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ABSTRACT 

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 , (ESCA), has been used 

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

polymers d u r i n g n a t u r a l and a r t i f i c i a l w e a t h e r i n g . 

P a r t i c u l a r emphasis has been p l a c e d on t h e p h o t o d e g r a d a t i o n 

(A>290nm) of B i s p h e n o l A p o l y c a r b o n a t e . Model s t u d i e s t o 

i n v e s t i g a t e t h e changes i n s u r f a c e c h e m i s t r y as f u n c t i o n s of 

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

o f oxygen and water a t t h e s o l i d / g a s i n t e r f a c e have been c a r r i e d 

o u t i n c o n j u n c t i o n w i t h n a t u r a l exposures. The r e s u l t s show t h a t 

p h o t o o x i d a t i o n ( i n v o l v i n g t h e gem d i m e t h y l and p h e n y l groups) and 

n o t a p h o t o - F r i e s t y p e rearrangement i s t h e predominant process i n 

t h e s u r f a c e r e g i o n s . C a l c u l a t i o n s at t h e non- and s e m i - e m p i r i c a l 

l e v e l s on model p o l y c a r b o n a t e systems suggest t h a t t h e f i r s t ex­

c i t e d s i n g l e t s t a t e o f p o l y c a r b o n a t e a r i s e s f r o m a n-+n* t r a n s i t i o n . 

The changes i n s u r f a c e c h e m i s t r y of p o l y c a r b o n a t e exposed t o r e ­

a c t i v e oxygen spec i e s have been s t u d i e d and i n d i c a t e t h a t s i n g l e t 

oxygen does n o t r e a c t w i t h t h i s polymer. 

The p h o t o a g i n g s t u d i e s f o r p o l y c a r b o n a t e have been extended 

t o p o l y s t y r e n e , B i s p h e n o l A p o l y s u l p h o n e , p o l y e t h e r s u l p h o n e , 

p o l y p h e n y l e n e o x i d e phenoxy r e s i n and p o l y e t h e r k e t o n e and s i m i l a r 

t r e n d s t o those observed f o r p o l y c a r b o n a t e are shown t o occur i n 

these systems, i . e . e x t e n s i v e oxygen uptake i n t h e s u r f a c e r e g i o n s 

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

systems. 
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CHAPTER ONE 

THE PHOTODEGRADATION AND PHOTOOXIDATION 

OF POLYMERS 
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1.1 I n t r o d u c t i o n 

Since t h e b e g i n n i n g o f r e c o r d e d h i s t o r y , man has 

r e c o g n i s e d t h a t water, s u n l i g h t and f r e s h a i r are the most 

b o u n t i f u l g i f t s o f Nature. Yet more than a hundred years 

ago i t was r e c o g n i s e d t h a t these same agents were the cause 

of t h e d e g r a d a t i o n observed i n n a t u r a l rubbers"} I t was found 

t h a t I n d i a n t e l e g r a p h w i r e c o a t i n g s made from n a t u r a l rubber 

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

s u b s t a n t i a l f i n a n c i a l l o s s . On i n v e s t i g a t i o n o f t h i s pheno­

mena i t was concluded t h a t o x i d a t i o n ( from exposure t o a i r 

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

a t i o n o f t h e rubber. The problem t h a t was encountered then 

i s n o t t o o d i f f e r e n t from t h e p r e s e n t day i n t h e d e g r a d a t i o n 

o f s y n t h e t i c polymers. 

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

v a r i e s w i d e l y , c o n t i n u a l exposure t o s o l a r r a d i a t i o n w i l l 

e v e n t u a l l y d e t e r i o r a t e almost every polymer. 

O u t s i d e t he atmosphere and from t he d i r e c t i o n of t h e 

sun, t h e e a r t h i s seen t o r e f l e c t d i f f u s e l y a f r a c t i o n o f t h e 
2 

i n c i d e n t r a d i a t i o n . T h i s f r a c t i o n i s ~40%. The em i s s i o n 

i s r e f l e c t e d from t h e c l o u d s , t h e e a r t h ' s s u r f a c e and t h e sea 

and i n p a r t s c a t t e r e d i n t h e atmosphere. Of t h e r e m a i n i n g 

i n w a r d f l u x about 45% reaches t h e s u r f a c e t o be absorbed and 

about 15% i s absorbed i n t h e atmosphere. T h i s 60% of t h e 

i n c i d e n t power i s r e - r a d i a t e d i n t o space a t i n f r a - r e d wave­

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

s o l a r spectrum. The r e g i o n o f s u n l i g h t r e a c h i n g t h e e a r t h ' s 

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



3 

polymers i s t h a t of t h e u l t r a v i o l e t ( t h e s o - c a l l e d s o l a r 

u l t r a v i o l e t ) . The atmosphere f i l t e r s o u t p r a c t i c a l l y a l l 

t h e r a d i a t i o n below 295 nm. The exact wa v e l e n g t h l i m i t of 

atmospheric t r a n s m i s s i o n has been i n v e s t i g a t e d by many 

workers over t h e years and has been found t o be dependent 

on t h e e l e v a t i o n of t h e o b s e r v i n g s i t e , t h e ozone c o n t e n t 
9 

and t h e t u r b i d i t y o f t h e atmosphere." The s o l a r u l t r a ­

v i o l e t r e p r e s e n t s o n l y about 5% of the t o t a l r a d i a t i o n o f 

th e sun r e a c h i n g t h e s u r f a c e b u t i s t h e most damaging t o 

p o l y m e r s . 3 

1.2 General P r i n c i p l e s o f P h o t o c h e m i s t r y 

1.2.1 The A b s o r p t i o n o f L i g h t 

A l l e l e c t r o m a g n e t i c r a d i a t i o n may be d e s c r i b e d 

i n terms o f e i t h e r t h e wavelength A , t h e f r e q u e n c y v, t h e 

wavenumber \7 or t h e energy, E, o f a quantum o f r a d i a t i o n i n 

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

t h a t i s o f i n t e r e s t . The wavelengths i n t h i s r e g i o n extend 

f r o m 2O0 t o 800 nm. Table 1.1 compares t h i s w a v e l e n g t h s c a l e 

w i t h t h e same s c a l e i n cm ^, k c a l mole ^ and eV. 

Table 1.1 Comparative energy s c a l e s 

nm -1 cm x i o 3 k c a l mole ^ eV 

200 50 142 . 93 6.2 

300 33 94 . 33 4.13 

400 25 71 . 46 3.1 

500 20 57. 17 2 . 48 

600 16 . 67 47. 65 2 .07 

700 14 . 29 40. 85 1.77 

800 12 . 5 35 . 73 1.55 
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A necessary c o n d i t i o n f o r a photochemical r e ­

a c t i o n t o t a k e p l a c e i s t h e e x c i t a t i o n of a molecule due t o 

th e a b s o r p t i o n o f l i g h t quanta o f s u f f i c i e n t energy by some 

component of t h e system. T h i s i s t h e f i r s t law o f p h o t o ­

c h e m i s t r y c a l l e d t h e G r o t t h u s - D r a p e r P r i n c i p l e . The second 

law o f p h o t o c h e m i s t r y , t h e S t a r k - E i n s t e i n P r i n c i p l e , s t a t e s 

t h a t a molecu l e can o n l y absorb one quantum o f r a d i a t i o n . 

The r e s u l t a n t e x c i t e d molecule may t h e n f o l l o w one or more 

p a t h s , p h o t o p h y s i c a l processes, b e f o r e a pho t o c h e m i c a l r e ­

a c t i o n can t a k e p l a c e . A ph o t o c h e m i c a l process has been 

d e f i n e d as a " p h y s i c a l process ( i . e . one which does not 

i n v o l v e a chemical change) r e s u l t i n g from t h e e x c i t a t i o n o f 

a molecule by n o n - i o n i z i n g e l e c t r o m a g n e t i c r a d i a t i o n " . A 

p r i m a r y photochemical process a r i s e s when d e c o m p o s i t i o n o r d i s ­

s o c i a t i o n o f t h e molecule occurs as a d i r e c t consequence o f 

th e a b s o r p t i o n o f r a d i a t i o n . The a b s o r p t i o n o f l i g h t by 

molecules o n l y occurs i f t h e d i f f e r e n c e between two energy 

l e v e l s i s e x a c t l y t h e same as t h e energy o f a quantum: 

E = A.v = E 2 - E 1 

where E^ and E^ are t h e e n e r g i e s o f a molecule i n t h e f i n a l 

( h i g h e r l e v e l ) and i n i t i a l ( l o w e r l e v e l ) s t a t e s r e s p e c t i v e l y . 

The a b s o r p t i o n occurs i n accordance w i t h t h e w e l l known Beer-

Lambert Law. The Beer Law s t a t e s t h a t t h e amount o f l i g h t 

absorbed i s p r o p o r t i o n a l t o t h e c o n c e n t r a t i o n of a b s o r b i n g 

s p e c i e s , whereas t h e Lambert Law s t a t e s t h a t t h e f r a c t i o n o f 

i n c i d e n t l i g h t absorbed i s independent of t h e i n t e n s i t y o f 

th e l i g h t and t h a t each s u c c e s s i v e l a y e r o f t h e medium absorbs 

an equal f r a c t i o n o f t h e i n c i d e n t l i g h t . When combined these 

laws g i v e t h e e x p r e s s i o n f o r a b s o r p t i o n i n s o l u t i o n : 
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l o g 1 Q I o / I t = Eel 

where I o and I are t h e i n t e n s i t i e s o f t h e i n c i d e n t and 

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

(mol.dm ) o f the a b s o r b i n g s p e c i e s , 1 i s t h e p a t h l e n g t h 

(mm) and E i s a p r o p o r t i o n a l i t y c o n s t a n t , r e f e r r e d t o as 
2 - 1 

t h e molar decadic e x t i n c t i o n c o e f f i c i e n t (m .mol ) . The 

q u a n t i t y Eel i s c a l l e d t h e absorbance or o p t i c a l d e n s i t y . 

I t f o l l o w s from t h e Beer-Lambert Law t h a t t h e a b s o r p t i o n 

c o e f f i c i e n t i s independent of t h e c o n c e n t r a t i o n , l a y e r t h i c k ­

ness and r a d i a t i o n i n t e n s i t y b u t v a r i e s w i t h t h e w avelength 

of r a d i a t i o n . 

Many experiments i n t h e f i e l d of polymer p h o t o ­

c h e m i s t r y ar e c a r r i e d o u t w i t h f i l m s (as were t h e e x p e r i m e n t s 

c a r r i e d out i n t h i s t h e s i s ) and F i g u r e 1.1 r e p r e s e n t s a 

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

I 
J 

\ < 

\ 
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/ / ( 
I 
i \ 

1 
; 

f > 

-

X 

/ 

r 

j -n 
( 
/ 
\ 
\ 1 
\ 
1 

) 
J 

M ) 
A l ^ \ 1 
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F i g u r e 1.1 Schematic diagram o f f i l m exposed t o l i g h t 
i r r a d i a t i o n . 
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I n a l a y e r o f t h i c k n e s s 1 of t h e f i l m t h e absorbed l i g h t , 

l a , i s g i v e n by 

l a = I o (1 - e ~ E l ) 

The number o f quanta absorbed per u n i t area of t h i c k n e s s 

c l x may be w r i t t e n as 

^ ( I o - I t ) _ d I t _ , — Ex d" = - lOEl a x d x 

1.2.2 E l e c t r o n i c a l l y E x c i t e d S t a t e s 

A l l p h o t o c h e m i c a l r e a c t i o n s occur as a r e s u l t 

of e l e c t r o n i c a l l y e x c i t e d s t a t e s which have a d e f i n i t e 

energy, s t r u c t u r e and l i f t e i m e . 

The t o t a l energy (E) of a p a r t i c u l a r energy s t a t e 

of a molec u l e i s t h e sum of t h e e l e c t r o n i c e x c i t a t i o n energy 

(Ee), t h e v i b r a t i o n a l energy (Ev) and t h e r o t a t i o n a l energy 

(Er) : 

E = Ee + Ev + Er 

Ee>Ev> >Er 

There are two t y p e s of e x c i t e d s t a t e s t o be c o n s i d e r e d , 

s i n g l e t and t r i p l e t . I n a s i n g l e t s t a t e t h e s p i n s of t h e 

e l e c t r o n s are p a i r e d ; t h i s i s almost always t h e case f o r t h e 

ground s t a t e f o r which t h e n o t a t i o n So i s used. (A n o t a b l e 

e x c e p t i o n i s t h e t r i p l e t ground s t a t e of m o l e c u l a r oxygen 

f o r which t h e s p i n s are u n p a i r e d ) . 

The main p h o t o c h e m i c a l r e a c t i o n s occur from t h e 

l o w e s t e x c i t e d s i n g l e t s t a t e ( S ^ ) . The v e r y f a s t r a t e o f 

i n t e r n a l c o n v e r s i o n from t h e upper e x c i t e d s i n g l e t s t a t e s 

( S 2 , S^ ) t o t h e l o w e s t e x c i t e d s i n g l e t s t a t e makes photo-



chemical r e a c t i o n from t h e upper s t a t e s u n l i k e l y . The 

low e s t e x c i t e d t r i p l e t s t a t e (T ) i s formed m a i n l y by 

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

low e s t e x c i t e d s i n g l e t s t a t e ( S ^ ) . The f o r m a t i o n o f a 

t r i p l e t s t a t e by d i r e c t a b s o r p t i o n o f a photon i s a f o r ­

bidden t r a n s i t i o n . H igher t r i p l e t s t a t e s ( T 2 - ) may 

be formed when a molecule i n i t s l o w e s t t r i p l e t s t a t e ( T l ) 
7 

absorbs a new photon. Each e l e c t r o n i c l e v e l i s s p l i t i n t o 
a s e r i e s o f v i b r a t i o n a l l e v e l s and each v i b r a t i o n a l l e v e l i s 

g 
i t s e l f s p l i t i n t o a s e r i e s o f r o t a t i o n a l l e v e l s . A modi-

Q 

f i e d J a b l o n s k y diagram' which r e p r e s e n t s t h e s t r u c t u r e o f 

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

cesses i n which t h e y are i n v o l v e d i s shown i n F i g u r e 1 . 2 . 

Absorption 

Fluorescence 
4.-UW-

Internal conversion S^~SR 

Internal conversion 

Internal conversion 

1Q 3. 
§ d,' 
z> •< S Internal conversion /a in 
3 

Phosphorescence 

Forbidden absorption 

+ 1 
Triplet - Triplet 

qbsorption 

Internal conversion 

t i l f l U I I J -
F i g u r e 1.2 M o d i f i e d J a b l o n s k y diagram f o r t h e most i m p o r t a n t 

processes i n v o l v i n g e l e c t r o n i c a l l y e x c i t e d s t a t e s . 
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The d i s s i p a t i o n o f t h e e x c i t a t i o n energy of a molecule i n 

i t s e x c i t e d s t a t e may occur by t h e f o l l o w i n g processes: 

( i ) R a d i a t i v e processes: luminescence ( f l u o r ­

escence and phosphorescence); 

( i i ) R a d i a t i o n l e s s processes; 

( i i i ) B i m o l e c u l a r d e a c t i v a t i o n processes; 

( i v ) D i s s o c i a t i o n processes. 

Luminescence a r i s e s from t h e e m i s s i o n o f r a d i a t i o n as t h e 

e l e c t r o n i c a l l y e x c i t e d molecule l o s e s i t s energy. There 

are two main k i n d s o f e m i s s i o n : 

(a) F l u o r e s c e n c e ; t h i s i s an e m i s s i o n process o c c u r r i n g 

f rom t h e lowest e x c i t e d s i n g l e t (S.^), t o t h e ground 

s t a t e (So); 

(b) Phosphorescence; t h i s i s an e m i s s i o n from t h e 

l o w e s t t r i p l e t s t a t e (T-^) t o t h e ground s t a t e . 

A r a d i a t i o n l e s s process c o n v e r t s one e l e c t r o n i c 

s t a t e t o a n o t h e r w i t h o u t t h e a b s o r p t i o n o f l i g h t . T h i s can 

a r i s e as a r e s u l t o f I n t e r n a l c o n v e r s i o n and/or I n t e r s y s t e m 

c r o s s i n g . 

I n t e r n a l c o n v e r s i o n i s a process between two 

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

s i n g l e t - s i n g l e t ( S 2 WW^ S-^, WW+ So) or t r i p l e t - t r i p l e t 

processes {T^ WW-> T-̂ ) . The r a t e o f I n t e r n a l c o n v e r s i o n 

from t h e e x c i t e d s i n g l e t (S-^) t o t h e ground s t a t e (So) i s o f 

th e o r d e r 1 0 6 - 1 0 1 2 sec. - 1."'" 0 I n t e r s y s t e m c r o s s i n g i n v o l v e s 

processes between s i n g l e t and t r i p l e t s t a t e s (S^ WW->- T-̂ ) or 

t r i p l e t and ground s t a t e (T-^ vwv->- So) o c c u r r i n g w i t h s p i n 

i n v e r s i o n f o l l o w e d by v i b r a t i o n a l r e l a x a t i o n . The r a t e o f 
4 1 2 

i n t e r s y s t e m c r o s s i n g f o r S-̂  w w ^ T^ i s of t h e o r d e r 1 0 - 1 0 

s e c . - 1 and f o r ww->- So 1 0 - 1 - 1 0 ~ 5 s e c . - 1 . 1 0 
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1.2.3 A b s o r p t i o n o f L i g h t i n Polymers 

Somersall and G u i l l e t " ^ have c l a s s i f i e d polymers 

i n t o two main t y p e s depending on t h e i r a b s o r p t i o n and em i s s i o n 

p r o p e r t i e s . The f i r s t , termed t y p e A, absorb and emit l i g h t 

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

or end c h a i n groups. The second, termed t y p e B, absorb and 

emit l i g h t t h r o u g h chromophores p r e s e n t i n t h e rep e a t u n i t 

(or u n i t s ) t h a t f o r m t h e backbone s t r u c t u r e o f t h e polymer. 

There are many commercial polymers o f t y p e A 

which s h o u l d t h e o r e t i c a l l y o n l y absorb l i g h t a t wavelengths 

below 290 nm."'"0'"'"̂  As p r e v i o u s l y mentioned t h e lower wave­

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

~290 nm and co n s e q u e n t l y t y p e A polymers s h o u l d t h e o r e t i c a l l y 

n o t photodegrade under n a t u r a l c o n d i t i o n s . I t i s now gener­

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

t i o n and/or p r o c e s s i n g a re r e s p o n s i b l e f o r a b s o r p t i o n o f l i g h t 

above 290 nm.^0'"^. Examples of polymers b e l o n g i n g t o t h i s 

group are p o l y e t h y l e n e , n y l o n and p o l y s t y r e n e . The a b s o r p t i o n 

s p e c t r a f o r t h e s e systems are d i s p l a y e d i n F i g u r e 1.3 where 

f o r comparison some group B polymers are a l s o i n c l u d e d . 

I t can be seen t h a t f o r p o l y e t h y l e n e , n y l o n and 

p o l y s t y r e n e t h a t l i t t l e l i g h t i s absorbed above 290 nm. 

However, i t s h o u l d be no t e d t h a t t h e a c t u a l a b s o r p t i o n s p e c t r a 

o f t h ese polymers i s c o m p l i c a t e d s i n c e t h e y a l l e x h i b i t weak 

a b s o r p t i o n i n t h e near u l t r a v i o l e t . As an example, i n p o l y ­

e t h y l e n e , which i s more c r y s t a l l i n e , t h e a b s o r p t i o n spectrum 

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

i s s c a t t e r e d by t h e c r y s t a l l i t e s , p a r t i c u l a r l y a t s h o r t e r wave-
13 14 

l e n g t h s . ' A l l t h e polymers mentioned above a r e s u s c e p t i b l e 
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F i g u r e 1.3 U l t r a v i o l e t a b s o r p t i o n s p e c t r a o f p o l y e t h y l e n e 
(PE), n y l o n 66(N66), p o l y s t y r e n e (PS), p o l y -
sulphone (PSO), p o l y c a r b o n a t e (PC), phenoxy r e s i n , 
p o l y p h e n y l e n e o x i d e (PPO), p o l y e t h e r sulphone(PES) 
and p o l y e t h e r - f c e t o n e (PEEK) f i l m s . 

t o t h e r m a l d e g r a d a t i o n and o x i d a t i o n t o v a r y i n g degrees 

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

f a b r i c a t i o n . The f o r m a t i o n o f chromophones (e.g. extended 

u n s a t u r a t i o n and c a r b o n y l groups) "*"0' ' e x t e n d i n g t h e 

c a p a c i t y o f t h e polymer t o absorb i n t h e near u l t r a v i o l e t may 

occur. Hydroperoxides groups may a l s o be formed, but due t o 

t h e i r low molar e x t i n c t i o n c o e f f i c i e n t w i l l o n l y make a s m a l l 
. .^ . . 10,12 c o n t r i b u t i o n . 

There are numerous commercial s y n t h e t i c polymers 

which absorb s u n l i g h t t h r o u g h chromophoric groups t h a t form 

p a r t o f t h e backbone s t r u c t u r e o f t h e system ( i . e . t y p e B ) . 

