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ATSTRACT 

The c o r e and v a l e n c e l e v e l s o f 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 and p o l y a l k y l , and a r y l m e t h a c r y l a t e s have been s t u d i e d 

by ESCA. From an a n a l y s i s o f t h e i n d i v i d u a l component peaks f o r 

t h e Cj^g and Ô ^ cor e l e v e l s and f r o m a comparison o f t h e r e l a t i v e 

a rea r a t i o s i t i s shown t h c i t ESCA may be a p p l i e d t o t h e s t u d y o f 

t h e immedi£ite s u r f a c e c o m p o s i t i o n s o f t h e s e a c r y l i c systems. The 

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

t h e t e c h n i q u e s t a t i s t i c a l l y samples t h e r e p e a t u n i t s v / i t h no 

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

s u r f a c e . For some systems ESCA p r o v i d e d e v i d e n c e f o r a degree o f 

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

o f t h e a c r y l i c polymers a r e shown t o be c h a r a c t e r i s t i c o f t h e 

p a r t i c u l a r polymer and can be used f o r i d e n t i f i c a t i o n o f t h e i s o m e r i c 

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

The measured 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 t h e 

cor e l e v e l s o f t h e polymer systems have been compared w i t h a s e r i e s 

o f s i m p l e model compounds and d i f f e r e n t c o n f o r m a t i o n a l 

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

a c r y l a t e w i t h i n t h e s e m i - e m p i r i c a l CNDO/2 SCF MO formalism, u s i n g 

t h e charge p o t e n t i a l model. 
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CHAPTER 1 

E l e c t r o n S p e c t roscopy f o r Chemical A p p l i c a t i o n s (ESCA) 



CHAPTER 1 

E l e c t r o n S p e c troscopy f o r Chemica 1 A p p l i c a t i o n s (ESCA)_ 
( i ) G e n e r a l I n t r o d u c t i o n . 

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

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

i n t h e e j e c t i o n o f e l e c t r o n s f r o m t h e m o l e c u l e whereupon t h e 

b i n d i n g e n e r g i e s (B.E.'s) o f t h e e l e c t r o n s a r e d e t e r m i n e d . 

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

used; u.v. l i g h t , e l e c t r o n s and X--rays. There a r e , as i n 

most areas o f s p e c t r o s c o p y , advantages and d i s a d v a n t a g e s t o 

each t e c h n i q u e . 

U.V. e x c i t a t i o n has t h e advantage o v e r t h e o t h e r 

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

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

l e v e l s . T h i s t e c h n i q u e , commonly r e f e r r e d t o as 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) i s u s u a l l y l i m i t e d t o vapour phase 
1 • 2 a n a l y s i s b u t s o l i d s have been i n v e s t i g a t e d . 

E l e c t r o n e x c i t a t i o n has been used t o s t u d y b o t h vapours 
3 

and s o l i d s and i s n o r m a l l y r e f e r r e d t o as Auger s p e c t r o s c o p y , 

and can be viewed as a s t u d y o f 'secondary e l e c t r o n s • . Auger 

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

v a r i a b l e e nergy, i n w h i c h t h e e l e c t r o n beam can be f o c u s s e d 

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

when compared t o t h e o t h e r two t e c h n i q u e s . Recent f i n d i n g s 

have a l s o shown t h e e l e c t r o n beam t o be d e s t r u c t i v e t o t h e 

s u r f a c e s s t u d i e d t h e r e b y g i v i n g r e s u l t s w h i c h a r e n o t 
4 

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



- 2 

X-ray e x c i t a t i o n has t h e advantage t h e i t t h e c o r e and 

v a l e n c e l e v e l s f o r a l l atoms, e x c l u d i n g H and He, where t h e r e 

i s no d i s t i n c t i o n between c o r e and v a l e n c e l e v e l s , can be 

s t u d i e d and furtherm.ore s o l i d s , gases and l i q u i d s can be 

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

t h i s t h e s i s , u s i n g s o f t X-rays (e.g. Mĝ , = 1253.7 eV, 
5 6 ' 

A l = 1486. 6 eV) i s known as ESCA" ' ( E l e c t r o n S p e c t r c s c c p y 
^ " l , 2 

f o r Chemical A p p l i c a t i o n s ) o r XPS (X-ray 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 ) . 

Chapter 1 o f t h i s t h e s i s i s concerned w i t h t h e t h e o r y o f 

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

ESCA e x p e r i m e n t s . 

Chapter 2 i s a reviev/ o f t h e c u r r e n t l i t e r a t u r e on t h e 

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

p r e s e n t s t h e o b j e c t i v e s o f t h e 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 hapters 3 and 4 a r e ESCA s t u d i e s and t h e o r e t i c a l t r e a t m e n t s 

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

( i i ) G eneral I n f o r m a t i o n on E l e c t r o n S p e c t r o s c o p y . 

E l e c t r o n s p e c t r o s c o p y i s t h e s t u d y o f t h e energy o f 

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

mono-energetic beam o f r a d i a t i o n d i r e c t e d on t h e m o l e c u l e . 

There are i n p r a c t i c e t o d a y t h r e e t y p e s o f r a d i a t i o n used t o 

s t u d y t h e e l e c t r o n i c s t r u c t u r e o f m.olecules: (a) u.v. 

r a d i a t i o n , (b) e l e c t r o n beams and (c) X-rays. 

(a) The e x c i t a t i o n o f t h e e l e c t r o n i c s t r u c t u r e w i t h 

u.v. r a d i a t i o n i s commonly r e f e r r e d t o as UPS ( 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 ectroscopy) and makes use g e n e r a l l y o f t h e 



He ( I ) and He ( I I ) resonance l i n e s as l i g h t sources w i t h p hoton 

e n e r g i e s o f 21.2 eV and 40.8 eV r e s p e c t i v e l y , a l t h o u g h 

Kr (10.3 eV) and Hg (4.89 eV) a r e a l s o a v a i l a b l e . T h i s 

t e c h n i q u e was i n t r o d u c e d by D.V7. T u r n e r and M.I. A l - J o b o u r y 

a t I m p e r i a l C o l l e g e , London i n 1961"^and i s used t o s t u d y 

e s s e n t i a l l y t h e v a l e n c e l e v e l s o f a m o l e c u l e , v/here t h e 

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

m ^ — > m"̂  + e ( d i r e c t i o n i z a t i o n ) ... (1.1) 

m ——> m* > m^ + e ( a u t o i o n i z a t i o n ) (1.2) 

Because t h e i n h e r e n t l i n e w i d t h i n UPS i s o f t h e o r d e r 

o f 5 m eV, ( H e l ) , under h i g h r e s o l u t i o n , v i b r a t i o n a l f i n e 

s t r u c t u r e accompanying v a l e n c e l e v e l p h o t o i o n i z a t i o n s o f 

E^r E^O and D2O has been o b s e r v e d by L. A s b r i n k and 
7 8 

J.W. K a b a l a i s ; ' such r e s o l u t i o n i s p r e s e n t l y n o t p o s s i b l e 
by e i t h e r Auger o r ESCA. 

(b) Auger E l e c t r o n S p e c t roscopy (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 h e a n a l y s i s o f t h e energy o f e l e c t r o n s 

t h a t a r e 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. The e l e c t r o n s 

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

processes and t h e e l e c t r o n s possess c h a r a c t e r i s t i c e n e r g i e s 

w h i c h are d i r e c t l y r e l a t e d t o t h e energy l e v e l i n t h e atoms 

f r o m w h i c h t h e y a r e e j e c t e d . T h i s t e c h n i q u e i s 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 h e p e n e t r a t i o n d e p t h f o r 
3 

t h e e x c i t i n g e l e c t r o n s i s o n l y about 5 a t o m i c l a y e r s . Auger 

s p e c t r o s c o p y may be viewed as a tv/o 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 



o r e l e c t r o n . V^hen e l e c t r o n s a r e used as t h e r a d i a t i o n source 

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

e l e c t r o n and vzhen photons cire used as t h e energy source o n l y 

t h e i n n e r s h e l l e l e c t r o n i s e j e c t e d . 

Valence 
Level 

Inner Shsll 

F i g u r e 1.1. I n n e r S h e l l P h o t o i o n i z a t i o n d u r i n g 
Auger Process. 

The second s t e p i n v o l v e s 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 h e i n n e r s h e l l w i t h t h e 

s i m u l t a n e o u s e m i s s i o n o f an X-ray o r a second e l e c t r o n ( t h e 

s t u d y o f e m i t t e d X-rays i s r e f e r r e d t o as X-ray f l u o r e s c e n c e 

s p e c t r o s c o p y a n d - w i l l be d i s c u s s e d l a t e r ) . When t h e e l e c t r o n s 

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

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

Valence 
Level 

Inner Shell 
"Auger" Process 

F i g u r e 1.2. Secondary E l e c t r o n E m i s s i o n d u r i n g 
Auger Process. 



Where t h e e l e c t r o n i c vacancy i n t h e 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 h e 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 t i o n s o f t h i s t y p e a r e v e r y e f f i c i e n t and l e a d 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 . 

Volerice 
Level 

Inner f" 
Shell . I. 

F i g u r e 1.3. I n n e r S h e l l E m i s s i o n d u r i n g Auger Process. 

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 : 

^ ( Z ) = - - + - *A ••• (1-3) 

where: Z i s t h e 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 charge f r o m t h e 

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

(|)^ i s t h e work f u n c t i o n o f t h e a n a l y z e r 

i s t h e energy f r o m a K l e v e l t r a n s i t i o n 

E^ i s t h e energy f r o m a L l e v e l t r a n s i t i o n 

i s t h e energy f r o m a M l e v e l t r a n s i t i o n . 

T h i s e q u a t i o n (1.3) can, however, l e a d 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 h e d o u b l y 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 

t h e e n e r g i e s i n v o l v e d i n t h e t r a n s i t i o n s i n t h e Auger p r o c e s s 

a r e governed by t h e c o u p l i n g scheme amongst e l e c t r o n i c wave-

f u n c t i o n s i n t h e 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 ^ j 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 

dominates f o r l i g h t elements and j j c o u p l i n g f o r heeivy elements. 

The r a t e o f e m i s s i o n o f Auger e l e c t r o n s i s d e t e r m i n e d , 

e s s e n t i a l l y , by t h e K s h e l l i o n i z a t i o n r a t e . The o t h e r mode 

o f d e - e x c i t a t i o n , X-ray e m i s s i o n , i s e s s e n t i a l l y v e r y i n -
9 

e f f i c i e n t f o r t h e l i g h t e r elements and i s n e g l i g i b l e f o r 

e n e r g i e s l e s s t h a n 500 eV, w h i l e Auger e f f i c i e n c y i s a p p r o x i m a t e l y 

comparable t o X-ray e m i s s i o n cit about 2000 eV. The r e l a t i v e 

e f f i c i e n c i e s between X-ray f l u o r e s c e n c e and Auger c u r r e n t 

decrease f o r t h e lov/ a t o m i c number elements and Auger c u r r e n t 

i s r e l a t i v e l y c o n s t a n t v / i t h Z when l o w e r energy t r a n s i t i o n s 

a r e i n v o l v e d f o r t h e heavy elements. 

The decrease i n X-ray f l u o r e s c e n c e v j i t h d e c r e a s i n g energy 

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

e l e c t r o s t a t i c f o r c e s accompanied by a vacancy i n t h e i n n e r 

s h e l l . 

E s s e n t i a l l y t h e r e a r e t h r e e t y p e s 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 i n 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 t h e 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 m.eans 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 energy l e v e l s a r e i n v o l v e d . The f i r s t i s t h e 

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

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

The second t y p e o f i n f o r m a t i o n p e r t a i n s t o t h e 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 bond s p e c t r a a r e u s u a l l y q u i t e 

pronounced due t o t h e 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 nev; 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 y p e 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 energy 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 o l v e d v / i t h p a r t o f t h e v a l e n c e l e v e l s . I f t h e 

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

v a l e n c e energy 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 h e l i m J . 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 cannot be 

a s s i g n e d t o s p e c i f i c energy l e v e l s t h e 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 group 

symjiietry o f an atom i n a c r y s t a l t o l o c a t e i t w i t h i n a u n i t 

cell.^° 

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 
6 3 

have been d e t e c t e d , down t o t h e range o f 10 atoms/cm. 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 h e 

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 r e a l t e r e d due t o r a d i a t i o n 
4 

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

r e l a t i v e l y new ( J u l y 1975), w i l l n o t be e l a b o r a t e d on a t t h i s 

t i m e . 

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

X-ray 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 ) . C o n c e n t r a t i o n s 

down t o 0.1% f o r most elements and 0.01% f o r elements around 

Fe, Co, N i have been d e t e c t e d . X-ray 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 element 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 , and t h e n 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 i n t h e spectrum once i t s presence i s known. 

F i g u r e 1.4 i s a p l o t o f t h e X-ray 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 i n t h e K s h e l l as a f u n c t i o n o f atomic 

number (Z) f o r t h e l i g h t elements i n t h e p e r i o d i c t a b l e . 

> .7 c 
2.6 
£i .5 
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Auger Elc^ctron Yield 

X-Roy Yield 
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F i g u r e 1.4. X-ray 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 i n t h e K - s h e l l as a 
F u n c t i o n o f Atomic Number. 

(c) The t h i r d source o f r a d i a t i o n used t o e x c i t e t h e 

e l e c t r o n i c s t r u c t u r e i s X-ray r a d i a t i o n and i t i s t h e 

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

T h i s t e c h n i q u e was o r i g i n a l l y d e v e l o p e d i n t h e e a r l y 1950's by 

Siegbahn and co-workers a t t h e I n s t i t u t e o f P h y s i c s , Uppsala 

U n i v e r s i t y , Sweden, and i n 19 70 t h e f i r s t c ommercial i n s t r u m e n t 

was made a v a i l a b l e . The t e c h n i q u e was w e l l documented i n 

t h e f i r s t ESCA book^ and t h e name ESCA was c o i n e d by Siegbahn 

f o r ' E l e c t r o n S p e c t r o s c o p y f o r Chemical A p p l i c a t i o n s ' . The 

ESCA t e c h n i q u e i s a l s o known by o t h e r names, g i v e n below: 

(1) X-ray 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 (XPS). 

(2) High Energy 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 (HEPS). 



(3) Induced E l e c t r o n E m i s s i o n Spectroscopy (lEES). 

(4) P h o t o e l e c t r o n S p e c t roscopy o f t h e I n n e r S h e l l (PESIS). 

S e v e r a l o f t h e more i m p o r t a n t f e a t u r e s o f ESCA a r e g i v e n 

belov/ f o l l o w e d by d e t a i l e d d i s c u s s i o n s on s p e c i f i c t o p i c s o f 

ESCA: 

(1) The sample may be s o l i d , l i q u i d o r gas and sample 

s i z e s a r e s m a l l b e i n g 1 mg. s o l i d , 0,1 l i q u i d 

and 0.5 cc. (STP) o f a gas. 

(2) The 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 purposes non

d e s t r u c t i v e i n t h a t t h e X-ray f l u x i s q u i t e s m a l l 
12 

(" 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 

advantageous o v e r Auger s p e c t r o s c o p y where t h e e l e c t r o n 

beam produces many s u r f a c e changes, p a r t i c u l a r l y i n 

p o l y m e r i c systems where c r o s s - l i n k i n g and 

d e g r a d a t i o n can o c c u r . 

(3) The t e c h n i q u e i s indep 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 and can be used t o s t u d y any elemtcnt 

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 and He 

where t h e r e i s no d i s t i n c t i o n between t h e c o r e and 

v a l e n c e l e v e l s . 

(4) The t e c h n i q u e has a comparable s e n s i t i v i t y t o most 

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 as i l l u s t r a t e d i n 

Ta b l e 1.1. 

(5) The i n f o r m a t i o n o b t a i n e d f r o m t h e spectrum 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 and t h e 

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 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 . I n f o r m a t i o n i s o b t a i n e d on b o t h t h e i n n e r 

s h e l l and t h e 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 reasonably thorough a n a l y s i s of the e l e c t r o n i c 
s t r u c t u r e of the molecule. 

Taole 1.1. 
S e n s i t i v i t i e s of Various A n a l y t i c a l Techniques 

Technique Surface Bulk Minimum 
Quantity 

1 1 
Detectable | 

(g.) 

(a) I n f r a r e d / 10-' 

(b) Atomic absorption / 10-12 

(c) Vapour phase 
chromatography 

/ 10-3 ^ 10-' 

(d) High pressure l i q u i d 
•chromatography 

/ 10-^ -y 10-3 

(e) E l e c t r o n spectroscopy 
f o r chemical appl. / 10-1° 

( f ) Mass spectroscopy / 10-1° ^ 1 0 - " 

(g) Neutron a c t i v a t i o n / 10-12 

(h) I o n - s c a t t e r i n g 
spectrometry 

/ 10-15 i 
i 

( i ) 

( j ) 

X-ray fluorescence 
Auger spectroscopy 

/ 

/ 

10-' 
10-1* 

(k) Secondary i o n 
s c a t t e r i n g 
spectrometry 

1 
1- • / 
1 
i _. .. 

10-13 

( i i i ) Fundamental E l e c t r o n i c Processes Invol v e d i n ESCA. 
I n ESCA the samples being s t u d i e d are i r r a d i a t e d 

w i t h a monoenergetic beam o f s o f t X-rays w i t h photon energies 
t y p i c a l l y being u t i l i z e d : Mg.. (1253.7 eV) , A1-, (1486.6 
eV), Cu^ (8078 eV) and Cr^ (5415 eV). 
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Electrons i n the rnolecule having b i n d i n g energies less 
than the photon energy may be photoG'mitted, which allov;s f o r 
the study of both inner s h e l l and valence energy l e v e l s . There 
are also e l e c t r o n i c r e l a x a t i o n processes accompanying the loss 
of an e l e c t r o n ( p h o t o i o n i z a t i o n ) which w i l l be discussed l a t e r . 

The t o t a l k i n e t i c energy of an em i t t e d p h o t o e l e c t r o n 
.(KE, which may i n c l u d e the c o n t r i b u t i o n s from 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 motions, as w e l l as e l e c t r o n i c ) 
i s given by the equation: 

K.E. = hu B.E. - E^ ... (1.4) 
where hu i s the energy o f the i n c i d e n t photon (where h i s 
Planck's constant and u i s the frequency o f the X-ray 
r a d i a t i o n ) , B.E. i s the b i n d i n g energy o f the em i t t e d e l e c t r o n 
which i s de f i n e d as the p o s i t i v e energy r e q u i r e d t o remove 
an e l e c t r o n t o i n f i n i t y w i t h zero k i n e t i c energy, and E^ the 
r e c o i l energy of the atom. Siegbahn, e t a l . ^ have c a l c u l a t e d 
t h a t the r e c o i l energy of atoms decreases w i t h i n c r e a s i n g 
atomic number, e.g. H = 0.9 eV, L i = 0.1 eV, Na = 0.04 eV, 
K = 0.02 eV and Rb ~ 0.01 eV. Therefore i t i s evi d e n t t h a t 
the E^ term on 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 elements, 
when compared w i t h the i n s t r u m e n t a l l i n e w i d t h s obtained w i t h 
the present study of elements from carbon upwards i n the 
p e r i o d i c t a b l e . With the present r e s o l u t i o n o f t y p i c a l ESCA 
spectra the e x c i t a t i o n s from the t r a n s l a t i o n a l , v i b r a t i o n a l 
and r o t a t i o n a l motions are seldom observed, t h e r e f o r e o n l y 
v a r i o u s e l e c t r o n i c energy s t a t e s are s t u d i e d . 

Therefore, the equation f o r a f r e e molecule reduces t o 
equation (1.5) below: 
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K.E. - hu - B.E. ... (1.5) 
For samples stud i e d i n the gas phase a convenient energy 

reference i s the vacuura l e v e l which corresponds t o the r e l e v a n t 
i o n and e l e c t r o n being a t i n f i n i t e s e p a ration. I n a s o l i d 
sample the 'given' e l e c t r o n i c l e v e l s are broadened i n t o bands 
and a p o t e n t i a l b a r r i e r e x i s t s a t the surface. I t i s important 
t o understand the r e l a t i o n s h i p t h a t e x i s t s betv^een the B.E.'s 
observed e x p e r i m e n t a l l y by ESCA on s o l i d s vs. f r e e molecules 
when compared V7ith values 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 semi-empirical LCAO-MO-SCF treatments. S o l i d samples f a l l 
i n t o e s s e n t i a l l y two classes: (1) conducting samples, such as 
metals, i n e l e c t r i c a l contact w i t h the spectrometer and (2) 
i n s u l a t i n g samples, such as polymers, which may not be i n 
e l e c t r i c a l contact. 

The most convenient reference l e v e l f o r conducting samples 
i s the Fermi l e v e l . ^ I n a metal t h i s l e v e l , sometimes r e f e r r e d 
t o as the ' e l e c t r o n chemical p o t e n t i a l ' i s d e f i n e d as the 
highest occupied l e v e l . 

The work f u n c t i o n , ^ , f o r a s o l i d i s d e f i n e d as the 
energy gap betw^een 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 the s o l i d . The vacuum l e v e l s f o r the s o l i d sam.ple and the 
spectrometer may however be d i f f e r e n t and the e l e c t r o n w i l l 
experience e i t h e r a r e t a r d i n g or a c c e l e r a t i n g p o t e n t i a l equal 
t o d) - d) where 6 i s the work f u n c t i o n of the ^s ^spec ^spec 
spectrometer. I n ESCA i t i s the K.E. o f the e l e c t r o n V7hen i t 
enters the analyzer t h a t i s measured and t a k i n g zero b i n d i n g 
energy t o be the Fermi l e v e l o f the sample the f o l l o w i n g 
equation r e s u l t s . 
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B.E. - hu - K.E. - <j>̂ „̂ ^ ... (1.6) 
Therefore the b i n d i n g energy when referred t o the Fermi l e v e l 
does not vary f o r samples but only depends upon the ^l^gp^^^ and 
remains a constant f o r a l l l e v e l s . 

I t i s evident t h a t f o r conducting samples i n e l e c t r i c a l 
c ontact w i t h the spectrometer the Fermi l e v e l serves as a 
convenient reference l e v e l . For i n s u l a t i n g samples, such as 
polymers, the Fermi l e v e l i s not so w e l l d e f i n e d and u s u a l l y 
l i e s somewhere betv/een the f i l l e d valence l e v e l s and the 
empty conduction band.^ 

Equation (1.6) 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 of an e l e c t r o n , which may or may not occur when the 
r e s i s t a n c e of the sample i s hig 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 replace the e l e c t r o n vacancies due t o photo-
emission. 

Several i n v e s t i g a t i o n s have shown t h a t the primary photo-
e l e c t r o n s are r a p i d l y slowed down by the i n t e r a c t i o n w i t h m.atter 
and can generate intense c u r r e n t s o f slow 'secondary* e l e c t r o n 

13-15 
clouds a t the surface of the sample. These secondaries 
play an important r o l e i n e s t a b l i s h i n g 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 surface of the sample and have been found 
t o be approximately 20% of the p h o t o e l e c t r o n f l u x i n a 
conducting sample and 99% o f the f l u x i n an i n s u l a t i n g sample. 

A phenomenon r e l a t e d t o the reference l e v e l of an 
i n s u l a t i n g sample i s the p o s i t i v e charging o f the.surface o f 
a ScUTiple as a consequence o f photoem.ission. This 'sample 
charging' i s due t o the i n a b i l i t y o f the sample t o replace 
e l e c t r o n s a t the surface from the surroundings i n contact w i t h 
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the sample, e i t h e r through the bulk or across the surface. 
This Scimple charging r e s u l t s i n a net r e t a r d a t i o n o f photo-
em i t t e d e l e c t r o n s from the surface and t h e r e f o r e l a r g e r b i n d i n g 
energies are measured. This Scimple charging e f f e c t s a l l 
photoemitted e l e c t r o n s by the same r e t a r d a t i o n v o l t a g e t h e r e f o r e 
s h i f t i n g a l l the energies by an equal amount. "̂ ^ The exte n t of 
charging depends on a number of f a c t o r s , such as temperature, 
surface and bulk c o n d u c t i v i t i e s of the sample, and e l e c t r o n and 
photon f l u x e s . T y p i c a l s h i f t s f o r systems s t u d i e d i n t h i s work 
were of the order of one t o f o u r eV. 

I f the sample has a u n i f o r m l y d i s t r i b u t e d p o s i t i v e 
p o t e n t i a l a t the surface, then the energy equation f o r a s o l i d 
becomes, 

K.E. = hu - B.E. - <J) - A ... (1.7) 
I S ; s 

where A i s the energy s h i f t due t o the p o s i t i v e sample 
charge. 

I f e i t h e r a non-uniform d i s t r i b u t i o n or non-equivalent 
p o s i t i v e p o t e n t i a l ( o f t e n r e f e r r e d t o as ' d i f f e r e n t i a l sample 
charging') occurs across the surface o f the sample, one can see 
from equation (1.7) t h a t f o r core l e v e l s o f atoms of d i f f e r e n t 
charge t h a t the e l e c t r o n s w i l l encounter d i f f e r e n t r e t a r d a t i o n 
p o t e n t i a l s a t the surface and a broadening of the primary 
p h o t o e l e c t r o n peak w i l l r e s u l t . A more d e t a i l e d c o n s i d e r a t i o n 
of t h i s charging e f f e c t w i l l be discussed i n the second chapter 
on the a p p l i c a t i o n s o f ESCA t o polymers. 

An e f f e c t observed on the primary p h o t o e l e c t r o n pe^k i n 
the ESCA spectrum i s a t a i l i n g t o the higher B.E. (lower K.E.) 
of the peak. This e f f e c t i s due t o the i n e l a s t i c a l l y s c a t t e r e d 
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e l e c t r o n s i n which very small losses have occurred i n photo-
emission from the bulk o f the sample. The depth f o r which 
e l a s t i c photoemission occurs i n s o l i d s has been estimated t o be 
between 5o8 and 100A by d e p o s i t i n g successive monolayers o f an 
organic m a t e r i a l on a m.etallic s u b s t r a t e and m o n i t o r i n g the 
disappearance of the primary p h o t o e l e c t r o n peaks o f the 
s u b s t r a t e . ^ This phenomenon has been c l e v e r l y e x p l o i t e d i n the 
'depth p r o f i l i n g ' o f f l u o r i n a t e d p o l y e t h y l e n e samples by 
m o n i t o r i n g the apparent 'escape depth' ( e l a s t i c photoemission 
peaks) of d i f f e r e n t energy l e v e l s o f atoms and c o r r e l a t i n g i t 

17 
t o the depth of f l u o r i n a t i o n of the polymeric surface. 

This technique w i l l be discussed i n d e t a i l i n the second 

chapter on polymers. 
( i v ) Basic Features o f ESCA. 

(a) Core E l e c t r o n Binding Energies. 
The b i n d i n g energy of a core l e v e l e l e c t r o n , i n t h e o r y , 

i s the d i f f e r e n c e i n energy between the ground s t a t e molecule 

and the hole s t a t e . This energy d i f f e r e n c e v a r i e s f o r each 

atom and i s c h a r a c t e r i s t i c f o r the p a r t i c u l a r element, thereby 

a f f o r d i n g a technique t o study a l l the elements (except f o r 

H and He) o f the p e r i o d i c t a b l e . ^ L i s t e d below i n Table 1.2. 

are the approximate core e l e c t r o n b i n d i n g energies o f the 

f i r s t row elements. 
Table 1.2. 

F i r s t Row Element Core E l e c t r o n Binding Energies 

L i Be B C N O F Ne 
I s l e v e l 55 111 188 284 399 532 686 867 
i n eV 
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The X-ray e x c i t a t i o n o f these core l e v e l e l e c t r o n s i s 
amply done i n ESCA since the t y p i c a l K^ r a d i a t i o n can penetrate 
w e l l b e l o v 7 the vacuum l e v e l . For core l e v e l e l e c t r o n s v/hich 
are more t i g h t l y bound than can be s t u d i e d by the K^ X--ray 
t y p i c a l l y used, there are core l e v e l s less bound t h a t can be 
stu d i e d and the second- rov/ elements are shown i n Table 1.3. 
v j i t h the t y p i c a l core l e v e l b i n d i n g energies. 

Table 1.3. 
Second Rov; Element Core Type E l e c t r o n Binding Energies 

eV Na Mg A l S i P S CI A 

I s 1072 1305 1560 1839 2149 2472 2823 3203 

2s 63 89 118 149 189 229 270 320 

31 52 74 100 136 165 202 247 

31 52 73 99 135 164 200 245 

••— — — — ' 

I t i s r e a d i l y seen t h a t when using e i t h e r Mg K, (1253.7 eV) 
1,2 

or Al,^ (1486.6 eV) t h a t even i n the second row elements, 
°̂̂ 1,2 

from aluminium on, the I s l e v e l s are too t i g h t l y bound and 
higher l e v e l s must be chosen f o r study. When a choice o f 
l e v e l s t o be s t u d i e d i s made t h e r e are c e r t a i n c o n s i d e r a t i o n s 
which should be taken i n t o account: 

(1) The core l e v e l should have a h i g h cross 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 , which r e s u l t s i n a high i n t e n s i t y 
spectrum. 

