s t h e e x i s t a n c e o f an a l i p h a t i c s y s t e m . 

The v a l e n c e b a n d s p e c t r u m ( F i g . 9 - 6 b ) i s e n t i r e l y c o n s i s t a n t 

w i t h a s y s t e m c o n t a i n i n g f l u o r i n e a n d c a r b o n a n d a l t h o u g h t h e r e s o l u ­

t i o n i s much p o o r e r i n t h i s r e g i o n t h a n UPS d a t a , we c a n o b s e r v e 
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c o n t r i b u t i o n s f r o m t h e c a r b o n 2s and 2p l e v e l s a t l o w e r b i n d i n g . 

i n c o n c l u s i o n , c o n s i d e r i n g p r i o r t o t h i s w o r k v i r t u a l l y 

n o t h i n g was k n o w n o f t h i s m a t e r i a l due t o i t s i n s o l u b i l i t y i n c o m ­

mon s o l v e n t s u s e d i n t y p i c a l p o l y m e r a n a l y s i s , ESCA has b e e n u s e f u l 

i n d e t e r m i n i n g t h e o v e r a l l e l e m e n t a l r a t i o s p r e s e n t ( e x c l u d i n g h y ­

d r o g e n ) a n d has c o n t r i b u t e d t o a c o n s i d e r a b l e u n d e r s t a n d i n g o f t h e 

s t r u c t u r e a n d b o n d i n g i n t h i s u n i q u e p o l y m e r s y s t e m . 
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