With t h e e x c e p t i o n o f p o l y s t y r e n e , a l l t h e polymers f o r which 
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t h e s u r f a c e aspects o f p h o t o a g i n g are d i s c u s s e d i n l a t e r 

c h a p t e r s belong t o t h i s group. F i g u r e 1.3 d i s p l a y s t h e 

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

r e s i n , p o l y p h e n y l e n e o x i d e , p o l y e t h e r sulphone and p o l y -

e t h e r k e t o n e . I t can be c l e a r l y seen t h a t t h e y absorb 

s t r o n g l y i n t h e r e g i o n 290-400 nm. 

1.3 The Mechanism o f Polymer P h o t o o x i d a t i o n 

The mechanism of polymer p h o t o o x i d a t i o n i s v e r y s i m i l a r 

t o t h a t of t h e r m a l o x i d a t i o n . At p r e s e n t , t h e t h e o r i e s of 

t h e o x i d a t i o n of polymers have been based on t h e mechanism 

proposed by B o l l a n d and Gee. ' ^ ' 

General Mechanism of O x i d a t i o n 

1.3.1 The i n i t i a t i o n R e a c t i o n 

A necessary c o n d i t i o n f o r t h e r a p i d process o f 

polymer o x i d a t i o n i s t h e f o r m a t i o n o f polymer r a d i c a l s : 

PH > P- + H- (1) 

where PH i s t h e polymer and P- t h e polymer r a d i c a l . The 

i n i t i a t i o n r e a c t i o n may be induced by 

( i ) P h y s i c a l f a c t o r s such as UV r a d i a t i o n , i o n i z i n g 

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

t r e a t m e n t , 

( i i ) Chemical f a c t o r s such as c a t a l y s t s , d i r e c t a c t i v i t y 

o f oxygen, s i n g l e t oxygen or ozone. 

(a) P h y s i c a l f a c t o r s 

The chemical s t r u c t u r e o f t h e polymer w i l l g r e a t l y i n f l u ­

ence t h e t y p e o f m a c r o - r a d i c a l s formed. The d i s s o c i a t i o n 

e n e r g i e s of p a r t i c u l a r bonds between t h e atoms o f t h e polymer 

w i l l d i c t a t e t h e t y p e o f f r a g m e n t a t i o n t h a t occurs i n r e l a t i o n 
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t o t h e amount of energy b e i n g i n p u t t o t h e system. Thus 

i t i s n o t s u r p r i s i n g t h a t most commercial polymers are sus­

c e p t i b l e t o d e g r a d a t i o n i n s u n l i g h t as t h e r e i s no s h o r t a g e 

of a v a i l a b l e energy i n t h e near u l t r a v i o l e t . I n f a c t t h e 

quantum energy i n t h i s r e g i o n i s s u f f i c i e n t t o c l e a v e most 

polymer chemical bonds. The r e l a t i o n s h i p between bond onerov 

and t h e energy a v a i l a b l e from l i g h t i s shown i n F i g u r e 1.4 

f.:: 

M 5 0 -
e:"» 
or. 

UJ 
UJ 
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\ 
\ 
\ * C-H 

- C-0 
^ -c-c-
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31 
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W A V E L E N G T H ' " 

F i g u r e 1.4 Bond s t r e n g t h i n r e l a t i o n t o l i g h t energy 

(b) Chemical agents 

( i ) I n i t i a t i o n induced by m o l e c u l a r oxygen 

The e l e c t r o n i c c o n f i g u r a t i o n of t h e oxygen m o l e c u l e 
19 

may be w r i t t e n as f o l l o w s : 
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K K ( o g 2 S ) 2 ( a u 2 S ) 2 ( o g 2 P ) 2 ( n u 2 P ) 4 ( n g 2 P ) z 

There are two u n p a i r e d e l e c t r o n s w i t h each one i n o r b i t s 

h a v i n g t h e o r b i t a l a n g u l a r momentum equal t o u n i t y on the 

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

t o t a l o r b i t a l a n g u l a r momentum i s z e r o . T h i s c o n f i g u r a t i o n 

i s denoted by t h e symbol ^ T. . The two e l e c t r o n s are l o c a t e d 

p r e d o m i n a n t l y w i t h one e l e c t r o n on each o f t h e two n u c l e i . 

M o l e c u l a r oxygen has a b i r a d i c a l n a t u r e and can r a p i d l y com­

b i n e w i t h r a d i c a l s by a d d i t i o n t o form peroxy r a d i c a l s . 

R- + 0 ? R00- (2) 

The d i r e c t r e a c t i o n of m o l e c u l a r oxygen w i t h a polymer i s 

improbable due t o t h e endothermic n a t u r e o f t h e r e a c t i o n 

(30-45 k c a l mole x ) . 

( i i ) I n i t i a t i o n by e x t e r n a l i n i t i a t o r s 

I m p u r i t i e s i n the form o f c a t a l y s t s , p e r o x i d e s , 

h y d r o p e r o x i d e s , i n h i b i t o r s , s o l v e n t s and o t h e r m a t e r i a l s used 

i n t h e s y n t h e s i s of polymers may c a t a l y s e or s e n s i t i s e p h o t o ­

o x i d a t i o n . Even t h e p u r e s t polymer w i l l c o n t a i n t r a c e 

amounts of i m p u r i t i e s . The i n i t i a t i o n process i s induced 

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

r a d i c a l s which are then a b l e t o r e a c t w i t h t h e polymer. 

( i i i ) I n i t i a t i o n induced by s i n g l e t and ato m i c oxygen 
and by ozone 

The r e a c t i o n s r e s u l t i n g from t h e i n i t i a t i o n due 

t o t hese species are r e c e i v i n g g r e a t e r a t t e n t i o n and a r e 

d i s u c s s e d i n f u r t h e r d e t a i l i n Chapter S i x . 

1.3.2 The p r o p a g a t i o n r e a c t i o n 

M a c r o - r a d i c a l s produced by t h e i n i t i a t i o n r e ­

a c t i o n s r e a c t w i t h m o l e c u l a r oxygen t o form peroxy r a d i c a l s . 
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The a d d i t i o n of oxygen t o a r a d i c a l has been shown t o depend 

s t r o n g l y on the s t r u c t u r e o f t h e l a t t e r and hence s t a b i l i t y 

( t h e more s t a b l e t h e l e s s r e a c t i v e ) . E l e c t r o n s p i n r e s o n -
21 2 " 

ance (esr) s t u d i e s have d e t e c t e d polymer peroxv r a d i c a l s . 

R e a c t i o n of a peroxy r a d i c a l w i t h a nother polymer mole­

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

hy d r o p e r o x i d e . 

PH + POO- > POOH + P- (3) 

I n g e n e r a l peroxy r a d i c a l s are s e l e c t i v e e l e c t r o p h i 1 I C 

s p e c i e s and a b s t r a c t t e r t i a r y bonded hydrogen i n p r e f e r e n c e 

t o secondary and p r i m a r y bonded, 

1.3.3 Decomposition o f Polymer h y d r o p e r o x i d e s 

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

above 300 nm i s s u f f i c i e n t t o clea v e t h e PH-OH and P-OOH bonds 

but not the POO-H bond. The r e s p e c t i v e d i s s o c i a t i o n e n e r g i e s 
-1 23 

are 42, 70 and 90 k c a l mole . On exposure t o n a t u r a l 

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

between P0-OH and P-OOH means t h a t r e a c t i o n (5) w i l l p r e ­

dominate 
POOH h v ) > P- + -00H (4) 

POOH - — P 0 - + -OH (5) 

24-?7 2 8 2 9 E l e v a t e d t e m p e r a t u r e s ~ and metal c a t a l y s t s ' can a l s o 

induce and promote h y d r o p e r o x i d e d e c o m p o s i t i o n . 

1-3.4 Formation o f h y d r o x y l groups 

The f o r m a t i o n of h y d r o x y l groups r e s u l t s from 

t h e r e a c t i o n between a l k o x y polymer r a d i c a l s and o t h e r 

polymer molecules 

PH- + PH ? POH + P- (6) 
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These groups may be formed a l o n g the polymer c h a i n or on 
10 30 

i t s end groups a l t h o u g h t h e l a t t e r i s r e l a t i v e l y r a r e . 

1.3.5 Formation of c a r b o n y l g r o u p s ^ ' Carbonyl groups may be formed i n d i f f e r e n t way; 
31 3 2 

[5-Scission of a l k o x y r a d i c a l s 
0 

- CH2 - C 

R 

CH, CH 
I 
R 

CH. 

0 
li 
C + -CH, CH 

I 
R 

(7) 

R O R 
I I I 
CH - CH - CH - CH. 

0 R 

CH - C + -CH - CH, - (8) 
\ 1 

These r e a c t i o n s p l a y an i m p o r t a n t r o l e i n the backbone 

s c i s s i o n of c h a i n s and i n a l k y l r a d i c a l f o r m a t i o n a t c h a i n 

ends . 

( i i ) A h i g h l y r e a c t i v e h y d r o x y l r a d i c a l r e s u l t i n g from 

t h e d e c o m p o s i t i o n of a h y d r o p e r o x i d e may v i a a cage e f f e c t 

a b s t r a c t a l a b i l e hydrogen atom, e.g. t e r t i a r y bonded hydrogen 

at the carbon atom. An i n t e r m e d i a t e b i r a d i c a l i s f o r - e d 

which s u b s e q u e n t l y g i v e s a c a r b o n y l group. 

H 

n 

R 0 R 
I I ! 

- CH - CH - CH CH, 

R 
I 
CH 

+ H o0 

0 
i i 
C CH. 

R 0 R 

- CH - CH - CH - CH 

+ -OH 

R 0 R 

-> - CH - C - CH - CH 2 - + H 2 ° 
cage (9) 
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( i i i ) The d e c o m p o s i t i o n of a h y d r o p e r o x i d e produces a 

b i r a d i c a l , water and the immediate f o r m a t i o n of a k e t o n i c 

group. 

H 
I 
0 
I 
o R 

I 
CH 

R 

"2 

R O R 
I I I CH - C - CH 

R 0 R 
I II I 

- CH - C - CH CH, 

+ H.,0 

cage 

(10) 

( i v ) R e a c t i o n between two polymer a l k o x y r a d i c a l s p r o ­

d u c i n g s i m u l t a n e o u s l y a c a r b o n y l and h y d r o x y l group by d i s -

p r o p o r t i o n a t i o n . 

R 0 R 
I I i 
CH - CH - CH CH. 

R 0 R 
I I | 
CH - CH - CH - CH, 

R 0 R 
I II I 
CH - C - CH - CH 2 

R OH R 
I I I 
CH - CH - CH - CH 

(11) 

9 

1.3.6 The T e r m i n a t i o n r e a c t i o n 10,12,30 

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

w i t h each o t h e r t e r m i n a t e t h e r a d i c a l c h a i n t o form i n a c t i v e 

p r o d u c t s . 

POO- + POO- ) (12) 

POO- + P- ) i n a c t i v e p r o d u c t s (13) 

P- + P- ) (14) 

e t c . ) 

At h i g h p a r t i a l p r e s s u r e s of oxygen t h e t e r m i n a t i o n r e a c t i o n 

i s p r e d o m i n a n t l y e q u a t i o n ( 1 2 ) . 
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1.3.7 Photochemical r e a c t i o n s of t h e c a r b o n y l group 

The k e t o n i c p r o d u c t s from t h e p h o t o - o x i d a t i v e 

processes and those found i n t r a c e amounts i n pure polymers 

p l a y i m p o r t a n t r o l e s i n t h e e a r l y stages of p h o t o - o x i d a t l v e 

d e g r a d a t i o n as w e l l as i n the c o n t i n u a t i o n of an e s t a b l i s h e d 

r e a c t i o n . The ketones may c o n t r i b u t e t o f r e e r a d i c a l p r o ­

cesses, c h a i n s c i s s i o n and energy t r a n s f e r . 

The c a r b o n y l group shows a b s o r p t i o n maxima i n the range 

270-330 nm/'^'^ The n FI* t r a n s i t i o n i n v o l v i n g t h e 

C = 0 group p r o b a b l y lowers t h e d i p o l e moment of the ground 

s t a t e and reduces the n e g a t i v e charge on t h e oxygen atom or 

i n i t s v i c i n i t y . The t r i p l e t s t a t e , formed by t h e m t e r -

system c r o s s i n g from t h e e x c i t e d s t a t e 1 (n, i l * ) - Mn,n*) 

corresponds t o t h e p r i m a r y p h o t o c h e m i c a l l y r e a c t i v e s t a t e of 
, , 4,33-35 c a r b o n y l groups. 

The r e a c t i o n s i n v o l v i n g t h e e x c i t e d s t a t e s of t h e c a r b o n y l 

group are c l a s s i f i e d as N o r r i s h r e a c t i o n s o f Types I , I I and 
.j- 4 , 10, 12 , 30 

( i ) Type I : I n the p r i m a r y process, t h e bond between 

th e c a r b o n y l group and an a d j a c e n t a-carbon i s h o m o l y t i c a l l y 

c l e a v e d . There are two p o s s i b l e p r i m a r y r e a c t i o n s 

RCO- + -R1 * R• + CO + •R1 

RCOR1 (15) 

R • + R ! CO • > R • + CO + • R 1 

These r e a c t i o n s a r e r e s p o n s i b l e f o r t h e g e n e r a t i o n of f r e e 

r a d i c a l s and a l s o cause c h a i n s c i s s i o n 

( i i ) Type I I : T h i s i s a non r a d i c a l , i n t r a m o l e c u l a r 

which proceeds v i a t h e f o r m a t i o n of a six-membered c y c l i c 

i n t e r m e d i a t e . A hydrogen a b s t r a c t i o n r e a c t i o n from t h e ^-carbon 



r e s u l t s i n t h e subsequent d e c o m p o s i t i o n i n t o an o l e f i n and 

an a l c o h o l or an aldehyde: 

0 H 0 
II . hv / ' * V 

R.-.CHCR„CR„CR > R0C XCR 
2 2 2 \ •/ 

^ 2
C ~ C R - > 

| OH 

CR0 = CRn + CRn = C' (151 

( i i i ) Type I I I : T h i s i s a non r a d i c a l i n t r a m o l e c u l a r 

process which i n v o l v e s t r a n s f e r o f a 6-hydrogen atom. T h i s 

r e s u l t s i n t h e f o r m a t i o n o f an aldehyde and an o l e f i n t h r o u g h 

s c i s s i o n o f t h e C-C bond a d j a c e n t t o t h e c a r b o n y l . 

0 CH 0 
11 1 hv 'I 

R - C - CH > R - C - H + CH 2 = CH - R ' (17) 
R " 

1.3.8 General mechanism of c r o s s l i n k i n g 

The process of polymer d e g r a d a t i o n i s n e a r l y 

always accompanied by a p a r a l l e l c o m p e t i t i v e process of c r o s s -

l i n k i n g which r e s u l t s i n t h e f o r m a t i o n o f m i c r o g e l . ^ 0 Cross-

l i n k i n g may be d e s c r i b e d as t h e f o r m a t i o n o f new i n t e r m o l e c u l a r 

bonds r e s u l t i n g i n t h e b i n d i n g o f macromolecules t o g e t h e r . I t 

may r e s u l t as a consequence of a secondary p h o t o c h e m i c a l p r o ­

cess or o f subsequent t h e r m a l r e a c t i o n s . The o v e r a l l e f f e c t 

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

i s formed. The i n s o l u b l e f r a c t i o n then i n c r e a s e s w i t h dose 

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

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

become c r o s s ! i n k e d and p a r t of t h e i n s o l u b l e network i s h i g h e r . 



I n an oxygen f r e e atmosphere, or i n the presence of 

low c o n c e n t r a t i o n s o f oxygen, t h e c r o s s l i n k i n g of macro-
3 7 38 

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

R R R R 
I I I i 

-CH,, - C - CH„ - CH - - CH„ - C - CH^ - CH 

(18) 

-CH,, - C - CH 0 - CH - - CH„ - C - CH„ - CH 
| " I I 1 

I n t h e presence o f oxygen and o x y - r a d i c a l s produced, 

the c r o s s l i n k i n g may i n v o l v e e t h e r and/or peroxy b r i d g e s 

R R R R 
I I I I 

- CH - C - CH - CH - CH - C - CH0 - CH -
2. - J- Z. j c 

0 > 0 (19) 
1 I 

- CH„ - C - CH„ - CH - CH0 - C - CH„ - CH 
2 | 2 I 2 I 2 I 

R R R R 

R R R R 
I I I I CH„ - C - CH„ - CH - - CH„ - C - CH„ - CH -I | 2 2 | 2 

0 0 
: > | ( 2 0 ) 
0 0 
1 I 

- CH., - C - CH_ - CH- - CH„ - C - CH„ - CH -
, | 2 | 2 I 2 | 

R R ^ R 

1 - 4 E x p e r i m e n t a l Methods 

The p r i n c i p l e behind any i n v e s t i g a t i o n concerned w i t h 

the p h o t o d e g r a d a t i o n of polymers i s t o expose t h e sample t o 

l i g h t and t o f o l l o w t h e changes i n some s e l e c t e d p r o p e r t y o f 

th e m a t e r i a l . I n g e n e r a l , commercial samples are t e s t e d i n 

n a t u r a l c o n d i t i o n s or a r t i f i c a l l y weathered such t h a t t h e en­

v i r o n m e n t such as l i g h t i n t e n s i t y , r e l a t i v e h u m i d i t y and 



t e m p e r a t u r e d u p l i c a t e , as c l o s e l y as p o s s i b l e , outdoor 

w e a t h e r i n g . P u r i f i e d and w e l l c h a r a c t e r i s e d samples are 

on t h e o t h e r hand s t u d i e d t o o b t a i n i n f o r m a t i o n of funda­

mental s i g n i f i c a n c e . I n these cases, s i m p l e and w e l l de­

f i n e d e x p e r i m e n t a l c o n d i t i o n s are used such t h a t t h e i n f l u ­

ence of each v a r i a b l e may be s t u d i e d . Both methods are 

complementary, s i n c e a sound knowledge of b a s i c p r i n c i p l e s 

i s r e q u i r e d i n o r d e r t o i n t e r p r e t t he mechanisms i n v o l v e d i n 

the n a t u r a l environment. 

1.4.1 E v a l u a t i o n of t h e l i g h t s t a b i l i t y o f polymers 

The most p r a c t i c a l and v a l u a b l e t e s t o f polymer 

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

out d o o r exposures are not r e p r o d u c i b l e due t o t h e v a r i a t i o n o f 

th e c l i m a t e , which i s a l s o dependent on l o c a t i o n and season. 

Moreover, t h e t e s t s are i n v a r i a b l y slow and l o n g e r and l o n g e r 

exposure p e r i o d s are r e q u i r e d f o r t h e e v a l u a t i o n of new polymer 

w i t h improved s t a b i l i t y . As such these t e s t s are b e s t con­

duct e d i n areas o f h i g h l i g h t i n t e n s i t y and/or r e l a t i v e humid­

i t y . 

The g r a d u a l i n c r e a s e i n exposure times and r e q u i r e m e n t 

f o r s t a n d a r d i s a t i o n has l e d t o t h e development of more power­

f u l l i g h t s ources. 

1.4.2 L i g h t Sources 

The p r i n c i p a l sources of u l t r a v i o l e t r a d i a t i o n 

are carbon a r c s , xenon a r c s , mercury a r c s and d e r i v e d f l u o r ­

escent lamps. A comparison of the s p e c t r a l o u t p u t s of these 

sources w i t h s u n l i g h t are d i s p l a y e d i n F i g u r e 1.5. 
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F i g u r e 1.5 Energy d i s t r i b u t i o n of v a r i o u s u l t r a v i o l e t 
s o u r ces: (a) S u n l i g h t , (b) Xenon a r c , 
(c) Mercury lamp, (d) f l u o r e s c e n t lamp. 

(a) Carbon a r c s 

Enclosed a r c s have t h e i r major e m i s s i o n between 350 and 

390 nm. The o u t p u t below 350 nm i s r e l a t i v e l y weak and as 

t h i s r e g i o n i s most damaging t o c l e a r p l a s t i c s , t h e use o f 

t h ese sources f o r a c c e l e r a t i n g p h o t o d e g r a d a t i o n must be t r e a t e d 

w i t h c a r e . Open flame arcs employing Corex D f i l t e r s g i v e a 

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

v 10,12,36 
(b) Xenon a r c s 

These lamps are g e n e r a l l y r e c o g n i s e d t o approximate t h e 

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

a b l e equipment when a p p r o p r i a t e l y f i l t e r e d . 
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, , 4,10,12,36 
(c) M e r c u r y a r c s 

These a r e a v a i l a b l e i n t h r e e f o r m s , low, medium and 

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

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

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

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

w i t h a p p r o p r i a t e f i l t e r i n g f o r A>290nm, p r o v i d e s one o f t h e 

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

d e g r a d a t i o n s t u d i e s . 