(2) The escape depth of the photoemitted e l e c t r o n must 

be s u f f i c i e n t t o a l l o w reasonable depth study on the 

sample. 
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(3) Levels should not be chosen v;here the b i n d i n g 
energies o f e l e c t r o n s from o t h e r elements a t diffe?rent 
l e v e l s w i l l i n t e r f e r e w i t h the one being s t u d i e d 
e.g. the I s l e v e l o f B a t 188 eV and the 2s l e v e l 
o f P a t 189 eV. 

(4) The linev7idths should be s u f f i c i e n t l y narrow so as 
not t o obscure s u b t l e chemical s h i f t s such as the 
case where cross sections are s i m i l a r f o r i d e n t i c a l 
l e v e l s o f d i f f e r e n t elements but li n e v / i d t h s are n o t , 
due t o hole s t a t e l i f e t i m e s . 

(5) The peak should be w e l l removed from h i g h background 
s i g n a l s , such as t a i l s caused by i n e l a s t i c a l l y 
s c a t t e r e d e l e c t r o n s , so t h a t the s i g n a l t o noise 
r a t i o i s s u f f i c i e n t l y h i g h . A t y p i c a l w e l l r e s o l v e d 
spectrum i s shov/n i n Figure 1.5a. where the c o n d i t i o n s 
above are s a t i s f i e d , and one where they are n o t . 
Figure 1.5b. 

polyethylene 
Tcrcphthalote/ \ 

I • I I I I I i I 

(0) 

I T 

O(CF^C0CH COCF^)^ 

Cc, Level 

(b) 

Figure 1.5. T y p i c a l Well-resolved (a) and Un-reso1ved 
(b) ESCA Spectra. 
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As Ccin be seen f r o m Figure 1.5a. f o r a given cere 
l e v e l the pealc i n t e n s i t i e s are p r o p o r t i o n a l t o the r e l a t i v e 
number of atoms i n t h e i r p a r t i c u l a r environments. I n some 
cases allov/ance must be made f o r r e d u c t i o n of the peak 
i n t e n s i t y due t o shake-up and shake-off but t h i s w i l l be 
discussed l a t e r . 

One of the most important measurements made i n ESCA i s the 
s h i f t i n core l e v e l s on atom.s i n d i f f e r e n t chem.ical environments 
and these r e l a t i v e s h i f t s r a t h e r than the absolute b i n d i n g 
energies are v;hat t h e o r e t i c i a n s attempt t o i n t e r p r e t a t e . 

The t h e o r e t i c a l treatment o f absolute and r e l a t i v e 
b i n d i n g energies i n v o l v e s computation o f energy d i f f e r e n c e s 
between the n e u t r a l molecule and r e l e v a n t core i o n i z e d species. 
Such c a l c u l a t i o n s have predominantly been w i t h i n the Hartree-
Fock formalism and t h e r e f o r e n e g l e c t c o r r e l a t i o n energy and 
r e l a t i v i s t i c e f f e c t s . F o r t u n a t e l y i n the p a r t i c u l a r case o f 
l e v e l s which are l o c a l i z e d , r e l c i t i v i s t i c and c o r r e l a t i o n energy 
c o r r e c t i o n : are atomic i n nature and t h e r e f o r e c o n t r i b u t e very 
l i t t l e t o d i f f e r e n c e s i n b i n d i n g energy f o r a given core l e v e l . 
C a l c u l a t i o n s v / i t h i n the Hartree Fock formalism can account 
q u a n t i t a t i v e l y f o r the 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 
accompanying core i o n i z a t i o n s . 

18 
Koopmans' theorem" ignores the f a c t t h a t the e l e c t r o n s 

remaining i n atomic s h e l l s a f t e r p h o t o i o n i z a t i o n r e l a x as the 
phot o e l e c t r o n i s e m i t t e d , p r o v i d i n g s t a b i l i z a t i o n energy f o r 
the i o n . 

Approximate r e l a x a t i o n energies have been c a l c u l a t e d by 
19 

Gelius f o r many atoms i n the e a r l y p a r t o f the p e r i o d i c t a b l e 
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and i t has been shown t h a t t h e i r magnitude i s approximately 
75 - 85% of the square r o o t of the f i n a l energy of the ions. 

Therefore i n p r a c t i c e these types of c a l c u l a t i o n s are 
c a r r i e d out w i t h i n the Hartree-Fock model which neglects both 
r e l a t i v i s t i c and e l e c t r o n c o r r e l a t i o n e f f e c t s . Figure 1.6. 
demonstrates the r e l a t i o n s h i p between the experimental, 
Koopmans' theorem (v7here the assumption t h a t the i n i t i a l one-
e l e c t r o n o r b i t a l s , making up the e l e c t r o n vjave f u n c t i o n 
ifj are i d e n t i c a l t o the f i n a l o r b i t a l s <̂'̂  making up the n-1 
e l e c t r o n wavefunction ^•^j^_2^)) and b i n d i n g energies c a l c u l a t e d 
as energy d i f f e r e n c e s ) . 

ERCP-^^ 1 

E C o r r ^ H -^A^"*" 

ERCI 

ECorr** 

FT 
Relax 

t 
£ 

E R e l ^ 

^ t 

A E 

rr 
ECorr 

Figure 1.6 Energy R e l a t i o n s h i p Betv/een Calculated 
and Experj.mental Binding Energies and 
Koopman &"' Theorem. 
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The a p p l i c a t i o n s of molecular o r b i t a l c a l c u l a t i o n s w i t h 
Koopmans' theorem upon the i n t e r p r e t a t i o n of ESCA spectrum 

20 
was examined by Clark and the f o l l o w i n g was shown. 

The s h i f t i n core e l e c t r o n b i n d i n g energy from Figure 1.6. 

i s : 
AB.E. = AÊ '̂'*' - AE^ ... (1.8) 

where: 

AE_,„^7.^ = energy associated w i t h the r e l a x a t i o n o f an 
K i l l JL A X 

i o n i z e d atom due t o e l e c t r o n i c r e o r g a n i z a t i o n accompanying 

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

ĈORR ~ ̂ ^̂ "̂̂ '̂̂ ^ c o r r e l a t i o n energy e f f e c t 

E_„^ = r e l a t i v i s t i c energy e f f e c t 

t h e r e f o r e 
AB.E. = A(AE^f - AE^p A (AE^^^^ - AE^^^^) 

= A(e^^-^ - e ^ , , .A(AE^^^-.AE^,,,, 

+ A(AE^^"^ - AE^)j^g^^^ + A(AE^^'^ - AE^) ^̂ ^̂  ... (I.I O ) 

As p r e v i o u s l y discussed since the molecular o r b i t a l 
c a l c u l a t i o n s ignore the r e l a t i v i s t i c and e l e c t r o n c o r r e l a t i o n 
e f f e c t s i f we assume t h a t , (1) the molecules have s i m i l a r 
valence e l e c t r o n d i s t r i b u t i o n s and (2) the r e l a x a t i o n energies. 
(E„„T^^) are 'nearly'* the same, we can set these terms t o zero. 

KJciLiAA 

* I t has been shown t h a t t h i s approximation i s not e n t i r e l y 
accurate i n t h a t i n an extensive s e r i e s o f compounds s t u d i e d 
by C lark, e t al.,21-22 covering a number of core l e v e l s and a 
v a r i e t y of bonding s i t u a t i o n s d i f f e r e n c e s i n the r e l a x a t i o n 
energies f o r carbon I s l e v e l s i n both s a t u r a t e d and un
satur a t e d systems covered a range o f '\̂ 1.5 eV. I t was found 
t h a t i n the s e r i e s s t u d i e d r e l a x a t i o n energies v/ere lowest 
f o r the core l e v e l s corresponding t o the hig h e s t b i n d i n g 
energy. 
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(̂'̂ '̂CORR " ° 

f^'^) RELAX " 0 

and we have the s h i f t i n b i n d i n g energy a t the Hartree-Fock 
l i m i t : 

AB.E. = A(ê '̂ '*" - e^-)j^p ... (1.11) 
t h e r e f o r e , f o r a s e r i e s of c l o s e l y r e l a t e d molecules, 
Koopmans' theorem describes adequately the s h i f t i n b i n d i n g 
energies f o r core l e v e l s but does not hold v/hen valence l e v e l 
r e l a x a t i o n energies do not remain constant i n the s e r i e s . 

Chemical s h i f t s i n ESCA were f i r s t i n t e r p r e t e d i n terms 
of an i o n i c model by Siegbahn and co-workers.^ I f a charge 
i s removed from, or added t o the valence l e v e l o f a molecule, 
as i n the for m a t i o n of a covalent bond or i o n , the e l e c t r o 
s t a t i c p o t e n t i a l w i t h i n the valence s h e l l i s changed. I f an 

9 
amount of charge i s removed from the valence e l e c t r o n 
d i s t r i b u t i o n of an atom t o i n f i n i t y , the p o t e n t i a l energy 
i s lower by the cunount: 

AE = ^ ... (1.12) 
where r i s the r a d i u s o f the valence s h e l l . When the e l e c t r o n 
i s n o t removed t o i n f i n i t y but t o a f i n i t e d i s t a n c e , R,from 
the molecule^ the lowe r i n g o f the p o t e n t i a l energy ( s h i f t ) i s 
given by 

AE = (̂  - i ) g ... (1.13) 
although i n the i o n i c c r y s t a l model the l a t t i c e e f f e c t s have t o 
be c a l c u l a t e d . As f a r as core l e v e l e l e c t r o n s are concerned, 
neighbouring ions can, t o a f i r s t approximation, be regarded as 



p o i n t charges since the o r b i t c i l o v erlap i s n e g l i g i b l y s m a l l . 
Therefore, f o r the c r y s t a l model, a summation o f the p o t e n t i a l s 
from the p o i n t charges i n the c r y s t a l w i l l determine the 
b i n d i n g energy of the core e l e c t r o n . I n t h i s model, the c r y s t a l 
p o t e n t i a l V i a t the centre o f atom i i s : 

V. = Z 5i„ ... (1.14) 

where r . . are the c e n t r e - t o - c e n t r e i n t e r - i o n i c distances and 

q^ i s the charge anion j . 
5 

This model was extended t o covalent compounds and the 
change i n p o t e n t i a l as a consequence of the r e d i s t r i b u t i o n of 
the valence e l e c t r o n s on the f o r m a t i o n of a bond can be 
d i v i d e d i n t o two components: (a) the component associated w i t h 
the change of the valence e l e c t r o n p o p u l a t i o n on the atom 
and (b) the component associated w i t h a two centre i n t e r a c t i o n , 
o r i g i n a t i n g from the e l e c t r o n d i s t r i b u t i o n i n the remainder o f 
the molecule, which i s considered as p o i n t charges d i s t r i b u t e d 
throughout the molecule. Therefore the b i n d i n g energies, E^, 
are:. 

E, = E° + kq. + z: -Si ... (1.15) 
^ ^ 3^± ^ i j 

where q̂^̂  i s the charge on atom i ' • 
k i s the average i n t e r a c t i o n between a core and valence 

e l e c t r o n on the atom 
are the i n t e r a t o m i c distances 

E*^ i s a reference l e v e l b i n d i n g energy 
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The assumption of a p o i n t charge model i s e q u i v a l e n t t o 
assum.ing t h a t t h ere i s no overlap between the core e l e c t r o n 
d e n s i t y on atom i and the valence e l e c t r o n d e n s i t i e s on the 
other atoms i n the molecule. This assumption i s the basis 
f o r the u t i l i z a t i o n of the CNDO/2 molecular o r b i t a l c a l c u l a t i o n s 
i n r e l a t i n g ESCA chemical s h i f t s . I n f a c t the r e l a t i o n s h i p 
1.15 may be derived t h e o r e t i c a l l y from an expansion of 
Koopmans' theoremi i n the zero d i f f e r e n t i a l o v erlap approximation. 
Such an a n a l y s i s shov7S t h a t the one ce n t r e parameter k i s 
approximately equal t o the coulomb r e p u l s i o n between a core and 
valence e l e c t r o n on atom i . 

(b) Valence E l e c t r o n Binding Energies. 
The use o f a hi g h energy photon source enables a study 

of not only the core l e v e l s but also the v7hole o f the valence 
energy l e v e l r e g i o n and t h i s d i s t i n g u i s h e s ESCA from UPS i n 
t h a t f o r the l a t t e r t h e photon sources V7hich are most commonly 
employed ( v i z , He(I) and H e ( I I ) ) o n l y a l l o w the study o f the 
higher occupied o r b i t a l s . I n studying metals the use o f a 
high-energy photon source a l s o minimizes the modulation a r i s i n g 
from f i n a l s t a t e e f f e c t s and hence gives a close experimental 
measure of the d e n s i t y of s t a t e s . 

I t has r e c e n t l y been shown t h a t the r e l a t i v e i n t e n s i t i e s 
of v arious peaks i n the valence e l e c t r o n spectrum vary w i t h 
d i f f e r e n c e s i n the i n c i d e n t e x c i t a t i o n energy, not only between 

23 
X-ray and U.V. but between va r i o u s X-ray energies. These 
e f f e c t s are a t t r i b u t e d t o the c r o s s - s e c t i o n d i f f e r e n c e s i n v o l v e d 
i n the various e l e c t r o n i c s t a t e s i n the valence band r e g i o n . 
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Figure 1.7. detnonstrates the s t r i k i n g d i f f e r e n c e between 
X-ray cind U.V. valence band stud i e s on carbon monoxide. 
Figure 1.7a. i s the valence band using Mg„ (1253.7 eV) 
e x c i t a t i o n and 1.7b. i s the valence band using He ( I I ) (40.8 eV) 
e x c i t a t i o n ( c o r r e c t i o n s f o r energy reference l e v e l s have been 
made, note t h a t the d i r e c t i o n of i n c r e a s i n g energy i s opposite 
i n the two s p e c t r a ) . 

hv=2l2eV 

i • 
mi A 

20 eV 15 
(b) 

Carbon 
Monoxide 

hv = l486.6eV 

(a) 

Figure 1.7. Va1ence Energy Levels from Carbon Monoxide 
U i i n g Mg,, (1253.7 eV) and H e ( I I ) 40.8 eV 

^"^1,2 
Radiation Sources. 
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I n many cases i n v o l v i n g i s o m e r i c systems where the core l e v e l 

s p e c t r a are e s s e n t i a l l y the same, the ' f i n g e r p r i n t ' nature of 

the valence energy l e v e l s can be extremely u s e f u l f o r s t r u c t u r a l 

assignment. T h i s aspect of v a l e n c e band s t u d i e s V7ill be 

d i s c u s s e d l a t e r i n Chapter 2 on polymers. 

(c) M u l t i p l e t S p l i t t i n g s . 

The chemical s h i f t s i n binding e n e r g i e s d i s c u s s e d i n 

previous s e c t i o n s can be a t t r i b u t e d to d i f f e r e n c e s i n the 

e l e c t r o n i c environments of the r e l e v a n t atoms. M u l t i p l e t 

s p l i t t i n g s on the other hand a r i s e s f o r paramagnetic systems 

and indeed the phenomenon of m u l t i p l e t s p l i t t i n g s accompanying 
24 

core 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 metal i o n s 
25 

i n advance of the experimental o b s e r v a t i o n s by Fadley, e t a l . 

A simpler example i s provided by Siegbahn^ on NO and Ô . 

I n t h e i r study on N 2 , NO and O 2 molecules they found t h a t the 

N^ molecule d i d not possess core l e v e l s p l i t t i n g s i n c e the 

core l e v e l ( I s ) a f t e r photoemission was degenerate V7ith r e s p e c t 

to s p i n . Whereby NO and O 2 core l e v e l s were s p l i t , e.g. upon 

photoemission from a core l e v e l i n oxygen or n i t r o g e n i n NO 

the molecular ion NO"̂  was l e f t i n e i t h e r a t r i p l e t or s i n g l e t 

s t a t e r e s p e c t i v e l y . The s p l i t t i n g observed i n the I s spectrum 

can be a t t r i b u t e d to the exchange i n t e r a c t i o n between the core 

e l e c t r o n s and the two unpaired 2IT e l e c t r o n s having d i f f e r e n t 

e n e r g i e s . The O 2 molecule has a s i m i l a r molecular o r b i t a l 

s t r u c t u r e but has tv70 unpaired e l e c t r o n s i n i t s outer Tf-type 

o r b i t a l . F i g u r e 1.8. d e s c r i b e s the o r b i t a l l e v e l s i n N 2 / NO and 

© 2 and F i g u r e 1.9. the ESCA I s l e v e l s of the molecules. 
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Figure 1.8. Level Diagrams of NO and 

(d) Spin-Orbit S p l i t t i n g and E l e c t r o s t a t i c S p l i t t i n g . 
Another s p l i t t i n g phenomenon observed i s t h a t a r i s i n g 

from c o u p l i n g between the spin and the angular momenta, which 
r e s u l t i n two f i n a l s t a t e s . When p h o t o i o n i z a t i o n occurs from 
other than an s type o r b i t a l a doublet s t r u c t u r e i s observed 
i n the ESCA spectrum.^ This doublet a r i s e s from c o u p l i n g 
between the sp i n and o r b i t a l angular momenta which gives r i s e 
t o the p o s s i b i l i t y o f two values of the t o t a l quantum number (J) 
f o r the hole s t a t e formed. The i n t e n s i t i e s o f the peaks i n 
the doublet are p r o p o r t i o n a l t o the r a t i o o f the degeneracies 
of the s t a t e s (2J 4- 1 ) . Table 1.4. l i s t the 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 and an ESCA spectrum o f the 4Fj. - doublet 

V 2 ' /2 
of Au i s shov/n i n Figure 1.10. * 



21 -

0,0 N is 

N: 

NO 

545 

02 

5 4 0 "415 
B£.(eV) 

410 405 

Figure 1.9. ESCA Spectra from NO and 0^ showing 
Multiplet S p l i t t i n g T 
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Table 1.4. 

In t e n s i t y Ratios For Different Levels 

s 
P 
d 
f 

O r b i t a l quantum 
number 

O 
1 
2 
3 

Total quantum number 
J (p ± s) 

72 

72 

72 

72 

V2 

I n t e n s i t y Ratio 
(2J+1)/(2J+1) 

No s p l i t t i n g 
1:2 
2:3 
3:4 

\ \vz\ 

3:4 

Figure 1.10. Spin-Orbit S p l i t Doublet of the Au^^ Level, 
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An e l e c t r o s t a t i c s p l i t t i n g i n the 5p^ l e v e l s of some 
24-25 

gold compounds has been observed by Novakov and Hollander 
and has been a t t r i b u t e d t o the i n t e r a c t i o n of the i n t e r n a l 

3 
e l e c t r o s t a t i c f i e l d w i t h the M = ± ^ and M = ± /2 sub s t r a t e s 
of the 5p^ e l e c t r o n l e v e l s . Figure 1.11. i l l u s t r a t e s the 
e f f e c t s a t t r i b u t e d t o 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 e i m a l 
e l e c t r i c f i e l d g r a d i e n t s ) i n U METAL• 

Umetal 

o 
to 

S . 
o o. 

=1 o o 

•5eVi -10 ,000 

- 8,000 

- - 4 , 0 0 0 
Figure 1.11. E l e c t r o s t a t i c v S p l i t t i n g i n the Sp^ 

/2 
Level o f U METAL* 

(®) Shake-up and Shake-off Processes. 
I t i s apparent i n the ESCA spectrum of numerous compounds 

t h a t a d d i t i o n a l processes are t a k i n g place apart from the primary 
p h o t o i o n i z a t i o n process m a n i f e s t i n g i t s e l f i n a s i n g l e peak. 
Often peaks o f much smaller i n t e n s i t y are found on the hi g h 
B.E. side o f the primary peak and they are a consequence o f so-
c a l l e d ' m u l t i - e l e c t r o n processes' commonly r e f e r r e d t o as 
'shake-up' and 'shake-off'. 
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These m u l t i - e l e c t r o n processes occur mostly by a two-
i2 8 

e l e c t r o n process i n which tv/o t r a n s i t i o n s are i d e n t i f i e d ; 
(1) shake-up, v/here the second e l e c t r o n i s e x c i t e d t o a 
higher bound s t a t e or (2) shake-off where the second e l e c t r o n 
i s e x c i t e d t o an unbound continuum. 

These processes d e r i v e t h e i r energy from the s i n g l e 
e l e c t r o n process and w i l l t h e r e f o r e lower the K.E. o f the-
primary p h o t o e l e c t r o n . Therefore a r e v i s i o n i s needed t o 
equation (1.5) t o account f o r these m u l t i - e l e c t r o n processes: 

K.E. = hu - E.E. - E ... (1.16) 

where E i s the energy o f the m u l t i - e l e c t r o n process. 
The p r o b a b i l i t y o f shake-up i n v o l v e s the o v e r l a p o f two 

o r b i t a l s and the s e l e c t i o n r u l e s governing the shake-up 
e x c i t a t i o n are o f the monopole type: 

AJ - AL = AS = AMj = AMĵ  = AMg = 0 ...(1.17) 

and the p r o b a b i l i t y f o r the shake-off process increases from 
zero f o r a value o f hu equal t o the s i n g l e - e l e c t r o n b i n d i n g 
energy t o a constant value f o r hu equal t o a few times t h i s 

29 
value. 

With a conventional ESCA spectrometer as employed i n 
t h i s work using an unmonochromatatized X-ray source, the 
background a r i s i n g from i n e l a s t i c s c a t t e r i n g processes and 
the bremstrahlung g e n e r a l l y obscure the low i n t e n s i t y 
f e a t u r e s such as shake-off processes making them d i f f i c u l t t o 
d e t e c t . 

T h e o r e t i c a l treatments o f the m u l t i - e l e c t r o n processes 
are found i n the l i t e r a t u r e and a review o f models based on 
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the 'sudden approximation' concept i s presented by Manne 
and Aberg."^^ Figure 1.12. i s a schematic of the two m u l t i -
e l e c t r o n processes discussed above. 

Shoko-LU) Shake-of f 

^^^O-'— ^0 

Core Levels 

K:e= hr-B.E.-E 

Figure 1.12. Schematic o f the Shake-up and Shake-off 
Processes. 

Figure 1.13. i s a t y p i c a l example of the shake-up 
s a t e l l i t e found i n an ESCA spectrum, i n t h i s case p o l y - 1 -
vinylnaphthalene. Shake-off processes are much le s s i n t e n s e 
than the shake-up and are found t o lov/er K.E. 

xlO C|g Level 

H-CILrCHfc-

S h a k e - u p 
Petik 

Primary 

Peak 

Figure 1.13, ESCA Spectrum of P o l y - l - v i n y l n a p h t h a l e n e 
Inalcci_Led^^ 
PhotoToiTization Peak. 



( f ) Escape Depths. 
The escape depth ('mean f r e e p a t h * , i s the depth a t 

which ^/eth of the emit t e d e l e c t r o n s have not s u f f e r e d any 
17 

energy loss) i s dependent upon e s s e n t i a l l y tv/o major 
f a c t o r s , (1) the e l e c t r o n i c l e v e l being s t u d i e d and (2) the 
x-ray e x c i t a t i o n energy. Siegbahn, e t a l . demonstrated by 
d i p ' c o a t i n g monolayers of pure i o d o s t e a r i c a c i d on chromium 
p l a t e d brass t h a t electrons from the I ^ ^ l e v e l v/ere emitted 
from less than the top ioo2 o f the monolayer f i l m s . Figure 
1.14. i s the I ^ ^ spectrum from the study where the m u l t i -
l a y e r s are 4o2, 12oR and 40o2 t h i c k r e s p e c t i v e l y w i t h an 
io d i n e c o n c e n t r a t i o n o f one per area o f lo2^. 

As the double l a y e r s were increased the counting r a t e 
( p r o p o r t i o n a l t o conc e n t r a t i o n ) d i d n ot increase l i n e a r l y . 
For instance when the thickness has reached 40o8 the i n t e n s i t y 
had only increased by a f a c t o r o f 3.5 over the 4o2 sample. This 
i n d i c a t e s the photoelectons were e m i t t e d from depths of less 
than lOoS. C l a r k , e t a l . ^ ^ has presented a d e t a i l e d a n a l y s i s 
of the f l u o r i n a t i o n o f poly e t h y l e n e using escape depth 
i n f o r m a t i o n t o deteinnine the depth of f l u o r i n a t i o n i n the 
f i l m and t h i s aspect of escape depth a n a l y s i s w i l l be 
discussed l a t e r i n Chapter 2 on polymers. 

1500^ 

JL3H , Level JpOO- ="̂5/2 j 

40 A 120 A 400 A 
Figure 1.14. The 3d Level from I o d i n e i n Three 



Line Shape A n a l y s i s i n ESCA, 
Comjjlex peaks c o n t a i n i n g m u l t i - c o n t r i b u t i o n s can o f t e n 

be resolved i n t o t h e i r i n d i v i d u c i ] , components by deconvolution; 
i n t h i s study a Du Pont 310 curve r e s o l v e r (analogue computer) 
was used. Gaussian curve shapes are o f t e n assumed, but o t h e r 
shapes can be set on the curve r e s o l v e r . Since when assuming 
a gaussian shape an i n f i n i t e number of gaussian curves ccin be 
f i t t o the complex peak a p r i o r knowledge of l i n e v/idths, 
chemical s h i f t s and approximate s t o i c h i o m e t r y are r e q u i r e d t o 
o b t a i n the unique s c l u t i o n t o the deconvolution o f the spectra. 
These l i n e widths and chemical s h i f t s are obtained through the 
s t u d i e s o f a vas t number o f s i m i l a r w e l l c h a r a c t e r i z e d compounds 
u n d e r . i d e n t i c a l experimental c o n d i t i o n s . The curve r e s o l v e r 
also has the f a c i l i t y f o r i n t e g r a t i o n o f peak areas and t h e r e f o r e 
r e l a t i v e area r a t i o s , when cross s e c t i o n s are taken i n t o account, 
can determine elemental and group r a t i o s i n compounds. 
Figure 1.15. i s a complex spectra t h a t has been deconvoluted 
i n t o i t s i n d i v i d u a l components w i t h area r a t i o s shov/n. 

(v) ESCA I n s t r u m e n t a t i o n . 
Since the i n t r o d u c t i o n of the f i r s t commercial instrument 

i n 1970 several designs have been placed on the market. This 
study was c a r r i e d out on an A.E.I. ES200A spectrometer o f 
which the e s s e n t i a l components are shown i n Figure 1.16. The 
thr e e main f e a t u r e s o f the apparatus are t h e : 

(a) X-ray equipment, 
(b) Source chamber, 
(c) Analyzer chamber. 
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Poly-isopropyl Acrylale 
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HC-C-CH 
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Figure 1.15. C, Level of P o l y - i s o p r o p y l A c r y l a t e 
Demonstrating Line Shape A n a l y s i s . 
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Figure 1.16. Schematic o f an A.E.I. ES200A ESCA 
Spectroiiieter. 
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^̂ ^ X-Ray Equipment. 
The equipment c o n s i s t s of a M a r c o n i - E l l i o t t type GX5 hi g h 

v o l t a g e generator t h a t may be operated i n the vacuum pressure 

re g i o n < IO^^qj-j-* The most commonly used X-ray sources, as 

p r e v i o u s l y discussed, are Mĝ ^̂  and A l 
1,2 Ka l r 2 

r a d i a t i o n ( i n t h i s 

study Mg Ka 1,2 
was the source o f c h o i c e ) . T y p i c a l c o n d i t i o n s 

f o r the power i n p u t are 12 kV and 15 ma which produce 
photon f l u x e s i n the r e g i o n o f 0.1 m i l l i rad./sec. Component 
linev/ i d t h s f o r the X-ray source i n the p a r t i c u l a r cases o f 
Mg and A l t a r g e t s are about .7 eV and .9 eV r e s p e c t i v e l y and 

can be reduced by monochromatization.^'^ 
A t y p i c a l X-ray spectra i s shown i n Figure 1.17. where i t 

represents the energy content per u n i t v/avelength i n t e r n a l 
74 31 

em i t t e d by an X-ray tube w i t h a W anode. I t i s obvious 
t h a t the spectrum i s composed o f a set o f sharp l i n e s superimposed 

on a continuum. 

V=80Kv 

A.(xlO-%m) 

Figure 1.17. T y p i c a l X-ray Spectrum 
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The continuum's shape depends only 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 a t s h o r t v/avelengths i s i n v e r s e l y p r o p o r t i o n a l 
t o the e l e c t r o n K.E., and f o l l o w s the equation: 

hu^ = E ... (1.20) 
where h i s Plank's constant. The t o t a l X-ray energy per 
e l e c t r o n , E^, i s p r o p o r t i o n a l t o the i n t e g r a l over X o f the 
continuum and obeys the equation: 

E^ = kZE^ ... (1.21) 
-4 

where k 'Vi 0.7 x 10 f o r Ê ^ and E i n MeV where Z i s 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 converted i n t o X-ray energy i s : 

E^/E = kZE ... (1.22) 

For a t y p i c a l case of Z = 90 and E = 0.05 MeV, E^/E i s only 

about 0.3%. 
The c h a r a c t e r i s t i c l i n e spectra depend onl y on the atomic 

number of the anode and not on the i n c i d e n t e l e c t r o n s , however 
l i n e spectra are obtained 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 : 

E > E^ = hu = hc/A ... (1.23) 
where u i s the frequency and X the wavelength i n qu e s t i o n . 
The t o t a l X-ray energy e m i t t e d i n a p a r t i c u l a r l i n e increases 
w i t h i n c i d e n t e l e c t r o n K.E. according t o the e m p i r i c a l r e l a t i o n . Ia(E - E^)^ ... (1.24) 

V7hen n 1.5. 
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The l i n e spectra of i n t e r e s t from the A l and Mg anodes 
normally used i n ESCA are from the s o - c a l l e d K s e r i e s 
(spectroscopic 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 Kâ ^ 2 l i n e s . Kov/ever, the unmonochromatized spectra o f 
the Mĝ ^̂  r a d i a t i o n c o n t a i n the continuum and p a r t i c u l a r l y the 
K(a^, a^, a^, a^, and K3) v/here the Ka^ s a t e l l i t e i s 9.5% 
r e l a t i v e i n t e n s i t y from the primary Kâ ^ 2 l i n e s (8.4 eV higher 
K.E.) and the Ka^ s a t e l l i t e i s 4.5% r e l a t i v e i n t e n s i t y from the 
primary Ka^ 2 l i n e s (10.1 eV higher K.E.). 

A l j , ^ 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 continuura) and be l e f t w i t h the Ka^ ^ l i n e s . ( U n f o r t u n a t e l y 
monochromatization o f the Mgj^^ l i n e s i s not p r e s e n t l y p o s s i b l e 
w i t h c r y s t a l d i f f r a c t i o n since no s u i t a b l e c r y s t a l i s 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 A l j ^ ^ e s s e n t i a l l y t h r e e techniques are a v a i l a b l e , 
(a) 'dispersion-compensation', (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 s i n g , a l l using c r y s t a l d i f f r a c t i o n of 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 m a t e li n e v / i d t h s 
of 0.2 eV. 

32 
Another system described by Gelius uses a r o t a t i n g anode 

(about 5-10,000 r.p.m.) which i s c h a r a c t e r i z e d by a f i n e -
f o cussing X-ray l i n e , h i g h pov/er e l e c t r o n gun and s e v e r a l 
s p h e r i c a l l y bent quartz c r y s t a l s f o r monochromatization o f the 
A l j ^ ^ r a d i a t i o n . Figure 1.18. i l l u s t r a t e s these techniques. 

Source Chamber. 
The spectrometer source chamber, or sam.ple r e g i o n , c o n t a i i i s 

the X-ray source a p e r t u r e , seven access p o r t s f o r sample 
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Figure 1.18. Techniques f o r Monochromatization o f X-Rays. 

i n t r o d u c t i o n and v a r i o u s p r e - or post-treatments, and a 
r e t a r d i n g lens system i n t o the analyzer Chamber. 

The X-ray source aperture i s simply an aluminium window 
(.003" t h i c k ) v/hich separates the X-ray generator from the 
sample and ensures t h a t e l e c t r o n s s c a t t e r e d from the X-ray 
t a r g e t or from the e l e c t r o n generating f i l a m e n t do not enter 
the source chamber. 

The access p o r t s a l l o w f o r attachment of v a r i o u s sample 
probes V 7 h i c h permit the study o f 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 s o l i d s ( v i a a d i r e c t i n l e t s h a f t w i t h vapour condensed 
on an i n s e r t i o n s h a f t a t low temperatures), gases ( v i a a gas 
valve w i t h s t u d i e s 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 m s , powders, f i b r e s , e t c . ( v i a a p l a t e s h a f t 
equipped V 7 i t h h e a t i n g and c o o l i n g temperature c o n t r o l ) . T y p i c a l 

-7 
op e r a t i n g pressures are 10 t o r r or b e t t e r although under i d e a l 

-9 
c o n d i t i o n s b e t t e r than 10 t o r r i s a t t a i n a b l e . 
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(c) Analyzer C hamber. 
The analyzer on the A.E.I. ES200A i s a hemispherical 

double focussing e l e c t r o s t a t i c analyzer, which was o r i g i n a l l y 
33 

described by P u r c e l l i n 1938, enclosed w i t h i n tv70 mu-metal 
s h i e l d s 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 hemi
s p h e r i c a l analyzer i s based upon th r e e v a r i a b l e s : 

(1) mean ra d i u s of the hemispheres, R, 
(2) V7idth o f the entrance s l i t , 
(3) w i d t h o f the e x i t s l i t . 

AE 
Therefore the r e s o l u t i o n , /E, where E i s the energy of the e l e c t r o n s i s 

^̂ /E = /̂W ... (1.25) 
where W = combined widths o f entrance and e x i t s l i t s . 

I t i s q u i t e e a s i l y seen t h a t t o improve the r e s o l u t i o n 
t h ree 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 
reducing the s i g n a l i n t e n s i t y , 

(2) increase the hemispherical r a d i u s , v/hich increases 
engineering cost and complexity and pumping 
requirements, 

(3) r e t a r d the e l e c t r o n s before e n t e r i n g the analyzer 
so as t o reduce t h e i r K.E. 

With reasonable compromises made on the s l i t v/idth t o 
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 hemispherical 
sizes t o prevent mechanical d i s t o r t i o n and high enaineering cost 
and p r a c t i c a l vacuum pump sizes the ES200A r e t a r d s the e l e c t r o n s 
before they e n t e r the analyzer by passing them through a lens 
assembly.' This lens system a c t u a l l y serves a double purpose: 
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(1) The lens system allovjs the analyzer t o be l o c a t e d 
a t a convenient distance x^hysically from the source 
chamber which permits a maximum f l e x i b i l i t y i n 
sample handling. 

(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 allov/s more 
f l e x i b i l i t y on the r e s o l u t i o n requirements of the 

, 34 analyzer. 
The e l e c t r o n s passing through the analyzer can be focussed 

a t the c o l l e c t o r by e i t h e r of tv/o methods: 
(1) E l e c t r o n i c a l l y scanning the 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 lens v/hile keeping the hemispherical 
p o t e n t i a l constant, or 

(2) Simultaneously scanning the 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 lens and the hemispherical p o t e n t i a l 
and keeping a constant r a t i o between the two, which 
i s the technique used on t h i s ES200A. 

AE 
The o v e r a l l r e s o l u t i o n m/E, o f the system also depends 

upon c o n t r i b u t i o n s from sources o t h e r than the analyzer. 
(1) The w i d t h o f the X-ray r a d i a t i o n l i n e , AE . 
(2) The n a t u r a l w i d t h o f the e l e c t r o n energy d i s t r i b u t i o n 

i n the l e v e l being s t u d i e d , AE^. 
(3) The l i n e broadening due t o spectrometer i r r e g u l a r i t i e s , 

which can vary w i t h e l e c t r o n emission energy, E and 
s l i t w i d t h s , AEg. 

(4) The l i n e broadening due t o s o l i d s t a t e e f f e c t s i n the 
S c i m p l e , AE . 

s s 



Therefore the o v e r a l l r e s o l u t i o n i s given the equation: 

(AEj^)^ = (^^x^^ (^^1^^ + f ^ ^ s ^ ^ ^ ^^^ss^^ (1-26) 
(This 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 gaussian line--
shapes.) A v a r i a b l e on the ES200A i s the c o l l e c t o r s l i t v/idth 
which can be adjusted a t 0.2, 0.1 or 0.03 inches depending on 
the r e s o l u t i o n and s e n s i t i v i t y d e s i r e d . 

(^) E l e c t r o n Detector. 
The d e t e c t o r contains a c o l l e c t o r aperture ( e x i t s l i t ) , 

described above, which pass the 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 output pulses from the channel 
m u l t i p l i e r are a m p l i f i e d and f e d i n t o a data h a n d l i n g system. 
The s i g n a l s i n t o the data handling system generate the ESCA 
spectra by one of two methods: 

(1) The continuous scan, where the e l e c t r o s t a t i c f i e l d 
i s increased from the present s t a r t i n g K.E. 
con t i n u o u s l y w h i l e the s i g n a l s from the m u l t i p l i e r 
are monitored by a r a t e meter. When the s i g n a l 
t o background r a t i o i s s u f f i c i e n t l y h i g h a graph 
of the e l e c t r o n counts per second versus the K.E. 
of the e l e c t r o n s i s p l o t t e d d i r e c t l y onto an X-Y 
recorder. 

(2) The step scans, where the f i e l d i s increased by 
preset increments ( t y p i c a l l y 0.1 eV) and a t each 
increment the (a) counts may be measured f o r a f i x e d 
l e n g t h o f time or (b) a f i x e d number o f counts may be 
timed. The data obtained from the step scans i s 
sto r e d i n a m u l t i c h a n n e l analyzer and many scans can 
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be made on a sample to average any random f l u c t u a t i o n s 

i n background. Using t h i s technique the s i g n a l to 

noi.se r a t i o goes up as the square root of the number 

of scans, although c a r e must be taken to avoid long 

term sample changes, such as hydrocarbon s u r f a c e 

build-up, where the f i r s t scans are not t y p i c a l of the 

l a s t s cans. Wide scans encompassing the e n t i r e range 

from zero K.E. to the K.E, of the X-ray source as w e l l 

as narrow scan ranges f o r s p e c i f i c s t u d i e s a r e a v a i l a b l e . 



CHAPTER 2 

S t u d i e s of S t r u c t u r e and Bonding i n Polymers through the 
A p p l i c a t i o n of ESCA 
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CHAPTER 2 

Stu d i e s of S t r u c t u r e and Bonding i n Polymers through the 
A p p l i c a t i o n of ESCA 

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

The a p p l i c a t i o n of ESCA to the s t r u c t u r e and bonding 

i n polymer systems to date has mainly concentrated on f l u o r o -

polymer systems. There are b a s i c a l l y two reasons f o r t h i s focus 

of a t t e n t i o n : 

(1) The l a r g e chemical s h i f t i n the core l e v e l s of 

carbon (C^^) induced by f l u o r i n e p r e s e n t s the b e s t 

c a s e f o r s o r t i n g out the information from the 

ESCA spectrum on the ar e a s of a p p l i c a t i o n to 

polymers. 

(2) The importance of the fluoropolymer systems both 

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 

comparative d i f f i c u l t y of a n a l y s i s by other common 

s p e c t r o s c o p i c techniques, due to 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 l i t y , lend themselves to study by ESCA. 

By f a r the g r e a t e r p a r t of the e f f o r t on the a p p l i c a t i o n s 

of ESCA to polymer s t u d i e s has been c a r r i e d out by C l a r k a t the 

U n i v e r s i t y of Durham and t h e r e are e s s e n t i a l l y two a r e a s t h a t 

have been i n v e s t i g a t e d i n the s t r u c t u r e and bonding of polymers. 

(A) S t a t i c S t u d i e s . 

(1) Chemical compositions. 
(a) elemental compositions. 

(b) % comonomers i n copolymers. 
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(2) 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 r epeat u n i t s i n copolymers, 

e.g. random, a l t e r n a t i n g or block repeat 

u n i t s . 

(b) domain s t r u c t u r e s i n block copolymers. 

(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 isomerism, e.g. c i s , t r a n s e t c . 

(b) shake-up s t u d i e s on u n s a t u r a t e d systems. 

(c) charge d i s t r i b u t i o n s i n polymers. 

(4) Valence Bond S t u d i e s on Polymer Systems. 

(B) Dynamic S t u d i e s . 

(1) Surface Treatments 

(a) c a s i n g . 

(b) f l u o r i n a t i o n . 

(2) Thermal and Photochemical Degradation. 

(3) Depth P r o f i l i n g of S u r f a c e s . 

(4) O x i d a t i v e Degradation of Polymers. 

Each of these t o p i c s w i l l be covered i n d e t a i l i n t h i s chapter 

but before the d i s c u s s i o n a c l a r i f i c a t i o n i s needed on the v/ays 

i n which polymer samples are prepared f o r ESCA examination and 

the d e f i n i t i o n s of polymer terminology to be used throughout the 

remainder of t h i s t h e s i s , 

( i i ) Sample P r e p a r a t i o n and Poisoner Nomenclature. 

There are a few methods which have been found to be 

convenient f o r preparing samples f o r excunination by ESCA. 

These are (a) the d i r e c t study of s u i t a b l y mounted pov/der 

samples, (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 or extruded filmiS 

and (d) ' i n s i t u * polymerized f i l m s . Each of these techniques 

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) Pov7ders. 

When the polymer sample i s a v a i l a b l e as a powder, which 

i f o f ten the case, i t i s convenient to excimine i t by applying 

the powder to a double s i d e d tape which p o s s e s s e s nominal heat 

r e s i s t a n c e ('Scotch Brand' e l e c t r i c a l tape 4=1̂  75, 3M Company, 

works q u i t e v/ell and i s a s i l i c o n e type polymer) , and apply 

the t c i p e d i r e c t l y to the sample probe. Caution of course must 

be taken to avoid incomplete coverage of the tape V7hich would 

r e s u l t i n extraneous s i g n a l s observed from the tape backing. 

Samples prepared i n t h i s way g e n e r a l l y tend to have lovrer 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 the primary photo-

i o n i z a t i o n peaks tend to have broader f u l l width a t h a l f 

maximum (FWHM) than do f i l m s . 

{t>) S o l u t i o n C a s t F i l m s . 

When the polymers are 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 onto a s u i t a b l e backing, such as c l e a n Au 

sheet and mounted onto the sample probe. Conventional d ip or bar 

co a t i n g procedures a r e adequate f o r the c o a t i n g p r o c e s s . Care 

must be taken to use c l e a n c o a t i n g apparatus and pure s o l v e n t s 

to avoid the segregation of i m p u r i t i e s a t the s u r f a c e during 

evaporation of the s o l v e n t . For e a s i l y o x i d i z e d polymers the 

co a t i n g procedure should be c a r r i e d out under an i n e r t gas f o r 

the evaporation of the s o l v e n t and f o r systems where H-bonding i s 

a problem complete removal of extraneous water i s i m p e r a t i v e . 

(c) P r e s s e d or Extruded F i l m s . 

To e l i m i n a t e the contaminations p o s s i b l y introduced by 

s o l v e n t c a s t i n g f o r appropriate polymers i t i s convenient to 

study them as pr e s s e d or extruded f i l m s . For polymers w i t h lov7 

Tg'Sf such as elastomers, i t i s of t e n p o s s i b l e to 'melt' a 
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small amount of poo-ymer onto a s u i t a b l e s u b s t r a t e and allov? i t to 

spread as a t h i n f i l m . ( I n the case of the p o l y a c r y l a t e s 

d i s c u s s e d i n Chapter 3 t h i s vjas the method used f o r n e a r l y a l l 

the samples.) When f i l m s are prepared from powders or p e l l e t s 

i t i s often convenient to p r e s s the f i l m betv/een c l e a n aluminium 

f o i l a t temperatures and p r e s s u r e s a p p r o p r i a t e to avoid 

degradation of the polymei: sample, o f t e n a l s o done under an 

i n e r t gas atmosphere to avoid o x i d a t i o n , 

(d) ' I n s i t u ' Polymerized F i l m s . 

A very convenient and oft e n contamination f r e e method of 

studying polymer f i l m s i s by c a r r y i n g out the p o l y m e r i z a t i o n 

on the probe t i p by v a r i o u s methods such as U.V. or e~ 

i r r a d i a t i o n , plasmas (glow-discharge p o l y m e r i z a t i o n ) or p y r o l y s i s 

of appropriate monomers, such as the paracyclophane s e r i e s . 

I t i s convenient to note here a l s o t h a t s i n c e most 

polymers are 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 

are g e n e r a l l y speaking not i n e l e c t r i c a l c o n t a c t w i t h the 

spectrometer. T h i s w i l l r e s u l t i n sample charging, as d i s c u s s e d 

i n Chapter 1, and t h e r e f o r e r e f e r e n c i n g the energy s c a l e back 

to the Fermi l e v e l becomes n e c e s s a r y . There are tv/o methods 

which r e a d i l y accomplish t h i s : 

(1) E i t h e r allow hydrocarbon build-up from the extraneous 

atmosphere i n the spectrometer source to build-up 

on the sample and monitor the C^^ l e v e l a t '̂̂  285 eV. 

(2) Deposit a t h i n f i l m of Au on the sample and monitor 

the 4f„ l e v e l a t 'v. 84 eV. I n the A . E . I . ES200A 

used i n t h i s study V7ith an unmonochromatized X-ray 

source, r e t a r d i n g l e n s system., double f o c u s s i n g 
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h e m i s p h e r i c a l e l e c t r o s t a t i c a n a l y z e r and a s s o c i a t e d 

s l i t system the charging i s not s e r i o u s and only 

c o r r e c t i o n s of a fev7 eV are needed. 

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 of polymers, p a r t i c u l a r l ; 

i n the case of t h e i r s u r f a c e s , a r i s e s from the f a c t t h a t 

polymers are not as w e l l - d e f i n e d as simple non-macromolecular 

compounds. The gross chemical s t r u c t u r e of pol ^ f i n e r s can be 

simple as i n the case of l i n e a r homopolymers, or complex as i n 

the case of branched or c r o s s - l i n k e d copolymers. As an example 

con s i d e r r e p r e s e n t a t i v e systems based on p o l y v i n y l toluene and 

these a r e shov/n i n F i g u r e 2.1. 
- I C H ^ C H - C H ^ C H - C H ^ ) ? , 

o 
(a) Linear polymer 

— C H ^ C H 

- 4 C H g C H - C H g C - C H ^ n 

(b) Branched polymer 

I 
CH. "̂3 

-(CHgCH-Ca^C-CH^-^^ 

(c) Cross- l inked polymer 

C H ^ CH., 

]L1:3J^J£9.^2JJ^:. S t r u c t u r e A s s i gr;r : en. t s_ i: o P o 1 y v i n y 1 To 1 u e n a 
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These d i f f e r e n c e s i n gross 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 block give r i s e to a tremendous v a r i a t i o n 

i n the p h y s i c a l , chem.ical, mechanical and e l e c t r i c a l p r o p e r t i e s 

of the system. 

I t i s ofte n the case t h a t f o r a given polymer system 

the s t r u c t u r e of the bulk i s s u b s t a n t i a l l y d i f f e r e n t than t h a t 

of the s u r f a c e . For example s i n c e s o l i d s coirtmunicate v/ith the 

r e s t of the u n i v e r s e by way of 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 

to produce a c r o s s l i n k e d s u r f a c e v/hile m.aintaining the i n t e g r i t y 

of the bulk. A technique which i s capable t h e r e f o r e of 

monitoring 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 

bulk i s obviously of 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 of 

academic and t e c h n i c a l importance. 

Along with gross s t r u c t u r a l d i f f e r e n c e s i n polymers, t h e r e 

are 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 from unsymmetrical 

monomers and the r e s u l t a n t s t r u c t u r e s are shown i n F i g u r e 2.2. 

- ( C H g C H - C H g C H ^ 

(a) Head-to-1ail isomer o o 
^ C H ^ C H - ^ - C H g ^ 

(b) Head-to-head isomer 

4CH-CH5-CH5CH4-• <i <dj n 
(c) Tai l - to-toi i isomer 

^^g^J^G 2.2. Isom e r i c Assignm.ents to P o l y s t y r e n e . 
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Not only can s t r u c t u r a l isorrerism occur i n polymers, but 

a l s o stereoisomerism (CIS-TRANS) as shown i n F i g u r e 2.3, 

H H H CHg-

C i s Trans 

F i g u r e 2.3. Stereoisomerism Assignments to Pol^^nners. 

T a c t i c i t y i s another type of stereoisomerism and i s 

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 shown i n F i g u r e 2.4. 
Y Y Y Y 

i I I i 
C C C C (a) Isotoctfc 

6 C 6 C (b) Syndiotactic 
Y Y 

Y Y Y 
6 C C C (c) Atactic 

F i g u r e 2.4. T a c t i c i t y Assignments to Polymers. 

Copolymers have other types of s t r u c t u r a l assignments 

and can be made such as random, a l t e r n a t i n g , g r a f t or block 

copolymers as shov/n i n F i g u r e 2.5. 

X X Y Y Y X Y X Y Y Y X X X X Y (a) Random copolymer 

X Y X Y X Y X Y X Y X Y X Y X Y (b) Alternating copolymer 

X X X X X ^ X X X X X (c) G r a f t copolymer 
Y Y Y 
Y Y Y 
Y Y Y 

X X X - Y Y Y - X X X - Y Y Y (d) B l o c k copolymer 

?iSii^^Z^jL'.5.T. S t r u c t u r e Assignments to Copolymers> 



( i i i ) S t a t i c S t u d i e s on Polvmors vjith E S C A . 

C h em i c a1 Compo s i t i o n . 

(1) I t i s q u i t e apparent t h a t ESCA i s a v a l u a b l e 

t o o l f o r the i d e n t i f i c a t i o n of the s u r f a c e 

elements on a polymer sample and i s a r o u t i n e 

procedure and e a s i l y a t t a i n e d . A wide scan through 

the energy spectruja on a sample V 7 i l l a f f o r d 

i d e n t i f i c a t i o n of the ejlements p r e s e n t by the 

use of a p p r o p r i a t e t a b l e s . A wide scan of the 

s u r f a c e of a polymer f i l m i s shovm i n F i g u r e 2.6. 

w i t h elemental i d e n t i f i c a t i o n on the spectrum. 

'Is 

P T F E 

uger 

9 0 4 
-1 h 

6 0 4 
B.E.(eV) 

— i h 
304 

F i g u r e 2.6. Wide Scan ESCA Spectrum of PTFE Pr e s s e d 
Betv/een A l F o i l . 

(2) P ercent Comonomers i n Copolymers. 

Before a d i s c u s s i o n on the determination of percent 

comonomers i n a copolymer can ensue a b r i e f d i s c u s s i o n on the 

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

on core binding energy i n polymers must be t r e a t e d . 

The s i m p l e s t system to begin w i t h of course i s the simple 

homopolymers of the f l u o r o e t h y l e n e s , f o r which the c o m p l i c a t i o n s 



due to branching, end groups and s t r u c t u r a l a b n o r m a l i t i e s are 

minimal. 

The measurement of the core l e v e l s of a polymer t y p i c a l l y 

take about h hour vmereas under normal operating c o n d i t i o n s 

hydrocarbon build-up i s n o t i c e a b l e a f t e r s e v e r a l hours. Therefore, 

as d i s c u s s e d e a r l i e r , the r e f e r e n c e l e v e l f o r the energy s c a l e 

i s determined by m.easuring the core l e v e l s of the pol^Tner 

imm.ediately upon i n t r o d u c t i o n i n t o the spectrometer and then 

a l l o w i n g time f o r hydrocarbon build-up, the spectrum i s 

recorded to observe the appearance of an e x t r a peak, as shown i n 

F i g u r e 2.7. P T F E 

Levels 

A ^ 

t=4hrs 

t:=0 

291 2 8 5 
B.E.leV.) 

F i g u r e 2.7. C^^ L e v e l s of PTFE F i l m a t O Time and 4 Hours 
i n Source to Demonstrate Hydrocarbon Reference L e v e l 
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I n a s e r i e s of polymers s t u d i e d b y Clark,"^-^ e t a l . , 

the binding e n e r g i e s f o r the Ĉ ,̂ cind F^^^ l e v e l s vjere i d e n t i f i e d 

and Table 2.1. l i s t the data p e r t a i n i n g to the polymers and 

F i g u r e 2.8. demonstrates the s u b s t i t u e n t e f f e c t i n the C^^ l e v e l s 

of the homopolymers s t u d i e d . 

Table 2.1. 

Binding E n e r g i e s of the Homopolymers of E t h y l e n e and the F l u o r o -
e t h y l e n e s . 

• 

^ i s A(C^^) I s ^ ( ^ i s ^ • 

(CH2-CH2)^ 285.0 (0) - i 
i 

(CFH-CH,,) 2 n -CFH- 288.0 3.0 689.3 (0) 

-CH2- 285.9 0.9 -
(CFH-CFH) 

n 
288.4 3,4 689.3 (0) 

(CF2-CH2)„ -CF2- 290.8 5,8 689,6 0.3 

-CH2- 286.3 1.3 - -
(CFj-CFIDj^ -CF2- 291.6 6.6 690,1 0.8 

-CFH- 289.3 4,3 690,1 0.8 

292.2 7.2 690.2 0.9 

By t a k i n g the app r o p r i a t e p a i r s of polymers i t was 

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

spectrum and i n v e s t i g a t e the primary and secondary e f f e c t s of 

hydrogen replacement, and i t V7as shovm 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 the B.E. as a f u n c t i o n of the f l u o r i n e s u b s t i t u t e d . 
I s 

I t i s important a l s o to determine the i n t e n s i t y r a t i o s 

f o r the core l e v e l s i n the simple homopolymer systems due to the 



53 -

CH 

C F CH 
•4CHF-CH^ H '̂ ^ 

CF 

i - { C I ^ C F H ^ 

CF^CFCL 
£ ] " • • ^ C ^ C F C L ^ 

i I I I I 
2 9 3 291 2 8 9 2 8 7 285 

B.E.(ey.) 

F i g u r e 2.8. S u b s t i t u e n t E f f e c t i n C.̂ ^̂  L e v e l s of Homopolymers 

d i f f e r e n c e i n the c r o s s - s e c t i o n s f o r the d i f f e r e n t core l e v e l s 

being s t u d i e d . T h i s i s most r e a d i l y accomplished on simple 

compounds and the v a l u e s s u b s t a n t i a t e d on the homopolymer 

systems before preceeding to analyze the more complicated 

copolymer q u a n t i t a t i v e l y . 

Therefore, the determination of the percent comonomer i n 

a copolymer i s p o s s i b l e and the study of the v i t o n copolymer 
3 6 

i s a good example of the method a p p l i e d to polymers. 

The v i t o n polymer i s a copolymer of hexafluoropropane (HFP) 

:F-. 
I 3 

-CF-CF^ m 

and v i n y l i d e n e f l u o r i d e (VF2) ^^^2''^^2^n ESCA spectra 
of the C^g l e v e l s i n tv70 v i t o n copolymers are shov/n i n F i g u r e 2.9. 



VITON 30^70 

VITON 40/60 

B.f.(eV) 

F i g u r e 2.9. C^^ L e v e l s of V i t o n Copolymers. 

The procedure as a p p l i e d by C l a r k was to measure the 

ar e a of the CF^ peak, the t o t a l a r e a of the (CF2 + CF) peak 

and the area of the CH2 peak when the spectrum was deconvoluted 

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

Three d i f f e r e n t techniques were used to compute the 

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 of the 

methods. E s s e n t i a l l y they were: 

(1) Based on the s t o i c h i o m e t r y of the HFP u n i t the 

mole % of HFP must be t h r e e times the peak a r e a due to 

(2) The peak a r e a due to CF2 and CF i s made up of h a l f the 

t o t a l C^^ peak area due to VF2 ih t h i r d s 

the t o t a l C, peak due to HFP. I s 
(3) The peak area due to CH2 i s h a l f the t o t a l a r e a due to 

CF2, t h e r e f o r e the mole % of HFP i s 

mole % HFP = 100 - (2X % peak a r e a due to CH2) ... (2.1) 
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Table 2.2. g i v e s the r e s u l t s of the t h r e e methods of 

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

Table 2.2. 

% HFP IncorT:>oration C a l c u l a t e d by Three Methods 

• 

Method of C a l c u l a t i o n 
( i ) ( i i ) ( i i i ) 

Sample 40/60 

Sample 30/70 

39 42 40 

33 30 32 

37 

(b) S t r u c t u r a l D e t a i l s . 

(1) The a b i l i t y of ESCA f o r the determination of the 

s t r u c t u r a l d e t a i l s of a polymer i s b e s t i l l u s t r a t e d by the 

a p p l i c a t i o n to the copolymer of e t h y l e n e / t e t r a f l u o r o e t h y l e n e , 

A s e r i e s of the copolymers was s t u d i e d and the Ĉ ^̂  and F^^ 

l e v e l s of the copolymers are shown i n F i g u r e 2.10. 

From the ESCA data the copolymer compositions may be 

c a l c u l a t e d from the r e l a t i v e r a t i o s of the high to low B.E. 

peaks i n the C^^ l e v e l s ( a t t r i b u t e d to CF2 and CH2 r e s p e c t i v e l y ) 

and a l s o from the o v e r a l l ^ ^ ^ / F ^ ^ i n t e n s i t y r a t i o s , u s i n g data 

from'homopolymers as d i s c u s s e d i n the previous s e c t i o n . 

I t was shown t h a t u s i n g these two methods of c a l c u l a t i n g 

the composition t h a t they were i n good agreement w i t h bulk 

a n a l y t i c a l methods (C and F elemental a n a l y s i s ) and a l s o 

demonstrated t h a t the samples were uniform a t the s u r f a c e due 

to the good agreement o f the two s e t s of data. 