(d) F l u o r e s c e n t l a m p s ^ Q ' ^ ' ^ 

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

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

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

t u b e , and i r r a d i a t e d as l o n g e r w a v e l e n g t h e n e r g y . Two 

c o m m e r c i a l l y a v a i l a b l e lamps have been d e v e l o p e d t h a t e m i t 

i n t h e r e g i o n s a r o u n d 320 nm ( f l u o r e s c e n t s u n l a m p ) and 360 nm 

( b l a c k l a m p ) . These lamps show l i t t l e i n d i v i d u a l r e s e m b l a n c e 

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

a p p r o x i m a t i o n . I t i s o f i n t e r e s t t o n o t e t h a t t h e b l a c k lamp 

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

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

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

( c . f . C h a p t e r F i v e ) . 

1.4.3 Measurement o f L i g h t I n t e n s i t y 

I d e a l l y a l l s t u d i e s on t h e p h o t o d e g r a d a t i o n and 

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

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

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

a t e and u r a n y l o x a l a t e a c t i n o m e t e r s " ' " 0 ' ̂  h a v e been w i d e l y 
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e m p l o y e d b u t w h i l e t h e y r e q u i r e l i t t l e c a p i t a l o u t l a y and 

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

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

Over t h e y e a r s many w o r k e r s have p u r s u e d t h e use o f 
39 

p o l y m e r f i l m s as d i s o m e t e r s . M e l c h o r e has shown t h a t 

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

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

i s l i m i t e d t o h i g h dosages due t o t h e l a c k o f s e n s i t i v i t y o f 

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

a t i o n t h a t t h e r a t e o f p h o t o - o x i d a t i o n i s d e p e n d e n t on t e m p e r ­

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

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

o x i d a t i o n i n c u r r e d d u r i n g p r o c e s s i n g . 
D a v i s et al have shown t h a t t h e use o f p o l y p h e n y l e n e 

40 41 42 

o x i d e and p<|>lysulphone ' f i l m s a r e s u i t a b l e f o r m o n i ­

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

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

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

d e n s i t y a t 340 and 330 nm r e s p e c t i v e l y a r e use d t o r e f l e c t 

t h e p h o t o n f l u x . P o l y p h e n y l e n e o x i d e i s a f f e c t e d by wave­

l e n g t h s b e l o w 380 nm, p o l y s u l p h o n e i s o n l y s e n s i t i v e t o 

r a d i a t i o n b e l o w 320 nm. The l a t t e r has been e x t e n s i v e l y 

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

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

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

1.4.4 Measurement o f c h e m i c a l e f f e c t s 

The c h e m i c a l c hanges i n d u c e d by u l t r a v i o l e t l i g h t 

h ave been t h e s u b j e c t o f i n v e s t i g a t i o n by a v a r i e t y o f t e c h ­

n i q u e s : i n f r a r e d , u l t r a v i o l e t a nd e l e c t r o n s p i n r e s o n a n c e 
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s p e c t r o s c o p y , v a p o u r phase c h r o m a t o g r a p h y , mass s p e c t r o m e t r y , 

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

m e a s u r e m e n t s , e t c . These t e c h n i q u e s have been d i s c u s s e d i n 

w e l l d o c u m e n t e d r e v i e w s , on t h e i r a p p l i c a t i o n t o p o l y m e r p h o t o -
43 

d e g r a d a t i o n , by S e a r l e and t o p o l y m e r c h e m i s t r y i n g e n e r a l 
44 

by Rabek. 

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

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

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

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

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

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

e n v i r o n m e n t . The use o f m u l t i p l e a t t e n u a t e d t o t a l r e f l e c t a n c e 
45 

i n f r a r e d s p e c t r o s c o p y (MATR-IR) i n p a r t b r i n g s some u n d e r ­
s t a n d i n g o f s u r f a c e changes b u t w i t h a s a m p l i n g d e p t h o f 

o 

~1000A i t s t i l l does n o t n e c e s s a r i l y r e f l e c t t h e changes a t 

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

s e n s i t i v e t e c h n i q u e , E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l 

A p p l i c a t i o n s (ESCA) , has been shown by C l a r k and c o - w o r k e r s ^ 

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

d e g r a d a t i o n o f p o l y m e r s u r f a c e s . W i t h t h e e x c e p t i o n o f some 
49-51 

p r e l i m i n a r y p h o t o - o x i d a t i o n s t u d i e s , i n v o l v i n g a b r o a d 
b a n d o f i n c i d e n t uv r a d i a t i o n , (A>230 nm) and n a t u r a l w e a t h e r i n g 

52 

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

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

t h e l i t e r a t u r e . T h i s i s somewhat s u r p r i s i n g when i t i s 

g e n e r a l l y a c k n o w l e d g e d t h a t p h o t o d e g r a d a t i o n and p h o t o - o x i d a t i o n 

o f s o l i d p o l y m e r s i s i n i t i a t e d i n t h e s u r f a c e . 
The a i m o f t h i s t h e s i s has been t o c o n d u c t a s y s t e m a t i c 
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s t u d y o f t h e m o d e l s u r f a c e p h o t o a g i n g (A>290 nm) o f a number 

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

o b t a i n e d f o r n a t u r a l w e a t h e r i n g . 



CHAPTER TWO 

ELECTRON SPECTROSCOPY FOR CHEMICAL APPLICATIONS(ESCA) 
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2.1 I n t r o d u c t i o n 

The ESCA e x p e r i m e n t i n v o l v e s t h e measurement o f b i n d i n g 

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

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

o t h e r s p e c t r o s c o p i c t e c h n i q u e s , X - r a y 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 was o r i g i n a l l y d e v e l o p e d by p h y s i c i s t s and i s now e x ­

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

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

and r e a c t i v i t y . " ^ 

The f i r s t e x p e r i m e n t s t h a t o b s e r v e d t h e p h o t o e l e c t r i c 
54 

e f f e c t were c o n d u c t e d by H e r t z i n 1886 and 1887. I t was 

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

o c c u r r e d more r e a d i l y when u l t r a v i o l e t l i g h t f a l l s on one o f 
55 

t h e e l e c t r o d e s . L e n a r d , i n 1900, showed t h a t t h e a b s o r p t i o n 

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

f r o m t h e m e t a l . 

The e x p e r i m e n t s on t h e p h o t o e l e c t r i c e f f e c t show t h a t 

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

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

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

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

phenomena c a n n o t be e x p l a i n e d by t h e c l a s s i c a l wave t h e o r y o f 
5 6 

l i g h t . B u t i n 1905 E i n s t e i n , who f i r s t r e a l i s e d t h e l i g h t 

q u a n t u m c o n c e p t , i n t r o d u c e d by P l a n c k i n 1900, was a b l e t o e x ­

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

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

e n e r g y h v , where h i s t h e P l a n c k c o n s t a n t . I n t h e p h o t o ­

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



28 

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

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

r e m a i n d e r a p p e a r s as t h e k i n e t i c e n e r g y (KE) o f t h e p h o t o -

e l e c t r o n , g i v e n by t h e e q u a t i o n : 

hv = KE + W (1) 

w h e re W i s t h e 'work f u n c t i o n ' , t h e minimum e n e r g y needed 

t o remove t h e e l e c t r o n f r o m t h e m e t a l ' s s u r f a c e . 

The e m i s s i o n o f e l e c t r o n s f r o m v a r i o u s e l e m e n t s by t h e 
57 

X - r a y i r r a d i a t i o n o f t h i n f o i l s was s t u d i e d by R o b i n s o n and 
58 

de B r o g l i e . The d i s t r i b u t i o n o f e l e c t r o n e n e r g i e s f o r t h e 

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

a n a l y s e d u s i n g a homogeneous m a g n e t i c f i e l d . S i n c e t h e 

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

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

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

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

a t t h e h i g h e n e r g y end. Measurement o f t h e s e edge p o s i t i o n s 

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

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

b i n d i n g e n e r g i e s w e re c a l c u l a t e d . 

W i t h t h e e x c e p t i o n o f a f e w i s o l a t e d a t t e m p t s t o e x t e n d 

t h e w o r k o f R o b i n s o n and de B r o g l i e , - ^ - 6 1 x _ r a y 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 w e n t i n t o r e c e s s i o n . I t was n o t u n t i l t h e e a r l y 
6 2 

1950s, when S i e g b a h n and c o - w o r k e r s a t t h e I n s t i t u t e o f 

P h y s i c s , U p p s a l a U n i v e r s i t y , Sweden, d e v e l o p e d an i r o n - f r e e 

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

r e s o l u t i o n s t u d i e s o f B-ray e n e r g i e s , t h a t t h e t e c h n i q u e was 

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

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

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

n i q u e . The p h o t o e l e c t r o n s t o w h i c h t h i s l i n e c o r r e s p o n d s had 

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

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

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

a f e w t e n t h s o f an e l e c t r o n v o l t . 

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

e x t e n s i v e l y d o c u m e n t e d i n 1968 i n 'ESCA. A t o m i c , M o l e c u l a r 

and S o l i d S t a t e s t r u c t u r e s t u d i e d by Means o f E l e c t r o n 
6 3 

S p e c t r o s c o p y ' . L a t e r w o r k was su m m a r i s e d i n 1969 i n 
64 

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

The t e c h n i q u e o f ESCA i s a l s o known a s : 

(1) X - r a y 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) H i g h E n e r g y 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) I n d u c e d E l e c t r o n E m i s s i o n S p e c t r o s c o p y (IEES) 

(4) 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 o f t h e I n n e r S h e l l ( P E S I S ) . 

T h e r e a r e many a p p r o a c h e s a v a i l a b l e by w h i c h e l e c t r o n s , 

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

be g e n e r a t e d . I n each o f t h e s e d i s t i n c t t e c h n i q u e s , t h e e n e r ­

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

b e t w e e n an i m p a c t i n g p a r t i c l e o r p h o t o n and an atom, m o l e c u l e 

o r s o l i d and may be c l a s s i f i e d u n d e r t h e g e n e r i c t e r m ' e l e c t r o n 

s p e c t r o s c o p y ' . T a b l e 2.1 l i s t s v a r i o u s t y p e s o f e l e c t r o n 

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

n i q u e s t h e r e a d e r i s r e f e r r e d t o r e c e n t r e v i e w s by Bake r and 
65 66 B r u n d l e and R h o d i n and Gadzuk and r e f e r e n c e s t h e r e i n . 
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TABLE 2.1 Types o f E l e c t r o n S p e c t r o s c o p y 

Name o f T e c h n i q u e 

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 o r ( U l t r a v i o l e t 

e x c i t a t i o n ) PES 

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 

ESCA o r ( X - r a y e x c i t a t i o n ) 

XPS 

Au g e r e l e c t r o n s p e c t r o ­

s c o p y AES 

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

s c o p y INS 

P e n n i n g i o n i s a t i o n s p e c t r o ­

s c o p y PIS 

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

s p e c t r o s c o p y 

Resonance e l e c t r o n c a p t u r e 

e l e c t r o n t r a n s m i s s i o n 

s p e c t r o s c o p y 

B a s i s o f T e c h n i q u e 

E l e c t r o n s e j e c t e d f r o m m a t e r i a l s 

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

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

E l e c t r o n s e j e c t e d f r o m m a t e r i a l s 

by m o n o e n e r g e t i c X - r a y p h o t o n s 

a r e e n e r g y a n a l y s e d . 

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

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

a t i o n by e l e c t r o n s o r p h o t o n s ( n o t 

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

e n e r g y a n a l y s e d . 

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

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

gas i o n a r e e n e r g y a n a l y s e d . 

M e t a s t a b l e atoms a r e u s e d t o e j e c t 

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

e l e c t r o n s a r e e n e r g y a n a l y s e d . 

S i m i l a r t o Auger 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 e j e c t e d i n an 

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

s t a t e s a r e measured. E l e c t r o n o r 

p h o t o n i m p a c t can be u s e d t o p r o d u c e 

t h e s u p e r - e x c i t e d s t a t e s . 

The e l a s t i c s c a t t e r i n g c r o s s - s e c t i o n 

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

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

t r o n beam and s c a t t e r i n g a n g l e . 
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2.2 P r o c e s s e s I n v o l v e d i n ESCA 

2.2.1 P h o t o i o n i s a t i o n 

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

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

r a d i a t i o n t o be p h o t o e j e c t e d . 6 3 The X - r a y s o u r c e s i n common 

use t o d a y a r e MgK and A1K w i t h p h o t o n e n e r g i e s o f 
a l , 2 a l , 2 

1253.7 eV and 1486.6 eV r e s p e c t i v e l y . The e j e c t e d e l e c t r o n s 

may be e i t h e r c o r e o r v a l e n c e e l e c t r o n s ( F i g u r e 2 . l ) t h o u g h t h e 

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

s p e c t r o s c o p y ( U P S ) 6 7 w i t h H e ( l ) (21.22eV) o r H e ( l l ) (40.8eV) 

r a d i a t i o n . 

Valence 
Orbitals 

hv 

6 Core 
Orbitals 

F i g u r e 2.1 The p h o t o i o n i s a t i o n o f a c o r e l e v e l e l e c t r o n 



I t has been shown t h a t t h e r e l a t i v e i n t e n s i t i e s o f 

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

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

b e t w e e n X - r a y and uv, b u t b e t w e e n X - r a y p h o t o n s o f d i f f e r e n t 
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e n e r g i e s . These e f f e c t s a r e a t t r i b u t e d t o d i f f e r e n c e s i n 

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

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

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

p h o t o n o f known e n e r g y ) . 

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

10 ^ s e c s . ^ T h i s e m p h a s i s e s t h e e x t r e m e l y s h o r t t i m e s c a l e 

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

n i q u e s . 

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

(K.E., w h i c h may i n c l u d e t h e c o n t r i b u t i o n s f r o m t h e v i b r a t i o n a l , 

r o t a t i o n a l and t r a n s l a t i o n a l m o t i o n s , as w e l l as e l e c t r o n i c ) 

i s g i v e n by e q u a t i o n (2) 

K.E. = hv - B.E. - Er (2) 

w h ere hv i s t h e e n e r g y o f t h e i n c i d e n t p h o t o n , h i s P l a n c k ' s 

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

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

as t h e p o s i t i v e e n e r g y r e q u i r e d 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 z e r o k i n e t i c e n e r g y and Er i s t h e r e c o i l e n e r g y o f t h e 
6 3 

atom. S i e g b a h n and c o - w o r k e r s have shown t h a t t h e r e c o i l 

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

X - r a y s o u r c e s , f o r e x a m p l e MgK and A1K . T h i s i s n o t 
a l , 2 a l , 2 

t h e c a s e h o w e ver w h e r e h i g h e n e r g y X - r a y s ( e . g . A g K a ( 2 2 0 0 0 e v ) ) 
a r e e m p l o y e d , and r e c o i l e n e r g i e s f o r l i g h t e l e m e n t s must be 
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t a k e n i n t o a c c o u n t . R e c e n t s t u d i e s by Cederbaum and 
71 Domcke show t h a t t h e s e e f f e c t s can l e a d t o m o d i f i c a t i o n s 

o f t h e v i b r a t i o n a l band e n v e l o p e s o f l i g h t atoms and hence 

Er i s s i g n i f i c a n t and must be t a k e n i n t o a c c o u n t . W i t h t h e 

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

f r o m t h e 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 m o t i o n s a r e 

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

e q u a t i o n (2) f o r f r e e m o l e c u l e s r e d u c e s t o : 

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

b e t w e e n t h e b i n d i n g e n e r g i e s o b s e r v e d e x p e r i m e n t a l l y by ESCA 

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

c a l c u l a t e d t h e o r e t i c a l l y by 'ab initio' and s e m i - e m p i r i c a l 

LCAO-MO-SCF t r e a t m e n t s . 

The most c o n v e n i e n t r e f e r e n c e l e v e l f o r a c o n d u c t i n g 
72 

sample i s t h e F e r m i l e v e l . I n a m e t a l t h i s l e v e l , s o m e t i m e s 

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

as t h e h i g h e s t o c c u p i e d l e v e l a t a b s o l u t e z e r o . 

The w o r k f u n c t i o n , tf>s, f o r a s o l i d i s d e f i n e d as t h e 

e n e r g y gap b e t w e e n t h e f r e e e l e c t r o n vacuum) l e v e l and t h e F e r m i 

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

F i g u r e 2.2. The vacuum l e v e l s f o r t h e s o l i d sample and t h e 

s p e c t r o m e t e r may however be d i f f e r e n t and t h e e l e c t r o n w i l l 

e x p e r i e n c e e i t h e r a r e t a r d i n g o r a c c e l e r a t i n g p o t e n t i a l e q u a l 
t o <J> - cf> where <j> i s t h e wo r k f u n c t i o n o f t h e s p e c t r o -r s T s p e c . s p e c . 

6 3 

m e t e r . I n t h e ESCA e x p e r i m e n t i t i s t h e k i n e t i c e n e r g y o f 

t h e e l e c t r o n when i t e n t e r s t h e a n a l y s e r t h a t i s measured, and 

t a k i n g z e r o b i n d i n g e n e r g y t o be t h e F e r m i l e v e l o f t h e sample 

t h e f o l l o w i n g e q u a t i o n r e s u l t s : 

K.E. = hv - B.E. (3) 

B.E. = hv - K.E. - $ (4) 
s p e c . 
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F i g u r e 2.2 R e l a t i o n s h i p b e t w e e n vacuum l e v e l and F e r m i 
l e v e l f o r a s a m p l e i s o l a t e d f r o m t h e s p e c t r o m e t e r 

The b i n d i n g e n e r g y r e f e r r e d t o t h e F e r m i l e v e l does n o t 

depend on t h e w o r k f u n c t i o n o f t h e sample b u t on t h a t o f t h e 

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

b i n d i n g e n e r g i e s . E n e r g y r e f e r e n c i n g and sample c h a r g i n g 

e f f e c t s a r e c o n s i d e r e d i n S e c t i o n 2.5. 

2.2.2 P r o c e s s e s A c c o m p a n y i n g P h o t o i o n i s a t i o n 

S e v e r a l p r o c e s s e s may accompany p h o t o i o n i s a t i o n 

and t h e s e may be d i v i d e d i n t o two m a i n c a t e g o r i e s d e p e n d i n g 

upon w h e t h e r t h e y a r e s l o w compared t o t h e o r i g i n a l p h o t o ­

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

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

span and r e s u l t i n m o d i f i c a t i o n o f t h e k i n e t i c e n e r g y o f t h e 
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p h o t o e l e c t r o n s . Auger e m i s s i o n and X - r a y f l u o r e s c e n c e 

h o w e v er a r e c o m p a r a t i v e l y s l o w p r o c e s s e s and c a u s e l i t t l e 

e f f e c t on t h e k i n e t i c e n e r g y o f t h e p h o t o e l e c t r o n . 

2.2.3 E l e c t r o n i c r e l a x a t i o n 

A c c o m p a n y i n g t h e p h o t o i o n i s a t i o n p r o c e s s , w h i c h 
-17 

i s c o m p l e t e w i t h i n a t i m e s c a l e o f a p p r o x i m a t e l y 10 s e e s . , 
t h e r e i s a s u b s t a n t i a l e l e c t r o n i c r e l a x a t i o n o f t h e v a l e n c e 

73-75 

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

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

e n e r g y (RE) i s a s e n s i t i v e f u n c t i o n o f t h e e l e c t r o n i c e n v i r o n -
76 — 80 

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

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

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

p e a k s by means o f v i b r a t i o n a l f i n e s t r u c t u r e . R e l a x a t i o n 

e n e r g i e s a s s o c i a t e d w i t h c o r e i o n i s a t i o n s o f f i r s t row e l e m e n t s 
80 81 

h ave been f o u n d t o be c o n s i d e r a b l e ' and a r e c a u s e d by t h e 

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

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

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

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

and t h e r e f o r e cause o n l y s m a l l changes i n b i n d i n g e n e r g i e s . 
The t h e o r y o f c h e m i c a l s h i f t i n c o r e e l e c t r o n b i n d i n g 
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e n e r g i e s has r e c e i v e d much a t t e n t i o n . ' ' Whereas t h e 

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

be c a l c u l a t e d by ' ab initio' m e t h o d s , t h i s p r o c e d u r e i s u n r e a l ­

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

n e c e s s a r y t o r e s o r t t o s e m i - e m p i r i c a l m e t h o d s . The use o f 
8 3 

Koopmans' Theorem i n t h e c a l c u l a t i o n o f b i n d i n g e n e r g i e s does 

n o t a c c o u n t f o r e l e c t r o n i c r e l a x a t i o n , w hereas s e l f - c o n s i s t e n t 
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f i e l d (ASCF) c a l c u l a t i o n s do t a k e a c c o u n t of RE. T h i s p r o ­
v i d e s a method by which r e l a x a t i o n e n e r g i e s may be i n v e s t i g a t e d . 