Once the compositions are 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 

are the next order of assignment. The s t u d i e s on the homo

polymers of 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 



f 1 r> 

C, Levels Fj Levels 

692 6 8 8 2 9 2 2 8 8 2 8 4 

B.E.(eV) 

F i g u r e 2.10. F l u o r i n e - I s and Carbon-Is S p e c t r a f o r 
E t h y l e n e - t e t r a f l u o r o e t h y l e n e Copolymers, 

information i s most r e a d i l y obtained from the abs o l u t e B.E.'s 

and chemical s h i f t s i n the C, core l e v e l s . The chemical s h i f t 
I s 
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on the C, l e v e l s i s understood q u a l i t a t i v e l y i n terms of the 
I s 

simple s u b s t i t u e n t e f f e c t d i s c u s s e d i n the previous s e c t i o n and 

q u a n t i t a t i v e l y i n terms of the charge p o t e n t i a l model d i s c u s s e d 

i n the f i r s t chapter and 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 

chapter on the charge d i s t r i b u t i o n i n polymers. The chemical 

s h i f t s l e a d to a c l e a r d i s t i n c t i o n betv/een the extreme cases of 

b i o c k - v s ~ a l t e r n a t i n g s t r u c t u r e from the C,^ B.E.'s expected 

f o r a block sequence of ethylene and t e t r a f l u c r o e t h y l e n e 

from the C, B.E. f o r the homopolymers. For an a l t e r n a t i n g 
J. s — — 

s t r u c t u r e the C, B.E.'s observed f o r PVF^ based on s u b s t i t u e n t 
I s 2 

e f f e c t s and the c a l c u l a t i o n s w i t h the charge p o t e n t i a l model 

on simple systems would p r e d i c t the B.E.'s unique f o r t h i s 

system. 

Therefore i f e i t h e r the block or the a l t e r n a t i n g s t r u c t u r e 

predominate the C^^ l e v e l s would shov/ t h i s and as F i g u r e 2.10. 

c l e a r l y demonstrates an a l t e r n a t i n g s t r u c t u r e was found due to the 

expected chemical s h i f t of 4.7 eV v e r s u s a s h i f t of 'v 7.2 eV 

expected f o r a block s t r u c t u r e . 

F u r t h e r examination of the s p e c t r a r e v e a l e d two f e a t u r e s 

where the t o t a l linev/idths (FWKM) were g r e a t e r than the (FWHM) 

f o r the r e s p e c t i v e homopolymers (2.0 eV - v s . - 1.3 eV ± 0.1 eV) 

and where the peak shapes were asymmetric. These two 

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 the s p e c t r a were envelopes of a 

number of ov e r l a p p i n g peaks a r i s i n g from d i f f e r e n t molecular 

environments. With a complex deconvolution of the 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 on expected B.E.'s from a s e r i e s of 

model compounds us i n g pentad sequences of the two monomers and 

assignments of t r i a d s f o r the monomer from the pentad sequence 



c a l c u l a t i o n s , C l a r k was able to ob t a i n good agreement between 

the p h y s i c a l and ge 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 of the et h y l e n e -

t e t r a f l u o r o e t h y l e n e copolymer. 

(2) The domain s t r u c t u r e found i n AB block copolymers of 
3 8 

d i m e t h y l s i l o x a n e and s t y r e n e was i n v e s t i g a t e d by using the 

d i f f e r e n t sampling depths f o r photoemitted e l e c t r o n s . 

v a l u e s f o r the O, , C, , S i ^ and core l e v e l s were e s t a b l i s h e d , 
JLS ±S ZS zip 

I t was found t h a t ESCA r e v e a l e d a s u r f a c e s t r u c t u r e dominated by 

the p o l y d i m e t h y l s i l o x a n e v/hich i n d i c a t e d t h a t most l i k e l y , due 

to the f r e e energy of the s u r f a c e , the s i l o x a n e component was 

p r e v a l e n t . I t was a l s o found t h a t domain s t r u c t u r e s could be 

r a d i c a l l y changed from d i m e t h y l s i l o x a n e d r o p l e t s i n s t y r e n e to 

st y r e n e d r o p l e t s i n d i m e t h y l s i l o x a n e by c a s t i n g from d i f f e r e n t 

s o l v e n t s . F i g u r e 2.11. shov/s the ESCA s p e c t r a of f i l m s of 

p o l y s t y r e n e , copolymer c a s t from cyclohexane, copolymer c a s t from 

s t y r e n e and p o l y d i m e t h y l s i l o x a n e from top to bottom r e s p e c t i v e l y . 

0,3 Levels 

Cjg Levels 

1 I i I I I 1 i 
535 530 

M I I I I 1 I M M I I 
295 230 285 

B.E. (ey) 

Sio^Levels 

I 1 M I 1 1 I t 
105 100 

F i g u r e . 2.11. and C, L e v e l s f o r S o l u t i o n C a s t I s 
F i l m s of Dim e t h y l s i l o x a n e / S t y r e n e AB 
Block Copolymers, P o l y s t y r e n e and Poly-
d ime t hy1s i1oxane. 



^ ̂  ̂  S t r u c t u r a 1 P e t a l I s . 

(1) The complex a n a l y s i s of the s t r u c t u r a l isomerism i n a 

n i t r o s o rubber copolymer 

CF^ 
[NOILCF^-CB'X] where X = F, C I , H 

39 was c a r r i e d out 'and the C, l e v e l s f o r t h r e e of the rubbers I s 
aire shown i n F i g u r e 2.12. 

fN-0-C^-C|f 

f\h0-C|-CF - C l -
- n 

- H -| - N - 0 - C | - C F 

l i l t 
297 291 feV.) 

F i g u r e 2.12. C^^ L e v e l s i n a S e r i e s of N i t r o s o Rubbers. 

The assignments of the peaks, based on previous knowledge 

from homopolymer and copolymer systems, i s s t r a i g h t f o r w a r d , 

and the chemical s h i f t s a s s igned i n terms of the simple 

s u b s t i t u e n t e f f e c t . Once the a l t e r n a t i n g sequence of the 

copolymer was i d e n t i f i e d , by methods 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 the p o s s i b i l i t y of d e t e c t i n g s t r u c t u r a l 

isomerism was made. By the a p p l i c a t i o n of simple compounds 

with the charge p o t e n t i a l model and complex deconvolutions of the 

spectra,assignm.ents were made on the s t r u c t u r a l isomerism. 
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(2) The shake-up plienomena i n a s e r i e s of p e i r a - s u b s t i t u t e d 
40 

p o l y s t y r e n e s and siiuple polymer systems has been i n v e s t i g a t e d 

and has been compared v/ith other s p e c t r o s c o p i c data, 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 the sudden approximation e q u i v a l e n t 

cores model and, CNDO SCF MO formalism idaitifying the shake-up 

a r i s i n g from TT TT"'^ t r a n s i t i o n s i n v o l v i n g the h i g h e s t occupied 

and lov/est unoccupied o r b i t a l s of the pendant aromatic systems. 

The polymers s t u d i e d i n c l u d e d p o l y s t y r e n e , p o l y d i p h e n y l s i l o x a n e , 

p o l y - l - v i n y l n a p h t h a l e n e , p o l y ~ 2 - v i n y l n a p l i t h a l e n e , p o l y -

acenapthalene and p o l y v i n y l c a r b a z o l e and i t was shov/n t h a t the 

shake-up s t r u c t u r e was c h a r a c t e r i s t i c of a given pendant group. 

Although the simple model c a l c u l a t i o n s have a tendency to 

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 lower than found e x p e r i m e n t a l l y 

the s u c c e s s of the models i n p r e d i c t i n g trends and a r r i v i n g 

s e m i - q u a n t i t a t i v e l 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 the 

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

t h i s work. 

The unique a p p l i c a t i o n of the shake-up phenomena i n the 

study of a s e r i e s of a l k a n e - s t y r e n e copolymers f u r t h e r 

demonstrated the p o t e n t i a l u t i l i t y of t h i s method of analysis.^"'" 

The study of the copolymers 

~ ~ C H - C H - C H - CH-(CH_)-

V 7 h e r e n = 0, 1, 3, 5, 6, 10, 



Gl 

provided evidence t h a t a tre n d e x i s t e d betvjeen the shake-up 

i n t e n s i t y and the ch a i n length of the alkane component, and t h a t 

the s t r u c t u r e of the shake-up s a t e l l i t e s and the energy 

s e p a r a t i o n remain e s s e n t i a l l y c o n s t a n t . F i g u r e 2.13. i l l u s t r a t e s 

the e f f e c t of de c r e a s i n g shake-up i n t e n s i t y v;ith i n c r e a s i n g 

alkane chain length. 

--9H-CHgCH29H<C!t̂ ;̂ -

n=3 

n=5 n=6 n=I0 

F i g u r e 2.13. Ĉ ^̂  L e v e l s i n a S e r i e s of n-alkane /Styrene 

(3) The charge p o t e n t i a l model, as d i s c u s s e d i n Chapter 1, 

can be a p p l i e d to polymers when the parameters k and E° a r e 

e s t a b l i s h e d f o r a l l the r e l e v a n t core l e v e l s of the polymer systems 

being s t u d i e d . I t i s p o s s i b l e to i n v e n t the model to ob t a i n 

the experimental charge d i s t r i b u t i o n s w i t h i n a polymer system. 

T h i s method has the obvious apiDlication of being able to c a l c u l a t e 

the charge d i s t r i b u t i o n s i n l a r g e models t h a t are i m p r a c t i c a b l e 
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f o r conventional moleculcir o r b i t a l c a l c u l a t i o n s and compe\ring 

i t to experimientally found B.E.'s. F i g u r e 2.14. i l l u s t r a t e s 

the experimental charge d i s t r i b u t i o n s found i n p o l y v i n y l i d e n e 

f l u o r i d e and p o l y t r i f l u o r o e t h y l e n e model systems. 

-0.20 
-0.08 F / 

^ p -0.08 
-0^0 

-0.20 , 
0.20 F / 

Ffifc.! 0.22 

p -0.11 

-0.18 

F i g u r e 2.14. Experimental Charge D i s t r i b u t i o n s 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 and P o l y t r i f l u o r o -
E t h y l e n e . 

(4) The v a l e n c e l e v e l s of polymers a r e of r e l e v a n c e to 

the d e t a i l e d i n t e r p r e t a t i o n of the 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 

of polymers. I n the case of simple molecules the study of the 

va l e n c e l e v e l s by ESCA has the disadvantages, as d i s c u s s e d i n 

Chapter 1, when compared to UPS i n t h a t the 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 lov/er i n ESCA and the r e s o l u t i o n i s much poorer (see 

F i g u r e 1.7.). 

When studying polymer systems these disadvantages are o f f 

s e t i n t h a t s i n c e t h e r e are so 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 becomes l e s s of a problem. A l s o , w i t h ESCA, a l l the 
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valence l e v e l s can be s t u d i e d v^hereas w i t h UPS only the higher 

occupied l e v e l s can be s t u d i e d and vzith e l e c t r o n e n e r g i e s of 

0 - 21 eV (Kel) and O - 70 eV (He II)« I n UPS t h i s i s the region 

of r a p i d l y v a r y i n g escape depth v;here s u r f a c e contamination 

would be c r i t i c a l , whereas t h i s i s much l e s s so wi t h X-ray photon 

e n e r g i e s . F i g u r e 2.15. i l l u s t r a t e s t y p i c a l v a l e n c e band s p e c t r a 

f o r a s e r i e s of polymers. 

(C|-CH2+„ 

T 1 \ r 

-(CH-CH-CF-CFi 2 2 2 2 n 

42 34 26 20 12 4 (eV) 

F i g u r e 2.15. Valence Band S p e c t r a f o r a S e r i e s of Polymers 

( i v ) Dynamic S t u d i e s on Polymer Systems. 

(a) Surface Treatments. 

(1) C r o s s l i n k i n g by a c t i v a t e d s p e c i e s of i n e r t gases 

(CASING), where a polymer i s exposed to a c t i v a t e d s p e c i e s of 

i n e r t gas i s a p a r t i c u l a r l y good a p p l i c a t i o n of ESCA to polymer 

chemistry. S t u d i e s have been made on copolym.ers of e t h y l e n e / 

t e t r a f l u o r o e t h y l e n e where the f i l m s were i r r a d i a t e d w i t h a low 

energy (2 kV) beam of argon ions f o r s u c c e s s i v e p e r i o d s of 5 



seconds and the C, and F., , core l e v e l s monitored. 
X K .1- b 

42 I'igure 2.16 

q u i t e c l e a r l y demonstrates the e f f e c t s on the top surf£ice of 

the ion bombardment. P o s s i b l e mechtunisms f o r the process v/ere 

proposed and the most l i k e l y s t e p s chosen based on the ESCA 

information av a i l c ' b l e . 

Q^QJ" c 

~~i—I—I— 
692 688 

T — I — I — ! — r -
231 285 

F, C, 
B.E.(eV) 

F i g u r e 2.16. E f f e c t s of Argondon Treatm.ent on E t h y l e n e -
Tetrafluoroethyl.erie Copolymers. 

20 (2) The s u r f a c e f l u o r i n a t i o n of p o l y e t h y l e n e was examined' 

and a very d e t a i l e d a n a l y s i s of the s p e c t r a confirmed the 

technique to e s t a b l i s h a q u i t e complete p i c t u r e of the e a r l y 

stages of the s u r f a c e f l u o r i n a t i o n p r o c e s s . 

Although a d e t a i l e d d i s c r i p t i o n of the a n a l y s i s i s beyond the 

scope of t h i s sumiT.ajry the r e s u l t s of the i n v e s t i g a t i o n v/ere based 

upon two methods of a n a l y s i s . The f i r s t method was based upon the 

equation (2.2.).. 



Z 1 Z e-"^/^^3.^e-^''^^l (2.2) 

where y - measured area r a t i o s f o r and F^ peaks from 

ESCA spectrum. 

K - i n f i n i t y v a l u e s f o r escape depths of i n f i n i t e l y 

t h i c k f i l m s measured from homopolymers. 

- e l e c t r o n mean f r e e path a p p r o p r i a t e to F^^ l e v e l s 

^1 ~ " F, l e v e l s I s 

v/here a g r i d of computed v a l u e s f o r the right-hand s i d e of 

equation (2.2.) was prepared to v a l u e s of d i n the range 2 - 41 8 
^3 

a t 1 A i n t e r v a l s and r a t i o /^^ from 1 to 2 i n 0.1 increments. 

The computations f o r 40 v a l u e s of d and 11 v a l u e s f o r each r a t i o 

of /^^ generates 24,200 data p o i n t s . These t a b l e s were used 

i n the a n a l y s i s of f i v e f l u o r i n a t e d f i l m s and 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 were computed to be 3.5, 6, 16, 30 and 36 S 

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

An a l t e r n a t e procedure using the Ĉ ^̂  l e v e l s determined the 

depth of f l u o r i n a t i o n of the f i l m and Table 2.3. i l l u s t r a t e s the 

comparison between the two methods. 
Table 2.3. 

C a l c u l a t e d T h i c k n e s s of F l u o r i n a t e d F i l m (d) 

d. g 
Experiment From C, I s From F^^/F^^ Average 

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 15.0 16.0 15.5 
4 24.0 30,0 27.0 
5 46.0 36.0 41,0 
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The rG^mainiiig p o i n t s r t h e r m a l and photochemical 

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

degradation of polymers have not been i n v e s t i g a t e d to any gr e a t 

length but i t i s obvious from the p o i n t s made throughout t h i s 

summary t h a t these areas have g r e a t p o t e n t i a l f o r i n v e s t i g a t i o n 

by ESCA, and t h a t r e a l - t i m e s t u d i e s and process c o n t r o l v ^ i l l 

become a reaJ i t y as more s o p h i s t i c a t e d instrmrientation becomes 

a v a i l a b l e . 



General I n t r o d u c t i o n t o E x p e r i m e n t a l Section'?., 

Polymers d e r i v e d from a c r y l a r e a n d methacrylate m.onomers 

are of som.e c o n s i d e r a b l e importance i n d u s t r i a l l y and as such have 

been e x h a u s t i v e l y s t u d i e d both from an academic and t e c h n o l o g i c a l 

standpoint. A review of the l i t e r a t u r e on ' a c r y l i c polymers' 

r e v e a l s a voluminous am.ount of V 7 o r k c o n c e n t r a t i n g i n such areas 

as the mechanical, e l e c t r i c a l and thermal p r o p e r t i e s of the 

polymers, p a r t i c u l a r l y from an engineering s t a n d p o i n t . Impact 

s t r e n g t h s , f l e x u a l s t r e n g t h s , heat d i s t o r t i o n temperatures, 

c o e f f i c i e n t s of thermal expansion, d i e l e c t r i c c o nstants are 

j u s t a few of the m.any eng i n e e r i n g p r o p e r t i e s w e l l c h a r a c t e r i z e d and 
43 

f u l l reported i n the l i t e r a t u r e on a c r y l i c polymers. 

A c l o s e s c r u t i n y of the l i t e r a t u r e on the chemical p r o p e r t i e s 

of the a c r y l i c polymers r e v e a l s t h a t a good d e a l i s known about 

the k i n e t i c s and mechanisms of the p o l y m e r i z a t i o n s and the 

t a c t i c i t i e s of the r e s u l t i n g polymers. The c h a r a c t e r i z a t i o n of 

these polymer systems has been c a r r i e d out, to a very l a r g e degree, 

on the s o l u t i o n phase p r o p e r t i e s c o n c e n t r a t i n g on such problems as 

weight average molecular v/eight, c h a i n entanglement, d i e l e c t r i c 

r e l a x a t i o n c o n s t a n t s f o r the s i d e c h a i n s , l i g h t s c a t t e r i n g data, 
44 45 

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

S c a t t e r e d p u b l i c a t i o n s appear i n f r e q u e n t l y on the s o l i d 

s t a t e p r o p e r t i e s of the a c r y l i c p o l y m e r s , a n d these are most 

often s t u d i e s on e i t h e r the morphology, or the r e l a x a t i o n and 

conformational p r o p e r t i e s of the s i d e c h a i n s . These s t u d i e s 

e s s e n t i a l l y concern the bulk polymer. 



I t i s q u i t e apparent t h a t s i n c e s o l i d s coimiunicate v/ith 

t h e i r environment by v/ay of t h e i r s u r f a c e s t h a t a very important 

ar e a of i n v e s t i g a t i o n which hereto appears v i r t u a l l y untouched, 

i s the c h a r a c t e r i z a t i o n of the immediate s u r f a c e of polymers. 

P r o p e r t i e s a t the s u r f a c e such as c h a i n conformation, t a c t i c i t y , 

o x i d a t i o n , degradation, s i d e chain o r i e n t a t i o n and pro p e n s i t y f o r 

hydrogen bonding are a l l important a s p e c t s of the a c r y l i c polymers 

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

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

The t h i r d chapter p r e s e n t s an i n v e s t i g a t i o n of a s e r i e s of 

p o l y a l k y l a c r y l a t e s c o n c e n t r a t i n g on the areas d e s c r i b e d above, 

along with a t h e o r e t i c a l a n a l y s i s of model compounds and model 

systems f o r the t a c t i c i t y of the polymer systems. 

The f o u r t h chapter i s a study of a s e r i e s of p o l y - a l k y l and 

- a r y l m e t h a c r y l a t e s and i n c l u d e s s t u d i e s on o x i d a t i o n , o r i e n t a t i o n 

of s i d e c h a i n s and hydrogen bonding a t the s u r f a c e . 



CHAPTER 3 

Core and Valence Energy L e v e l s of a S e r i e s of P o l y a l k y l -
a c r y l a t e s 



CHAPTER 

Core and Valence Energy Leve.l£' of a S e r i e s of PoJ.y-
a llcy 1 a cry^l ate s. 

( i ) General I n t r o d u c t i o n . 
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Previous work on the ESCA of Polymers ' ' ' has shov/n 

how a d e t a i l e d c o n s i d e r a t i o n of the abso l u t e and r e l a t i v e binding 

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 of peaks corresponding to the 

d i r e c t p h o t o i o n i z a t i o n of core l e v e l s i n polymeric systems can 

provide v a l u a b l e data on s t r u c t u r e and bonding i n g e n e r a l i n 

polymeric systems. The i n v e s t i g a t i o n s r e p o r t e d to date have 

l a r g e l y p e r t a i n e d to fluorocarbon based polymers where the l a r g e 

e l e c t r o n e g a t i v i t y of the 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 to a 

s u b s t a n t i a l span i n binding e n e r g i e s f o r C, l e v e l s corresponding 
to s u b s t i t u t e d carbon atoms i n widely d i f f e r i n g e l e c t r o n i c 

42 
environments. For systems i n which the s h i f t s i n core binding 
e n e r g i e s are i n s u f f i c i e n t l y l a r g e to be r e s o l v e d (e.g. s o l e l y 

40 41 
hydrocarbon based polymers) i t has r e c e n t l y been shown ' 

t h a t i t i s s t i l l p o s s i b l e to d e r i v e information on s t r u c t u r e and 

bonding i n these systems from o b s e r v a t i o n s of the r e l a t i v e 

i n t e n s i t i e s and s e p a r a t i o n from the d i r e c t p h o t o i o n i z a t i o n peak 

of the s a t e l l i t e peaks a r i s i n g from shake-up t r a n s i t i o n s . 

For fluorocarbon m a t e r i a l s i t was shown t h a t s u r f a c e 

m o d i f i c a t i o n s may r e a d i l y be de t e c t e d by ESCA and q u a n t i t a t i v e 

data obtained from an i n v e s t i g a t i o n of changes i n r e l a t i v e peak 

i n t e n s i t i e s f o r core l e v e l s which cover a v/idc range i n binding 

e n e r g i e s g i v i n g r i s e to s u b s t a n t i a l d i f f e r e n c e s i n escape depth 
17 

dependencies and hence sampling depth. S i n c e many of the 

important p h y s i c a l , chemical, e l e c t r i c a l and mechanical prope^rties 



!0 

depend on the s t r u c t u r e and b o n d i n g i n the o u t e r m o s t few t e n s 

of Angstroms o f the s u r f a c e , any technique v;hich can c l e a r l y 

d i f f e r e n t i a t e t h i s region from t h e bulk i s of some c o n s i d e r a b l e 
42 

importance. ESCA w i l l c l e a r l y become i n c r e a s i n g l y important 

i n e s t a b l i s h i n g whether: s t r u c t u r e and bonding a t the s u r f a c e of 

polymer samples i s the same or d i f f e r e n t from the bulk and a l s o 

i n monitoring chemical and p h y s i c a l m o d i f i c a t i o n s which are 

i n i t i a t e d a t the s u r f a c e . One important example i s s u r f a c e 

o x i d a t i o n which i s c l e a r l y of r e l e v a n c e i n any d i s c u s s i o n of 

ageing and v/eathering of m a t e r i a l s . 

T h i s chapter and the f o l l o w i n g r e p o r t an ESCA i n v e s t i g a t i o n 

of the core and v a l e n c e energy l e v e l s of an e x t e n s i v e s e r i e s of 

p o l y a c r y l a t e s and p o l y m e t h a c r y l a t e s . These m a t e r i a l s form an 

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

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

ESCA to polymer chemistry. Thus, the range of s u b s t i t u e n t e f f e c t s 

i s c o n s i d e r a b l y s m a l l e r than i n p r e v i o u s l y s t u d i e d fluorocarbon 
42 

based polymer s e r i e s , and the span i n escape depth dependencies 

i s a l s o somewhat l e s s . While t h e r e has been a c o n s i d e r a b l e 

e f f o r t expended i n studying a s p e c t s of the s t r u c t u r e and bonding 

of simple p o l y a l k y l a c r y l a t e s by a v a r i e t y of s p e c t r o s c o p i c 

techniques, i t i s c l e a r t h a t t h e r e i s p a u c i t y of data p e r t a i n i n g 

to the s u r f a c e and subsurface s t r u c t u r e of the s o l i d systems, 
s i n c e most of the previous work r e f e r s to the polymers i n 

44-46 

s o l u t i o n . T h i s study t h e r e f o r e has attempted to remedy t h i s 

s i t u a t i o n and has been addressed to the follov/ing. 

From s t u d i e s of the a b s o l u t e and r e l a t i v e binding e n e r g i e s 

of the core l e v e l s and the r e l a t i v e peak i n t e n s i t i e s the 



composition can be e s t a b l i s h e d f o r these m a t e r i a l s cind draw 
1 7 35 3 7 3 ̂  

comparisons w i t h d a t a p e r t a i n i n g t o t h e bulk,"" ' ' ' ̂  " T h i s 

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

o r i e n t a t i o n of a l k . y l groups o c c u r a t the s u r f c i c e as a f u n c t i o n 

of the length of t h e s i d e c h a i n and i f s u r f a c e o x i d a t i o n or 

c r o s s l i n k e d f e a t u r e s are apparent. To draw comparisons w i t h t h e 

bulk an I.R. study was a l s o undertaken. A s u b s i d i a r y o b j e c t i v e 

of some c o n s i d e r a b l e importance was a p a r a l l e l study t o i n v e s t i g a t e 

the e x t e n s i o n of t h e o r e t i c a l models f o r q u a n t i f y i n g the data 

p e r t a i n i n g to both absolute and r e l a t i v e binding e n e r g i e s and 

to confirm the assignment of core l e v e l s . T h i s has a l s o allowed 

an i n v e s t i g a t i o n of the p o s s i b i l i t y of using ESCA f o r studying 

s t r u c t u r a l isomerisms i n these systems. For comparison purposes 

some simple model systems were i n v e s t i g a t e d from both an 

experimental and t h e o r e t i c a l s tandpoint. The data d e r i v e d from 

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

the main f e a t u r e s of the v a l e n c e bands of the two s e r i e s of 

polymers. 

( i i ) E xperimental. 

(a) Samples. 

As an a i d to the i n t e r p r e t a t i o n of the data p e r t a i n i n g to 

the polyiTier systems a s e r i e s of model compounds were s t u d i e d as 

l i s t e d i n Table 3.1. Methanol, e t h a n o l , acetone and d i e t h y l e t h e r 

were obtained as s p e c t r o s c o p i c grade s o l v e n t s w h i l e the e s t e r s 

were reagent grade m a t e r i a l s which were shov/n by g. I . e . to be 

>98% p u r i t y . The polymers, a l s o l i s t e d i n Table 3.1. were 

commercially a v a i l a b l e samples obtained from Cellomer A s s o c i a t e s 

I n c . , P.O. Box 311, V7ebster, N.Y. and were used d i r e c t l y i n 

preparing samples f o r the ESCA i n v e s t i g a t i o n . Except as noted 
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T a b l e 3 .. I ̂  

Model Compoimds and P o l y a l k y l 7\.crylate Samples S t u d i e d i n t h i s 
V7ork Shov7ing t h e Tq's t o r t h e L a t t e r . 

Model Compounds P o l y a c r y 1 a t e Homopolymer s T y p i c a l Tg's 
( C; 1 

Methanol P o l y a c r y l i e a c i d + 106 
E t hanol Polymethyl a c r y l a t e + 9 
Acetone P o l y e t h y l a c r y l a t e - 20 
D i e t h y l e t h e r P o l y i s o p r o p y l a c r y l a t e - 3 
E t h y l formate P o l y - n - b u t y l a c r y l a t e - 49 
E t h y l a c e t a t e P o l y i s o b u t y l a c r y l a t e - 24 
I s o p r o p y l a c e t a t e P o l y - t - b u t y l a c r y l a t e - 21 
I s o b u t y l a c e t a t e P o l y - 2 ~ e t h y l h e x y l a c r y l a t e - 55 
E t h y l a c e t o a c e t a t e P o ly-n-decyl a c r y l a t e 'u- 45 

P o l y - n - l a u r y l a c r y l a t e - 65 
Polyhexadecyl a c r y l a t e + 15 
P o l y o c t a d e c y l a c r y l a t e -v-i- 40 

(See Appendix A f o r I.R. S p e c t r a of Polymers). 

i n the ensuing d i s c u s s i o n , i n f r a r e d a n a l y s i s confirmed the o v e r a l l 

p u r i t y of the samples and where comparisons were a v a i l a b l e , 

agreed with s p e c t r a i n the l i t e r a t u r e . 

(b) Sample P r e p a r a t i o n . 

The model compounds, a l l r e l a t i v e l y low b o i l i n g l i q u i d s , 

v/ere s t u d i e d i n the form of t h i n f i l m s condensed onto a cooled 

gold s u b s t r a t e d i r e c t l y i n the spectrometer source. To accomplish 

t h i s , samples (0.1 y l ) v/ere i n j e c t e d i n t o a r e s e r v o i r s h a f t 

('\' 500 c c . ' s i n volume) which was a t t a c h e d to the source region 

of the spectrometer by mieans of an i n s e r t i o n lock system. The 

samples were leaked through a m e t r o s i l plug i n the r e s e r v o i r 

s h a f t and the d i r e c t e d j e t of vapour impinged onto the cooled 



gold .substrate momited onto a seunple prober. The r e s e r v o i r 

t e m p e r a t u r e v/as t y p i c a l l y a, 30̂ "''c and t h a t of t h e cooled probe 

t i p 'V, -loO^C. By studying these samples as t h i n f i l m s on gold 

s u f f i c i e n t charge c a r r i e r s are a v a i l c i b l e such t h a t Scimple 

charging i s obviated a l l o v / i n g d i r e c t c a l i b r a t i o n of the energy 

s c a l e . 

The lov7 Tg's f o r the m a j o r i t y of the p o l y a l k y l a c r y l a t e s 

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

coated onto gold su b s t r e i t e s , the l a t t e r being a t t a c h e d 

d i r e c t l y to the sample probe by means of double s i d e d Scotch 

tape, P o l y a c r y l i c a c i d i n the form of a f i n e powder V7as coated 

onto double s i d e d Scotch tape d i r e c t l y a t t a c h e d to the 

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

amount of the sajnple was deposited onto a gold s u b s t r a t e 

a t t a c h e d to the sample probe which v/as then slov/ly iraised i n 

temperature from cimbient to 'x̂  40^C. By t h i s means the sample 

spread evenly as a t h i n f i l m onto the s u b s t r a t e . 

(c) Post-treatment of P o l y i s o p r o p y l A c r y l a t e . 

The study of the adsorption of a s e r i e s of 'hydrogen 

bonding s p e c i e s ' a t the s u r f a c e of p o l y i s o p r o p y l a c r y l a t e was 

accomplished by exposing the polymer (v/hich had been p r e v i o u s l y 

coated onto a gold s u b s t r a t e to about 100 y t h i c k ) , to the 

a p p r o p r i a t e m a t e r i a l . I n t h i s study the compounds s e l e c t e d were 

HF, H2O and NH^ i n the order of d e c r e a s i n g p r o p e n s i t y f o r 

hydrogen bonding. The polymer sample, was exposed to a stream 

of HF i n t o atmiospheric p r e s s u r e f o r s e v e r a l minutes and the 

sample then t r a n s f e r r e d to the spectrometer, the s p e c t r a being 

recorded a f t e r pump down to the r e q u i r e d o p e r a t i n g base p r e s s u r e 



(an o p e r a t i o n r e q u i r i n g 5 m i n u t e s ) . The IL-jO t r e a t m e n t was 

accomplished s i m p l y by w i p i n g t h e s u r f a c e of the polymer with a 

wet t i s s u e and t h e . sample then i n s e r t e d i n t o the spectrom.eter 

f o r a n a l y s i s . The N l l ^ t r e a t m e n t v/ac accomijlished by exposing 

the polymer sample to t h e atm.osphere of NH^ i n a c l o s e d c o n t a i n e r 

of .88% ammonia f o r h a l f an hour. The sample v/as then removed 

from t h e c o n t a i n e r and introduced i n t o the spectrometer f o r 

a n a l y s i s . 

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

p o l y - 2 - e t h y l h e x y l and pol y - n - d e c y l a c r y l a t e s q u a l i t a t i v e 

s t u d i e s were m.cide of w e t t a b i l i t i e s . Contact angles f o r c e s s i l e 

drops of water on the polymer f i l m s v/ere measured from enlargements 
47 

of photographs taken w i t h r e a r i l l u m i n a t i o n . No attempt was made 

to q u a n t i f y the r e s u l t s , b e c a u s e of the crude na t u r e of the 

experiments, hov/ever as noted i n the t e x t a c l e a r d i s t i n c t i o n v/as 

apparent between those samples which were unoxidized a t the 

s u r f a c e and those v/hich were o x i d i z e d . 
(d) I n s t r u m e n t a t i o n . 

S p e c t r a were recorded w i t h an A . E . I . ES200A spectrometer 

u s i n g MgKa, ^ 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 i , z 
were: X-ray gun; 12 kV, 15 mA; p r e s s u r e i n the sample 

_ o 

chamber, ca. 10 t o r r . Under the experimental c o n d i t i o n s 

employed, the gold 4f- l e v e l a t 84 eV used f o r c a l i b r a t i o n , 

had a f u l l v/idth a t h a l f maximum (FWHM) of 1.2 eV. No evidence 

was obtained f o r r a d i a t i o n damiage to the sample from long term 

exposure to the X-ray beam. 

The i n f r a r e d s p e c t r a were recorded on a P e r k i n Elmer 577 

Grati n g I n f r a r e d Spectrometer and wide scan s p e c t r a from 2.5 



to 40 y were co.mpl--:inc'nted by h i g h .re::>olution spectrci i n t h e C-H 

and C=0 s t r e t c h i n g regions frora 2.5 t o 5.5 y. 

Overlapping peaks were 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 

components by use o f a DuPont 310 curve r e s o l v e r (an analogue 

computer) . The d e t a i l e d deconvolutions were based on a knov/ledge 

of linev7idths determined from the model compounds. Previous 
17 42 

s t u d i e s have shown ' t h a t f o r i n d i v i d u a l components of the 

core l e v e l s p e c t r a f o r the O^^ and C^^ l e v e l s the l i n e s h a p e s 

approximate f a i r l y c l o s e l y to gaussicin. 

( i i i ) T h e o r e t i c a l . 

The data p e r t a i n i n g to the model compounds have been 

i n t e r p r e t e d a t th r e e l e v e l s of s o p h i s t i c a t i o n . For the s m a l l e s t 

systems Ab I n i t i o c a l c u l a t i o n s have been c a r r i e d out on both the 

n e u t r a l and i o n i z e d systems and the assignment of l e v e l s confirmed 

by r e f e r e n c e to binding e n e r g i e s computed as energy d i f f e r e n c e s 
18 22 S from Koopmans' Theorem ' and from the charge p o t e n t i a l model. 

These c a l c u l a t i o n s v/ere c a r r i e d out u s i n g the ATMOL s e r i e s of 
48 

programs implemented on an IBM 370/195 computer. The b a s i s 

s e t s employed v/ere STO 431G expansions u s i n g the r e l e v a n t b e s t 

atom exponents f o r the appropriate core and va l e n c e o r b i t a l s 
49 50 

f o r carbon, oxygen and hydrogen. ' 

For the l a r g e r model systems and f o r the polymer models, 

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 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 formalism^^ employing the charge p o t e n t i a l model. 

These computations v/ere c a r r i e d out on an IBM 3 60/67 computer and 

fo r a t y p i c a l convergence l i m i t of 10 a.u. i n the t o t a l 

energy c a l c u l a t i o n s on the l a r g e s t model systems s t u d i e d (35 

atoms, 86 b a s i s f u n c t i o n s ) r e q u i r e d '\' 10 minutes of cpu time f o r 

10 i t e r a t i o n s . 



( i v ) R e s u l t s and Di.scussion f o r Model Compoiands. 

^ ̂  ̂  CQ^re Lev e l s o f Model Coiiipocn ds. 

f ^ E>^pe3:im.ental. 

The primciry sources of ESCA d a t a v/hich have been 

e x t e n s i v e l y u t i l i z e d to date are absolute and r e l a t i v e binding 
17 3"̂  37 39 42 energ i e s and r e l a t i v e peaks a r e a s . ' - ' ' ' As a 

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

was n e c e s s a r y t h e r e f o r e to study a s e r i e s of simple molecules 

as model systems to provide a f i r m b a s i s f o r the i n t e r p r e t a t i o n 

of the data. D i r e c t measurments of the r e l a t i v e a r e a r a t i o s f o r 

the O^^ and Ĉ ^̂  l e v e l s of homogeneous t h i c k f i l m s of the 

condensed model com.pounds p l o t t e d a g a i n s t the s t o i c h i o m e t r i c 

r a t i o s provides 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 . 3.1) c o r r e l a t i o n 
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the slope b e i n g 1.65 ± 0.009 (r""^ = . 9 9 ) . T h i s t h e r e f o r e 

provides 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^^ v/ith 

r e s p e c t to Ô^̂^ c o r e l e v e l s , t h e s e f a c t o r s of course b e i n g 

instrument dependent s i n c e they depend not only on the 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 on spectrometer 

f a c t o r s such 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 energy, e t c . Having obtained an e x p e r i m e n t a l l y 

determined c o r r e c t i o n f a c t o r f o r the r e l a t i v e peak, a r e a s as a 

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

absolute binding e n e r g i e s f o r 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 i s 

warranted. Well r e s o l v e d s p e c t r a v/ere obtained i n a l l c a s e s and 

by c a r e f u l c a l i b r a t i o n of lin e v / i d t h , (FWKM) and l i n e s h a p e , i n 

completely r e s o l v e d peaks could be unambiguously deconvoluted 

w i t h i n very narrow e r r o r l i m i t s ( t y p i c a l l y ± 0 . 2 eV) and the 

r e l e v a n t data are recorded i n Table 3.2. 

To enable a d i r e c t comparison to be drawn w i t h the 

experimental data f o r the polymers to be d i s c u s s e d i n a l a t e r 

s e c t i o n , r e p r e s e n t a t i v e s p e c t r a of some simple a l k y l a c e t a t e s 

are shown i n F i g . 3.2. 

I n each case core l e v e l s corresponding to carbon atoms not 

d i r e c t l y bonded to oxygen had binding e n e r g i e s c e n t r e d 285.0 eV 

and have t h e r e f o r e been omitted from the t a b l e . Taking t h i s as 

the energy r e f e r e n c e i t i s c l e a r t h a t the s h i f t i n binding energy 

f o r a given carbon i s c h a r a c t e r i s t i c of the chemical environment. 

For carbon atoms s i n g l y bonded to oxygen (e.g. a l c o h o l s , e t h e r s 

and simple e s t e r s ) the binding e n e r g i e s and s h i f t s are h i g h l y 

c h a r a c t e r i s t i c , being 286.6 ± 0.1 eV and 1.6 ± 0.1 eV 

r e s p e c t i v e l y . The carbon atoms doubly bonded to oxygen f a l l 



T a b l e 3,2. 

E x p e r i m e n t a l l y Determined B i n d i n g E n e r g i e s f o r Model Compounds 

Molecule Experimental Binding FJnergies i n eV 

C-0-
I s L e v e l s 

C=0 : C-0 -0-C 
2s L e v e l s 

0 2s 

CH30H 533. 6 i 286. 
1 

6 25. 6 16 
CK2CI-I20K 533. 6 - - 286. 6 25. 5 : 16 
CH-̂ COCĤ  533. 6 287. 9 25. 2 13 

i CH2CH20Cri2CH2 533. 6 - 286. 5 26. 5 : 16 
HCOOCK2CH2 534. 5 533. 3 289. 3 286. 6 26. 7 14 
CH3COOCH2CH2 534. 4 533. 6 289. 0 286. 6 26. 0 16 
0^1^000011(0112)2 534. 5 533. 5 289. 2 286. 7 26. 0 16 
CH3COOCH2CH (0112)2 534. 4 533. 2 289. 2 286. 7 26. 0 16 

• 533. 1 288. 9 
CH2COCH2COOCH2CH2 534. 4 533. 6 287. 2 286. 3 

2s 

i n t o two c l a s s e s , namely simple carbonyl compounds and e s t e r s , 

the binding e n e r g i e s and s h i f t s f o r the former being s i g n i f i c a n t l y 

lower than f o r the l a t t e r (287.9 eV ± 0.2 eV, 2.9 eV ± 0.2 eV 

and 289.1 ± 0.2 eV and 4.1 ± 0.2 eV 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 binding e n e r g i e s t h e r e f o r e are s u f f i c i e n t l y l a r g e to 

allow a ready m^eans of i d e n t i f i c a t i o n of 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 . 

For the 0^^ l e v e l s the binding e n e r g i e s f o r the simple 

carbonyl compounds, a l c o h o l s and e t h e r are e s s e n t i a l l y the same. 

By comparison, i n the e s t e r s the s i n g l y and doubly bonded oxygen, 

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 eV) and the t h e o r e t i c a l 

a n a l y s i s presented belov/ unambiguously a s s i g n s the higher 

binding energy component as a r i s i n g from the s i n g l y bonded oxygen. 
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X33 

"~T \ r ~ 
537 535 533 

CH3-C 

3x10^ 

R-C4H0G) 

R= C.H 

R=C3H7(i) 

291 289 287 2& 

F i g u r e 3.2. Core L e v e l S p e c t r a f o r Simple A l k y l A c e t a t e s . 

Comparison of the absolute binding e n e r g i e s i n d i c a t e s t h a t w h i l e 

the binding energy of the carbonyl type oxygen of the e s t e r group 

i s comparable to t h a t of a simple carbonyl compound, t h a t of 

the e s t e r type oxygen i s s i g n i f i c a n t l y h igher than t h a t of the 

a l c o h o l from which i t i s d e r i v e d . To check the o v e r a l l i n t e r n a l 

c o n s i s t e n c y of t h i s assignment data i s a l s o presented f o r 

e t h y l a c e t o a c e t a t e V7hich under the c o n d i t i o n s employed i n these 

experiments e x i s t s almost s o l e l y {96%) i n the keto form. The 
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oxygen Is l e v e l s f o r t h i s compound 'correspond t o a s u p e r p o s i t i o n 

of t h o s e f o r an e s t e r group and a s i m p l e k e t o n e ; the oxygen 

doubly bonded to carbon e x h i b i t i n g a s m a l l s h i f t ('v. 0.5 eV) 

v/hile t h e s i n g l y bonded oxygen of t h e e s t e r group i s a t 

s u b s t a n t i a l l y higher binding energy cTnd i s d i r e c t l y comparable to 

t h a t f o r the corresponding simple e s t e r s . A d i s c u s s i o n of the 

Ĉ ^̂  l e v e l s f o r e t h y l a c e t o a c e t a t e v / i l l be given i n a l a t e r 

s e c t i o n v/hen s u r f a c e o x i d a t i o n of the p o l y a c r y l a t e s i s considered. 

(2) T h e o r e t i c a l . 

I t has been shov/n 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 
3-7 3^ 37 39 ^2 

r e s p e c t to simple model systems, ' ~' ' ' i t i s p o s s i b l e 

to q u a n t i t a t i v e l y d e s c r i b e both absolute and r e l a t i v e b inding 

e n e r g i e s f o r polymer systems. The a n a l y s i s has been based on the 

s o - c a l l e d charge p o t e n t i a l model^ which may f o r m a l l y be d e r i v e d 

from Koopmans' Theorem"^^ i n the zero d i f f e r e n t i a l approxim.ation. "̂ ^ 

The model, r e l a t i n g charge d i s t r i b u t i o n s to m.olecular core binding 

energies i s i n t u i t i v e l y appealing to chemists and has the d i s t i n c t 

advantage t h a t i n a p p r o p r i a t e c a s e s the model may be i n v e r t e d 

enabling charge d i s t r i b u t i o n to be obtained from e x p e r i m e n t a l l y 

determined binding energies.^"*" I n t h i s model the binding energy 

( E ^ ) of a given core l e v e l l o c a t e d i n atom i i s r e l a t e d to the 

charge d i s t r i b u t i o n i n the molecule as 
q. 

E ^ = E J + kq^ + j i i ^ ... ( 3 . 1 ) 

where E ^ i s the e x p e r i m e n t a l l y determined binding energy f o r a given 

core 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 energy l e v e l , 
q^ i s the charge on atom i on v/hich the core hole i s l o c a t e d 
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and k i s a constant (^•.pproximately equal to t h e one-centre 

r e p u l s i o n i n t e g r a l between a core and v a l e n c e e l e c t r o n on 

atom i ) , 

As a n e c e s s a r y p r e - r e q u i s i t e to the a p p l i c a t i o n of t h i s model 

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

s t u d i e s were c a r r i e d out on simple model compounds, the o b j e c t i v e s 

being tv7ofold. F i r s t , to confirm the assignm.ent of core l e v e l s 

and second, to obtain v a l u e s f o r the charge p o t e n t i a l parameters 

E and k f o r the O, and C, core l e v e l s . C a l c u l a t i o n s of the 
I s I s 

r e q u i s i t e charge d i s t r i b u t i o n s were accomiplished w i t h i n the a l l 

valence e l e c t r o n CNDO/2 SCF MO f ormalism. "̂ "̂ ' "̂ '̂ ' By p l o t t i n g 
E ~ Z ~ ~ (where E i s the e x p e r i m e n t a l l y determined binding energy) 

v e r s u s q^ the charge on atom i on which the core hole i s l o c a t e d , 

E° and k f o r each core l e v e l may be determined as an i n t e r c e p t and 

slope r e s p e c t i v e l y . F i g . 3.3. shows the c o r r e l a t i o n f o r the C^^ 

and O^g l e v e l s and l e a s t squares a n a l y s i s of the data y i e l d s v a l u e s 

of 284.6 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^^ l e v e l s , 

the c o r r e l a t i o n c o e f f i c i e n t being 0.99. These v a l u e s are i n 

e x c e l l e n t agreement w i t h those p r e v i o u s l y determined f o r simple 
52 

fluorocarbon systems. The r e l a t i v e l y s m a l l range of binding 

e n e r g i e s leads to a c o n s i d e r a b l e s c a t t e r i n the data f o r the Ô ^̂  

l e v e l s and the c o r r e l a t i o n c o e f f i c i e n t (0.76) i s t h e r e f o r e 

somewhat lower. Nonetheless the concomitant e r r o r l i m i t s s t i l l 

l e a d to an unarabiguous assignment of the O^^ l e v e l s and t h i s has 

been checked by c a r r y i n g out d e t a i l e d n o n - e m p i r i c a l LCAO SCF MO 

c a l c u l a t i o n s of absolute binding e n e r g i e s from computations on the 

n e u t r a l molecules and the r e l e v a n t hole s t a t e s . Table 3.3 shows 
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295.0 

> 

Ul 

230.0 

285.0 

/ 

c l e 
ws. 

L . 

f 
C 
m 

y=?-84.6+25.2K 
(±0.7) 

,•2 = 0.99 

0.2 03 0.4 05 
CNDQ 2̂ charge (qj) 

'Is 

y=534.6+16.7 X 
( i2. l ) 

r2=0.76 

-05 -0.4 -0.3 -0.2 -0.1 
CND0/2chGrQs(qi) 

535.0 

530.0 

F i g u r e 3.3. Charge P o t e n t i a l C o r r e l a t i o n s f o r the Ĉ ^̂  
an?rT)^"lj"ev 



T a b l e _ 3 .. 3̂,̂  

Absolute Binding E n e r g i e s f o r the and 0, L e v e l s of the 
"Ĥ k̂xleT'T̂ om̂ ^̂  harcj^ri?otenti a 1 Mode 1 

Molecule Theoret i c a l Binding E n e r g i e s i n eV 
»c-o- C=-0 C-0 C"0-

r-" — — . •.— 
CH^OH 533.7 - - 286.5 
CH2CH2OH 533.6 - - 286.8 
CH.,COCIT - 533.2 287.8 

533„2 - 286.6 
534.4 533.2 289.1 287.4 
534.2 532.9 289.1 287.2 

CH^COOCIKCH^) 2 534.1 532.9 289.0 287.4 
CH^COOCH^CH(CH^)2 534.2 532.9 289.1 287.2 

532.8 289.1 
CH2COCH2COOCH2CH2 534.2 533.1 288.0 287.2 

the c a l c u l a t e d absolute binding e n e r g i e s obtained from the charge 

p o t e n t i a l model u s i n g the v a l u e s of k and E^ d e r i v e d from F i g , 3.3 

I t i s c l e a r t h a t both the abso l u t e and r e l a t i v e binding e n e r g i e s 

are i n e x c e l l e n t agreement w i t h experiment and the assignments 

are f u r t h e r r e i n f o r c e d by the d e t a i l e d n o n - e m p i r i c a l study, 

the r e s u l t s of vzhich are d e t a i l e d i n Table 3.4. 

The r e f e r e n c e l e v e l f o r th e s e c a l c u l a t i o n s d i f f e r s of course 

from t h a t f o r the charge p o t e n t i a l model v/hich has been 

s p e c i f i c a l l y c a l i b r a t e d w i t h r e s p e c t to measurements p e r t a i n i n g 

to the s o l i d s t a t e V7here the convenient energy r e f e r e n c e i s the 

Fermi l e v e l whereas f o r the non - e m p i r i c a l c a l c u l a t i o n s the 

re f e r e n c e i s the vacuum l e v e l . F r o m s t u d i e s on sim.ple organic 

molecules i n both the gas and s o l i d phase, the d i f f e r e n c e i n 

re f e r e n c e l e v e l s has been shov/n to be '̂̂  5 eV V7hich corresponds 



T h e o r c t i c a 11 v_Ca 1 cui.ated A b s o l u t e ar-.rl Pelat.1 ve D i n d i n g Energies 
f o r coiae Core and Valence Lc^veJ.s o"̂; CH^OIi, and iicobii as 

Mo l e c u l e B i n d i n g Energy 
C a l c . E x p t l c (a) (b) Expt 

L e v e l s cn^OH 
HCHO 

54 4.5 
545,1 

530.9 
539.0 

16.4 
17.1 

(0) 
0.6 

(0) 
1.3 

(0) 
0.1 

0 
H-C 

OH 

544.3 
546.3 

538.3 
540.1 

17.2 
16.5 

-0.2 
1.8 

0. 6 
1.9 

-0.6 
1.2 

L e v e l s CH^OH 
Hcno 

295.5 
297.8 

292.3 
293.9 

11.2 
10.6 

• (0) 
2.3 

(0) 
1.7 

(0) 
1.6 

0 
H-C 

OH 
299.3 295.4 10.5 3.8 3.0 3.1 

L e v e l s CH^OH 34.3 'v̂ 32 2.6 (0) (0) (0) 
HCHO 35.9 '\'34 2.8 1.6 1.9 ^̂ 2 

0 35.0 ^̂ 31 2.2 0.7 0.4 ' \ . - l 
HC 

OH 35.8 ^̂ 33 4.1 1.5 3.1 'vl 

^28 L e v e l s CH3 
HCHO 

23.9 
22.2 

'V'23 1.1 
0.9 

(0) 
-0.7 

(0) 
-2.0 

(0) 

0 
HC 

OH 
22.7 -^22 0.9 -1.2 -1.5 -1. 

"^Experimental data f o r core l e v e l s from r e f . (5) . 
The data f o r the 0.̂  and C^ va l e n c e l e v e l s i s taken from 

2s 2s 
r e f . ( 5 3 ) . 

R.E. r e f e r s to r e l a x a t i o n energy accompanying p h o t o i o n i z a t i o n 
Cf. Ref. ( 2 2 ) . 



approxima-tely to the vvork f u n c t i o n of tlie sample. "̂"̂  

C o n s i d e r i n g f i r s t the 0-|̂ ^ l e v e l s , t h e assignment of formic 

a c i d as prototype f o r systems c o n t a i n i n g carbonyl groups i s 

unambiguous with t h e carbonyl oxygen being s u b s t a n t i a l l y lovier 

i n b inding energy. T h i s i s a l s o apparent from s t r a i g h t f o r w a r d 

a p p l i c a t i o n of Koopm.ans' Theorem which n e g l e c t s of course the 

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 concomitant w i t h core 

i o n i z a t i o n , " I t i s s i g n i f i c a n t however t h a t the r e l a x a t i o n 

e n e r g i e s are c h a r a c t e r i s t i c of the l o c a l e l e c t r o n i c environm.ent. 

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

and doubly bonded oxygens i n form.ic a c i d (16.5 eV and 17.2 eV 

r e s p e c t i v e l y ) are s u b s t a n t i a l l y the same as those f o r the O^^^ 

l e v e l s i n methanol (16.4 eV) and formaldehyde (17.1 eV) 

r e s p e c t i v e l y , although the c a l c u l a t e d a b s o l u t e binding e n e r g i e s 

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

reproduce the s u b s t a n t i a l i n c r e a s e i n binding energy f o r the 

e s t e r type oxygen, by comparison w i t h the a l c o h o l , and the 

s m a l l e r decrease i n binding energy f o r the carbonyl oxygen i n 

going from a carbonyl group to a c a r b o x y l f u n c t i o n . I t i s 

i n t e r e s t i n g to note t h a t t h i s f e a t u r e i s a l s o reproduced i n the 

02^ v a l e n c e l e v e l s and t h i s p o i n t w i l l be d i s c u s s e d l a t e r . 

(b) Valence L e v e l s of Model Compounds. 

I n other s t u d i e s on polymeric systems i t was shown t h a t the 

s u b s t a n t i a l d i f f e r e n c e s i n escape depth dependence f o r deep 

l y i n g v a l ence l e v e l s which are core l i k e i n c h a r a c t e r ( v i z . F_ ) 
S 

with r e s p e c t to t i g h t l y bound core l e v e l s , may u s e f u l l y be 
] 7 

employed f o r a n a l y t i c a l depth p r o f i l i n g . " I n the p r e s e n t 

context i t i s c l e a r from the p u b l i s h e d data i n the l i t e r a t u r e on 

22 



model com.pounds t h a t J.t i s only f o r the deep l y i n g 0,.̂., v a l e n c e 

l e v e l s v/hich are 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 depth 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 . (This i s 

of course i n a d d i t i o n to the depth 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 

from d i f f e r e n c e s i n escape depth dependence f o r the O^^ and 

C, l e v e l s ) . Gas phase ( H e l l ) data was b r i e f l y a l l u d e d to f o r X s 
53 

simple model compounds ' and the assignment of l e v e l s based 

on non'-empirical LCAO SCP' MO c a l c u l a t i o n s . I n going to a high 

energy photon source (e.g. MgKci^ 2 ~ 1253.7 eV) , as employed 

i n t h i s work, the d i f f e r e n t i a l changes i n c r o s s s e c t i o n v/ith 

photon energy are such t h a t f o r f i r s t rov/ elements the 

i n t e n s i t i e s of l e v e l s d e r i v e d from o r b i t a l s which are l a r g e l y 

2s i n c h a r a c t e r i s c o n s i d e r a b l y g r e a t e r than t h a t from o r b i t a l s 
54 

which cire l a r g e l y of 2p c h a r a c t e r . For systems 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 l k y l groups i t i s a l s o c l e a r from the 

l i t e r a t u r e t h a t the region of the s p e c t r a corresponding to 

p h o t o i o n i z a t i o n from 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 from l i n e a r 

combinations of l e v e l s span a c o n s i d e r a b l e energy range 
^ s 

making a d i r e c t i n t e g r a t i o n of 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 
53 

comparison w i t h t h a t of the core l e v e l s somewhat d i f f i c u l t . 

I n u t i l i z i n g the v a l e n c e energy region f o r i n f o r m a t i o n , v/ith 

regard to composition as a f u n c t i o n of depth, r e s t r i c t i o n s were 

made to u s i n g the O^ l e v e l s , although i t w i l l become c l e a r t h a t 

the o v e r a l l band p r o f i l e f o r the v a l e n c e l e v e l s as a whole 

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 the system. 

The measured va l e n c e energy regions corresponding to the 

core l e v e l s of the model systems shown i n F i g . 3.2. are 

reproduced i n F i g . 3.4. Reference to t h e o r e t i c a l c a l c u l a t i o n s 



20 16 4 36 32 28 24 12 
B.E. (eV) 

F i g u r e 3.4. Measured v a l e n c e energy l e v e l s f o r the 
a l k y l a c e t a t e s whose core l e v e l s are shov7n i n F i g . 3.2. 
The assignm.ent of the energy l e v e l s i n d i c a t e d i s s o l e l y 
q u a l i t a t i v e and i s i n c l u d e d to convey the dominant 
c h a r a c t e r i s t i c of molecular o r b i t a l s i n each re g i o n . I n the 
energy range from 4 - 16 eV t h e r e i s c o n s i d e r a b l e o v e r l a p of 
c h a r a c t e r i s t i c s and f o r t h i s reason a t t e n t i o n has been 
focussed p r i m a r i l y on the w e l l r e s o l v e d peak to high binding 
energy a t t r i b u t a b l e to l i n e a r combination of the 0^ l e v e l s . 

and d i r e c t comparison w i t h the experimental data on r e l a t e d 

systems uncnnbiguously c i ssigns the i n t e n s e broad peak cen t r e d 

'\' 27 eV binding energy ( s o l i d phase Fermi L e v e l as r e f e r e n c e ) 
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a r i s i n g from molecular o r b i t a J s c o n s t i t u t e d p r i m a r i l y from 

l i n e a r combination of C, o r b i t a l r . . The other regions 

corresponding very approximately to the assignment given (there 

i s considerables o v e r l a p i n each region) are d i s t i n c t i v e and 

form a u s e f u l d i a g n o s t i c f e a t u r e f o r the c:lkyl component as w i l l 

become apparent, however the considc^rable o v e r l a p make these 

l e v e l s l e s s u s e f u l from the po i n t of viev; of inform.ation v/ith 

r e s p e c t to a n a l y t i c a l depth p r o f i l i n g . The d i f f i c u l t i e s 

i n v o l v e d i n * d i r e c t i n t e g r a t i o n of the l e v e l s consequent 
£. S 

upon the s l o p i n g b a s e l i n e mean t h a t the e x p e r i m e n t a l l y 

determined a r e a r a t i o s f o r the 0, /O^, l e v e l s a r e s u b j e c t to 

a somewhat g r e a t e r e r r o r than t h a t f o r the 0 ] _ s / ^ l s ^̂ "'̂ ^̂ ^ 

p r e v i o u s l y d i s c u s s e d . A n a l y s i s of the data f o r a l l the model 

compounds y i e l d s an 0,^/0^ r a t i o of 11 ± 1. I t should be 

emphasized however t h a t t h i s r a t i o , being instrument dependent, 

a p p l i e s only to the p a r t i c u l a r exx^eriraental c o n f i g u r a t i o n used 

i n t h i s study. The approximate k i n e t i c e n e r g i e s p e r t a i n i n g 

to photoemitted e l e c t r o n s from the O^^ and l e v e l s u s i n g 

a MgKa, ^ photon source a t 720 eV and 'v 1227 eV r e s p e c t i v e l y 

which from a c o n s i d e r a t i o n of a g e n e r a l i z e d curve of escape 

depth v e r s u s k i n e t i c energy should correspond t o s i g n i f i c a n t 
17,42 

d i f f e r e n c e s i n e l e c t r o n mean f r e e paths. ' 

(V) R e s u l t s and D i s c u s s i o n f o r P o l y a c r y l a t e s . 