R.E. = B.E. (Koopmans) - B.E. (ASCF) (5) 

2.2.4 Shake-up and S h a k e - o f f Phenomena 

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

i n t h e p r o x i m i t y of the n u c l e u s , and do not t a k e any p a r t i n 

bonding, t h e major c o n t r i b u t i o n t o t h e t o t a l energy of an atom 

or m o l e c u l e a r i s e s from t h e c o r e e l e c t r o n , which c l o s e l y m o n i t o r 

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 . As w e l l as t h e r e l a x a t i o n 

p r o c e s s e s d e s c r i b e d i n t h e p r e v i o u s s e c t i o n , t h e sudden p e r ­

t u r b a t i o n of t h e v a l e n c e e l e c t r o n c l o u d accompanying c o r e i o n i z ­

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

t o be accompanied by s i m u l t a n e o u s e m i s s i o n of a v a l e n c e e l e c t r o n 

from an o c c u p i e d o r b i t a l t o a v i r t u a l o r b i t a l (shake-up) or 

i o n i s a t i o n of a v a l e n c e e l e c t r o n ( s h a k e - o f f ) as i l l u s t r a t e d 

i n F i g u r e 2.3. 

These r e l a x a t i o n p r o c e s s e s r e s u l t i n e x c i t e d s t a t e s of 

t h e c o r e i o n i s e d s p e c i e s , and g i v e r i s e t o s a t e l l i t e peaks on 

t h e low k i n e t i c e nergy s i d e of t h e d i r e c t p h o t o i o n i s a t i o n peak. 

T h e r e f o r e , a r e v i s i o n of e q u a t i o n (3) i s needed t o a c c o u n t f o r 

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

K.E. = h - B.E. + E (6) 

where E i s t h e e n e r g y of t h e m u l t i - e l e c t r o n p r o c e s s . 

I n t h e sudden a p p r o x i m a t i o n , t r a n s i t i o n i n t e n s i t i e s a r e 

d i r e c t l y r e l a t e d t o the sums of one c e n t r e o v e r l a p terms i n ­

v o l v i n g t h e o c c u p i e d o r b i t a l s of t h e i n i t i a l s y s t e m and t h e 
84 

u n o c c u p i e d ( r e l a x e d o r b i t a l s ) of t h e f i n a l s t a t e . I t may 

be shown t h a t e x c i t a t i o n of s t a t e s w i t h i n t h e l i m i t s of t h e 

a p p r o x i m a t i o n obey monopole s e l e c t i o n r u l e s : 
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( A J = AL = AS = AM = AM = AM = 0 ) (7) 

J Li O 

and i n some ways may be v i e w e d as an a n a l o g u e o f u l t r a v i o l e t 

s p e c t r o s c o p y i n ESCA. 
Shdke off PhQtQjQfimtiQa 

virtual virtual 
e \ 

valence 

occupiedbi hv e hv hv e 

core 

Kinetic energy 

F i g u r e 2.3 P h o t o i o n i s a t i o n , s h a k e - u p and s h a k e - o f f 

The p r o b a b i l i t y o f e x c i t i n g an e l e c t r o n f r o m t h e o r b i t a l 

d e n o t e d by n l j o f t h e n e u t r a l a t o m t o t h e o r b i t a l n ' l j o f t h e 

i o n , i s g i v e n b y : 

P . - 1 , / , . = N|/V* , .V „ . d t l 2 - (8) n l j k~— n l j 1 n l j n l j 1 

where N i s t h e number o f e l e c t r o n s i n o r b i t a l n l j and ' 

^ ' n ' l j a r e t h e w a v e f u n c t i o n o f o r b i t a l n l j , n ' l j i n t h e a t o m 

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

C o n s i d e r i n g e x c i t a t i o n s i n v o l v i n g a c o r e h o l e s t a t e i n 

t h e d o u b l e t m a n i f o l d , as shown i n F i g u r e 2.4, i t i s a p p a r e n t 
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F i g u r e 2.4 Schematic i l l u s t r a t i o n o f S i n g l e t - T r i p l e t 
shake-up 

t h a t w i t h i n a s i m p l e o r b i t a l model, t h e r e are two p o s s i b l e 

s t a t e s t h a t can be ge n e r a t e d . E i t h e r u n p a i r e d e l e c t r o n i n 

t h e v a l e n c e o r b i t a l and t h a t e x c i t e d t o the v i r t u a l o r b i t a l 

w i l l have o p p o s i t e s p i n s ( " s i n g l e t o r i g i n " ) , o r th e y b o t h 

have t h e same s p i n , w h i l s t t h e r e m a i n i n g core e l e c t r o n has 

t h e o p p o s i t e s p i n ( " t r i p l e t o r i g i n " ) . The t r i p l e t s t a t e i s 

lower i n energy t h a n t h a t o f s i n g l e t o r i g i n , however s i n c e 

b o t h r e p r e s e n t d o u b l e t s t a t e s , t r a n s i t i o n s from t h e ground s t a t e 

of t h e core h o l e may be viewed as b o t h b e i n g a l l o w e d . I n 
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p r i n c i p l e , t h e r e f o r e , i t s h o u l d be p o s s i b l e t o e x p e r i m e n t a l l y 

observe the energy s e p a r a t i o n s and i n t e n s i t i e s f o r t h e com­

ponents of t h e shake-up s t a t e s o f a g i v e n e x c i t a t i o n c o n f i g u r ­

a t i o n . 

The t h e o r e t i c a l r e l a t i o n s h i p between shake-up, s h a k e - o f f 

and e l e c t r o n i c r e l a x a t i o n e n e r g i e s has been d i s c u s s e d by Manne 
o 8 5 

and Aberg. They showed t h a t t h e w e i g h t e d mean of t h e d i r e c t 

p h o t o i o n i s a t i o n , shake-up and s h a k e - o f f peaks corresponds t o 

t h e b i n d i n g energy o f t h e u n r e l a x e d system ( g i v e n by Koopmans 1 

Theorem), and t h i s i s s c h e m a t i c a l l y shown i n F i g u r e 2.5. 

relaxation 

energy 
shake oft shake u p 

s / \ \ 

/ 8 \ \ 
s ! \ / \ 

x 5 

KINETIC ENERGY. mean 

F i g u r e 2.5 R e l a t i o n s h i p between r e l a x a t i o n energy, Koopmans' 
Theorem (mean) and the r e l a t i v e i n t e n s i t i e s o f 
d x r e e l p h o t o i o n i s a 1 1 o n , shake-up and s h a k e - o f f . 
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The t r a n s i t i o n p r o b a b i l i t i e s f o r h i g h energy s h a k e - o f f 

processes are r e l a t i v e l y s m a l l compared t o shake-up processes, 

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

c l o s e t o t h e w e i g h t e d mean. I n p r i n c i p l e , t h e r e l a x a t i o n 

energy s h o u l d be a v a i l a b l e from e x p e r i m e n t a l data o f d i r e c t 

p h o t o i o n i s a t i o n , shake-up and s h a k e - o f f , but i n p r a c t i c e t h i s 

i s not f e a s i b l e . T h i s problem a r i s e s from t h e g e n e r a l 

' i n e l a s t i c t a i l 1 which i s due t o t h e d i r e c t p h o t o i o n i s a t i o n , 

f o l l o w e d by energy l o s s by a v a r i e t y o f i n e l e a s t i c processes. 

T h i s produces a broad energy band which peaks ( f o r o r g a n i c 

systems) a t a p p r o x i m a t e l y 20 eV below t h e d i r e c t p h o t o i o n i s a t i o n 

peak. 

Shake-up and s h a k e - o f f s t r u c t u r e has been s t u d i e d i n 

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

th e t r a n s i t i o n elements. The phenomenon o f shake-up has 

proved t o be o f use i n e l u c i d a t i n g f i n e d e t a i l s o f s t r u c t u r e and 

bonding, i n polymer systems which are n o t d i r e c t l y a t t a i n a b l e 
86 — 88 

fro m t h e p r i m a r y i n f o r m a t i o n l e v e l s i n ESCA. 

2.2.5 Auger Emission and X-ray Fluorescence 

There a r e two p r i n c i p a l processes t h r o u g h which 
d e - e x c i t a t i o n of t h e h o l e produced i n a core s u b - s h e l l n o r m a l l y 

89 
decays, namely Auger e l e c t r o n e m i s s i o n and X-ray f l u o r e s c e n c e . 

Both these processes, which are shown s c h e m a t i c a l l y i n F i g u r e 

2.6, are c o m p a r a t i v e l y slow compared t o p h o t o i o n i s a t i o n and 

so t h e y have l i t t l e e f f e c t on t h e k i n e t i c energy o f t h e o r i g ­

i n a l p h o t o e l e c t r o n . 
The p r o b a b i l i t y f o r each process i s a f u n c t i o n of t h e 

atomic number o f t h e atom as shown i n F i g u r e 2.7, Auger e m i s s i o n 
90 

p r e d o m i n a n t l y f o r l i g h t e r atoms w h i l e X-ray f l u o r e s c e n c e i s 
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more i m p o r t a n t f o r h e a v i e r elements. 

Auger e m i s s i o n may be viewed as a t w o - s t e p process i n 

which t h e e j e c t i o n o f an e l e c t r o n from an i n n e r s h e l l by a 

photon i s f o l l o w e d by an e l e c t r o n d r o p p i n g down from 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 s i m u l t a n e o u s 
91-96 

e m i s s i o n of a second e l e c t r o n . When t h e e l e c t r o n drops 

f r o m a va l e n c e o r b i t a l , t h e Auger spectrum i s r e l a t e d t o t h e 

e n e r g i e s o f b o t h t h e v a l e n c e and core o r b i t a l s . When t h e 
e l e c t r o n drops from an i n n e r o r b i t a l , a C o s t e r - K r o n i g t r a n s -

95 

i t i o n , t h e Auger spectrum i s r e l a t e d t o t h e i n n e r o r b i t a l 

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

u n f o r t u n a t e l y l e a d t o br o a d e n i n g o f t h e ESCA spectrum due t o 

t h e v e r y s h o r t l i f e t i m e o f t h e process. For a C o s t e r - K r o n i g 

process t o occur, t h e d i f f e r e n c e i n b i n d i n g e n e r g i e s o f t h e 

two i n n e r s h e l l s must be s u f f i c i e n t l y l a r g e t o e j e c t an e l e c t ­

r o n from an o r b i t a l i n t h e h i g h e r s h e l l . These processes 
97 

o n l y occur i n elements o f atomic number <40. 
Auger e m i s s i o n s p e c t r o s c o p y (AES) i s i t s e l f an i m p o r t a n t 

a n a l y t i c a l t e c h n i q u e and has found p a r t i c u l a r a p p l i c a t i o n t o 

th e study o f t h e s u r f a c e s o f metals and sem i - c o n d u c t o r s . 

Commercial Auger s p e c t r o m e t e r s use an e l e c t r o n beam as t h e 

source o f e x c i t a t i o n r a d i a t i o n . The f l u x dosage of t h e i n ­

c i d e n t e l e c t r o n beam i s a p p r o x i m a t e l y t h r e e o r d e r s of magnitude 

l a r g e r t h a n t y p i c a l ESCA photon beams and r a d i a t i o n damage t o 
98,99 

o r g a n i c m a t e r i a l s i s t h e r e f o r e a severe problem. 
The c o m p l e x i t y of t h e Auger e l e c t r o n s i g n a l does n o t a l l o w 

such a s t r a i g h t f o r w a r d e x t r a c t i o n o f chemical i n f o r m a t i o n as 

i n ESCA. However, i n t h e case o f me t a l o x i d e s , f o r example, 

t h e Auger chemical s h i f t i s much l a r g e r t h a n t h e p h o t o e l e c t r o n 

chemical s h i f t because o f p o l a r i s a t i o n s c r e e n i n g e f f e c t s , t h e 
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d i r e c t i o n o f the s h i f t b e i n g such t h a t t h e k i n e t i c energy 

o f Auger e l e c t r o n s from more p o l a r i s a b l e s a l t s i s i n c r e a s e d 

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

From t h e work of S h i r l e y , Kowalczyk, Ley, McFreely and 

Pollak"'"^ 0 i n v o l v i n g s t u d i e s of Cu, Zn, L i and Na systems 
104 

and t h e independent i n v e s t i g a t i o n s by Wagner and co-worker 

B i l d e n , a r e l a t i o n s h i p between s h i f t s i n Auger energy and 

t h e s h i f t s i n p h o t o i o n i s a t i o n was derived."*"^ 

The concept of t h e Auger Parameter has s i n c e been d e v e l ­

oped by Wagner."'"0^ Th i s i s t a k e n as t h e k i n e t i c energy of 

t h e s h a r p e s t and most i n t e n s e Auger l i n e minus t h a t o f t h e most 

i n t e n s e p h o t o e l e c t r o n peak and i s of c o n s i d e r a b l e v a l u e t o 
a n a l y t i c a l chemists because i t i s a q u a n t i t y independent of 

107 108 

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

on which p h o t o e l e c t r o n and Auger d a t a are r e p r e s e n t e d f o r a 

g i v e n element are l i k e l y t o be o f c o n s i d e r a b l e i m p o r t a n c e i n 

t h e use of ESCA f o r i d e n t i f i c a t i o n o f chemical s t a t e s . 
2.3 Chemical S h i f t s 

The core e l e c t r o n s o f an atom are e s s e n t i a l l y l o c a l i s e d 

and do n o t t a k e p a r t i n bonding. T h e i r e n e r g i e s are 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 element and are s e n s i t i v e t o t h e 

e l e c t r o n i c environment of t h e atom! While t h e a b s o l u t e 

b i n d i n g energy of a g i v e n core l e v e l on a g i v e n atom w i l l be 

c h a r a c t e r i s t i c of t h e element (Table 2 . 2 ) , d i f f e r e n c e s i n 

e l e c t r o n i c environment o f a g i v e n atom i n a molecule g i v e r i s e 

t o a s m a l l range of b i n d i n g e n e r g i e s , 'chemical s h i f t s ' , o f t e n 

r e p r e s e n t a t i v e o f a g i v e n s t r u c t u r a l f e a t u r e . F i g u r e 2.8 

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

i c a l i l l u s t r a t i o n o f c hemical s h i f t s . S h i f t s i n core l e v e l s 
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TABLE 2.2 Approximate core b i n d i n g e n e r g i e s (eV) 

L i Be B C N 0 F Ne 
Is 55 111 188 284 399 532 686 867 

Na Mg Al Si P s CI Ar 
Is 1072 1305 1560 1839 2149 2472 2823 3203 
2s 53 89 118 149 189 270 320 

2 ? l / 2 31 52 74 100 136 165 202 247 

2p, / 9 31 52 73 99 135 164 200 245 

K. Siegbahn 

1973 
0 H H 

H 0 c 

H H 

0 
0 4 10 8 E =2912 eV 

Chemical Shiff (eV) 

c F i g u r e 2.8 I s spectrum o f t r i f l u o r o a c e t a t e 

as a f u n c t i o n o f s u b s t i t u e n t f o r a wide range o f polymers which 

have been i n v e s t i g a t e d e x p e r i m e n t a l l y are shown i n Table 2.3 
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and s i m i l a r i n f o r m a t i o n e x i s t s f o r o t h e r core l e v e l s . " ' " 0 ^ 

Such d a t a t a k e n i n c o n j u n c t i o n w i t h r e l a t i v e 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 s a t i o n f rom t h e r e l a t i v e core l e v e l s forms t h e 

b a s i s f o r q u a n t i t a t i v e a n a l y s i s by ESCA. 

Much a t t e n t i o n has been p a i d t o 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 of t h e chemical s h i f t phenomenon observed experim­

e n t a l l y . The f o l l o w i n g d i s t i n c t but i n t e r r e l a t e d approaches 

have been used: 

8 3 

( i ) Koopmans' Theorem 

( i i ) Core h o l e calculations"'' 0^'"'""'" 0 - l i n e a r c o m b i n a t i o n 

o f atomic o r b i t a l s - m o l e c u l a r o r b i t a l - s e l f - c o n ­

s i s t e n t f i e l d method (LCAO-MO-SCF) 

( i i i ) E q u i v a l e n t cores model"''"'""'" 
64 

( i v ) Charge p o t e n t i a l model 
(v) Quantum Mechanical P o t e n t i a l model^""^ 

( v i ) Many bodie d f o r m a l i s m . 

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

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

has been g i v e n by Fadley. "̂ "' 
2.4 F i n e S t r u c t u r e 

2.4.1 M u l t i p l e t s p l i t t i n g 

M u l t i p l e t s p l i t t i n g occurs i n paramagnetic systems 

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

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

r e m a i n i n g a f t e r p h o t o i o n i s a t i o n . Examples can be found i n 

th e core l e v e l s p e c t r a o f t r a n s i t i o n element compounds."'"''"^ '"^^ 

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

i v e l y s t r a i g h t f o r w a r d o n l y f o r S-hole s t a t e s and i s based on 
118 

Van V l e c k s ' v e c t o r c o u p l i n g model. The magnitude o f 
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s p l i t t i n g p r o v i d e s i n f o r m a t i o n c o n c e r n i n g t h e l o c a l i s a t i o n 

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

t h e g r e a t e r t h e l o c a l i s a t i o n and s p i n d e n s i t i e s on an atom 

the g r e a t e r w i l l be the observed s p l i t t i n g . M u l t i p l e t 

s p l i t t i n g s i n p h o t o e l e c t r o n s p e c t r o s c o p y have been r e v i e w e d 
119 

i n some d e t a i l by Fadley. 

2.4.2 Spin O r b i t s p l i t t i n g 

When p h o t o i o n i s a t i o n occurs from an o r b i t a l f o r 

a f i l l e d s h e l l which has an o r b i t a l quantum number (1) g r e a t e r 

t h a n 1, i . e . from a p,d or f o r b i t a l , t h e n c o u p l i n g can occur 

between t h e s p i n (S) and o r b i t a l a n g u l a r momentum (L) t o y i e l d 

a t o t a l momentum ( J ) : 

J = S + L (9) 

A d o u b l e t , which i s u s u a l l y w e l l - r e s o l v e d , i s the n observed 
6 3 

i n t h e spectrum i n s t e a d o f s i n g l e peak. The r e l a t i v e i n ­

t e n s i t i e s o f t h e component peaks o f t h e d o u b l e t are p r o p o r t i o n a l 

t o t h e r a t i o o f t h e degeneracies o f t h e s t a t e s which i s quantum 

m e c h a n i c a l l y d e f i n e d as 2J + 1. The r e l a t i v e i n t e n s i t i e s o f 

t h e J s t a t e s f o r s,p,d and f o r b i t a l s are shown i n Table 2.4 

and i l l u s t r a t e d i n F i g u r e 2.9. 
TABLE 2.4 J S t a t e s f o r s,p,d and f o r b i t a l s 

~ , . . -i O r b i t a l T o t a l _ ^ O r b i t a l . „ I n t e n s i t y r a t i o _ _____ Quantum No. Quantum No. 1 

1 J = (l±s) (2J+1) : (2J'+1) 

s 0 1/2 s i n g l e t 

p 1 1/2, 3/2 1 : 2 

d 2 3/2, 5/2 2 : 3 

f 3 5/2, 7/2 3 : 4 
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120-122 
2.4.3 E l e c t r o s t a t i c s p l i t t i n g 

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

between t h e e x t e r n a l e l e c t r o s t a t i c f i e l d and t h e s p i n s t a t e s 

of t h e core l e v e l beina i n v e s t i g a t e d . I t has been observed 

f o r a number o f systems, f o r example, t h e ^'9^/2 -'-eve-'-s °f 
123 124 

uranium and t h o r i u m and i n some compounds o f g o l d . 

C o r r e l a t i o n has been observed between e l e c t r o s t a t i c s p l i t t i n g 

and t h e quadrupole s p l i t t i n g s o b t a i n e d f r o m Mossbauer s p e c t r o -
125 

scopy, which a r i s e f rom t h e i n t e r a c t i o n o f t h e n u c l e a r 

quadrupole moment w i t h an inhomogeneous e l e c t r i c f i e l d . 

A summary of t h e t y p e of s p l i t t i n g e n countered i n ESCA 
i s shown i n F i g u r e 2.10. 
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Quantum No. 
Typo of 
"splitting" 

(6) 

n-2 
(8) 

2s 

< (2) 

I 

\ ^ 2 

2P3/2 
(2) 1 { *2 

(4) 
m=±l/2 1 f +"2 

L (2) ] [ 

m = *'/Z \ * l / 2 

(2) (2) [ 1/2 

m-±]/Z r — +i/2 

(2) ' (2) l 1/2 

hi I m, 
Principal Orbital Spin-Orbit Electrostatic Multiplet 

F i g u r e 2.10 Schematic o f t h e types o f s p l i t t i n g 
e n c o u ntered i n ESCA 

2.5 Sample Charging and Energy R e f e r e n c i n g 

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

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

serves as a c o n v e n i e n t l e v e l f o r energy r e f e r e n c i n g . However 

f o r i n s u l a t i n g samples, such as polymers, t h e Fermi l e v e l i s 

not w e l l d e f i n e d a n a l y t i c a l l y , b u t l i e s somewhere between t h e 

valenc e (occupied) and bottom of t h e c o n d u c t i o n (unoccupied) 

energy l e v e l s . Consequently some c a l i b r a t i o n procedure must 

be adopted i n o r d e r t o c o r r e c t f o r t h i s phenomenon. 

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

( p r i m a r y p h o t o e l e c t r o n s ) are r a p i d l y slowed down by t h e i n t e r -
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a c t i o n w i t h m a t t e r and can g e n e r a t e i n t e n s e c u r r e n t s o f slow 
12 6—128 

'secondary' e l e c t r o n clouds a t t h e s u r f a c e o f t h e sample. ^ 

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

t h e e l e c t r i c a l e q u i l i b r i u m a t t h e s u r f a c e and have been found 

t o be "20% of t h e p h o t o e l e c t r o n f l u x i n a c o n d u c t i n g sample 

and ~99% of t h e f l u x i n an i n s u l a t i n g sample. P h c t o - e m i t t e d 

e l e c t r o n s from t h e s u r f a c e e x p e r i e n c e a net r e t a r d a t i o n and 

t h e r e f o r e l a r g e r b i n d i n g e n e r g i e s are measured. A i l p h o t o -

e l e c t r o n s are a f f e c t e d by t h e same r e t a r d a t i o n v o l t a g e and 

s h i f t e d i n energy by t h e same amount. 

For a sample w i t h 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 s u r f a c e 

charge, t h e energy e q u a t i o n f o r a s o l i d becomes: 
K.E. = hv - B.E. - <p s - A (10) 

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

A n o n - u n i f o r m d i s t r i b u t i o n o r n o n - e q u i v a l e n t p o s i t i v e 

p o t e n t i a l ( d i f f e r e n t i a l sample c h a r g i n g ) over t h e s u r f a c e o f 

th e sample w i l l l e a d t o a br o a d e n i n g o f t h e p r i m a r y p h o t o -

e l e c t r o n peak. T h i s i s because t h e e l e c t r o n s from core l e v e l s 

o f atoms o f d i f f e r e n t charge w i l l e x p e r i e n c e 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 t h e s u r f a c e . 

One method by which c h a r g i n g may be d e t e c t e d i s t o v a r y 
129 

th e i n c i d e n t e l e c t r o n f l u x by means of an e l e c t r o n ' f l o o d gun'. 

A d d i t i o n a l low energy e l e c t r o n s are r e l e a s e d i n t o t h e sample 

r e g i o n such t h a t i f sample c h a r g i n g i s p r e s e n t t h e p h o t o e l e c t r o n 

peaks w i l l move t o lower apparent b i n d i n g energy. The use o f 

f l o o d guns have found a p p l i c a t i o n i n t h e study o f t h e complex 

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

s i t e s i n i n d u s t r i a l catalysts."*""^ 0 

When t h i c k i n s u l a t i n g samples are s t u d i e d i n s p e c t r o m e t e r s 

employing monochromatic X-ray sources, l a r g e sample c h a r g i n g 
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e f f e c t s are observed and p r o v i d e t h e p r i m a r y m o t i v a t i o n f o r 

t h e use o f e l e c t r o n f l o o d guns. The monochromator removes 

t h e b r e m s s t r a h l u n g as a s u p p l y of secondary e l e c t r o n s which 

can l e a d t o s h i f t s i n k i n e t i c energy o f s e v e r a l hundred e l e c t ­

ron v o l t s and can be compensated by f l o o d i n g t he sample w i t h 

low energy e l e c t r o n s . However, t h e sample may become n e g a t i v e l y 

charged and t h e method needs g r e a t care t o achieve an accuracy 

comparable w i t h t h a t o f o t h e r methods. 

An a l t e r n a t i v e source o f low energy e l e c t r o n s i s t o 

i l l u m i n a t e t h e sample r e g i o n w i t h uv r a d i a t i o n from a low 

p r e s s u r e mercury a r c lamp v i a a q u a r t z v i e w i n g p o r t . S u f f i c ­

i e n t secondary e l e c t r o n s are g e n e r a t e d from p h o t o e m i s s i o n , from 

t h e m e t a l s u r f a c e s of t h e sample a n a l y s i s chamber, t h a t t h e 
131 

sample c h a r g i n g may be reduced t o a low l e v e l . 

I n p r a c t i c e t h e problem o f e x t r a c t i n g a b s o l u t e b i n d i n g 

e n e r g i e s can be overcome by t h e use o f r e f e r e n c e s t a n d a r d s f o r 

c a l i b r a t i o n on t h e b i n d i n g energy s c a l e . A c o r r e c t i o n f a c t o r 

c a l c u l a t e d from t h e observed k i n e t i c energy of t h e p h o t o e l e c t r o n s 

c o r r e s p o n d i n g t o t h e r e f e r e n c e peak i s then used t o f i n d t h e 

b i n d i n g e n e r g i e s of t h e o t h e r peaks. The two most commonly 

employed c a l i b r a t i o n l i n e s are t h e C-̂ s peak a r i s i n g from (CP^) 

environments a t a b i n d i n g energy of 285.0 eV, e i t h e r i n h e r e n t 

i n t h e sample or a r i s i n g from hydrocarbon c o n t a m i n a t i o n w i t h i n 

t h e s p e c t r o m e t e r , and t h e A u ^ l e v e l a t 84.0 eV i f t h e sample 

has been d e p o s i t e d on a g o l d s u b s t r a t e . The use o f t h e so-
132 

c a l l e d 'gold d e c o r a t i o n ' t e c h n i q u e i s not recommended f o r 

o r g a n i c and p o l y m e r i c m a t e r i a l s . F i r s t l y , n u c l e a t i o n may occur 

v i a an ' i s l a n d i n g ' process which w i l l almost c e r t a i n l y l e a d t o 

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

e v a p o r a t e d from a f i l a m e n t t h e p o s s i b i l i t y o f s u r f a c e damage, 
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and o t h e r e f f e c t s cannot be d i s c o u n t e d . 

A l t h o u g h sample c h a r g i n g has been r e g a r d e d as somewhat 

of a nuisance which must be c i r c u m v e n t e d , r e c e n t work has 

s h o w n " " ^ ' t h a t sample c h a r g i n g i s an i n t e r e s t i n g phenomena 

i n i t s own r i g h t and i n a p p r o p r i a t e cases p r o v i d e s an i m p o r t a n t 

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

2.6 S i g n a l I n t e n s i t i e s 

F i g u r e 2.11 shows a schematic o f t h e g e n e r a l geometry 

o f t h e ESCA experiment employing a f i x e d arrangement of a n a l y s e r 

and X-ray source. hv r e p r e s e n t s t h e i n c i d e n t X-rays and e -

t h e f r a c t i o n of t h e p h o t o e l e c t r o n s e n t e r i n g t h e a n a l y s e r . <$> 

i s t h e angle between t h e X-ray source and t h e a n a l y s e r e n t r a n c e 

s l i t and e d e s c r i b e s t h e angle o f t h e sample i n r e l a t i o n t o t h e 

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

o f t h e sample, t h e i r t r u e p a t h l e n g t h w i l l be d' where 

d = d'cosec 8 (11) 
Analyser 

d 

d 

X ray s \ 
\ 

S ampm 
F i g u r e 2.11 Schematic of t h e sample geometry r e l a t i v e t o 

t h e X-ray gun and a n a l y s e r 



Due t o t h e s h o r t mean f r e e paths o f e l e c t r o n s ( f u r 

K.E. > 50 eV) i n s o l i d s i t i s p o s s i b l e t o enhance s u r f a c e 

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

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

e l e c t r o n s which are ana l y s e d , t h a t i s w i t h 5 approaching 90°. 

Angul a r dependence s t u d i e s are o n l y f e a s i b l e on u n i f o r m f l a t 

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

samples w i t h rough s u r f a c e t o p o g r a p h i e s , as i n t h e case of 

powders. 

For an i n f i n i t e l y t h i c k homogeneous sample t h e i n t e n s i t y 

( I ) o f t h e e l a s t i c (no energy l o s s ) p h o t o i o n i s a t i o n peak, 

c o r r e s p o n d i n g t o p h o t o i o n i s a t i o n from a core l e v e l i , may be 

expressed as: 
-x/X . 

d l . = Fa.N.k.e 1 dx (12) 1 1 1 1 

where 1^ i s t h e i n t e n s i t y a r i s i n g from core l e v e l i , 

F i s t h e e x c i t i n g photon f l u x , 

d i i s t h e number o f atoms per u n i t volume on which t h e 

core l e v e l i i s l o c a l i s e d , 

k^ i s t h e s p e c t r o m e t e r f a c t o r , 

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

I n t e g r a t i o n o f t h i s e q u a t i o n g i v e s : 
°° -x/A . 

I . - / Fc^N.k.e 1 dx (13) 
o 

I . = Fa.N.k.A. (14) 1 1 1 1 1 

The v a r i o u s f a c t o r s and parameters a f f e c t i n g t h e i n t e n s i t y 

o f a g i v e n s i g n a l i n ESCA a r e d i s c u s s e d more f u l l y below. 

The X-ray f l u x , F, i s p r i m a r i l y dependent on t h e power 

a p p l i e d t o and t h e e f f i c i e n c y of t h e X-ray r u n . However, t h e 
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a n g l e o f i n c i d e n c e <j> o f t h e X - r a y s and t h e a n a l y s e r and 8 

do have an e f f e c t on t h e i n t e n s i t y o f t h e p h o t o i o n i s a t i o n peak. 

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 s a t i o n o f c o r e l e v e l i , 

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

l e v e l b e i n g i o n i s e d when i r r a d i a t e d by a p h o t o n o f known energy"'"^ 

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

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

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

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

ct^ may be c a l c u l a t e d f r o m t h e f u n d a m e n t a l p r o p e r t i e s o f t h e 
136 

atom o r d e t e r m i n e d e x p e r i m e n t a l l y f r o m gas phase ESCA e x p e r -
64 

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

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

u l a r s p e c t r o m e t e r a nd u s i n g t h e same X - r a y s o u r c e and w i t h a 

f i x e d v a l u e o f <f> t h e n i s n o r m a l l y c o n s t a n t . W i t h MgK a^ ^ 

and A l K a ^ ^ t h 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 s a t i o n f o r c o r e 

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

o r d e r s o f m a g n i t u d e o f t h a t f o r t h e Ĉ .o l e v e l s , t h e r e f o r e ESCA 

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

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

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

The s p e c t r o m e t e r f a c t o r , k^, i n c l u d e s c o n t r i b u t i o n s due 

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

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

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

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

The E l e c t r o n Mean F r e e p a t h o f p h o t o e m i t t e d e l e c t r o n s 

( s o m e t i m e s r e f e r r e d t o as t h e e s c a p e d e p t h ) A^, i s d e f i n e d as 

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

t r a v e l b e f o r e ^^e o f them have n o t s u f f e r e d e n e r g y l o s s t h r o u g h 
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137 138 
i n e l a s t i c c o l l i s o n s . B o t h e x p e r i m e n t a l ' and t h e o r e t i c a l 

139 
c a l c u l a t i o n s o f A. have been u n d e r t a k e n . \. i s a f u n c t i o n 

l I 

o 
o f t h e k i n e t i c o f t h e p h o t o e l e c t r o n s and r a n g e s f r o m M A f o r 

o 

e l e c t r o n s o f a b o u t 80 eV K.E. t o %30A f o r e l e c t r o n s o f a b o u t 

1500 eV. 

The s a m p l i n g d e p t h , w h i c h i s somet i m e s c o n f u s e d w i t h t h e 

e l e c t r o n mean f r e e p a t h , i s d e f i n e d as t h e d e p t h f r o m w h i c h 95% 

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

r e l a t e d t o A b y : 
S a m p l i n g d e p t h = - A l n 0.05 (15) 

= 3A (16) 

As an ex a m p l e , f o r t h e c a r b o n I S l e v e l s s t u d i e d by a 

MgK a^ ^ X - r a y s o u r c e t h e k i n e t i c e n e r g y o f t h e p h o t o e l e c t r o n s 
o 

i s ^960 eV and t h e mean f r e e p a t h o f t h e e l e c t r o n s i s ̂ 15A. 
o 

50% o f t h e s i g n a l seen by ESCA d e r i v e s f r o m t h e o u t e r m o s t 10A 
o 

and 95% f r o m t h e t o p 45A. T h i s i l l u s t r a t e s t h e h i g h s u r f a c e 

s e n s i t i v i t y o f ESCA. 

A l t h o u g h t h e number d e n s i t y , N i , i s n o t d i r e c t l y r e l a t e d 

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

s i m i l a r m a t e r i a l s t h e ESCA s i g n a l f o r a g i v e n c o r e l e v e l w i l l be 
140 

more i n t e n s e f o r t h e h i g h e r d e n s i t y m a t e r i a l . The most 

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

i t i e s f o r c o r e l e v e l s i n a homogeneous sample a r e d i r e c t l y r e ­

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

Thus f o r t w o c o r e l e v e l s i and j : 

I . F N . k . A . 
I . F . N . k . A . ( x '' 
J <*J J J J 

I f i and j c o r r e s p o n d t o t h e same c o r e l e v e l i n d i f f e r i n g chem­

i c a l e n v i r o n m e n t s , t h e n 
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N . I . 
k . a . A . = k .a . X . and — = — i l l J J J N. I . 

J J 
I f h o w e v e r i and j a r e d i f f e r e n t c o r e l e v e l s t h e n k . a . A k . a . X . 

1 1 1 j j j 
and 

N. I . k . a . A . k . a . A . 

N . I . k . a . A . k . a . A . j l l l J i l l 

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

known s t o i c h i o m e t r y c o n t a i n i n g I and j . T h i s r a t i o i s u s u a l l y 

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

l e v e l s . 

2.7 L i n e w i d t h s 

The n a t u r a l l i n e w i d t h , t h e s o - c a l l e d " F u l l w i d t h a t h a l f 

t h e maximum h e i g h t " (FWHM) o f t h e c o r e l e v e l u n d e r i n v e s t i g a t i o n , 

AE ,, and t h a t o f t h e i n c i d e n t r a d i a t i o n , AE , ( u n l e s s mono-
141 

c h r o m a t i s a t i o n i s used) depend on t h e U n c e r t a i n t y P r i n c i p l e . 

AE. A t = h/2 (18) 

where A t i s t h e l i f e t i m e o f t h e s t a t e a n d h i s P l a n c k ' s c o n s t a n t . 

From t h i s e q u a t i o n a l i n e w i d t h o f ^ l e V c o r r e s p o n d s t o a l i f e ­

t i m e o f a p p r o x i m a t e l y 6.6 x 10 s e c s . ^ ^ T a b l e 2.5 d i s p l a y s 

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

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

t h a t t h e r e i s no p a r t i c u l a r v i r t u e i n s t u d y i n g more t i g h t l y 

b o u n d c o r e l e v e l s ; f o r OLu, f o r e x a m p l e , t h e FWHM o f 54eV f o r 

t h e I s l e v e l w o u l d swamp any c h e m i c a l s h i f t . 

TABLE 2.5 F u l l W i d t h a t H a l f Maximum o f N a t u r a l l i n e w i d t h 
f o r some c o r e l e v e l s (eV) 

L e v e l 

I S 

2 p 3 / 2 

s A r T i Mn Cu Mo Ag Au 
0. 35 0.5 0.8 1 .05 1.5 5.0 7.5 54 

0. i o — O. 25 0.35 0.5 1.7 2.2 4.4 
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2.8 L i n e Shape A n a l y s i s 

The need f o r l i n e shape a n a l y s i s ( d e c o n v o l u t i o n ) a r i s e s 

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

w i d t h o f t h a t l e v e l . The measured l i n e w i d t h s o f component 

p e a k s f o r a c o r e l e v e l may be e x p r e s s e d as 

(AE ) 2 = (AE ) 2 + (AE ) 2 + ( AE, ) ~ + ( AE ) 2 ( 1 9 ) m x s 1 ss 

where AE i s t h e FWHM, m 
AE^ i s t h e FWHM o f t h e X - r a y p h o t o n s o u r c e , 

AE g i s t h e c o n t r i b u t i o n due t o s p e c t r o m e t e r a b b e r a t i o n s 

and i s d e p e n d e n t on t h e e m i s s i o n e n e r g y and t h e c h o i c e o f 

a n a l y s e r s l i t s , 

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

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

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

The c o n t r i b u t i o n s t o AE f r o m AE f o r t h e commonly u s e d 
m x J 

p h o t o n s o u r c e s ( i . e . Mg and A l ) a r e e s s e n t i a l l y L o r e n t z i a n l i n e 

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

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

l i n e s , a^, a ? , and a ^ , t h e r e l a t i v e p o s i t i o n s t o t h e l i n e 
a r e -0.33, + 8.4 and 10.2 eV, w i t h r e l a t i v e i n t e n s i t i e s 100, 50, 

14 3 

12.8 and 6.9. The <x̂  a nd l i n e s a r e s i g n i f i c a n t l y removed 

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

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

p h o t o i o n i s a t i o n s i g n a l i n t h e ESCA s p e c t r u m . A s i m i l a r 
14 3 

s i t u a t i o n i s t r u e f o r A l K a r a d i a t i o n . 
The c o n t r i b u t i o n t o AE f r o m AE i s c o n s i d e r e d t o be 

m s 
G a u s s i a n , w h e r e a s E l i s L o r e n t z i a n . The c o n v o l u t i o n o f t h e s e 
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l i n e shapes p r o d u c e s a h y b r i d shape w i t h a G a u s s i a n d i s t r i b u t i o n 

d o m i n a t i n g t h e o v e r a l l l i n e shape and w i t h L o r e n t z i a n c h a r a c t e r 

i n t h e t a i l s . The use o f p u r e G a u s s i a n shapes i n t r o d u c e s o n l y 

s m a l l e r r o r s m l i n e shape a n a l y s i s . 

D e c o n v o l u t i o n p r o c e d u r e s may be g r o u p e d i n t o t w o m a i n 

c a t e g o r i e s : 

(1) D e c o n v o l u t i o n by m a t h e m a t i c a l methods w h i c h have been r e -
144 

v i e w e d by C a r l e y a n d J o y n e r . 

(2) C u r v e f i t t i n g by s i m u l a t i o n , e i t h e r i n a n a l o g u e o r 

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

The s e c o n d c a t e g o r y r e q u i r e s c l o s e c o n t r o l o v e r a number 

o f v a r i a b l e s , f o r e x a m p l e , b i n d i n g e n e r g y , l i n e w i d t h a nd peak 

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

t h e a n a l o g u e mode, and t h e w o r k i n t h i s t h e s i s p r e d o m i n a n t l y 

u s e d t h i s m e t h o d ( on a DuPont 310 c u r v e r e s o l v e r ) . The b a s i c 

a p p r o a c h t o c u r v e s i m u l a t i o n i s o u t l i n e d i n T a b l e 2.6. 

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

amount o f c a u t i o n i s r e q u i r e d , as i t i s o f t e n p o s s i b l e t o o b t a i n 

more t h a n one s o l u t i o n . When d e a l i n g w i t h c o m p l e x l i n e shapes 

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

s u c h t h a t t h e s o l u t i o n i s one ba s e d on c h e m i c a l u n i q u e n e s s . 

2.9 ESCA I n s t r u m e n t a t i o n 

A s c h e m a t i c o f t h e e s s e n t i a l components o f an ESCA s p e c t r o ­

m e t e r i s shown i n F i g u r e 2.12 and i s l a r g e l y s e l f e x p l a n a t o r y , 

i n c l u d i n g : 

1 . X - r a y s o u r c e , 

2. Sample Chamber 

3. E l e c t r o n e n e r g y a n a l y s e r , 

4. E l e c t r o n d e t e c t i o n . 
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F i g u r e 2.12 S c h e m a t i c o f t h e ESCA i n s t r u m e n t a t i o n 

The m a j o r i t y o f t h e w o r k i n t h i s t h e s i s was c a r r i e d o u t 

u s i n g an A . E . I . ES200B s p e c t r o m e t e r ; a c u s t o m - d e s i g n e d K r a t o s 

ES300 s p e c t r o m e t e r was a l s o u s e d . 

2.9.1 X - r a y S o u r c e 

The X - r a y beam i s p r o d u c e d by t h e bombardment o f 

a t a r g e t (anode) w i t h h i g h e n e r g y e l e c t r o n s . A t y p i c a l , n o n -

m o n o c h r o m a t i c X - r a y s p e c t r u m i s shown i n F i g u r e 2.13, w h i c h 

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

o f t h e anode m a t e r i a l s u p e r i m p o s e d on a c o n t i n u o u s s p e c t r u m 
145 

( B r e m s s t r a h l u n g ) . The c o n t i n u u m ' s shape depends o n l y on 

t h e e n e r g y o f t h e i n c i d e n t e l e c t r o n s on t h e anode, and n o t on 

t h e n a t u r e o f t h e anode m a t e r i a l . 