(^) E x perimental. 
Polymer compositions and abso l u t e and r e l a t i v e binding 

e n e r g i e s of core l e v e l s 

P r e l i m i n a r y expe3:iments r e v e a l e d t h a t some of the poly-

a c r y l a t e samples studJ.ed as t h i n f i l m s on gold were o x i d i z e d . 
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F u r t h e r experiments shov/ed t h a t the o x i d a t i o n i n Gorne cases 

was l i r a i t e d to the. s u r f ace of t h e samples but i n ot h e r s 

extended to the bulk. The evidence f o r t h i s i s most conveniently' 

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

polymer samples where a v a r i e t y of data e s t a b l i s h e d t h a t the 

s u r f a c e was r e p r e s e n t a t i v e of the bulk. The core l e v e l s p e c t r a 

f o r these samples are shov7n i n F i g . 3.5, Co n s i d e r i n g f i r s t l y 

0. Levels ^ Levels 

535 533 
I I I I 
289 265 

B.E.leV.) 
Core L e v e l Sr-^ectra f o r a vSerles of P o l y a l k y l 
Aery i ate:i. 
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the parent p o l y a c r y l i c a c i d tlse C, cpectrum c o n s i s t s of a 

doublet i n a 1:2 r e t i o correspondiuc. to the pendant c a r b o x y l a t e 

and bcickbone carbons r e s p e c t i v e l y , th..e s h i f t i n binding energy 

being 4,1 eV i n e x c e l l e n t civjreeme.nt v/ith t h a t f o r model systems 

c o n t a i n i n g the corresponding s t r u c t u r a l f e a t u r e s . I n going to 

the methyl d e r i v c i t i v e the core l e v c i l s corresponding to the 

methyl carbons are. c l e a r l y apparent being s h i f t e d by 1.6 eV 

by the attached oxygen. T h i s again i s i n e x c e l l e n t agreement 

wi t h the da-da f o r the model compounds. As the a l k y l group 

i n c r e a s e s i n complexity the shoulder a r i s i n g from the carbon 

atoms d i r e c t l y attached to the e s t e r oxygens becomes l e s s w e l l 

r e s o l v e d but i s s t i l l apparent even f o r the l o n g e s t c h a i n 

s t u d i e d (C18). Deconvolution of the s p e c t r a i n each case y i e l d s 

a bsolute and r e l a t i v e binding 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 i n e x c e l l e n t agreement w i t h the delta f o r 

the model systems -and the data are shov/n i n Table 3.5. 

C o n s i d e r i n g now the Ô ^̂  l e v e l s i t i s c l e a r 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 from two peaks of equal i n t e n s i t y a t t r i b u t a b l e 

to the carbonyl and e s t e r type oxygens. T h i s i s most r e a d i l y 

apparent f o r the methyl, 2 - e t h y l h e x y l and o c t a d e c y l systems 

and a s i m i l a r p a t t e r n emerges from deconvolution of the s p e c t r a 

f o r the parent p o l y a c r y l i c a c i d and f o r the i s o p r o p y l d e r i v a t i v e . 

Again both the absolute and r e l a t i v e binding e n e r g i e s (Table 3.5) 

are i n e x c e l l e n t agreement w i t h the data p r e v i o u s l y d e s c r i b e d 

f o r the model systems. 

As an i n i t i a l t e s t of the homogeniety of the samples on 

the ESCA depth p r o f i l i n g s c a l e , a comparison V7as m.ade to the 

measured Oj^^/O^^^ a r e a r a t i o s f o r these polymers w i t h those 



Table 3,5„ 

E x p e r i 1 i\ e n t a 11 IJ2£ 10 rm i n e d B ; L n d. i n g E n e r g i e s f o r PolyaIky1 Ac r y l a t e 
l o s 

E x p e r m e n t a l Binding E n e r g i e s i n eV 1 • " • 1 • • •• 1 • 1 1 
Molecule I s L 2s L e v e l s 1 

(-R) -c C-0 c=-=o -o~c 2s 1 

— 
H 534 .3 533.0 289.1 26.6 

1 
15.5 i 

1 
^1 ' 534 .3 532.8 288.8 28G.6 26.6 16 1 

i 
^2 534 .3 532.8 288.9 286.5 26.6 16 1 

i 
C 3 ( i ) 534 .1 532.7 288.8 286.6 26.6 16 1 
C 4 (n) 534 .3 532.8 288.9 286.6 26.4 16 
C 4 ( i ) 534 .0 532.8 288.9 286.6 27.2 16 

1 534 .5 532.7 288.9 286.6 26. 8 16 
Cg (E"H) 534 .5 533.1 289.1 286.8 26.4 15.5 

^10 534 .4 532.9 289.0 286.5 26.2 15.5 
534 .4 533.0 289.0 286.2 26.4 15.5 1 

C^g (H-D) 534 .2. 532.7 288.7 286.5 26.4 15.5 1 
1 

^18 534 .2 532.8 288.9 286.6 26.4 15.5 1 i i 

t C e n t r o i d of r e l a t i v e l y broad peak. 



p r e v i o u s l y obtciined f o r homogeneous t h i n fi].ms of the model 

systenis; s i n c e , as x^reviously i n d i c a t e d , the escape depth 

dependencies f o r the tv70 l e v e l s are s i g n i f i c a n t l y d i f f e r e n t . I t 

i s f o r t u n a t e i n t h i s r e s p e c t thcit the 0. ̂  l e v e l s are s u f f i c i e n t l y 

c o r e - l i k e to be r e a d i l y i d e n t i f i a b l e ( F i g . 3.6) and a l s o t h a t the 

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 l a r g e enough such t h a t even 

f o r the long chain a l k y l systems the s i g n a l s a r i s i n g from these 

l e v e l s have adequate i n t e n s i t y to be detected. The micasured 

area r a t i o s f o r the polymers f a l l w i t h i n a narrov? range (12 ± 1) 

which i s w i t h i n experimental e r r o r the same as t h a t f o r the model 

compounds. As p r e v i o u s l y noted i n Chapter 2, t h e r e are two 

e s s e n t i a l l y independent means of e s t a b l i s h i n g the polymer 

compositions from the ESCA data. F i r s t l y from the Cj_g/0-j_g a r e a 

r a t i o s employing the i n s t r u m e n t a l l y dependent s e n s i t i v i t y f a c t o r s 

f o r the core l e v e l s e s t a b l i s h e d from a study of model systems. 

Secondly from the a r e a r a t i o s f o r the r e l e v a n t component peaks 

of the C^ l e v e l s . The data p e r t a i n i n g to the f i r s t group of 
J.S 

samples i s shovm i n F i g . 3.7. For p o l y a c r y l i c a c i d the measured 

areas 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 f o r the 0, l e v e l s and 
I s 

C, l e v e l s and C, l e v e l s and the o v e r a l l r a t i o s f o r the to 0, I s I s I s I s 
l e v e l s ( c o r r e c t e d f o r d i f f e r i n g s e n s i t i v i t y f a c t o r s ) are 1.0, 

2.0 and 1.6 r e s p e c t i v e l y , i n e x c e l l e n t agreement w i t h the 

t h e o r e t i c a l v a l u e s of 1.0, 2.0 and 1.5 based on a s t a t i s t i c a l 

sampling of the polymer repeat u n i t . The area r a t i o s f o r the 

i n d i v i d u a l components f o r the C^^ l e v e l s show 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 the number of carbon atoms i n the a l k y l groups 
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R=C..H 

32 ZB 24 20 16 12 8 4 6 
aE.(aV) 

F i g u r e 3.6. Measured Valence Energy L e v e l s f o r a S e r i e s of 
P o l y a i k y l a c r y l a t e . 



(Slope; E x p e r i m e n t a l 1,03, T h e o r e t i c a l 1 , 0 ) . * T3y c o n t r a s t t h e 

p l o t o f T o t a l ^-^r^/^ia^ a r e a ratioi-: ( c o r r e c t e d ) a g a i n s t t h e c h a i n 

length f o r the alky], group f a l l s on a smooth curve; hov/ever 

r e p l o t t i n g the data i n a d i f f e r e n t iorip. as shovm i n F i g . 3.8 r e v e a l s 

the underlying l i n e a r c o r r e l a t i o n v / i t h t h e a p p r o p r i a t e l y d e r i v e d 

t h e o r e t i c a l parameter. Within experimental l i m i t s the s l o p e i s 

u n i t y as r e q u i r e d by theory i f the ESCA experiment s t a t i s t i c a l l y 

samples the repeat u n i t s o f the p o l y m e r s . I n sum t o t a l t h e r e f o r e 

the ESCA data shows t h a t f o r these systems the outermost few tens 

of Angstroms of the samples a r e r e p r e s e n t a t i v e of the bulk and 

t h a t compositions, i n t e g r i t y of the imjnediate s u r f a c e , and 

homogeneties may r o u t i n e l y be e s t a b l i s h e d . 
'Theoretical Models f o r 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 
Absolute and R e l a t i v e Binding Ener-gies. 

Having e s t a b l i s h e d the charge p o t e n t i a l parameters E^ and k 

f o r the and 0^^ l e v e l s of the model systems an i n v e s t i g a t i o n 

was made on both absolute and r e l a t i v e binding e n e r g i e s f o r models 

of the polymers d i s c u s s e d i n the previous s e c t i o n . The o b j e c t i v e 

of t h i s i n v e s t i g a t i o n was twofold. F i r s t , v/ith an unsymmetrical 

v i n y l monomer the 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 isomerism 

( v i z . head to t a i l v s . head to head and t a i l to t a i l bonding). 

Second, f o r a given s t r u c t u r a l isomer the r e l a t i v e conformation 

of the pendant groups namely the carbonyl and e s t e r f u n c t i o n s , 

* I t i s convenient i n t h i s c o r r e l a t i o n to p l o t the ar e a r a t i o s 
f o r the two bes t r e s o l v e d peaks, namely the carbonyl carbon which 
although of low r e l a t i v e i n t e n s i t y f o r the longer c h a i n systems 
nonetheless i s w e l l removed from the main component a r i s i n g from-the 
backbone and carbons not d i r e c t l y attached to oxygen. T h i s o b v i a t e s 
any e r r o r due to deconvoluting the- s i g n a l a r i s i n g from, the other 
carbons d i r e c t l y attached to oxygen ( v i z . o f the e s t e r group) s i n c e 
f o r the l o n g chain systems i t i s o b v i o u s l y p r e f e r a b l e t o have a smal 

• e r r o r i n a l a r g e r a t h e r than a s m a l l q u a n t i t y . S i n c e the area r a t i o 
does not t h e r e f o r e i n c l u d e the carbons of the e s t e r group which a r e 
d i r e c t l y bonded t o oxygen t h i s l e a d s to an obvious break i n the 
curve f o r po3.yacrylic a c i d . 
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F i g u r e 3.7. P l o t of Area R a t i o s f o r the Core L e v e l s Versus 
Number o f Carbons on t h e A I k y l Group o f a S e r i e s 
of P o l y a i k y l a c r y l a t e s . (These have been 
C o r r e c t e d f o r D i f f e r e n c e s i n Cross S e c t i o n and 
In s t r u m e n t a l S e n s i t i v i t y (see t e x t ) ) . 

ori yio 
are of some i n t e r e s t . I t has been shovm ' ' ' ' t h a t the 

f a c t o r s which determine d i f f e r e n c e s i n binding e n e r g i e s are 

r e l a t i v e l y s h o r t range i n nature and may t h e r e f o r e be q u e m t i t a t i v e l y 

d e s c r i b e d by c a l c u l a t i o n s on model systems i n c o r p o r a t i n g a s m a l l 

nuniber of monomer u n i t s such t h a t a l l of the important s h o r t 

range i n t e r a c t i o n s are 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. 
39 

n i t r o s o rubbers" ' ) i t was shov/n t h a t s t r u c t u r a l isom.erisms may be 

i n v e s t i g a t e d d i r e c t l y by ESCA; however i n g e n e r a l f o r homopolymers 

based on simple unsyminetrical v i n y l monomers both theory and 
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F i g u r e 3.8. P l o t of Area R a t i o s f o r the C, and Ô  L e v e l s 
2 I s I s 

of a S e r i e s of P o l y a l k y l A c r y l a t e s as a Function 
of Chain Length of the A l l y l Group. 

experiment agree t h a t both absolute and r e l a t i v e binding e n e r g i e s 

are v i r t u a l l y the same f o r r e g u l a r and i r r e g u l a r s t r u c t u r e s . 

Even a t the s e m i - e m p i r i c a l 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 , computations on m.odel systems f o r the polym.ers 

s t u d i e d i n t h i s v7ork a r e extremely time consuming. Computing 

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 the c e n t r a l monomer u n i t of 

the model ch a i n s v^ere l i n k e d to a s i n g l e monomer u n i t a t each 

end. C a l c u l a t i o n s reported i n the l i t e r a t u r e shov; t h a t such a 



model i n c o r p o r a t e s a l l the important s h o r t range i n t e r a c t i o n s 
3.7 33 3V 

w i t h r e s p e c t to the c e n t r a l u n i t . ' ' ' ' " The model systems 

chosen f o r study were p o l y a c r y l i c a c i d and polymethyl a e r y l a t e . 

I n a l l cases standard bond angles and lengths were employed 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 . T h e model systems s t u d i e d 

are shov/n i n F i g s . 3.9 and 3.10. 

For p o l y a c r y l i c a c i d the models s t u d i e d e x e m p l i f i e d both 

s t r u c t u r a l isom.erism and r e l a t i v e conformationa]. p r e f e r e n c e s 

f o r the s i d e c h a i n . For a model system composed of t h r e e monomer 

u n i t s the two d i s t i n c t s t r u c t u r a l isomers w i t h r e s p e c t to the 

c e n t r a l u n i t may be designated as head t o t a i l (HT) or, head to 

head (HII) or t a i l to t a i l (TT) . For the head to t a i l ( r e g u l a r ) 

arrangement (HT-HT l i n k a g e s ) both the ' i s o t a c t i c ' and * s y n d i o t a c t i c 

forms V7ere. i n v e s t i g a t e d . C a l c u l a t i o n s on simple model systems 

such 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 the most s t a b l e 

conformers in v o l v e d an e c l i p s e d arrangement f o r the carbon-oxygen 

double bond and the a d j a c e n t carbon hydrogen bond, and indeed 
5 6 

experimental data on r e l a t e d systems supports t h i s c o n c l u s i o n . 

For the model systems t h e r e f o r e the carbonyl group v/as taken to 

e c l i p s e the CH bond of the backbone and t h i s i s r e f e r r e d to as 

the 77 e c l i p s e d arrangement. 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 

were a l s o c a r r i e d out on staggered conformers i n which the 

carbonyl group was r o t a t e d through an angle of 60*^ (with r e s p e c t 

to the e c l i p s e d c o n f i g u r a t i o n ) about an a x i s through the carbon-

carbon bond l i n k i n g the pendant group and backbone. Without 

exception such conformers were c a l c u l a t e d to be s i g n i f i c a n t l y 

higher i n energy than f o r those i n v o l v i n g a u e c l i p s e d 

arrangement. For a head to head ( i r r e g u l a r ) arrangement (HH-HT 
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l i n k a g e s ) the s i d e chains v/ere again taken i n the i\ e c l i p s e d 

conformations w i t h the pendant groups e i t h e r a l l being on the 

same s i d e of 3. plf^.'ie dravm through the bac]::bone or i n cin 

a l t e r n c i t i n g arrangement. These are analogous to the i s o t a c t i c 

and s y n d i o t a c t i c £irrangements i n the r e g u l a r hecid to t a i l model 

system.. Sim.ilar c a l c u l a t i o n s were c a r r i e d out on a model of 

polym.etliyl aery l a t e £it> prototype f o r the p o l y a l k y l a c r y l a t e s . 

I n t h i s case liowever computing l i m i t a t i o n s d i c t a t e d t h a t on one 

end of the model system the a d j a c e n t backbone carbons v/ere 

simulated by t a k i n g a hydrogen atom r a t h e r than a methyl group. 

Since the c a l c u l a t e d binding e n e r g i e s f o r such a model are taken 

w i t h r e s p e c t to the c e n t r a l u n i t t h i s f u r t h e r approximation has 

v i r t u a l l y no e f f e c t as w i l l become apparent i n the d i s c u s s i o n 

of the r e s u l t s . 

The r e s u l t s f o r the models of p o l y a c r y l i c a c i d are d i s p l a y e d 

i n F i g . 3.9 where the a b s o l u t e binding e n e r g i e s have been 

computed us i n g the charge p o t e n t i a l parameters d e r i v e d from the 

study of simple model systems as d e s c r i b e d i n a previous s e c t i o n . 

C onsidering f i r s t the r e g u l a r head to t a i l arrangement ((a) 

and (b) F i g . 3.9) i t i s c l e a r t h a t the f a c t o r s determining both 

the absolute and r e l a t i v e , binding e n e r g i e s a r e i n s e n s i t i v e to 

the o v e r a l l s t e r e o c h e m i s t r y of the system. Comparison v/ith the 

^corresponding data f o r the staggered (with r e s p e c t to the carbon-

oxygen double bond, confor-mers 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 

the c a l c u l a c e d binding e n e r g i e s are i n exact correspondence v/ith 

those f o r the e c l i p s e d conformers shovzn i n F i g . 3.9. A comparison 

of the c e n t r a l monomer u n i t s v/ith the a d j a c e n t u n i t s , e f f e c t i v e l y 

dem.onstrates the s h o r t range nature of the f a c t o r s determ.ining 
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absolute 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 t h e s e systems, A 

comparison V 7 i t h t>ie e x p e r i m e n t a l d a t a (Tcible 3.5) r e v e a l s the 

o v e r a l l adequacy o f t h e t h e o r e t i c a l model i n r e s p e c t of botti 

a b solute and. r e l a t i v e binding e n e r g i e s f o r both the 0, and C^ 
I s I s 

l e v e l s . For the r e g u l a r models t h e second methylene group i n the 

chain l i n k e d d i r e c t l y to the methyl group provides an i n d i c a t i o n 

of t h e l i k e l y b i n d i n g energy f o r methylene groups appropriate 

to a t a i l to t a i l s t r u c t u r a l arrangement. T h i s i s a l s o apparent 

from the corresponding i^rregular HH-HT models ( (c) and (d) 

F i g . 3.9). For the two p o s s i b i l i t i e s considered i t i s e v i d e n t 

t h a t the c a l c u l a t e d binding e n e r g i e s show a s m a l l dependence 

on s t e r e o c h e m i s t r y a r i s i n g from the s i g n i f i c a n t i n t e r a c t i o n 

between carbonyl groups o r i e n t e d c i s to one another on a d j a c e n t 

carbon atoms. For both models the backbone carbons a r e 

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

common to the r e g u l a r models a l l u d e d to p r e v i o u s l y . The s h i f t s 

i n binding energy f o r the O^^ l e v e l s range from 2.7 eV f o r the 

KT-HT ' i s o t a c t i c ' model to 1.9 eV f o r the HH-HT ' i s o t a c t i c ' 

model. T h i s compares w i t h the exp e r i m e n t a l l y determined v a l u e 

of 1.3 eV. The dis c r e p a n c y i s l a r g e l y accounted f o r by the 

e f f e c t of i n t e r and i n t r a c h a in hydrogen bonding which has 

somewhat of a l e v e l l i n g e f f e c t on the r e l a t i v e charge 

d i s t r i b u t i o n about the tvzo types of oxygen. T h i s e f f e c t has been 

noted i n the l i t e r a t u r e and 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 
3 6 

linev/idth f o r the i n d i v i d u a l components of the O^^ l e v e l s . 

I n going from p o l y a c r y l i c a c i d to polymethyl a c r y l a t e such 

i n t e r a c t i o n s disappear vzith a concom.itant decrease i n l i n e w i d t h 

f o r the i n d i v i d u a l components of the O^^ l e v e l s . The two models 

chosen f o r t h i s system are shown i n F i g . 3.10. The c a l c u l a t e d 



absolute and r e l a t i v e binding o n e r a i e s f o r the O , l e v e l s are 
I s 

seen to be i n exceJ.lent agreement and b r a c k e t the experimental 

data. The c a l c u J a t i o n s suggest t h a t whereas the 0, l e v e l s and 
p ' , C, l e v e l s f o r the -C-O and ~;C~0 s t r u c t u r a l f e a t u r e s should f a l l I s — 

w i t h i n a narrov; rc'^nge (± 0.2 eV) f o r an a t a c t i c m a t e r i a l the C^^ 

l e v e l s f o r the backbone carbons should span a much larcjer range 

(± 0.4 eV) v/ith tlie extrcnaes being represented by t a i l - ' t o ~ t a i l 

and head-tC"head arrangemeiits. A l l of the polymer samples 

s t u d i e d i n t h i s v;ork were s y n t h e s i z e d by f r e e r a d i c a l p r o c e s s e s 

a t r e l a t i v e l y high temperature and should t h e r e f o r e be 
57 

predominantly a t a c t i c . 

The t h e o r e t i c a l models suggest t h a t t h i s would be m a n i f e s t 

i n the ESCA data by a somev/hat l a r g e r linev/idth f o r the C^^ 

s i g n a l a r i s i n g from the backbone carbons than from the pendant 

groups. S i n c e the s i g n a l a r i s i n g from, the carbons of the a l k y l 

group (other than t h a t d i r e c t l y a t t a c h ed to oxygen) f a l l s on the 

same region as t h a t f o r the backbone carbons one c o r o l l a r y of 

the t h e o r e t i c a l a n a l y s i s i s t h a t as the a l k y l c h a i n becomes 

longer and t h e r e f o r e p r o p o r t i o n a l l y provides a l a r g e r 

c o n t r i b u t i o n to the low binding energy region of the C, 
-L S 

s p e c t r a , the FWHM should approach t h a t appropariate to the a l k y l 

c h a i n and hence be l a r g e l y independent of the t a c t i c i t y of 

the polymer system. A n a l y s i s of the experimental data provides 

evidence f o r t h i s . Thus v/hile the FVIEM f o r the deconvoluted 

components of the C^ and O, l e v e l s f o r polym.ethyl a c r y l a t e are 
.L S J L S 

1.55 eV, 1.4 eV, and 1.55 eV f o r the CH, --0=0 and C-0 

s t r u c t u r a l f e a t u r e s , f o i p o l y o c t a d e c y l a c r y l a t e the corresponding 

f i g u r e s are 1.35 eV, 1.35 eV and 1,5 eV. 
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yt^:g?>;OG L e v v i l G of^ P o l y a c r y l a t e s . 

The miodel systems p r e v i o u s l y d i s c u s s e d together v / i t h 

l i t e r a t u r e data p e r t a i n i n g to u l t r a v i o l e t p h o t o e l e c t r o n 
53 

s p e c t r o s c o p i c s t u d i e s o f r e l a t e d com.pounds provides a sound 

b a s i s f o r the o v e r a l l i n t e r p r e t a t i o n of the main f e a t u r e s of 

the V c i l e n c e bands of the polym.ers s t u d i e d . For convenience, 

seim.ples v;hich are knov/n to be s u r f a c e o x i d i z e d , from s t u d i e s 

of the core l e v e l s , are a l s o i n c l u d e d i n the d i s c u s s i o n , s i n c e 

the escape depth dependence f o r e l e c t r o n s photoemitted from 

the valence l e v e l s i s s u f f i c i e n t l y l a r g e t h a t the s u r f a c e 

f e a t u r e s c o n t r i b u t e s i g n i f i c a n t l y l e s s to the o v e r a l l band 
3 6 

p r o f i l e s than i s the case f o r the core l e v e l s . 

The measured v a l e n c e energy l e v e l s f o r the p o l y a c r y l a t e s 

a r e shown i n F i g . 3.6. I t i s c l e a r t h a t the o v e r a l l band 

p r o f i l e s are ' f i n g e r p r i n t s ' f o r each p a r t i c u l a r polymer system 

and t h i s i s dram.atically i l l u s t r a t e d by the data f o r the 

is o m e r i c p o l y b u t y l a c r y l a t e s shown i n F i g . 3.11. 

I t has p r e v i o u s l y been d i s c u s s e d t h a t w i t h a high energy 

photon source the 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 are such 

t h a t f o r f i r s t row elements v a l e n c e o r b i t a l s w i t h a high degree 

of 2s c h a r a c t e r are r e l a t i v e l y more i n t e n s e than those 

predominantly of 2p c h a r a c t e r and t h i s i s c l e a r l y e v i d e n t from 

t h e s p e c t r a shown i n F i g s . 3.6 and 3.11. Comparison of t h e 

tv70 extremes (R~H, P̂ '̂Ĉ gĤ )̂ i n terms of the o v e r a l l band 

p r o f i l e s leads to a ready i d e n t i f i c a t i o n of the band c e n t r e d 

around 'v 27 eV as a r i s i n g from molecular o r b i t a l s which d e r i v e 

predominantly from 0^ , atomic o r b i t a l s . The regi o n betv/een 

12 and 21 eV s i m i l a r l y d e r i v e s l a r g e l y from o r b i t a l s of C2g 
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F i g u r e 3.1].. Measured Valence Energy L e v e l s of 
P o l y - n - i s o ~ and t e r t - b u t y l a c r y l a t e s . 

c h a r a c t e r . The region belov; 12 eV d e r i v e s l a r g e l y from molecular 

o r b i t a l s which are l i n e a r combinations i n v o l v i n g and H, 
2p I s 

f u n c t i o n s . I t i s i n t e r e s t i n g to compare the v a l e n c e bands f o r 

the longer chain p o l y a l k y l a c r y l a t e s w i t h those p r e v i o u s l y 
3 6 

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

and are l a r g e l y superimposable apart from the r e l a t i v e l y 

i n t e n s e peak at higher binding energy a t t r i b u t a b l e to the 0« 

l e v e l s of the c a r b o x y l a t e groups. 
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/late;-^ f o r v^hich t h e S u r f a c e Conpor^itxon i s 

I n a previous s e c t i o n i t was shown theit by an appropriate 

c a l i b r a t i o n - w i t h r e s p e c t to model compounds f o r 'apparent' c r o s s 

s e c t i o n s , the compositions f o r p o l y a l k y l a c r y l a t e s on the ESCA 

depth sampling s c a l e may be e s t a b l i s h e d by tv/o independent means. 

I n s e v e r a l cases hov/ever i t vjas apparent from such an a n a l y s i s 

t h a t the compositions d i f f e r e d from t h a t a p p r o priate to bhe bulk 

and f u r t h e r the v a r i a t i o n i n the i n t e n s i t y r a t i o s f o r the 
I JLS 

w i t h r e s p e c t to O^^ l e v e l s i n d i c a t e d inhomogeneties i n s u r f a c e 

compositions. The experimental data f o r these samples i s shown 

i n F i g . 3.12. 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 dent i n a l l of 

the s p e c t r a i s the obvious i n e q u a l i t y i n i n t e n s i t y of the two 

component peaks of the 0^^ l e v e l s . A s i m i l a r a n a l y s i s to t h a t 

presented i n a previous s e c t i o n provides the follov/ing 

i n formation. F i g . 3.13 f o r example shows a p l o t of the r a t i o of 

i n t e n s i t i e s f o r the i n d i v i d u a l components of the 0^^ l e v e l s and 

a l s o the t o t a l ^i^/^2s '̂̂ ^ comparison purposes the 

dotted l i n e s i n d i c a t e the c o r r e l a t i o n s expected f o r sam.ples 

V7hich on the ESC2^ depth p r o f i l i n g s c a l e correspond to a 

s t a t i s t i c a l sampling of the ap p r o p r i a t e r e p e a t u n i t i n the 

polym.er. I t i s c l e a r t h a t t h e r e are c o n s i d e r a b l e d e v i a t i o n s 

from such c o r r e l a t i o n s i n a d i r e c t i o n which o v e r a l l suggests 

t h a t the samples are o x i d i z e d . C o n s i d e r i n g the p o l y d e c y l 

a c r y l a t e f o r example, the r a t i o i s s i g n i f i c a n t l y higher 

than'for the r e f e r e n c e compounds suggesting t h a t s i n c e the mean 

f r e e nath f o r the O, l e v e l s i s c o n s i d e r a b l y s h o r t e r than f o r 
I s 

17 42 

the 0^ l e v e l s ' t h a t the o x i d a t i o n i s l a r g e l y confined to 

the s u r f a c e . The abs o l u t e binding e n e r g i e s i n each case f o r the 
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0,, U v d s C,^ Level: 

(CH-CHf 

R=C^H3(i) 

R=CjQH2, 

jj V.R=Cl2"25 

535 533 289 * 285 
B.E.CeV) 

F i g u r e 3.12. S p e c t r a f o r O^^ and Core L e v e l s f o r a 
S e r i e s of Surface Oxidjized P o l y a l k y l A c r y l a t e s . 