1(1) 
4-

V=80kV 

- J - 0 •- 12,398 5 eV 
10 A 

F i g u r e 2.13 X - r a y S p e c t r u m o f a t u n g s t e n anode 

S o f t X - r a y s o u r c e s a r e most commonly e m p l o y e d i n ESCA. 

f o r e x ample t h e MgK a (hv = 1253.7 eV) and A l K a (hv = 1486.6 eV) 

l i n e s ; o n l y v e r y o c c a s i o n a l use b e i n g made o f h a r d e r X - r a y s 

An 

i n t e r m e d i a t e e n e r g y s o u r c e , T i K a (4510 eV) has a l s o been u s e d . 

s u c h as C u K a i (hv = 8048 eV) and C r K a i (hv = 5415 eV) 

I t i s l i k e l y t h a t t h e s e h a r d e r X - r a y s o u r c e s w i l l be e m p l o y e d 
4r ^ , 146,147 m f u t u r e A u g e r w o r k . 

The ES200B s p e c t r o m e t e r has a M a r c o n i E l l i o t 9 x 5 h i g h 

v o l t a g e s u p p l y u n i t w i t h i n t e g r a l l y v a r i a b l e v o l t a g e , 0-60 kV 

and c u r r e n t , 0-80mA. The X - r a y s o u r c e c o n s i s t s o f an unmono-

c h r o m a t i s e d magnesium anode o f t h e Henke h i d d e n f i l a m e n t d e s i g n ; 148 
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t h i s r e d u c e s r i s k o f c o n t a m i n a t i o n o f t h e t a r g e t by e v a p o r a t e d 

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

c o n d i t i o n s p r o d u c e an X - r a y f l u x o f t h e o r d e r o f 0.1 m i l l i r a d s - ^ " , 

w h i c h c a u s e s l i t t l e o r no r a d i a t i o n damage t o t h e m a j o r i t y o f 

s y s t e m s . A t h i n a l u m i n i u m window i s o l a t e s t h e t a r g e t f r o m t h e 

sam p l e t o p r e v e n t i n t e r f e r e n c e due t o e l e c t r o n s f r o m t h e f i l a m e n t 

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

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

n e a r g r o u n d p o t e n t i a l (+10V) and t h e anode a t h i g h p o s i t i v e 

v o l t a g e . 

150 

The ES300 s p e c t r o m e t e r i s e q u i p p e d w i t h a d u a l - a n o d e , 

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

A l K a ^ 2 X - r a y s o u r c e . The m o n o c h r o m a t o r f o r t h e A l K a ^ ^ uses 

s l i t f i l t e r i n g and d i f f r a c t i o n f r o m t h e (100) p l a n e o f q u a r t z ^ 

a t t h e B r a g g a n g l e o f 78.3°. O t h e r m o n o c h r o m a t o r s may use 

d i s p e r s i o n c o m p e n s a t i o n o r f i n e f o c u s s i n g systems."'"^ 
2.9.2 Sample A n a l y s i s Chamber 

F i g u r e 2.14 d i s p l a y s a s c h e m a t i c d r a w i n g o f t h e 

ES200B s p e c t r o m e t e r e q u i p p e d w i t h m o n o c h r o m a t o r and r e v e a l s 

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

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

and t r e a t m e n t s . R a p i d s a m p l e e n t r y i s a c h i e v e d by means o f 

f a s t - e n t r y i n s e r t i o n l o c k s . P u r p o s e - b u i l t r e a c t i o n chambers 

may be a t t a c h e d t o t h e s o u r c e chamber v i a an i n s e r t i o n l o c k and 

t h i s p r o v i d e s f a c i l i t i e s f o r 'in situ' t r e a t m e n t o f s a m p l e s . 

— 8 

The ES200B has a t y p i c a l base p r e s s u r e o f 5 x 10 t o r r 

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

pumps. 
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F i g u r e 2.14 G e n e r a l l a y o u t o f t h e AEI ES20QB s p e c t r o m e t e r 

The ES300 has a p e r m a n e n t l y m o u n t e d p r e p a r a t i o n chamber 

a t t a c h e d t o t h e s o u r c e chamber, pumped by a d i f f u s i o n pump, 

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

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

pumped by means o f an A l c a t e l 350 I s ^ e l e c t r i c t u r b o m o l e c u l a r 
_9 

pump. The base p r e s s u r e i s t y p i c a l l y o f t h e o r d e r 5 x 10 t o r r . 

2.9.3 E l e c t r o n E n e r g y A n a l y s e r 

The e l e c t r o n e n e r g y a n a l y s e r on t h e ES200B i s a 
h e m i s p h e r i c a l d o u b l e f o c u s s i n g a n a l y s e r b a s e d on t h e p r i n c i p l e 

152 

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

i n t e r f e r e n c e by means o f M u - m e t a l s h i e l d s . The a n a l y s e r 
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s h o u l d have a r e s o l u t i o n o f 1 i n 10 i n o r d e r t o c a r r y o u t 

ESCA s t u d i e s . The r e s o l u t i o n o f t h e a n a l y s e r i s g i v e n by: 

AE/E = R/W (20) 

where E i s t h e e n e r g y o f t h e e l e c t r o n . , 

R i s t h e mean r a d i u s o f t h e h e m i s p h e r e , 

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

The r e s o l u t i o n may be i m p r o v e d by: 

(1) R e d u c i n g t h e s l i t w i d t h , w h i c h r e d u c e s t h e s i g n a l i n t e n s i t y ; 

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

e n g i n e e r i n g c o s t s and pu m p i n g r e q u i r e m e n t s ; 

(3) R e t a r d i n g t h e e l e c t r o n s b e f o r e e n t r y i n t o t h e a n a l y s e r . 

I n p r a c t i c e a c o m p r o m i s e i s made on t h e s l i t w i d t h s 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 y and on t h e s i z e o f t h e h e m i ­

s p h e r e so as t o p r e v e n t m e c h a n i c a l d i s t o r t i o n and keeps c o s t s 

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

down b e f o r e e n t r y i n t o t h e a n a l y s e r and c u t s down on t h e r e s o l ­

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

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

sample h a n d l i n g . 

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

e n e r g y may be f o c u s s e d a t t h e d e t e c t o r s l i t by one o f t w o m e t h o d s : 

(1) S c a n n i n g t h e r e t a r d i n g p o t e n t i a l a p p l i e d t o t h e l e n s and 

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

(2) S c a n n i n g t h e r e t a r d i n g p o t e n t i a l and t h e p o t e n t i a l b e t w e e n 

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

s t a n t r a t i o b e t w e e n t h e t w o . 

The f i r s t m e t h o d o f f i x e d a n a l y s e r t r a n s m i s s i o n (FAT) has g r e a t e r 

s e n s i t i v i t y a t l o w k i n e t i c e n e r g i e s (<500eV) and t h e s e c o n d , f i x e d 

r e t a r d a t i o n r a t i o (FRR) has a g r e a t e r s e n s i t i v i t y a t h i g h e r 
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e l e c t r o n k i n e t i c e n e r g i e s . The FRR mode i s e m p l o y e d i n t h i s 

w o r k . 

2.9.4 E l e c t r o n d e t e c t i o n and d a t a a c q u i s i t i o n 

E l e c t r o n s o f p r e - s e l e c t e d e n e r g y pass f r o m t h e 

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

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

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

one o f t w o m e t h o d s : 

(1) The c o n t i n u o u s s c a n , w here t h e e l e c t r o s t a t i c f i e l d i s 

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

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

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

o f t h e e l e c t r o n s may be r e c o r d e d on an X-Y p l o t t e r . 

(2) The s t e p s c a n , w h e r e t h e f i e l d i s i n c r e a s e d by p r e s e t 

i n c r e m e n t s ( e . g . O.leV) and a t each i n c r e m e n t (a) c o u n t s 

may be m e a s u r e d f o r a f i x e d l e n g t h o f t i m e o r (b) a f i x e d 

number o f c o u n t s may be t i m e d . The d a t a so o b t a i n e d i s 

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

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

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

s i g n a l t o n o i s e r a t i o s . 

I n b o t h t h e s e methods where t h e d a t a a c q u i s i t i o n i s a 

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

t a k e n t o a v o i d l o n g t e r m sample c h a n g e s . Phenomena s u c h as 

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

( w h i c h may a l t e r peak r a t i o s ) may p r o d u c e e r r o n e o u s r e s u l t s . 

2.lO Sample H a n d l i n g 

2.10.1 S o l i d Samples 

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

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

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

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

v e n t o r v i a s u b l i m a t i o n ) . S m a l l s t r i p s o r w i r e s may be h e l d 

i n a c h u c k and p o w d e r e d s a m p l e s may be m o u n t e d by p r e s s i n g i n t o 

a m e t a l gauge o r p i e c e o f s o f t m e t a l f o i l s u c h as l e a d o r 

i n d i u m . 

A t y p i c a l p r o b e , on t h e AEI ES20GB and K r a t o s ES300 

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

s a m p l e . I n t h e f o r m e r c a se ( i . e . h e a t i n g ) t h i s i s a c h i e v e d 

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

r e s i s t a n c e h e a t e r . C o o l i n g i s c a r r i e d o u t by pu m p i n g l i q u i d 

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

s l i g h t l y v o l a t i l e t o be s t u d i e d . More v o l a t i l e s o l i d s a r e 

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

o n t o a c o o l e d p r o b e t i p . 

2.10.2 L i q u i d s 

A l t h o u g h ESCA may be a p p l i e d t o t h e a n a l y s i s o f 

s o l i d s , l i q u i d s and g a s e s , t h e d e v e l o p m e n t o f l i q u i d s t u d i e s 
154 

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

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

t h e i n j e c t i o n o f t h e l i q u i d i n t o a h e a t a b l e (25 t o 150°C) 

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

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

c o o l e d g o l d p l a t e . The sample s u r f a c e i s c o n t i n u a l l y r e n e w e d 

and c o n t a m i n a t i o n and r a d i a t i o n damage e f f e c t s a r e t h e r e b y 

r e d u c e d . 
Two t e c h n i q u e s f o r s t u d y i n g l i q u i d s and s o l u t i o n s have been 

d e v e l o p e d by Siegbahr. w h e r e s a m p l e s a r e s t u d i e d as s u b m i l l i m e t e r 
155 

beams o r as a f i l m on a w i r e p a s s i n g t h r o u g h t h e X - r a y beam 
156 

o a r a l l e l t o t h e a n a l v s e r e n t r a n c e s l i t . 
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2.10.3 Gases 

Gases may be s t u d i e d e i t h e r i n t h e c o n d e n s e d phase 

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

gas c e l l s have been d e v e l o p e d . S t u d i e s u s i n g m o l e c u l e s i n 
7 6 

t h e gas phase have t h e f o l l o w i n g a d v a n t a g e s . 

(1) No i n h e r e n t b r o a d e n i n g o f t h e l e v e l s due t o s o l i d s t a t e 

e f f e c t s , 

(2) Sample c h a r g i n g p r o b l e m s a r e removed, 

(3) I n c r e a s e d s i g n a l t o n o i s e r a t i o , 

(4) R a d i a t i o n damage, i f i t o c c u r s , i s o f no i m p o r t a n c e 

u n l e s s t h e sample i s r e c i r c u l a t e d , 

(5) By m i x i n g w i t h s t a n d a r d g a s e s , peaks may be r e a d i l y 

c a l i b r a t e d , 

(6) I n e l a s t i c l o s s e s and s h a k e - u p and s h a k e - o f f p r o c e s s e s 

may be d i s t i n g u i s h e d by v a r y i n g t h e sample p r e s s u r e , 

(7) D i r e c t c o m p a r i s o n w i t h t h e o r e t i c a l c a l c u l a t i o n s i s 

s i m p l i f i e d . 
2.11 G e n e r a l A s p e c t s o f ESCA 

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

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

be s u m m a r i s e d as f o l l o w s : 

(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 
-3 3 a r e s m a l l , e.g. i n s o l i d s , 10 g, O . l y l l i q u i d and 0.5cm 

o f a gas a t STP. 

(2) The t e c h n i q u e i s e s s e n t i a l l y n o n - d e s t r u c t i v e s i n c e t h e 

X - r a y f l u x i s s m a l l ( 0 . 1 m i l l i r a d s e c . - " ^ ) . 

(3) The t e c h n i q u e i s i n d e p e n d e n t o f t h e s p i n p r o p e r t i e s o f 

t h e n u c l e u s and can be u s e d t o s t u d y any e l e m e n t o f t h e 

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

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

a l s o t h e v a l e n c e l e v e l s . 
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(4) M a t e r i a l s may be s t u d i e d 'in situ' w i t h a minimum o f 

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

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

l e v e l s f r o m a s i n g l e e x p e r i m e n t as d i s p l a y e d i n T a b l e 2.7. 

(6) ESCA has a h i g h e r s e n s i t i v i t y t h a n many 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 shown i n T a b l e 2.8. 

(7) The d a t a i s o f t e n c o m p l e m e n t a r y t o t h a t o b t a i n e d by o t h e r 

t e c h n i q u e s . 

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

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

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

(9) The i n f o r m a t i o n r e l a t e s d i r e c t l y t o b o n d i n g and m o l e c u l a r 

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

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

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

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

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

u n d e r s t o o d . 

The d i s a d v a n t a g e s o f ESCA a r e s u r p r i s i n g l y f ew: 

(1) The o v e r a l l c o s t s a r e q u i t e h i g h ; 
o 

(2) W h i l e t h e t e c h n i q u e has s u p e r i o r d e p t h r e s o l u t i o n , ^200A, 
2 

t h e s p a t i a l r e s o l u t i o n i s p o o r and an a r e a o f 0.3cm i s 

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

(3) I f t h e s u r f a c e d i f f e r s f r o m t h e b u l k , t h e n i t i s n o t 

p o s s i b l e t o say a n y t h i n g a b o u t t h e b u l k s t r u c t u r e by means 

o f ESCA w i t h o u t s e c t i o n i n g t h e s a m p l e . 
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TABLE 2.7 The H i e r a r c h y o f I n f o r m a t i o n l e v e l s a v a i l a b l e i n ESCA 

(1) A b s o l u t e b i n d i n g e n e r g i e s , r e l a t i v e peak i n t e n s i t i e s , 

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

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

f e a t u r e s , e t c . S h o r t - r a n g e e f f e c t s , l o n g e r - r a n g e e f f e c t s 

i n d i r e c t l y . 

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

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

and r e l a t i v e i n t e n s i t i e s o f c omponents o f ' s i n g l e t and 

t r i p l e t ' o r i g i n . S h o r t and l o n g e r r a n g e e f f e c t s d i r e c t l y . 

( A n a l o g u e o f u v ) . 

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

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

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

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

ment o f a n a l y s e r and X - r a y s o u r c e , v a r y i n g t a k e o f f a n g l e 

b e t w e e n sample and a n a l y s e r p r o v i d e s means o f d i s t i n g u i s h i n g 

s u r f a c e f r o m s u b s u r f a c e and b u l k e f f e c t s . F o r gases 

w i t h v a r i a b l e a n g l e b e t w e e n a n a l y s e r and X - r a y s o u r c e , 

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

B,^ 5^ s y m m e t r i e s o f l e v e l s . 
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TABLE 2.8 S e n s i t i v i t i e s of V a r i o u s A n a l y t i c a l T e c h n i q u e s 

B u l k T e c h n i q u e s Minimum D e t e c t a b l e 
Q u a n t i t y (q) 

I n f r a r e d a b s o r p t i o n 10" -6 

Atomic a b s o r p t i o n 10" -9 10" 2 

Vapour phase chromatography 10" -3 10" 7 

High p r e s s u r e l i q u i d chromotography 10" 6 10" 9 

Mass s p e c t r o s c o p y 10" 9 15 

S u r f a c e T e c h n i q u e s 

ESCA 10" 10 

Neutron a c t i v a t i o n a n a l y s i s 10" 12 

X - r a y f l u o r e s c e n c e 10" 7 

I o n s c a t t e r i n g s p e c t r o m e t r y 10~ 15 

Auger e m i s s i o n s p e c t r o s c o p y 10" 14 

Sec o n d a r y i o n mass s p e c t r o m e t r y 10" 13 
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3.1 I n t r o d u c t i o n 

D e s p i t e the s c i e n t i f i c and t e c h n o l o g i c a l i m p o r t a n c e of 

p o l y c a r b o n a t e s b a s e d on B i s p h e n o l A and t h e numerous i n v e s t i g ­

a t i o n s which have been co n d u c t e d i n a wide v a r i e t y of a r e a s , 
158 

su c h as wide l i n e NMR s t u d i e s of m o l e c u l a r motion and 

p h o t o p h y s i c s of uv d e g r a d a t i o n , 1 5 9 - 1 6 1 t h e f a c t r e m ains t h a t 

t h e r e a r e a number of fundamental q u e s t i o n s which remain con­

c e r n i n g c o n f o r m a t i o n a l p r e f e r e n c e s . 
Most i n v e s t i g a t i o n s have u t i l i s e d t h e r e s u l t s of F l o r y 

162 

and W i l l i a m s ' a n a l y s i s of random c o n f i g u r a t i o n i n p o l y ­

c a r b o n a t e s which c o n c l u d e d t h a t i n s o l u t i o n t h e t r a n s - t r a n s 

c o n f i g u r a t i o n about a g i v e n c a r b o n a t e group was e n e r g e t i c a l l y 

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

groups was l i k e l y t o be s t r o n g l y f a v o u r e d a l t h o u g h no e s t i m a t e 

was p r o v i d e d of t h e l i k e l y b a r r i e r s t o r o t a t i o n of t h e p h e n y l 

groups. On t h e b a s i s of s o l u t i o n phase d a t a t h e t r a n s - t r a n s 

c o n f i g u r a t i o n was e s t i m a t e d t o be ^1.3k c a l m o l e - 1 lower i n 

energy t h a n t h e c i s - t r a n s c o n f i g u r a t i o n . X - r a y s t u d i e s however 

have been i n t e r p r e t e d i n f a v o u r of an e n e r g e t i c p r e f e r e n c e f o r 
16 3 

t h e c i s - t r a n s c o n f i g u r a t i o n i n t h e s o l i d s t a t e . 
164 

Both nmr. and i r s t u d i e s i n d i c a t e t h e d e l i c a t e b a l a n c e 

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

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

and c i s - t r a n s c o n f i r m a t i o n s i n d i c a t e s a r e l a t i v e l y s m a l l e n e r ­

g e t i c p r e f e r e n c e f o r one or o t h e r , depending on t h e s u b s t i t u e n t s . 

The i n t e r e s t i n c h a i n s t a t i s t i c s 1 6 2 ' 1 6 5 has g i v e n r i s e t o 

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

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

moiety i n B i s p h e n o l A b a s e d p o l y c a r b o n a t e s . W h i l s t s t u d i e s 
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of t h i s n a t u r e a r e i m p o r t a n t i n i n t e r p r e t i n g m e c h a n i c a l and 

t h e r m a l p r o p e r t i e s , t h e more i m p o r t a n t a s p e c t of c o n f o r m a t i o n a l 

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

c h e m i c a l r e l a t i o n s h i p between the p h e n y l and c a r b o n a t e g r o u p s . 

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

f o r m a t i o n s of p o l y c a r b o n a t e s , both i n s o l i d s t a t e and i n 

s o l u t i o n , ^ ^ have a l l u d e d t o t h e q u e s t i o n of c o n f o r m a t i o n a l 

p r e f e r e n c e s i n both t h e ground and e x c i t e d s t a t e of B i s p h e n o l A 

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

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

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

t h e a s s i g n m e n t of th e f i r s t e x c i t e d s i n g l e t s t a t e t o an n-+n* 

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

of e x p e r i m e n t a l and t h e o r e t i c a l d a t a w h i c h i s a v a i l a b l e i n t h e 
, , - I T , 5,166,167 l i t e r a t u r e on s i m p l e model s y s t e m s . 

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

t h e o r e t i c a l i n v e s t i g a t i o n of s i m p l e model systems w h i c h goes 

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

da t a which have a r i s e n i n t h e l i t e r a t u r e . The c o m p l e x i t y of 

even t h e s i m p l e s t model f o r c o n f o r m a t i o n a l p r e f e r e n c e i n t h e 

p o l y c a r b o n a t e s y s t e m r u l e s out t h e e x t e n s i v e use of a non-

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

p r e s e n t e d h e r e have m a i n l y u t i l i s e d t h e h i g h e s t l e v e l of se m i -

e m p i r i c a l SCF MO t r e a t m e n t w h i c h has been s p e c i f i c a l l y p a r a ­

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

fo r m a t i o n , c o n f o r m a t i o n a l p r e f e r e n c e s and g e o m e t r i e s , namely 

the MNDO SCF MO d e s c r i b e d by Dewar and T h i e l . 1 6 8 ' 1 6 9 

The work i n t h i s c h a p t e r i n v o l v e s an MNDO SCF MO i n v e s t i g ­

a t i o n of th e r e l a t i v e h e a t s of f o r m a t i o n , c o n f o r m a t i o n a l p r e -
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f e r e n c e s and e x c i t a t i o n e n e r g i e s f o r s i m p l e model s y s t e m s 

which encompass c a r b o n y l , c a r b o x y e s t e r and c a r b o n a t e s t r u c t ­

u r a l f e a t u r e s . The c a l c u l a t i o n s have been e x t e n d e d t o t h e 
170 

n o n - e m p i r i c a l l e v e l (ST0-3G) t o i n v e s t i g a t e i n some d e t a i l 

t h e problems of f l e x i b l e v e r s u s r i g i d r o t a t i o n . 
3.2 T h e o r e t i c a l 

3.2.1 MNDO SCF MO 

In the model chosen f o r t h e p o l y c a r b o n a t e s y s t e m -

d i p h e n y l c a r b o n a t e - t h e number of independent g e o m e t r i c 

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

ence be c a r r i e d out i n i t i a l l y on a model s y s t e m b a s e d on s t a n d ­

a r d bond l e n g t h s and a n g l e s ( i . e . r i g i d r o t a t i o n ) . T h i s 

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

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

v e r y l a r g e b a r r i e r s f o r r o t a t i o n of t h e p h e n y l groups. I t 

became c l e a r from t h i s d a t a t h a t t h e a s s u m p t i o n of f i x e d geo­

m e t r i e s and r i g i d r o t a t i o n was g i v i n g r i s e t o a r t e f a c t s and 

a new a p p r o a c h was t h e r e f o r e i n d i c a t e d . T h i s c o n s i s t e d of 

complete geometry o p t i m i s a t i o n s f o r t r a n s - t r a n s and c i s - t r a n s 

c o n f i g u r a t i o n s of d i m e t h y l c a r b o n a t e . (The c i s - c i s c o n f i g u r ­

a t i o n was not i n v e s t i g a t e d s i n c e t h e comparable c o n f i g u r a t i o n , 

even i n o r t h o g o n a l form, f o r d i p h e n y l c a r b o n a t e i s v e r y much 

h i g h e r i n energy t h a n t h e o t h e r c o n f o r m a t i o n and hence need 

not be c o n s i d e r e d ) . The d e r i v e d c a r b o n a t e group g e o m e t r i e s 

were t h e n employed a s s t a r t i n g p o i n t s f o r geometry o p t i m i s a t i o n s 

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

The number of i n d e p e n d e n t v a r i a b l e s d i c t a t e d t h a t t h e p h e n y l 

group geometry was f i x e d but o p t i m i s a t i o n i n c l u d e d t h e p h e n y l -

c a r b o n a t e group bonds and t h e c a r b o n a t e group i t s e l f . T hese 



75 

o p t i m i s a t i o n s i n d i c a t e d t h a t t h e bond l e n g t h s were e s s e n t i a l l y 

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

from d i m e t h y l t o d i p h e n y l c a r b o n a t e o t h e r t h a n the a n t i c i p a t e d 

change i n bond l e n g t h i n v o l v i n g t h e s u b s t i t u e n t and t h e c a r ­

bonate group i t s e l f . Computations i n v o l v i n g the p l a n a r t r a n s -

t r a n s and o r t h o g o n a l and p l a n a r c i s - t r a n s c o n f i g u r a t i o n s were 

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

bond a n g l e s i n v o l v i n g t h e c a r b o n a t e group. 

The p o t e n t i a l s u r f a c e s f o r t o r s i o n a n g l e s 6 and <J> were 

t h e n i n v e s t i g a t e d f o r both con- and d i s r o t a t i o n of t h e p h e n y l 

groups i n both t r a n s - t r a n s and c i s - t r a n s c o n f o r m e r s , t h e r e ­

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

t h o s e d e t e r m i n e d by o p t i m i s a t i o n a t t h e (0,0,90,90,360,360, 

270,270) p o i n t s . Geometry o p t i m i s a t i o n s a t t h e s e p o i n t s took 

^30 m i n u t e s of cpu time e a c h . To e x t e n d t h e range of t h e 

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

been c a r r i e d out on c i s - t r a n s and t r a n s - t r a n s c o n f i g u r a t i o n s 

i n w h i c h one p h e n y l group has been l o c k e d i n a p l a n a r - and 

t h e o t h e r i n an o r t h o g o n a l - arrangement. The i n t e r c o n v e r s i o n 

of o r t h o g o n a l c i s - t r a n s and t r a n s - t r a n s c o n f i g u r a t i o n s has 

a l s o been i n v e s t i g a t e d a t 30° i n t e r v a l s i n t h e r e l e v a n t r o t a t i o n 

a n g l e . 

Dewar and T h i e l " * " ^ ' have shown, i n a s e r i e s of p a p e r s , 

t h a t MNDO SCF c o m p u t a t i o n s p r o v i d e a s e m i - q u a n t i t a t i v e d e s ­

c r i p t i o n of s t r u c t u r e and c o n f o r m a t i o n a l p r e f e r e n c e i n o r g a n i c 

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

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

p r o t o t y p e system, c o n f o r m a t i o n a l p r e f e r e n c e (H e c l i p s i n g 0 ) , 

r e l a t i v e e n e r g y (^0.5 k c a l mol ) and geometry a r e i n good 
171 

agreement w i t h a v a i l a b l e e x p e r i m e n t a l d a t a . 
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I n o r d e r t o p r o v i d e a comparison of c o n f o r m a t i o n a l 

p r e f e r e n c e i n the ground s t a t e and r e l a t i v e e n e r g i e s of 

e x c i t e d s t a t e s model s y s t e m s encompassing c a r b o n y l and 

car b o x y e s t e r f u n c t i o n a l i t i e s have a l s o been i n v e s t i g a t e d 

and T a b l e 3.1 l i s t s t h e m o l e c u l e s s t u d i e d and t h e c o m p u t a t i o n s 

t h a t have been made. 

TABLE 3.1 L i s t of m o l e c u l e s f o r which MNDO SCF MO 
com p u t a t i o n s have been made 

,, , , Ground E x c i t e d C o n f o r m a t i o n a l R o t a t i o n a l M o l e c u l e „, . . _ , S t a t e S t a t e p r e f e r e n c e b a r r i e r 

D i p h e n y l c a r b o n a t e x x x 

Acetone x x 

Methyl a c e t a t e x x 

Di m e t h y l c a r b o n a t e x x 

The r e l e v a n t e n e r g i e s of the l o w e s t e x c i t e d s i n g l e t and 

t r i p l e t s t a t e s f o r some of t h e model systems have a l s o been 

computed t o p r o v i d e t h e o r e t i c a l d a t a f o r comparison w i t h t h a t 

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

of t h e n a t u r e of t h e e x c i t e d s t a t e s of ^C=0, / C = 0 a n d 

-0 

C=0 f u n c t i o n a l i t i e s . 

ST0-3G 

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

would be i n v o l v e d i n an 'ah initio' s t u d y of d i p h e n y l c a r b o n a t e 

d i c t a t e s t h e use of a somewhat s m a l l e r model f o r B i s p h e n o l A 

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

i g a t e i n g r e a t e r d e t a i l t h e problems of f l e x i b l e v e r s u s r i g i d 

r o t a t i o n . MNDO SCF MO c a l c u l a t i o n s on t h i s s y s t e m have a l s o 

been c a r r i e d out f o r c o m p a r i s o n . 
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The c o m p u t a t i o n a t t h e STO-3G l e v e l were performed u s i n g 
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t h e ATMOL 3 s u i t e of programmes. 

The geometry of p h e n y l c a r b o n i c a c i d a s d i s p l a y e d i n 

F i g u r e 3.6, was based on t h e bond l e n g t h s and a n g l e s p u b l i s h e d 
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by F l o r y and W i l l i a m s i n t h e i r s t u d y of B i s p h e n o l A p o l y ­

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

$ was examined by r o t a t i o n of t h e p h e n y l group from t h e o r t h o ­

g o n a l c o n f i g u r a t i o n (<j>=0) i n 45° i n c r e m e n t s . The com p u t a t i o n 

time f o r e a c h p o i n t was ̂ 25 m i n u t e s and ̂ 90 seconds of cpu time 

a t t h e ST0-3G and MNDO SCF MO l e v e l s r e s p e c t i v e l y . 
3.3 R e s u l t s and D i s c u s s i o n 

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

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

bonate, a c e t o n e , m e t h y l a c e t a t e and d i m e t h y l c a r b o n a t e a t t h e 

MNDO SCF MO l e v e l f i r s t . 

3.3.1 The ground s t a t e of d i p h e n y l c a r b o n a t e 

As i t has been a l r e a d y noted, t h e r e a p p e a r s t o 

have been no p r e v i o u s l y p u b l i s h e d s t u d y which has c o n s i d e r e d 

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

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

ence t o th e d i s c u s s i o n of p h o t o c h e m i c a l t r a n s f o r m a t i o n s . I n 

p r i n c i p l e t h e r e a r e s i x extremes i n c o n f o r m a t i o n i n an energy 

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

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

i n r e s p e c t of th e p l a n e s of th e c a r b o n a t e group and a r o m a t i c 

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

and c i s - c i s c o n f i g u r a t i o n s . S c a l e models - and i n d e e d t h e 

MNDO SCF MO co m p u t a t i o n s t h e m s e l v e s - show t h a t t h e c i s - c i s 

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

c o n f i g u r a t i o n s . S t u d i e s have, t h e r e f o r e , been made as a 

f u n c t i o n of t o r s i o n a n g l e s 6 and <\> as d e f i n e d i n F i g u r e 3.1. 

T R A N S - T R A N S C IS -TRANS 

a 0 0 
I 
c 0 0 0 0 

A H f = - 6 3 - 2 

A H f = - 6 2 - 8 

a o 0 

i 0> I 0 c o 
55-8 A H f 0 0 0 0 

A H t A H f = - 5 3 2 

0 0 P 0 A H f = -LoU 

0 0 

6 o A H f = - 4 5 7 
Energ ies in k c a l mole Energ ies in k c a l mole 

F i g u r e 3.1 Computed h e a t s of f o r m a t i o n (k c a l mole ) f o r 
p l a n a r and o r t h o g o n a l c o n f i g u r a t i o n s of t h e 
c i s - t r a n s and t r a n s - t r a n s c o n f ormers of d i p h e n y l 
c a r b o n a t e 

Computations have been c a r r i e d out c o r r e s p o n d i n g t o i n t e r v a l s 

i n r o t a t i o n i n e i t h e r a c o n r o t a t o r y or d i s r o t a t o r y manner i n 

30° degree i n c r e m e n t s . F o r t h e most s t a b l e c o n f i g u r a t i o n s 

of t h e t r a n s - t r a n s and c i s - t r a n s forms, s t u d i e s have a l s o been 

made of t h e b a r r i e r t o t h e i r i n t e r c o n v e r s i o n - a t o t a l of 35 

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

p r e s e n t s t u d y . 
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The computed h e a t s o f f o r m a t i o n f o r t h e t r a n s - t r a n s and 

c i s - t r a n s c o n f o r m a t i o n s a s a f u n c t i o n of 9 and 41 ( f o r t h e 

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

F i g u r e 3.1. . The most s t a b l e c o n f i g u r a t i o n s f o r both con-

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

i n d i c a t e a s m a l l (0.4 k c a l mole ^) e n e r g e t i c p r e f e r e n c e f o r 

t h e t r a n s - t r a n s form. 

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

^2.7 k c a l mole 1 w i t h r e s p e c t t o t h e c o r r e s p o n d i n g c i s - t r a n s 

and b o t h a r e l o c a t e d a t s u b s t a n t i a l l y h i g h e r energy (^15 and 

17 k c a l mol 1 , r e s p e c t i v e l y ) t h a n the c o r r e s p o n d i n g o r t h o g o n a l 

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

s t a n d a r d bond l e n g t h s and a n g l e s i n a r i g i d r o t a t i o n approxim­

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

of o r t h o g o n a l - compared w i t h p l a n a r - c o n f i g u r a t i o n s n e a r l y an 

o r d e r of magnitude l a r g e r t h a n t h o s e f o r f l e x i b l e r o t a t i o n 

d i s c u s s e d h e r e . 

The d a t a i n F i g u r e 3.2 i n d i c a t e t h e s m a l l e n e r g e t i c i n ­

v o l v e d i n p r o c e e d i n g from o r t h o g o n a l t o p l a n a r forms f o r a 

g i v e n c o n f i g u r a t i o n ( e i t h e r t r a n s - t r a n s or c i s - t r a n s ) f o r 

e i t h e r c o n r o t a t o r y or d i s r o t a t o r y p r o c e s s e s . The d a t a i n 

F i g u r e 3.2 r e l a t e t o a c o n c e r t e d t r a n s f o r m a t i o n of an o r t h o ­

g o n a l t o a p l a n a r t o an o r t h o g o n a l c o n f i g u r a t i o n . T h i s can 

a l s o be c o n s i d e r e d i n terms of a s t e p w i s e p r o c e s s whereby t h e 

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

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

example, t h e d a t a i n F i g u r e 3.1 show t h a t the energy b a r r i e r 

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

i s 7.4 k c a l mole 1 . 
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TRANS, TRANS 

i , — . ,—. , 1 1 i 

0 0 30-0 60-0 90-G 1200 ' 5 0 0 180-0 

Angle of Rotation (degs.) 

F i g u r e 3.2 C r o s s - s e c t i o n s t h r o u g h t h e p o t e n t i a l energy s u r ­
f a c e s r e l a t i n g p l a n a r and o r t h o g o n a l c o n f i g u r a t i o n s 
of c i s - t r a n s and t r a n s - t r a n s c o n f ormers of 
d i p h e n y l c a r b o n a t e . 

F o r t h e c i s - t r a n s c o n f i g u r a t i o n t h e r e i s a s i g n i f i c a n t 

e n e r g e t i c p r e f e r e n c e f o r r o t a t i o n of t h e t r a n s p h e n y l group a s 

opposed t o t h e c i s (6.9 v e r s u s 9.6 k c a l m o l e - 1 ) . The r o t a t i o n 

of t h e o r t h o g o n a l t r a n s p h e n y l group i n t h e c i s p l a n a r c i s -

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

t h e energy b a r r i e r f o r r o t a t i o n of t h e p h e n y l groups i n t h e 

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

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

r o t a t i o n sequence t o i n t e r c o n v e r t o r t h o g o n a l or p l a n a r c o n f i g u r ­

a t i o n s . 
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F i g u r e 3.3 C r o s s - s e c t i o n t h r o u g h t h e p o t e n t i a l e n e r g y s u r f a c e 
r e l a t i n g t h e most s t a b l e ( o r t h o g o n a l ) c o n f i g u r a t i o n s 
of the c i s - t r a n s and t r a n s - t r a n s c o n f ormers of 
d i p h e n y l c a r b o n a t e . 

F i g u r e 3.3 p r e s e n t s a c r o s s - s e c t i o n t hrough t h e p o t e n t i a l 

e nergy s u r f a c e r e l a t i n g t h e most s t a b l e ( o r t h o g o n a l ) c o n f i g u r ­

a t i o n s of t h e t r a n s - t r a n s and c i s - t r a n s c o n f o r m e r s . The 

computed b a r r i e r h e i g h t of 3 k c a l mole ^ i s comparable w i t h 
17 3 

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

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

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

f a c t o r of ^2 d i f f e r e n t (5.9 k c a l mole-"'") and hence i s l e s s 
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s e n s i t i v e t o geometry o p t i m i s a t i o n s t h a n t h a t i n v o l v e d i n 

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

t h e g e o m e t r i c p a r a m e t e r s shows t h a t t h e dominant change i n 

go i n g from t h e o r t h o g o n a l t o p l a n a r c o n f o r m e r s f o r e i t h e r t h e 

t r a n s - t r a n s or t h e c i s - t r a n s c o n f i g u r a t i o n s i s a s u b s t a n t i a l 

i n c r e a s e (^10°) i n t h e C-6-C^ (C.p i n t e r n a l a n g l e s , t h o s e f o r 

t h e c i s - t r a n s c h a n g i n g somewhat more t h a n f o r the t r a n s - t r a n s 

c o n f i g u r a t i o n . 

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

( i ) The t r a n s - t r a n s and c i s - t r a n s c o n f i g u r a t i o n s a r e of 

comparable energy a s a f u n c t i o n of g i v e n v a l u e s of 9 and cj> 

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

forms. 

( i i ) The energy b a r r i e r i n v o l v e d i n i n t e r c o n v e r s i o n of 

c i s - t r a n s and t r a n s - t r a n s o r t h o g o n a l forms i s s m a l l , a t l e a s t 

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

3.3.2 E x c i t e d S t a t e s 

T h e r e have been e x t e n s i v e s t u d i e s both o f t h e c h e m i s t r y 

and p h o t o p h y s i c s of t h e uv i r r a d i a t i o n of B i s p h e n o l A p o l y ­

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

The i n t e r p r e t a t i o n of e x p e r i m e n t a l d a t a has g e n e r a l l y 

s t a r t e d from an assumed t r a n s - t r a n s c o n f i g u r a t i o n f o r t h e r e p e a t 

u n i t and some d i s c u s s i o n has been p r e s e n t e d of t h e l i k e l y n a t u r e 

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

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

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

l i f e t i m e s Gupta et a Z 1 6 0 c o n c l u d e d t h a t t h e i m p o r t a n t e x c i t e d 

s t a t e was t h e l o w e s t s i n g l e t s t a t e and t h a t t h i s was of n->-n* 

c h a r a c t e r . 
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D e t a i l e d e x a m i n a t i o n of e x p e r i m e n t a l d a t a f o r s i m p l e 
5 166 

model sy s t e m s ' sheds some doubt on t h i s a s s i g n m e n t and, 

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

i n t h i s work, t h e r e a l s i t u a t i o n must be c o n s i d e r a b l y more 

complex th a n was o r i g i n a l l y e n v i s a g e d . 

B e f o r e c o n s i d e r i n g t h e t h e o r e t i c a l d a t a i n any d e t a i l i t 

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

c a r b o x y e s t e r and c a r b o n a t e s y s t e m s . T h i s r a i s e s c e r t a i n 

doubts o v e r t h e a s s i g n m e n t of t h e n a t u r e of t h e e x c i t e d s t a t e s 

of p o l y c a r b o n a t e s as has been p r e v i o u s l y p r e s e n t e d i n t h e 
1 - 4 . 4- 1 6 0 

l i t e r a t u r e . 

The n ^ - i l * t r a n s i t i o n s f o r s i m p l e a l k y l s u b s t i t u t e d k e t o n e s , 
5 166 

c a r b o x y e s t e r s and c a r b o n a t e s , o c c u r a t w a v e l e n g t h s <200 nm ' 

and t h u s a r e not of d i r e c t i n t e r e s t i n t h e u v / v i s i b l e photo-

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

The l o n g e s t w a v e l e n g t h t r a n s i t i o n f o r s i m p l e k e t o n e s and 

ca r b o x y e s t e r s a r i s e s from n + n * e x c i t a t i o n and t h e e f f e c t of 

r e p l a c i n g a s i m p l e a l k y l s u b s t i t u e n t by an a l k o x y group i n 

go i n g from a k e t o n e t o an e s t e r i s t o s h i f t t h e n-*n* t r a n s i t i o n 

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

l o w e r i n g i n energy of t h e l o n e p a i r (n) l e v e l of t h e c a r b o n y l 

group. Indeed, i n s p e c t i o n of t h e r e l e v a n t e i g e n v a l u e s ( F i g u r e 

3 . 4 ( a ) ) r e v e a l s t h a t i n t h e s e r i e s a c e t o n e , methyl a c e t a t e and 

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

n - o r b i t a l w i t h a c o n c o m i t a n t i n c r e a s e i n energy of t he h i g h e s t 

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

b e i n g p r e d o m i n a n t l y o f >C=0 n * c h a r a c t e r . I n t h e p a r t i c u l a r 

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

d e g e n e r a t e and t h e p o s s i b i l i t y e x i s t s , t h e r e f o r e , t h a t t h e l o w e s t 
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e x c i t e d s t a t e of t h e c a r b o n a t e group i s n->n* i n c h a r a c t e r . 
174 

Indeed, t h e UPS d a t a on d i m e t h y l c a r b o n a t e , as opposed t o 

s i m p l e c a r b o n y l compounds and ca r b o x y e s t e r s , show t h i s t r e n d 

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

a l l y and t he computed o r b i t a l e n e r g i e s of ^11.4 eV compare 

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

a t i o n p o t e n t i a l s of ^11.1 eV ( c f . F i g u r e 3 . 4 ( a ) ) . I t may be 

i n f e r r e d , t h e r e f o r e , t h a t i n an o r t h o g o n a l c o n f i g u r a t i o n of 

d i p h e n y l c a r b o n a t e t h e o r d e r i n g of t h e n,n and n * c a r b o n a t e 

group o r b i t a l s would be analogous t o t h o s e f o r an a l k y l c a r b o n a t e , 

E x t e n s i v e s t u d i e s have been made of t h e l o w e s t e x c i t e d s t a t e s 

of s u b s t i t u t e d benzenes"*' 1 6 6
 a n ( 3 i n a d d i t i o n , UPS st u d i e s 1 " ^ " * 

have a l s o been made of t h e l o w e s t i o n i s a t i o n p o t e n t i a l s . The 

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

of t h e s e d a t a a r e as f o l l o w s : 

( i ) The h i g h e s t o c c u p i e d o r b i t a l s of n symmetry (a„ , b ) 
n n 

i n m o n o s u b s t i t u t e d benzenes ( l o c a l s Y m m e t r y ) a r e e x p e c t e d t o 

be ^1.5eV t o h i g h e r energy ( l o w e r i o n i s a t i o n p o t e n t i a l ) com­

p a r e d w i t h an n-type o r b i t a l i n a c a r b o n a t e group. 