Oj^g component l e v e l s v/hich have apparently i n c r e a s e d i n i n t e n s i t y 

correspond to C"0 s t r u c t u r a l f e a t u r e s as i s apparent from, ci 

comparison w i t h data f o r the model systems. I t i s i n t e r e s t i n g to 
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note t h a t high rer^olution infrared, s t u d i e s r e v e a l e d no m£=i.jor 

d i s t i n c t i o n of the-type c l e a r l y evident from the ESCA sp>ectra 

and the carbonyl re-jion f o r a l l of the samples sb.ovjed only a 

s i n g l e peak i n the range 173 4 ± 5 cm c o n s i s t e n t w i t h ~C 
58 

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 understandable s i n c e 

the i n f r a r e d data p e r t a i n s e s s e n t i a l l y to the bulk. F u r t h e r 

evidence f o r the o x i d i z e d nature of the pol y - n ~ d e c y l a c r y l a t e 

s u r f a c e i s provided by the 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 to water compared v/ith p o l y i s o p r o p y l a c r y l a t e as a 

r e p r e s e n t a t i v e example of the unoxidized sampJ^es. T h i s V7as 

immediately apparent from the r e l a t i v e c o n t a c t angles a s s e s s e d 

from the photographs f o r the two samples. A comparison v/as a l s o 

made w i t h p o l y - 2 - e t h y l h e x y l and p o l y o c t a d e c y l a c r y l a t e s the 

l a t t e r having a con t a c t angle c l o s e l y s i m i l a r to t h a t of poly

i s o p r o p y l a c r y l a t e v ; h i l s t the former showed a w e t t a b i l i t y 

i n t e r m e d i a t e between t h a t of p o l y i s o p r o p y l a c r y l a t e and poly~n-

d e c y l a c r y l a t e . I t i s i n t e r e s t i n g to note t h a t although the 

data f o r the p o l y - 2 - e t h y l h e x y l a c r y l a t e g e n e r a l l y f i t s v / e l l 

i n t o the o v e r a l l a n a l y s i s p r e v i o u s l y presented as i s ev i d e n t 

from F i g s . 3.7 and 3.8, a c l o s e i n s p e c t i o n of the r e l a t i v e 

i n t e n s i t i e s of the component peaks of the 0^^ l e v e l s r e v e a l s 

some evidence f o r a s m a l l e x t e n t of o x i d a t i o n ( c f . F i g . 3,5). 

I f the s u r f a c e o x i d a t i o n i n f e r r e d from the i n e q u a l i t y of 

the component peaks of the 0̂ ^̂  l e v e l s i s a t t r i b u t a b l e to s u r f a c e 

carbonyl f e a t u r e s then t h i s should a l s o be m a n i f e s t i n the 

carbon I s l e v e l s . I t should, hov/ever, be emphasized t h a t s i n c e 

the escape depth dependence fo3: photoemitted electirons i n the 

energy range considered i s such t h a t the mean f r e e path i n c r e a s e s 



w i t h i n c r e a s i n g I v i n e t i c energy t h e n any surfc?.ce f e a t u r e V 7 i l l be 

r e l a t i v e l y more r:'rpminent f o r t h e more t i g h t l y bound O., l e v e l s 
J- 3 
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than f o r the Ĉ ^̂ , l e v e l s . As a simple 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 . k e t o n i c carbonyl group 

and e s t e r group e t h y l a c e t o a c e t a t e vcas chosen. The C^^ l e v e l s 

are shown i n F i g , 3.14 v/hich a l s o d e t a i l s expansion of the C, 
JL 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 , an 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 

which had been h e a t e d i n a i r {"̂  150*^C f o r 30 mins.) and f o r 

comparison purposes a sam.ple of p o l y i s o b u t y l a c r y l a t e whose 

O, spectrur.1 a l s o showed evidence f o r s u r f a c e o x i d a t i o n ( F i g . 3.12 

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

a c r y l a t e s p e c t r a the deconvolution i n t o the component peaks 

a s s o c i a t e d with -C^ , 0-C- and -C- s t r u c t u r a l f e a t u r e s w i t h 
0 

c h a r a c t e r i s t i c binding e n e r g i e s i s straightforv7a.rd as noted 

before. By comparison the spectrum of e t h y l a c e t o a c e t a t e shov/s 

t h a t the carbonyl. carbon a t 287.2 eV (Table 3.2) has the e f f e c t 

of ' f i l l i n g i n ' the v a l l e y betv/een the high and low binding 

energy 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 both 

p o l y i s o b u t y l a c r y l a t e and f o r a p o l y i s o p r o p y l a c r y l a t e sample 

heated i n a i r . A d e t a i l e d examination of the Ĉ ^̂  s p e c t r a f o r 

the s e r i e s of s u r f a c e o x i d i z e d samples ( F i g . 3.12) shows t h a t 

the o v e r a l l l i n e p r o f i l e s can only be q u a n t i t a t i v e l y f i t t e d w i t h 

the a d d i t i o n of a s m a l l peak i n the C, spectrum ap p r o p r i a t e to 
J- s 

i s o l a t e d carbonyl groups. T h i s v/ork i s regarded as an important 

p r e l i m i n a r y i n v e s t i g a t i o n of t h i s i n t e r e s t i n g aspect of the 

s u r f a c e o x i d a t i o n of polymers and more d e t a i l e d i n v e s t i g a t i o n s 

are needed. 
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Pbly-isobutyl Acrylat@ 

Ethyl AcetoacQtate 

Isobutyl AcGtate 

- isopropyl-AcrylatG 

Poly-isopropyl Aery late 
(heated in air at 150°C) 

F i g u r e 3.14 C Core L e v e l S p e c t r a on a S e r i e s o f A c e t a t e s and 
J . , s Poiva.cr71 a t e s _ I j L l y s . i i r a t i n g tho. Bffe<^t o f O x i d a t i c n 

o F l i Pol viViaF"'S^Virr7] c r ' * ^ tTie"'"c:ore Lev3^17 S?;K'cl.v-rra. 
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I n t h e p a r t i c u l a r case o f p o l y e t h y l a c r y l a t e , i n c x d d i t i o n 

to the s u r f a c e o x i d i z e d n a t u r e o f t h e sample, the data i n F i g . 

3.12 a l s o provides e v i d e n c e f o r a c e r t a i n amount of hydrocarbon 
37 

contamination a t t h e s u r f a c e . C l e a r l y a more d e t a i l e d study 

of these o x i d i z e d samples i s r e q u i r e d to e l a b o r a t e the r e l e v a n t 

s u r f a c e s t r u c t u r e s and work i s c u r r e n t l y i n progress on the ESCA 

examiination of the i n i t i a l stages of the o x i d a t i o n of a v a r i e t y 

of s o l i d polymer systems. 

I n the p a r t i c u l a r case of the sample of polymethyl a c r y l a t e 

the ESCA data f o r the sample as r e c e i v e d d i d not correspond 

w i t h t h a t expected f o r a s t a t i s t i c a l S c i m p l i n g of the r e p e a t u n i t . 

However benzene e x t r a c t i o n of the o r i g i n a l m a t e r i a l provided 

samples ( s o l u t i o n c a s t onto gold) v/hose s p e c t r a V7ere e n t i r e l y 

c o n s i s t e n t w i t h the data presented i n the previous, section-. The 

major d i f f e r e n c e s i n composition on the ESCA depth sampling 

s c a l e between the o r i g i n a l and e x t r a c t e d sample are c l e a r l y 

apparent both i n terms of the o v e r a l l i n t e n s i t y r a t i o s of the 
C, /O, l e v e l s and a l s o from the a r e a of the i n d i v i d u a l I s I s 
components of the C^^ l e v e l s . F i g . 3.15. I t i s a l s o apparent 

however from the o v e r a l l band p r o f i l e s t h a t the o r i g i n a l sample 

i s not s u r f a c e o x i d i z e d . The f a c t t h a t an i n s o l u b l e r e s i d u e 

remains a f t e r e x t r a c t i o n whose spectrum i s i d e n t i c a l to t h a t of 

the o r i g i n a l m a t e r i a l s t r o n g l y suggests t h a t the o r i g i n a l Scimple 

i s c r o s s l i n k e d and t h a t only the l i n e a r polymer ( r e p r e s e n t i n g a 

r e l a t i v e l y s m a l l amount of the t o t a l ) i s e x t r a c t e d . For 

comparison purposes the r e l e v a n t i n t e n s i t y r a t i o s as measured 

are shown i n Table 3.6 where a comparison i s a l s o drawn w i t h the 

t h e o r e t i c a l v a l u e s . The l a r g e r e l a t i v e i n t e n s i t y of the lov7 
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Table 3.6. 

Comparison o f Ca l c u l a t e d Versus . Exper j.menta 1 Area R a t i o s 
f o r L i n e a r and CrossiiryJ'.ed P o l v r a e t h y l A c r y l a t s 

C, i s T o t a l 
I s 

Area R a t i o s 
I s 

0. I s T o t a l -o"/c= -0 --C-/C= =0 
C a l c . E x p t l . C a l c . E x p t l . C a l c . E x p t l . 

O r i g i n a l Sam.ple 2.0 5.7 1.0 1.0 2.0 5.8 
S o l u b l e 
M a t e r i a l 

2.0 2.0 1.0 1.0 2.0 2.2 

537 

0|3 Levels 

533 

4CHrCH-)-

C|g Levels 

Prosslinked 

Benzene 
Extracted 

289 
B.Ej(eV.) 

285 

F i g u r e 3.15. Comparison of C^^ Core l e v e l S p e c t r a of 
L i n ear and C r o s s l i n k e'd Pol y m e t hy 1 A c r y l a t e . 



b i n d i n g energy peak i n t h e C, s p e c t r a o f t h e o r i g i n a J . seimple 

and e x t r a c t e d r e s i d u e ^ c h a r a c t e r i s t i c o f -C- s t r u c t u r a l f e a t u r e s , 

suggests t h a t t h i s i s due i n p a r t a t l e a s t to hydrocarbon type 

contamination. However i t i s e v i d e n t t h a t t h i s i s n o t a p p r e c i a b l y 

s o l u b l e in. benzene s i n c e the e x t r a c t e d sample shows no evidence 

of the contajainant, At t h i s s t a g e only s p e c u l a t i o n on the l i k e l y 

nature of such a c o n t a m i n a n t hydrocarbon l a y e r i s o f f e r e d s i n c e 

i t c l e a r l y does not correspond to t h a t o f t e n r e v e a l e d by ESCA 

examination of a V7ide v a r i e t y of samples and which i s r e a d i l y 
35 37 

removed by an appropriate s o l v e n t treatment. ^ The hydrocarbon 

type m a t e r i a l v^hatever i t s o r i g i n , i s c l e a r l y d i s t r i b u t e d 

throughout the bulk of the sample s i n c e a comparison of the 

i n f r a r e d s p e c t r a of the o r i g i n a l and e x t r a c t e d m a t e r i a l s shoves 

s u b s t a n t i a l changes i n the 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 r a t i o s 

f o r the C~H and C=0 s t r e t c h i n g r e g i o n s . 
( v i i ) ESCA S t u d i e s of Adsorption a t S u r f a c e s . 

17 
I t has been shown t h a t the g r e a t s u r f a c e s e n s i t i v i t y of 

ESCA may be used to c o n s i d e r a b l e advantage i n studying the 

h y d r a t i o n of s u r f a c e f e a t u r e s on polymers capable of p a r t i c i p a t i o n 

i n hydrogen bonding. Such s t u d i e s are l i k e l y to be of some 

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

f o r example t r i b o e l e c t r i c charging and v a r i o u s a s p e c t s of . 

t r i b o c h e m i s t r y . I n the p a r t i c u l a r case of low d e n s i t y poly-. 

ethylene the adsorption of Ĥ O on s u r f a c e carbonyl 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 terms of the appearance of a shoulder to the 

high binding energy s i d e of the 0̂ ^̂  l e v e l s a s s o c i a t e d w i t h the 
17 

carbonyl oxygen and a t t r i b u t e d to the hydrogen bonded v/ater. 



11.4 -

C a r e f u l double becaa i n f r a r e d s t u d i e s r e v e a l s no evidence f o r such 

i n t e r a c t i o n s s i n c e they are l o c a l i z e d a t the s u r f a c e . 

An i n v e s t i g a t i o n i n t o the i n t e r a c t i o n of hydrogen bonding 

s p e c i e s w^ith the s u r f a c e of 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 , being 

prototypes f o r a system which i s unoxidized a t the s u r f a c e , 

was performed. 

F i g . 3.16 shov;?s the Ô  and C, l e v e l s f o r samples of 
I s I s 

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 vjere exposed to NH^, H^O, and HF. 

x33 A 
630 ' 6^6 

397 -

B.E.{eV.) 

0|g Levels 

4-CH~CH4-

533 

Cie Level; 

Untreated 

B.E.(eV.) 
289 285 

F i g u r e 3.16. 0^^ and C^^ Core L e v e l S p e c t r a f o r Samples 
of Polyis'o"-propyl A c r y l a t e Surface'^TestedT' 
w i t h HpO,' NH^ and HF. 

These r e p r e s e n t an order of i n c r e a s i n g hydrogen bond s t r e n g t h 

and i t i s c l e a r from the s p e c t r a t h a t only i n the case of the 

RF treatment i s t h e r e any s u b s t a n t i a l change i n the o v e r a l l 

s p e c t r a . The hydrogen bonding almost c e r t a i n l y i n v o l v i n g 
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p r i m a r i l y t h e c a r b o i i y l oxygen o f the e s t e r group l e a d s t o a 

sharpening o f the. O.̂ ,̂ l e v e l s such t h a t t h e tv.̂ o components a r e 

now more r e a d i l y a p p a r e n t without r e c o u r s e to l i n e shape 

a n a l y s i s . The 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 the O^^ and C^^ 

l e v e l s i s a l s o a t t e n u a t e d due t o t h e adsorbed HF v/hich i s 

i d e n t i f i e d by the low absolute b i n d i n g energy f o r t h e F^^ len^els. 

The propensity f o r hyd.rogen b o n d i n g o f t h e carbonyl group of an 

e s t e r i s c o n s i d e r a b l y l e s s than t h a t f o r a k e t o n i c carbonyl 

group and i n a d d i t i o n f o r these p a r t i c u l a r jijolymer sajnples as 

the bulk of the a l k y l group i n c r e a s e s the h y d r o p h i l i c 'carbonyl 

region' i s i n c r e a s i n g l y s h i e l d e d by the hydrophobic p o r t i o n s of 

the polymer system. I n c o n t r a s t , t h e r e f o r e , to the c l e a r - c u t 

d e t e c t i o n of s u r f a c e hydrogen-bonding to k e t o n i c type carbonyl 

groups i n p o l y e t h y l e n e the net e f f e c t of s u r f a c e treatment of 

p o l y - i s o p r o p y l a c r y l a t e w i t h H2O i s a s m a l l change i n l i n e w i d t h 

which can be a t t r i b u t e d to a very s m a l l degree of hydrogen 

bonding. I t i s i n t e r e s t i n g to note t h a t f o r NH^ which might be 

expected to form the weakest hydrogen bonds the s p e c t r a show 

l i t t l e evidence f o r any i n t e r a c t i o n s i n c e the N, s i g n a l i s 

b a r e l y d i s c e r n i b l e above the background and the o v e r a l l band 

p r o f i l e s f o r the 0^^ and C^^ l e v e l s w i t h i n the s t a t i s t i c a l l i m i t s 

of the data are superimposable on those f o r the u n t r e a t e d sample. 



CHAPTER 4 

Core and Valence Energy L e v e l s of a S e r i e s of Poly
a l k y l and - a r y l M ethacrylates 



CHAPTER 4 

S t u d i e s o f S t r u c t u r e an d Rondint j .1 i' a S e r i e s o f Po 1 v - a l l v y l , 

and " e r r y l Methacrylates^ through t h a .Applica tion o f ESCA. 

( i ) I n t .r o du c t i on. 

C l a r k e t ^ 1 . h a v e shown how a d e t a i l e d 

c o n s i d e r a t i o n of the absolute cuid r e l a t i v e binding e n e r g i e s and 

r e l a t i v e s i n t e n s i t i e s of peaks coirresponding to the d i r e c t 

p h o t o i o n i z a t i o n of core l e v e l s i n polymeric systems can provide 

v a l u a b l e data on s t r u c t u r e and bonding i n g e n e r a l i n the s u r f a c e 

regions of polyraeric systems. The i n v e s t i g a t i o n s r e p o r t e d to 

date have l a r g e l y p e r t a i n e d to fluorocarbon based polymers where 

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

r i s e to a s u b s t a n t i a l span i n binding e n e r g i e s f o r C^^ l e v e l s 

corresponding to s u b s t i t u t e d carbon atoms i n widely d i f f e r i n g 
3 7 35 37 

e l e c t r o n i c environments. ' ' ' For systems i n V7hich the s h i f t s 

i n core binding e n e r g i e s a r e i n s u f f i c i e n t l y l a r g e to be w e l l 

r e s o l v e d , (e.g. s o l e l y hydrocarbon based polymers), i t has been 

shown t h a t i t i s s t i l l p o s s i b l e to d e r i v e information on the 

s t r u c t u r e and bonding i n these systems from o b s e r v a t i o n s of the 

r e l a t i v e i n t e n s i t i e s and s e p a r a t i o n from the d i r e c t photo

i o n i z a t i o n peak of the s a t e l l i t e peaks a r i s i n g from shake-up 
40,41 t r a n s i t i o n s . ' 

I n the preceeding chapter i t was shown t h a t f o r polymeric 

systems not p o s s e s s i n g e i t h e r a very l a r g e range i n a b s o l u t e 

binding e n e r g i e s , or an extended conjugated p i - e l e c t r o n i c system 

(as e x e m p l i f i e d by p o l y a l k y l a c r y l a t e s ) , t h a t n o n e t h e l e s s , from 

a c a r e f u l study of both core and v a l e n c e l e v e l s ESCA may r o u t i n e l y 

be used i n such systems to i n v e s t i g a t e s t r u c t u r e , bonding, and 
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c o m p o s i t i o n o f t h e o u t e r m o s t ' s u r f a c e s ' . * 
42 For f l u o r o c a i r b o n based polymers i t was shov;n t h a t s u r f a c e 

m o d i f i c a t i o n s may r e a d i l y be d e t e c t e d by ESCA and q u a n t i t c i t i v e 

data obtained from an i n v e s t i g a t i o n o f changes i n r e l a t i v e peal; 

i n t e n s i t i e s f o r core l e v e l s V7hich cover a v/ide range i n binding 

e n e r g i e s , g i v i n g r i s e to s u b s t a n t i a l d i f f e r e n c e s i n csc£ipe dei^th 

dependencies and hence sampling d e p t h . ESCA as a s p e c t r o s c o p i c 

t o o l i s becoming i n c r e a s i n g l y important i n e s t a b l i s h i n g v/hether 

s t r u c t u r e and bonding a t s u r f a c e of polymer samples i s t h e same 

or d i f f e r e n t from the bulk and a l s o i n monitoring chemical and 
42 

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

I n the preceeding chapter an ESCA i n v e s t i g a t i o n was reported 

on the core and v a l e n c e energy l e v e l s of an e x t e n s i v e s e r i e s of 

p o l y a l k y l acrylates and i n continuance of t h i s work t h i s chapter 

d e t a i l s w i t h a study of a s e r i e s of p o l y a l k y l - , and - a r y l 

m e t h a c r y l a t e s . S i n c e the range of s u b s t i t u e n t e f f e c t s i s somewhat 

s m a l l e r than f o r the p r e v i o u s l y s t u d i e d fluorocarbon based 

polymer s e r i e s , and the span i n escape depth dependencies 

encompassed by the core l e v e l s i s a l s o som.ewhat l e s s , these 

m a t e r i a l s f i t l o g i c a l l y i n t o a s y s t e m a t i c study of polym.er 

systems by ESCA. Although t h e r e has been a c o n s i d e r a b l e amiount 

of time and e f f o r t spent on the study of s t r u c t u r e and bonding 

i n the p o l y a l k y l m e t h a c r y l a t e systems by a v/ide v a r i e t y of 

a n a l y t i c a l techniques, i t i s q u i t e c l e a r from a review of the 

l i t e r a t u r e t h a t l i t t l e e f f o r t has been expended to a study of t h e 

s u r f a c e and subsurface s t r u c t u r e of the s o l i d polymeric systems. 
17 * 'Surface' taken i n the terms d e s c r i b e d by C l a r k . 



s i n c e most of t h e work .refers t o t h e x^olymers i n s o l u t i o n . 

As has been d i s c u s s e d by C l a r k , " t h i s i s an a r e a c f som.s 

importance, more p a r t i c u l a r l y s i n c e ESCA i s one of the fev7 

techniques w h i c h a l l o w s the d i r e c t s t u d y of polymeric f i l m s 

i n - s i t u , i n the o r i g i n a l form i n which they a r e used. I n t h i s 

chcipter the f o l l o w i n g p o i n t s were considered. 

From s t u d i e s of t h e absolute and r e l a t i v e b i n d i n g e n e r g i e s 

of the core l e v e l s and the r e l a t i v e peak i n t e n s i t i e s one can 

e s t a b l i s h the compositions of these m a t e r i a l s and draw 

comparisons w i t h data p e r t a i n i n g to the bulk. T h i s i s o b v i o u s l y 

of r e l e v a n c e , as i n the study of the p o l y a l k y l a c r y l a t e s , i n 

e s t a b l i s h i n g whether s p e c i f i c o r i e n t a t i o n of a l k y l groups, 

s t u d i e d as a f u n c t i o n , o f the length of the s i d e c h a i n , occur a t 

the s u r f a c e , and i f s u r f a c e o x i d a t i o n or c r o s s - l i n k i n g are-

apparent i n the ESCA core l e v e l s p e c t r a . The data obtained from 

these s t u d i e s has a l s o proven q u i t e u s e f u l i n d i s c u s s i n g the 

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

m ethacrylate s e r i e s . 

( i i ) Experimental 

(a) Samples. 

The polymers, l i s t e d i n Table 4.1 were commercially 

a v a i l a b l e samples obtained from Cellomer A s s o c i a t e s , I n c . , . 

P.O. Box 311, Webster, N.Y. and v/ere used d i r e c t l y i n p r e p a r i n g 

samples f o r the ESCA i n v e s t i g a t i o n s . I n f r a r e d a n a l y s e s confirmed 

the o v e r a l l p u r i t y of the samples and where comparisons v/ere 

a v a i l a b l e , agreed v/ith s p e c t r a i n the l i t e r a t u r e . (See Appendix 

B f o r the reproductions of the i n f r a r e d s p e c t r a of the poly

a l k y l - and - a r y l m e t h a c r y l a t e s ) . 
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T a b l e 4.1. 

P o l y - a l k y 1 " and - a r y l - T u o t h a c r y ] atf:; Sa^ S t u d i e d i n t h i s Work 
Shov/'ing t h e i r Typj.cal Glass Tr£insition Temperature (Tg) . 

Po].ymethacry 1 a t e Hciaoiolymers 

Polymethyl raethacrylate (10̂ .7 i^-Q) 

Polymethyl methacrylate (med Mw) 

Polymethyl m e t h a c r y l a t e (high Mw) 

Polyraethyl m ethacrylate (very high Mw) 

P o l y e t h y l m ethacrylate 

P o l y i s o p r o p y l methacrylate 

P o l y - n - b u t y l m e t h a c r y l a t e 

P o l y i s o b u t y l m ethacrylate 

P o l y - s e c - b u t y l m e t h a c r y l a t e 

P o l y - t e r t - b u t y l m ethacrylate 

P o l y h e x y l methacrylate 

P o l y ~ 2 - e t h y l h e x y l methacrylate 

P o l y a u r y l m e t h a c r y l a t e 

P o l y h e x y l d e c y l m e t h a c r y l a t e 

P o l y o c t a d e c y l m e t h a c r y l a t e 

Polybenzyl methacrylate 

Polyphenyl methacrylate 

T y p i c a l Tg 

+105 

+105 

+105 

+105 

+ 65 

+ 82 

+ 20 

+ 56 

+ 60 

+107 

. - 5 

- 10 

- 65 

+ 15 

> + 60 

+ 54 

+120 
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(b) Soinnle j p r e p a r c i t i o n . 

The p o l y - a l k y l - and " a r y l - r i i c t h a c r y l a t e samples i n t h e f o r m 

of f i n e pov7ders V7ere c o a t e d onto d o u b l e s i d e d Scotch tape d i r e c t l y 

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

m e t h a c rylates V7ith lov/ Tg's v/ere p r e p a r e d f o r i n v e s t i g a t i o n as 

t h i n f i l m s c o a t e d d i r e c t l y onto g o l d s u b s t r a t e s . The gold 

s u b s t r a t e V7as attached d i r e c t l y t o the sample probe by means o f 

double s i d e d Scotch t a p e . One o f the samples, p o l y h e x y l d e c y l -

methacrylate, v/as r e c e i v e d as a 20% s o l u t i o n i n ben^^ene which 

was coated o n t o a gold s u b s t r a t e and t h e s o l v e n t evaporated 

before a n a l y s i s , l e a v i n g a t h i n f i l m of polymer on the s u r f a c e 

of the gold. The p o l y o c t a d e c y l m e t h a c r y l a t e V 7 a s a p p l i e d neat 

onto a gold s u b s t r a t e and the temperature was s l o w l y r a i s e d to 

'V/ 40°C to allow f o r the sample to spread evenly onto the 

s u b s t r a t e as a t h i n f i l m . 

{c) Post-treatment of P o l y i s o p r o p y l Methacrylate. 

The study of the adsorption of a s e r i e s of 'hydrogen bonding 

s p e c i e s ' a t the s u r f a c e of p o l y i s o p r o p y l methacrylate was 

accomplished by exposing the polymer f i l m , (which had been 

p r e v i o u s l y coated onto a gold s u b s t r a t e to about 100 y t h i c k ) , 

to the appropriate m a t e r i a l . I n t h i s study the compounds 

s e l e c t e d v/ere HF, H2O and NH^ i n the order of d e c r e a s i n g 

p r o p e n s i t y f o r hydrogen bonding. The polymer samples were 

exposed to a stream of HF a t atmospheric p r e s s u r e f o r s e v e r a l 

minutes and the samples then t r c i n s f e r r e d to the spectrometer, 

the s p e c t r a being recorded a f t e r pump dovm to the r e q u i r e d 

operating base p r e s s u r e (an operation r e q u i r i n g about 5 m i n u t e s ) . 



The II^O t r e a t m e n t v/r̂ s acconiplif^Jied s i m p l y by v ^ i p l n g t h e s u r f a c e 

of the polymer w i t h a wet t i s s u e and t h e sample t h e n i n s e r t e d 

i n t o the spectrometer f o r a n a l y s i s . The NII^ t r e a t m e n t was 

accomplished by e x p o s i n g t h e polymer Scimple t o an atmosphere of 

NH^ i n a c l o s e d c o n t a i n e r of .83% ammonia f o r h a l f an hour. 

The sample vzas then rem.oved from the c o n t a i n e r and introduced 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 . 

I n the p a r t i c u l a r cases of polymethyl-, p o l y l a u r y l - and 

p o l y o c t a d e c y l - m e t h a c r y l a t e s f q u a l i t a t i v e s t u d i e s were made of 

v / e t t a b i l i t i e s . Contact angles f o r c e s s i l e drops of water on the 

poliotier f i l m s were measured from enlargements of photographs 
47 

taken w i t h r e a r i l l u m i n a t i o n . No attempt was made to q u a n t i f y 

the r e s u l t s because of the crude nature of the experiments. 

Instrumentation, 

The d e t a i l s of the instrum.entation employed i n t h i s study 

on the polymethacrylates have been given i n the preceeding 

chapter on the p o l y a c r y l a t e systems. 

( i i i ) T h e o r e t i c a l . 

I n the previous chapter on the p o l y a l k y l a c r y l a t e s a 

d i s c u s s i o n of the model compounds used to i n t e r p r e t the polymer 

systems was presented. These same model systems a l s o form the 

b a s i s f o r the i n t e r p r e t a t i o n of data p e r t a i n i n g to the p o l y a l k y l -

m e t h a c r y l a t e s . 

(iV) R e s u l t s and D i s c u s s i o n f o r P o l y a l k y l m e t h a c r y l a t e s . 

E xperimental. 

The core l e v e l s p e c t r a f o r the p o l y a l k y l m e t h a c r y l a t e s , 

and i n a d d i t i o n , f o r a few samples of p o l y a r y l m.ethacrylates are 



sliovm i n F i g , 4.1 emd 4,2 r e s p e ; ; ^ l i v e l y . C o n s i d e r i n g f i r s t t h e 

Cjg Le v sis 

0|£ LevBis 

R=C|oH25 

R=CH3 

B.E.(eV.) 

F i g u r e 4.1. Core L e v e l S p e c t r a f o r a S e r i e s of P o l y a l k y l 
Met h a c j:y 3. a t e s. 



Oj«j Levels 

537 533 
B.E.(aV.) 

289 285 

F i g u r e 4.2. Core L e v e l S p e c t r a f o r P o l y b e n z y l - and 
Polyphenyl-Methacrylates. 

s i m p l e s t of the a l k y l m e t h a c r y l a t e s , namely polymethyl 

methacrylate, the C-̂ ^̂  spectrum c o n s i s t s of a doublet v/ith an 

apparent shoulder on the higher binding energy s i d e of the main 

backbone carbon peak. The doublet appears as one peak to the 

h i g h e s t binding energy, corresponding to the pendant c a r b o x y l a t e 

carbon, ( s h i f t e d by 'V' 4.1 eV from the lowest B.E. peak), and 

the peak appearing as a shoulder on the main baclibone carbon peak, 

s h i f t e d by about 1.6 eV by the attached s i n g l y bonded oxygen. 

T h i s data i s i n e x c e l l e n t agreement v/ith the data from the model 



compouiids and t h a t iior poJymethyl aery l a t e . 7Vs the alky], 

groxip I n c r e a s e s i n length the shoulder a r i s i n g from the carbon 

atoms d i r e c t l y bonded t o the e s t e r oxygens becoraes l e s s v r e l l 

r e s o l v e d , but i s s t i l l qui.te apparent f o r p o l y o c t a d e c y l m.ethacrylate 

Deconvolution of the s p e c t r a f o r each of the alkylm.ethacrylates 

s t u d i e d y i e l d s absolute and r e l a t i v e binding energies f o r the 

Vcirious s t r u c t u r a l f e a t u r e s , i n good, agreement V7ith the data f o r 

the'model systems, and i s shov/n i n Table 4,2. The average of the 

binding e n e r g i e s and s h i f t s f o r the c h a r a c t e r i s t i c s t r u c t u r a l 

f e a t u r e s f o r the p o l y a l k y l m e t h a c r y l a t e s are shown i n Table 4.3. 

I n observing the O, l e v e l s f o r the polymer systemiS i t i s 

apparent 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 from, two peaks of 

equal i n t e n s i t y , s eparated by '\J 1.4 eV, assigned to the carbonyl 

and e s t e r type oxygens. T h i s i s q u i t e apparent f o r most of the 

polymer systems and deconvolution of the 0̂ ^̂  l e v e l s f o r the 

p o l y i s o p r o p y l - , p o l y ~ 2 - e t h y l h e x y l - and p o l y b e n z y l - m e t h a c r y l a t e s 

r e v e a l s a s i m i l a r assignment. The a b s o l u t e and r e l a t i v e binding 

e n e r g i e s . Table 4.2 a r e i n e x c e l l e n t agreement v/ith the data 

d e s c r i b e d p r e v i o u s l y f o r the model systems and f o r the p o l y a l k y l 

a c r y l a t e s i n Chapter 3 . 

The homogeniety of the polymer samples can be i n v e s t i g a t e d 

on the ESCA depth p r o f i l i n g s c a l e by comparing the Ô  /O^ a r e a 

r a t i o s f o r the polymers with the r a t i o s p r e v i o u s l y obtained f o r 

the homogeneous t h i n f i l m s of the m.odel compounds, s i n c e the 

escape depth dependencies f o r the two l e v e l s are s i g n i f i c a n t l y 
42 

d i f f e r e n t . I n F i g . 4.3. the v a l e n c e l e v e l s f o r the a l k y l -

m.ethacrylates are shovm and i t i s r e a d i l y seen t h a t the 0„ l e v e l s 
£. S 
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Table 4.2. 

^ ̂2££î £IiiLiir- y Pet e m in ed_ Bin ding En e r q i e s f o r 
Methacrylate Samples. 

v l 

Ilxpe r imen t ci 1 Binding E n e r g i e s i n eV 

Molecule 
(-R) 

I s L e v e l s 2s L e v e l s Molecule 
(-R) -C-0- C---0 C=0 ~0-C 2 s 2s 

^1. 534.5 532.9 288.9 286.7 27.4 18 

^2 (n) 534.0 532.5 288.7 286.7 27.4 17 

( i s o ) 534.2 532.9 288.9 286.8 26.8 16 

^4 (n) 534.3 532.9 288.9 286.6 27.0 16 

^4 ( i s o ) 534.3 532.7 288.8 287.0 27.2 16 

^4 (sec) 534.1 532.7 288.9 286.8 26.8 16 

^4 ( t e r t ) 533.9 532.6 288.8 287.0 27.0 16 

^6 (n) 534.1 532.9 288.9 286.9 27.0 16 . 

(2-EH) 534.3 532.9 288.9 286.9 27.0 16 

^12 (n) 534.2 532.7 288.8 286.7 27.0 16 

^16 (H-D) 534.5 533.0 289.0 286.8 26.8 15 

^18 (n) 534.2 532.6 289.0 286.7 28.6 15 
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Ta b l e 4.3, 

Average 0^^ and Ĉ ,̂ A b s o l u t e B i n d i n g E n e r g i e s and Chemical S h i f t s 

CIL, 
(CH^~CH) 2 'm 

C=0 
0 

O-ĵ g A FVJHM 

J. 534.4 ± .02 1.7 ± .01 
/ 1.4 eV 

yO 533.0 ± .02 1.7 ± .01 

O 

Ô 288.8 ± .02 3.8 eV 1.4 ± .01 

^0-R 

C-0- 286.7 ± .02 1.7 eV 

C-H 285.0 ± .02 O 1.6 ± .01 



3.2 7 

R = CgH,3 

R=C4H9 

R=C3H7 

24 20 

37 

R=C|6^^33 
R=C|2H25 

R=C2H5 

R=CH3 

B.E.(aV.) 

F i g u r e 4.3. Valence Energy L e v e l s f o r a S e r i e s of 
P o l y a l k y l M e t h a c r y l a t e s . 

are s u f f i c i e n t l y core l i k e i n c h a r a c t e r to be r e a d i l y i d e n t i f i e d , 

and a l s o t h a t the 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 such t h a t 

even f o r the long c h a i n a l k y l systems the s i g n a l s a r i s i n g from the 

l e v e l s have adequate i n t e n s i t y to be detec t e d . The measured 
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area r a t i o s f o r these polymers of 11 ± 1 i s v/ithin experimentcil 

e r r o r the same as t h a t f o r the m.odel systems i n the preceeding 

chapter, i n d i c a t i n g t h e i r homogeneity. As v/as d i s c u s s e d i n 

Chapter 2 and 3 there are e s s e n t i a l l y two independent methods 

of e s t c i b l i s h i n g the polymer compositions from ESCA data. F i r s t , 

the Cjg/O-j^^ area r a t i o s , by making use of the i n s t r u m e n t a l l y 

dependent s e n s i t i v i t y f a c t o r s ; and such an a n a l y s i s i s shown 

i n F i g . 4.4. An e x c e l l e n t c o r r e l a t i o n i s obtained as a f u n c t i o n 

2 A m 
1 6 -

12 -

n number of C atoms 
in aikyi group 

Area Ratio 
C 

^ T o t a l ^" y=ai9+0.94x 
Ois (taoi) 

r2=0,99 0 
4 -

Ddenotes benzyl a phenyl derivatives 

(n + 4 ) 

Fi^gure 4.4. P l o t of Area R a t i o s f o r the C, _ and 0 I s " I s 
L e v e l s of a S e r i e s of P o l y a l k y l - and - a r y l -
methcic.i:yia'tes as a Fun c t i o n of Chain "Length of 
the Pendant E s t l f r Group. 
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of the chain length f o r the a l k y l 'group. The slope of n e a r l y 
u n i t y (0.94) i s i n good agreement w i t h theory i f the ESCA 

experiment s t a t i s t i c a l l y samples the repea t u n i t s of the polymer 

wi t h no evidence f o r s p e c i f i c o r i e n t a t i o n of the a l k y l s i d e 

c h a i n s . The second method d.nvolves the r e l e v a n t component peaks 

of the C^^ l e v e l s u s i n g the area r a t i o s f o r the i n d i v i d u a l 

components, corresponding to given s t r u c t u r a l f e a t u r e s , and 

these again show an e x c e l l e n t c o r r e l a t i o n as i s evident farom 

F i g . 4.5. 

2 0 -

16-

Area 

Ratio 
y=0.98+1.02x 

(±0.02) 

^^3 

denotes benzyl 8t phenyl derivative 

number of carbons in alkyl group(R) 

F i g u r e 4.5. P l o t of Area R a t i o s f o r the Core L e v e l s 
sus Number of Carbons on the A l k y l Group 

o""f ""a Serinb o f PoTy-alky 1- and - a r y l -
m e t h a c r y l a t e s . (Thelge have "been c o r r e c t e d f o r 
dlffexeuccs i n c r o s s s e c t i o n and i n s t r u m e n t a l 
s e n s i t i v i t y (see t e x t ) ) . 



13C 

The C^^ s p e c t r a of the polyphcnyl m e t h a c r y l a t e and 

polybenzyl methacrylate samples both shovr, i n a d d i t i o n to the . 

c h a r a c t e r i s t i c peaks a r i s i n g from the c h e m 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 , low i n t e n s i t y peaks to the high binding 

energy s i d e of the main s p e c t r a a r i s i n g from TT I T * t r a n s i t i o n s 

accomipanying core i o n i z a t i o n s i n the arom.atic systems. 

I t i s i n t e r e s t i n g to note t h a t when due allov/ance i s made f o r 

the shake-up p r o c e s s e s the data f o r both of these samples 

y i e l d an e x c e l l e n t c o r r e l a t i o n , as i s evident from F i g s , 4.4 and 

4.5. The o b s e r v a t i o n of shake-up phenomena 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 of d i s t i n g u i s h i n g between samples which 

f i t these two c o r r e l a t i o n s i d e n t i c a l l y , as i s the case f o r 

p o l y h e x y l - and polyphenyl-methacrylates, The ESCA data suggests, 

t h e r e f o r e , t h a t the outermost few tens of Angstroms of the 

polymer f i l m s s t u d i e d are r e p r e s e n t a t i v e of the bulk and t h a t 

composition, i n t e g r i t y , and homogeneity of the immediate s u r f a c e 

can r o u t i n e l y be e s t a b l i s h e d . 

I n the p a r t i c u l a r case of polymethyl m e t h a c r y l a t e the four 

commercially a v a i l a b l e samples which were s t u d i e d spanned a 

c o n s i d e r a b l e range i n molecular weights, a l l w i t h MWD's of 2. 

The s p e c t r a obtained from these samples however were i d e n t i c a l , 

and t h i s again i s c o n s i s t e n t w i t h a s t a t i s t i c a l sampling of the 

repeat u n i t on the ESCA depth p r o f i l i n g s c a l e . The method of 
57 

s y n t h e s i s f o r a l l of the polymer samples would suggest t h a t 

the m a t e r i a l s are l a r g e l y a t a c t i c , however as noted i n Chapter 3 

from the study of the model p o l y a c r y l a t e systems, ESCA i s a 

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

the s o l i d s t a t e . ' ' "̂ ^ 



I n the p a r t i c u l a r cases o f polymethyl-, p c l y l a u r y l - and 

p o l y o c t a d e c y l m e t h ^ i c r y l a t e s , s p a n n i n g the rcinge i n s i de chain 

complexity, the measured c o n t a c t a n g l e s were c l o s e l y s i m i l a r v/hich 

i s r e a d i l y un.derst^mdable i n terras o f the ESCA a n a l y s i s . 

Vc'^l^nce Level.s o f Polymethacrylcites. 

The model systems d i s c u s s e d i n Chapter 3 together with 
5 3 

l i t e r c i t u r e d a t a p e r t a i n i n g t o UPS s t u d i e s on r e l a t e d compounds" " 

provide a sound foundation f o r t h e o v e r a l l i n t e r p r e t c i t i o n o f t h e 

main f e a t u r e s o f the valence bands o f the polymers s t u d i e d . 

The measured va l e n c e energy l e v e l s f o r the p o l y a l k y l 

m e t h a c r y l a t e s , i n F i g . 4.3 shov; c l e a r l y t h a t the o v e r a l l band 

p r o f i l e s are ' f i n g e r p r i n t s ' f o r each p a r t i c u l a r polymer system 

and t h i s becomes much more evi d e n t from the data f o r the i s o m e r i c 

p o l y b u t y l m e t h a c r y l a t e s shown i n F i g . 4,6, f o r which the core l e v e l s 

( F i g . 4.7) are c l o s e l y s i m i l a r . As might have been expected 

these r e s u l t s p a r a l l e l those on the p o l y a l k y l a c r y l a t e s and the 

main f e a t u r e s of the assignment of l e v e l s follov/ along s i m i l a r 

l i n e s . 
ESCA S t u d i e s of Adsorption a t S u r f a c e s . 

42 
C l a r k has d i s c u s s e d the g r e a t s u r f a c e s e n s i t i v i t y of 

ESCA and i t may be used to c o n s i d e r a b l e advantage i n studying 

the h y d r a t i o n of s u r f a c e f e a t u r e s on polymers capable of 

p a r t i c i p a t i o n i n hydrogen bonding. Such s t u d i e s are l i k e l y to 

be of c o n s i d e r a b l e importance i n d e t a i l i n g the c o m p l e x i t i e s of, 

f o r example, t r i b o e l e c t r i c charging and v a r i o u s a s p e c t s of 

t r i b o c h e m i s t r y . I n the p a r t i c u l a r case of low d e n s i t y poly

ethylene the adsorption o f H2O on s u r f a c e carbonyl f e a t u r e s 
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R=-C-C 

R=-C"OC 

C 
R=-C-C~C 

I 
32 

I 
28 

1 
24 

I 
20 12 

I 
4 

R=-C-C-C-C 

F i g u r e 4.6. Measured Valence Energy L e v e l s of Poly-n-, 
- i s o - , - s e c - , and - t e r t - b u t y l m - t h a c r y l a t e s . 

m a n i f e s t s i t s e l f i n terms of the appearance of a shoulder to 

the high binding energy s i d e of the 0^^ l e v e l s a s s o c i a t e d v/ith 

the carbonyl oxygen and a t t r i b u t e d to the hydrogen bonded water. 42 

C a r e f u l double beam i n f r a r e d s t u d i e s r e v e a l e d no evidence f o r such 
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Oj^ Uv«is Levels 

x3.3 

I I I 
289 285 

B.E.(ey.) 

F i g u r e 4.7. Core L e v e l S p e c t r a f o r Poly-n~, - i s o - , -sec-
and - t e r t - b u t y l m e t h a c r y l c i t e s . 

i n t e r a c t i o n s s i n c e they are l o c a l i z e d a t the s u r f a c e . I n 

continuance of the work on the p o l y a l k y l a c r y l a t e systems the 

i n t e r a c t i o n of hydrogen bonding s p e c i e s V7ith the s u r f a c e of 

p o l y i s o p r o p y l m ethacrylate f i l m s has been i n v e s t i g a t e d . 
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F i g . 4,8 shows the Ô  and l e v e l s f o r samples of ^ I s I s ^ 
p o l y i s o p r o p y l methacrylate t h a t were exposed to NH^, Ĥ O and HF. 

These reparesent an order of i n c r e a s i n g hydrogen bond s t r e n g t h , 

and i t i s apparent from the s p e c t r a t h a t as i n the case of the 

p o l y i s o p r o p y l a e r y l a t e , d i s c u s s e d i n the l a s t chapter, i t i s only 

i n the case of the IIF treatment t h a t the s p e c t r a r e v e a l any 

s i g n i f i c a n t change. 

A sharpening of the , l e v e l s , such t h a t the carbonyl and 

e s t e r type oxygens are more d i s t i n g u i s h c i b l e without r e c o u r s e to 

l i n e shape a n a l y s i s , i s apparent. The 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 the O, and C, l e v e l s i s a l s o decreased due to t h e I s I s 
adsorbed HF on the s u r f a c e of the f i l m , which can be i d e n t i f i e d 

by the low a b s o l u t e binding energy f o r the F^ l e v e l s . 

As has been d i s c u s s e d i n the preceeding chapter the o v e r a l l 

e f f e c t s of the absorption study are i d e n t i c a l to the p o l y i s o 

propyl a c r y l a t e w i t h the H2O and NH^ treatments showing l i t t l e or 

no e f f e c t s on the l i n e w i d t h s . Cjg Levels 

0|g Levels 

X33 

690 ' 666 

I I i I 
401 397 

Untreated. 
I t I I 

533 289 285 
aE.(eV) 

F i g u r e 4.8. O^^ and Ĉ ^̂  Core l e v e l S p e c t r a ' f o r Samples 
Ml£Qj:Zig<̂ "̂ ilQI?y,l,F̂  T r e a t e d 
w i t h H^O, IMH^ and HF. ^ " ' 



APPENDIX A 

I n f r a r e d S p e c t r a of P o l y a l k y l A c r y l a t e s and E t h y l Aceto-
a c e t a t e 



Polymethyl A c r y l a t e ( c r o s s l i n k e d ) 

1 

Polymethyl A c r y l a t e ( e x t r a c t e d ) 

P o l y e t h y l A c r y l a t e 

Poly I s o p r o p y l A c r y l a t e 
U- L.̂  L — L, 
4000 3500 3000 2500 2000 1800 1600 1400 1200 

-1, wavenumber (cm. ) 



Poly-n-butyl A e r y l a t e 
l -»»«J«_ J l _ _ 

P o l y - i s o - b u t y l A c r y l a t e 
I — i 1 1 1 - L J L 

P o l y - t e r t - b u t y l A c r y l a t e 
I 1 L. J L 

Poly--2~ethylhexyl A c r y l a t e 
J. 

4000 3500 3000 2500 2000 1800 1600 1400 1200 
wavenumber (cm. 



Poly-n-decyl A c r ^ l c i t e 
J L 

P o l y - n - l a u r y l A c r y l a t e 
J J _ 1 J [ 1 L 

Poly-hexadecyl A c r y l a t e 
J I I I J L 

P o l y o c t a d e c y l A c r y l a t ? 
J. J J I 

4000 3500 3000 2500 2000 1800 1600 1400 1200 
wavenujTiber (cm."" ) 



P o l y - i s o p r o p y l A c r y l a t e [0=0 region ( A b s c i s s a X 5 ) ] 
L _ « L ™ 1 ^ L. J — J ^ 

Poly-n-decyl A c r y l a t e CC=0 regi o n ( A b s c i s s a X 5 ) ] 
I I t \ »«J 1— \ 

E t h y l A cetoacetate (C-H and C=0 regionti) 
I i L \ ! 1 1 
4000 3500 3000 2500 2000 1800 1600 1400 1200 

wavenumber (cm. ^) 



APPENDIX B 

I n f r a r e d S p e c t r a of P o l y - a l k y l - and - a r y l - m e t h a c r y l a t e s 



Polymethyl Methacrylate (lov; Mv;) 
I ^ I ^ JL L . 

Polymethyl Methacrylate (med. Mw) 
I 1 1— I l _ 

Polymethyl Methacrylate (high Mw) 
I 1 1 I I 

Polymethyl Methacrylate (very high Mw) 
I 1 --™JI ^. I I 
4000 3500 3000 2500 2000 1800 1600 1400 1200 

~1. wavenumber (cm. ) 



P o l y e t h y l Methacrylate 

P o l y - i s o p r o p y l Methacrylate 
I . J 

Poly-n-butyl Metiiacrylate 
I I 

P o l y - i s o - b u t y l Methacrylate 

4000 3500 3000 2500 2000 1800 1600 1400 1200 
wavenumbe r ( c m . ) 



P o1y-s e c-buty1 Methacrylate 
I . _ L ™ 1 L™«, 

P o l y - t e r t - b u t y l Methacrylate 
I I I I 

Po l y h e x y l Methacrylate 

P o l y - 2 - e t h y l h e x y l Methacrylate 
1 —± L - i _ -L .1 

4000 3500 3000 2500 2000 1800 1600 1400 1200 
wavenumber (cm. ^) 



r 
P oly-n-L aury1 Methacry1ate 

I I I I — J L 

Poly-hexadecyl Methacrylate 

P o l y o c t a d e c y l Methacrylate 

Polybenzyl Methacrylate 
J ^ 4000 3500 3000 2500 2000 1800 1600 1400 1200 

waven urnb e r (cm, ) 



P o1ypheny1 Me t h a c r y 1 a t e 
L-.^ J...,.,..^.^^^J - ™ J L 

4000 
± JL 

3500 3000 2500 2000 1800 1600 1400 1200 
wavenumber (cm, ^) 



REFERENCES 



1. D.W. Turner^ C\ B c i k e r , A.D. Bcikej ^ C.R. Brundle 'Molecular 
Photoelectron Spectroscopy', V J i i e y - I n t e r s c i e n c e (1970). 

2. D.E, Eastman, 'Photoemission Spectroscopy of Metals', i n 

'Techniques i n Metals Research VT', ed. E. P a s s a g l i a , Wiley-

I n t e r s c i e n c e (19 72). 

3. C O . Chang, Surface S c i e n c e , 25, 53-75 (1971). 

4. J,P. Coad, M. G e t t i n g s and J.C. R i v i e r e , Faraday D i s c u s s i o n s , 

60, Vancouver, J u l y 19 75, Paper 21. 

5. K. Siegbahn, C. Nordling, G. Johansson, J . Hedman, P.F. Heden, 

K. Hamrin, U. G e l i u s , T. Berkmark, L.D. Werme, R. Manne and 

Y. Baer, 'ESCA App l i e d to Free Molecules', North-Holland Publ. 

Co., Amsterdam (1969). 

6. K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hamrin, 

J . Hedraan, G, Johansson, T. Berkmark, S.E. K a r l s s o n , 

I . L i d g r e n and B. Lindberg, 'ESCA, Atomic, Molecular and 

S o l i d S t a t e S t r u c t u r e Studied by Means of E l e c t r o n Spectroscopy' 

Almquist and W i k s e l l s , Uppsala (1967). 

7. L. Asbrink, Chem. Phys. L e t t . , 7, 549 (1970) 

8. L. Asbrink and J.W. K a b a l a i s , Chem. Phys. - L e t t . , 12, 182 (1972). 

9. R.E. Weber and W.T. P e r i a , J . Appl. Phys., 38, 3320 (1967). 

10. H.D. Hagstrum and G.E. Becker, Phys. Rev. L e t t s . , 22, 1054 (1969 

11. A.E. SandstrGm, i n S. Fltigge, Handbook of P h y s i c s , V o l . XXX, 

X-Rays, p.164 ( S p r i n g e r - V e r l a g , B e r l i n , 1957). 

12. C D . Wagner, Faraday D i s c u s s i o n , 60, Paper 23 (1975). 

13. J . F . McGilp and I.,G. Main, J , E l e c t . Spect. and Re l a t e d Phen. , 

63, 97-409 (1975). 

14. P. A s c a r e l l i and G. Mis s o n i , I b i d . , 5, 417-435 (1974). 



15. G. Johansson, J . Hedman, A. Derndtoson, M. Klasson and 

R. NilsGon, I b i d . , r e f . 13, 2 , 295-317 (1973). 

16. J.P. Contour and G. Mouvier, J . E l e c t . Spect. and Related 

Phen., 7, 85-90 (1975). 

17. D.T. C l a r k , W.J. F e a s t , W.K.R. Musgrave and I . R i t c h i e , 

J . Poly. Sc.-., 13, 857-890 (1975). 

18. T.A. Koopmans, P h y s i c a , 1, 104 (1933). 

19. U. G e l i u s , Phys. S c r i p t a , _9, 133 (1974). 

20. M. Barber and D.T. C l a r k , J . Chem. Soc., D, 22 (1970). 

21. D.B. Adams, D.T. C l a r k , Theoret. Chim. Acta. ( B e r l . ) , 

31, 171 (1973). 

22. D.T. C l a r k , I.W. Scanlan, J . Mttller, Theoret. Chim. Acta ( B e r l ) , 

35, 341 (1974). 

23. U. G e l i u s , D i s c . F a r a . S o c , 54 (1972). 

24. R.E. Watson and A.J. Freeman, Plyperfine I n t e r a c t i o n s 

(Ed. A.J. Freeman and R.B. F r a n k e l ) , Academic P r e s s , Nev7 York 

(1967) . 

25. C.S. Fadley, D.A. S h i r l e y , A.J. Freeman, P.S. Bagus and 

J.V. Mallow, Phys. Rev. L e t t . , 23, 1397 (1969). 

26. T. Novakov and J.M. Hollander, B u l l . Am. Phys. Soc., 14, 524 

(1969). 

27. T. Novakov and J.M. Hollander, Phys. Rev. T e t t . , 21, 1133 

(1968) . 

28. C.S. Fadley, L e c t u r e S e r i e s , 'N.A.T.O. Advanced Study 

I n s t i t u t e on E l e c t r o n Emission Spectroscopy', Ghent U n i v e r s i t y , 

Ghent, Belgium, August 28 - September 8, 1972. 

29. T.A, C a r l s o n , VI,E, Hunt and M.O. Krause, Phys. Rev. L e t t . , 

151, 41 (1966). 



30. R. Manne and T. Aberg, Chein. Phys. L e t t s . , 2\, 1133 (1968). 

31. R.M. Eis e n b e r g , Fundamentals of Modern P h y s i c s , Ch, 14, 

John Wi1ey and Sons, I n c . (19 61). 

32. U. G e l i u s , E. B a s i l i e r , S. Svensson, T. Bergmark and 

K. Siegbahn, J . E l e c t . Spect. and R e l . Phen., £, 405 (1973). 

33. E.M. P u r c e l l , Phys^ Rev., 54, 818 (1938). 

34. J.C. Helmer and N.H. V/eichert, Appl. Phys. 13, 26 8 

(1968). 

35. D.T. C l a r k , D. K i l c a s t , W.J. F e a s t , and W.K.R. Musgrave, 

J . Polym. S c i . , Polym. Chem. Ed., 11, 389 (1973). 

36. D.T. C l a r k , ' E l e c t . E m i s s i o n S p e c t I , W. Dekeyser, e t a l . ( e d s . ) , 

373-507, D. R e i d e l P u b l i s h i n g Co., Dordrecht, Holland (1973). 

37. D.T. C l a r k , W.J. F e a s t , I . R i t c h i e and V7.K.R. Musgrave, 

J . Polym. S c i . , Poly. Chem. Ed., 12, 1049 (1974). 

38. D.T. C l a r k , J . P e e l i n g and J.M. O'Malley, J . Poly. S c i . 

Polym. Chem. Ed., i n p r e s s (1975). 

39. D.T. C l a r k , D. K i l c a s t , W.J. F e a s t , and W.K.R. Musgrave, 

J . Polym. S c i . , A-1, 10, 1637 ( I S 7 2 ) . 

40. D.T. C l a r k , A. D i l k s , J . P e e l i n g , and H.R; Thomas, Trans . 

Faraday Soc., Faraday D i s c , 60, No. 14 (1974), 000. 

41. D.T. C l a r k and A. D i l k s , J . Polym. S c i . , Polym. Chem. Ed., 

i n p r e s s (1975). 

42. Cf. D.T. C l a r k , 'Advances i n Polymer F r i c t i o n and Wear', 

5A, 241 (1974), Ed. L.H. Lee, Plenum P r e s s , N.Y. (1974). 

43. J , Brandrup and E.H. Immergut ( E d s . ) , 'Polymer Handbook', 

I n t e r s c i e n c e P u b l i s h e r s , New York (1967). 

44. 'Reactivit3^, Mechanism and S t r u c t u r e i n Polymer Chemistry' 

eds. A.D. Jen k i n s and A, Ledv/ith, J . V7iley and Sons, London 

(1974). 



45. P.L. Magagnini, A. Ma r c h e t t i , F . Matera, G. P i z z i r a n i , and 

G. T u r c h i , £ur._ Poly. J . , 10, 585-91 ( 1 9 7 4 ) . 

4 6 . A. Tanaka and Y. I s h i d a , J . Poly. S c i . , 1 3 , 4 3 1 - 3 6 ( 1 9 7 5 ) . 

4 7 . B. A r k l e s and V̂ .R. Peterson, 'Advances i n Polymer F r i c t i o n and 

Wear', 5B, 4 5 3 ( 1 9 7 4 ) Ed. L,H. Lee, Plenum P r e s s , N.Y. ( 1 9 7 4 ) . 

4 8 . I.H. H i l l e r , V.R. Saunders, A t l a s Computer Laboratory, (1972). 

4 9 . R.F. Stewart, Chem. Phys., 50, 2 4 8 5 ( 1 9 6 9 ) . 

5 0 . E. Clem.enti, IBM J . Res. Develop, Suppt. , 9_, 2 ( 1 9 6 5 ) . 

5 1 . J.A. Pople and D.L. Bev^ridge, 'AxDproximate Molecular O r b i t a l 

Theory', McGraw-Hill ( 1 9 7 0 ) . 

5 2 . D.T. C l a r k , D. K i l c a s t , and D,B. Adams, Farad. D i s c . Chem. Soc., 

5 4 , 1 8 2 ( 1 9 7 2 ) . 

5 3 . A'.W. P o t t s , 'T.A. Willicims and W.C. P r i c e , D J S C . Farad. Soc. , 

5 4 , 1 0 4 ( 1 9 7 2 ) . 

5 4 . Cf. K. Siegbahn, J . E l e c t . Spect., 5, 3 ( 1 9 7 4 ) . 

5 5 . L.E. Sutton, 'Tables of I n t e r a t o m i c D i s t a n c e s ' , Chemical 

S o c i e t y , London, S p e c i a l p u b l i c a t i o n . No. 1 8 , 1 9 6 5 . 

5 6 . D.T. C l a r k and D.M.J. L i l l e y , Tetrahedron, 2 9 , 8 4 5 ( 1 9 7 3 ) . 

5 7 . Re. Cellomer A s s o c i a t e s , I n c . , p r i v a t e communication ( 1 9 7 5 ) . 