( i i ) The l o w e s t u n o c c u p i e d o r b i t a l s i n a m o n o s u b s t i t u t e d 

benzene a r e s i g n i f i c a n t l y l ower i n energy t h a n t h a t f o r t h e 

l o w e s t n * - o r b i t a l i n a c a r b o n a t e group. 

( i i i ) The f i r s t n-m * s i n g l e t s t a t e f o r a Ph-O-R s y s t e m 

i s a t s u b s t a n t i a l l y l o n g e r w a v e l e n g t h s (^280nm), tha n t h e l o n g e s t 

w a v e l e n g t h t r a n s i t i o n f o r s i m p l e c a r b o n a t e s . 
0 

( i v ) F o l l o w i n g p o i n t s ( i ) t o ( i i i ) , l i t t l e r u n * (0-C-O) 

c h a r a c t e r would be a n t i c i p a t e d f o r t h e l o w e s t e x c i t e d s t a t e of 

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

and t h i s i s i n c o n t r a s t t o d i s c u s s i o n s w h i c h have been p r e s e n t e d 

i n t h e l i t e r a t u r e . 1 5 9 ' 1 6 0 
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To s u b s t a n t i a t e t h i s s i m p l e a n a l y s i s , e s s e n t i a l l y b a s e d 

on a v a i l a b l e e x p e r i m e n t a l d a t a , c o m p u t a t i o n s have been c a r r i e d 

out on t h e l o w e s t e x c i t e d s i n g l e t and t r i p l e t s t a t e s of s i m p l e 

model sy s t e m s encompassing t h e c a r b o n y l , c a r b o x y e s t e r and 

c a r b o n a t e s t r u c t u r a l f e a t u r e s . The r e l e v a n t d a t a a r e shown 

i n F i g u r e 3 . 4 ( b ) . C o n s i d e r i n g t h i s f i r s t a c e t o n e , t h e s m a l l 

energy s p l i t t i n g between t h e t r i p l e t and s i n g l e t s t a t e s r e v e a l s 

t h e n->-n* n a t u r e of t h e l o w e s t e x c i t e d s t a t e and t h i s i s con­

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

n 

ACETONE METHYL DIMETHYL 
ACETATE CARBONATE 

0) 

o u 
^ 9 0 
</> 
UJ 

£ 80 
UJ 
z 
UJ 

z 701 
O 

f| 60| 

SINGLET 

TRIPLET 
/ / 

/ • 

ACETONE METHYL DIMETHYL 
ACETATE CARBONATE 

la) (b) 

F i g u r e 3.4 HOMOs and LUMOs f o r model s y s t e m s ; a c e t o n e , m e t h y l 
a c e t a t e and d i m e t h y l c a r b o n a t e (a) and computed 
e n e r g i e s f o r n->ll* s i n g l e t and t r i p l e t (b) . 
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I n a b s o l u t e t e r m s t h e c a l c u l a t e d t r a n s i t i o n e n e r g i e s a r e i n 

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

s i n g l e t s t a t e i s co m p u t e d t o be ^80 k c a l m o l e ^ above t h e 

g r o u n d s t a t e , t h e s i n g l e t t r i p l e t s e p a r a t i o n b e i n g ^9 k c a l 

m o l e \^'-'-66 p r o g r e s s i v e s h i f t on g o i n g f r o m a c e t o n e t o 

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

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

f o r c o n f i g u r a t i o n i n t e r a c t i o n ( C I ) , w h i c h i s so i m p o r t a n t f o r 

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

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

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

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

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

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

f o r t h e model s y s t e m s shown i n F i g u r e 3.4 a r e h i g h l y r e v e a l i n g . 

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

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

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

p e r c e n t a g e >C=0 n* c h a r a c t e r . A l t h o u g h t h e HOMO i s r i n g 

n - t y p e , t h e i n - p l a n e i n t e r a c t i o n b e t w e e n t h e n - t y p e , t h e i n -

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

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

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

I l - o r b i t a l . F o r t h e o r t h o g o n a l c o n f i g u r a t i o n s , however, t h e 

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

o r b i t a l and t h e HOMOs, by a w i d e e n e r g y m a r g i n , a r e r i n g n - t y p e 

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

r i n g s y s t e m s l e a d s t o LUMOs f r o m w h i c h t h e >C=0 n* c h a r a c t e r 

has a l l b u t d i s a p p e a r e d . To summ a r i s e , t h e r e f o r e , t h e t h e o r e t ­

i c a l d a t a and t h e a v a i l a b l e e x p e r i m e n t a l d a t a p o i n t s t r o n g l y t o 
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a d e s c r i p t i o n o f t h e l o w e s t e x c i t e d s t a t e as b e i n g r i n g n->-n* 

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

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

l i t e r a t u r e and i n p a r t i c u l a r t h e r e a p p e a r s t o be l i t t l e j u s t i f i c 

a t i o n f o r t h e c l a i m " * " ^ ' t h a t i n t h e o r t h o g o n a l t r a n s - t r a n s 

c o n f i g u r a t i o n t h e n->-n* s t a t e w o u l d p r o b a b l y be a t h i g h e r 

e n e r g y t h a n f o r t h e n-*IT* s t a t e . The e x p e r i m e n t a l d a t a on 

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

p o i n t s s t r o n g l y t o IT^ I I * e x c i t e d s t a t e s o f r i n g c h a r a c t e r . 

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

p a t h w a y p r o p o s e d i n t h e l i t e r a t u r e , - ^ 9 - 1 6 1 ^ j ^ j - j f r o m s c a l e 

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

a t i o n s . As a f u r t h e r p o i n t o f i n t e r e s t i t may be n o t e d t h a t 

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

s t r o n g l y C ( p h e n y l ) - 0 a n t i - b o n d i n g , t h e LUMO i n v o l v e s an e s s e n t ­

i a l l y n o n - b o n d i n g i n t e r a c t i o n a c r o s s t h e C ( p h e n y l ) - 0 bonds and 

has s i g n i f i c a n t >C=0 n* c h a r a c t e r . T h i s s u g g e s t s t h a t t h e 

e x c i t e d s t a t e may w e l l have l e s s o f an e n e r g e t i c p r e f e r e n c e f o r 

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

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

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

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

o u t l i n e d s c h e m a t i c a l l y i n F i g u r e 3.5. 

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

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

MNDO SCF l e v e l r e v e a l e d t h a t b a r r i e r s t o r o t a t i o n i n t h i s s y s t e m 

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

r i g i d as o p p o s e d t o f l e x i b l e r o t a t i o n . I t i s , t h e r e f o r e , o f 

i n t e r e s t t o i n v e s t i g a t e t h e p r o b l e m s o f f l e x i b l e v e r s u s r i g i d 
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Possible nature of the ground and excited hypersurfaces 

for polycarbonates 

Excited 
State 

Ground 

State 

t rans-trans 
or 

cis - trans 

F i g u r e 3.5 P o s s i b l e n a t u r e o f t h e g r o u n d and e x c i t e d s t a t e 
o f d i p h e n y l c a r b o n a t e i n d i c a t i n g a p r e f e r r e d o r t h o ­
g o n a l c o n f i g u r a t i o n f o r t h e g r o u n d s t a t e a nd a 
p l a n a r c o n f i g u r a t i o n f o r t h e e x c i t e d s t a t e . 

r o t a t i o n i n somewhat more d e t a i l . As p r e v i o u s l y d i s c u s s e d , 

an 1 a b initio' s t u d y o f d i p h e n y l c a r b o n a t e w o u l d n o t be f e a s i b l e 

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

t h e r e f o r e , p h e n y l c a r b o n i c a c i d was u t i l i s e d as t h e model f o r 

t h e i n v e s t i g a t i o n o f r i g i d r o t a t i o n a t t h e ST0-3G and MNDO SCF 

l e v e l s . 

The e n e r g i e s as a f u n c t i o n o f r o t a t i o n a n g l e <f> c o mputed 

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

t h e n o n - e m p i r i c a l ST0-3G and MNDO SCF l e v e l s w i t h i n t h e r i g i d 

r o t a t i o n a p p r o x i m a t i o n a r e d i s p l a y e d i n F i g u r e 3.6. I t i s c l e a r 
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F i g u r e 3.6 Changes i n e n e r g y on r o t a t i o n o f t h e p h e n y l g r o u p 
i n p h e n y l c a r b o n i c a c i d as p r e d i c t e d by c o m p u t a t i o n s 
a t t h e STO-3G and MNDO SCF l e v e l s ( A l s o shown i s 
t h e g e o m e t r y u s e d i n t h e c a l c u l a t i o n s . 

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

h o w e v e r , t h e MNDO t r e a t m e n t s u g g e s t s a b a r r i e r t o r o t a t i o n a 

f a c t o r o f ̂ 2 h i g h e r t h a n f o r t h e 'ab initio' c o m p u t a t i o n . Com 

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

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

o f t h e s u b s t i t u e n t a t t h e o t h e r o x y g e n ( v i z . t h e b a r r i e r t o 

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

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

o t h e r oxygen). 
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The c o m p u t e d f l e x i b l e b a r r i e r t o r o t a t i o n f o r d i p h e n y l 

c a r b o n a t e may be us e d as a b a s i s f o r e s t i m a t i n g t h e f l e x i b l e 

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

o f t h i s w i t h t h e r i g i d b a r r i e r t o r o t a t i o n ( v i z . ^9 k c a l m o l e ^ 

v e r s u s ^55 k c a l mole ^) shows t h e g r e a t d a n g e r o f a s s u m i n g 

r i g i d r o t a t i o n . C o m p a r i s o n w i t h t h e ' ab initio' r e s u l t s d o e s , 

h o w e v e r , show t h a t t h e MNDO c o m p u t a t i o n s may w e l l i n any ca s e 

o v e r e s t i m a t e t h e b a r r i e r s by a f a c t o r o f ̂ 2 . I f t h i s i s t h e 

c a s e t h e n an 'ab initio' s t u d y o f t h e b a r r i e r t o f l e x i b l e 

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

t o r o t a t i o n f o r e a c h p h e n y l g r o u p o f ̂ 5 k c a l m o l e ^. I t 

w o u l d seem l i k e l y t h a t f o r s u c h s y s t e m s 'ab initio' s t u d i e s even 

a t t h e m i n i m a l ST0-3G l e v e l may n o t be r e a l i s t i c i n t e r m s o f 

c o m p u t a t i o n a l e x p e n s e and s t o r a g e r e q u i r e m e n t s . A c o m b i n ­

a t i o n o f f l e x i b l e r o t a t i o n s t u d i e d a t t h e MNDO SCF l e v e l and 

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

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

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

3.3.4 O r b i t a l E n e r g i e s 

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

d i m e t h y l c a r b o n a t e i n S e c t i o n 3.3.2 p o i n t e d t o t h e f a c t t h a t 

t h e >C=0 n o r b i t a l i s p r o g r e s s i v e l y d e s t a b l i s e d and t h e n-

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

and t h e n c e t o a c a r b o n a t e . The 'ab initio' s t u d y r e v e a l s t h i s 

r a t h e r w e l l a n d T a b l e 3.2 shows a c o m p a r i s o n o f t h e o r b i t a l 

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

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

o r b i t a l i s r i n g n * w i t h e s s e n t i a l l y n o n - b o n d i n g C,-0" c h a r a c t e r . 
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TABLE 3.2 N o n - e m p i r i c a l (STO-3G) o r b i t a l e n e r g i e s f o r t h e 
h i g h e s t o c c u p i e d o r b i t a l s o f p h e n y l c a r b o n i c a c i d . 
A l s o shown f o r c o m p a r i s o n a r e t h e d a t a f r o m t h e 
MNDO 

O r b i t a l E n e r g y 
(eV) 

SCF s t u d y . 

D o m i n a n t C o m p o s i t i o n 
C^-0" b o n d i n g 
c h a r a c t e r i s t i c 

ST0-3G MNDO 

8.5 9 . 2 R i n g b l n , 0" a n t i b o n d i n g 

9.2 9.4 R i n g a 2 n -

9.3 10. 3 n -

10.9 12 . 5 >c=o n -

The l o w e s t e x c i t e d s t a t e i s t h e r e f o r e n->-n* and t h e r e m o v a l 

o f .the a n t i b o n d i n g C^-0" i n t e r a c t i o n i s l i k e l y t o ca u s e a 

s t r o n g change i n g e o m e t r y on e x c i t a t i o n . The m a i n d i f f e r e n c e 

b e t w e e n t h e ST0-3G and MNDO SCF t r e a t m e n t s a r i s e s i n t h e 

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

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

A l t h o u g h s t r i c t o-Jl s e p a r a b i l i t y does n o t o b t a i n f o r t h e 

45° a n d 90° c o n f o r m e r s i t i s s t i l l p o s s i b l e t o a n a l y s e t h e 

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

c a r b o n a t e II and n t y p e o r b i t a l s . On t h i s b a s i s t h e m a i n 

change i n o r b i t a l e n e r g y s eguence i n g o i n g f r o m t h e p l a n a r t o 

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

o f t h e r i n g II and n t y p e o r b i t a l s a nd d e s t a b i l i s a t i o n o f t h e 

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

l o c a l s y m m e t r y a r e s t i l l , h o w e ver, r i n g n + n * i n n a t u r e . 

The 'ab initio' c o m p u t a t i o n s a l s o a l l o w a c o m p a r i s o n t o 

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

w i t h t h e p r o v i s o t h a t r e l a x a t i o n e n e r g y changes w i l l be s l i g h t l y 

d i f f e r e n t f o r d i f f e r e n t s i t e s w i t h i n t h e m o l e c u l e . A s s u m i n g 
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Koopmans 1 Theorem, t h e c o m p u t e d s h i f t s i n g o i n g f r o m t h e 

r i n g C-H c a r b o n s t o t h e c a r b o n s i n g l y bonded t o o x y g e n and 

t h a t o f t h e c a r b o n a t e g r o u p a r e 0 t o 2.2 t o 5.7 eV w h i c h 

compares v e r y f a v o u r a b l y t o t h e o b s e r v e d s h i f t s f o r C-̂ s l e v e l s 

i n B i s p h e n o l A p o l y c a r b o n a t e s o f 0 t o 1.6 eV t o 6.0 eV as 
, . , 176,177 p r e v i o u s l y n o t e d . 

3.3.5 C o n c l u s i o n s 

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

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

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

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

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

c a r b o n y l , c a r b o x y e s t e r and c a r b o n a t e s t r u c t u r a l f e a t u r e s shows 

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

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

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

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

t h a t t h e e n r g y o f t h e n->IT* t r a n s i t i o n moves t o s h o r t e r wave-
0 

l e n g t h s a c r o s s t h e s e r i e s i n g o i n g f r o m >C=0 t o -0-C-0- s t r u c t ­

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

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

s t a t e f o r o r t h o g o n a l c o n f i g u r a t i o n s c o r r e s p o n d s t o Jl->-n* e x c i t ­

a t i o n ( A r - 0 - ) f o r t h e n + n * s t a t e s a r e a t h i g h e r e n e r g y . W h i l s t 

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

f u n c t i o n o f t h e r o t a t i o n a n g l e s 6 and <j> ( c f . F i g u r e 3.2) t h e 

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

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

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

e x c i t e d s t a t e ( F i g u r e 3 . 5 ) . The c o n s e q u e n t F r a n c k Condon 

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



o f t h e p h o t o p h y s i c s d a t a -

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

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

The 1 ab initio' c o m p u t a t i o n s on p h e n y l c a r b o n i c a c i d 

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

f o r m a l i s m a t t h e s e m i - e m p i r i c a l l e v e l w h ere t h e b a r r i e r s 

r o t a t i o n a r e o v e r e s t i m a t e d by a f a c t o r o f ^ 2 . 



CHAPTER FOUR 

THE PHOTOAGING OF BISPHENOL A POLYCARBONATE - PART I I 

SURFACE ASPECTS OF THE PHOTODEGRADATION OF 

BISPHENOL A POLYCARBONATE I N OXYGEN AND NITROGEN 

ATMOSPHERES AS REVEALED BY ESCA 
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4.1 I n t r o d u c t i o n 

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

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

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

have f o r t h e most p a r t n o t been s u b j e c t t o d e t a i l e d s c r u t i n y 

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

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

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

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

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

b u l k . From t h e s c h e m a t i c o u t l i n e i n F i g u r e 4.1 i t s h o u l d be 

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

a c t i v e g a s e s ( e . g . NC^, S 0 2 ' ^3 d e n o t e d by R) i n t h e a t m o s p h e r e 

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

r a d i a t i o n w i l l a l s o be a t t h e s u r f a c e . ( I t i s w o r t h w h i l e 

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

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

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

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

s a m p l e ) . 

I n s y s t e m s c o n t a i n i n g a d d i t i v e s (P) w h i c h m i g h t w e l l enhance 

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

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

i n r e a c t i o n . I t i s c o n c e i v a b l e , however, t h a t i n s p e c i f i c 

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

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

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

h ad a h i g h s u r f a c e a r e a t o v o l u m e r a t i o ( e . g . a f i l m ) . 
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Photochemical Degradation of 
Polymers 

R \ ° 2 

/ / / / / ; / / / / / / / / / / / / / / / / / / / SURFACE 
p \ BULK 

a) MODEL STUDIES 
Wavelength, photon flux, partial pressure of oxygen 

b) Natural weathering 

F i g u r e 4,1 The p h o t o c h e m i c a l d e g r a d a t i o n o f p o l y m e r s ; t h e 
i m p o r t a n c e o f s u r f a c e s . 

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

t o d a t e h a ve p r i m a r i l y i n v o l v e d m o n i t o r i n g b u l k c h e m i s t r y , 1 0 ' 1 

49-51 
h o w e v e r , C l a r k and c o - w o r k e r s have shown how ESCA may be 
a p p l i e d t o t h e s t u d y o f s u c h r e a c t i o n s i n c l u d i n g w e a t h e r i n g a t 

52 

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

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

p h o t o d e g r a d a t i o n o f B i s p h e n o l A p o l y c a r b o n a t e w e re c o n s i d e r e d 

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

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

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

n i t r o g e n a t m o s p h e r e s a t w a v e l e n g t h s >290 nm. 
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The m a j o r i t y o f t h e i n v e s t i g a t i o n s r e p o r t e d i n t h e 

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

have i n v o l v e d s o l u t i o n p h ase s t u d i e s " ' " ^ ' a t w a v e l e n g t h s 

<290 nm and a r e t h u s n o t s t r i c t l y r e l e v a n t t o t h e s o l i d s t a t e 

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

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

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

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

v o l v e d i n s e t o u t i n F i g u r e 4.2. E v i d e n c e has been p r e s e n t e d 

f o r t h e d o m i n a n t r o l e o f p h o t o - F r i e s r e a r r a n g e m e n t s by b o t h 

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

CH3 n CH3 

CH3 < v CH3 

FIRST SINGLET STATE 
QUENCHING STUDSES 
LOW QUANTUM YIELD OF FLUORESCENCE (<005) 
LONG RADIATIVE LIFE TIME(>10"\) 
LOW INTERSYSTEM CROSSING RATE 

PHOTO OXIDATION 

PHOTO-FRIES 

F i g u r e 4.2 D a t a on t h e n a t u r e o f t h e e x c i t e d s t a t e s i n v o l v e d 
i n t h e p h o t o d e q r a d a t i o n o f B i s p h e n o l A p o l y c a r b o n a t e 
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Ranby and Rabek 10 a l s o e m p h a s i s e s t h e i m p o r t a n c e o f p h o t o -

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

r e p o r t e d by F a c t o r and Chu 178 s u g g e s t t h a t p h o t o o x i d a t i v e 

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

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

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

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

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

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

t h i s t i m e . 

4.2 E x p e r i m e n t a l 

The m a i n e m p h a s i s o f t h i s c h a p t e r has been t o i n v e s t i g a t e 

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

f i l m s (^25 ym) i n d u c e d by i r r a d i a t i o n w i t h u l t r a v i o l e t l i g h t 

a t w a v e l e n g t h s g r e a t e r t h a n 290 nm i n o x y g e n and n i t r o g e n 

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

s t e e l r e a c t o r has been c o n s t r u c t e d ( F i g u r e 4 . 3 ) , e n a b l i n g p o l y m e r 

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

on an ESCA p r o b e by means o f d o u b l e s i d e d S c o t c h t a p e , so t h a t 

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

Samples w e r e i r r a d i a t e d w i t h t h e o u t p u t o f a H a n o v i a 500W 

medium p r e s s u r e Hg a r c lamp, f i l t e r e d v i a a p y r e x window 

(A>290nm), t h e a p p r o p r i a t e gas i s a l l o w e d t o f l o w c o n t i n u o u s l y 

t h r o u g h t h e r e a c t o r d u r i n g e x p o s u r e ( 1 0 . C . C . m i n . _ 1 ) p r e v e n t i n g 

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

e n h a n c i n g o r r e t a r d i n g t h e r e a c t i o n . T h i s non s t a t i c e n v i r o n ­

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

i n g c o n d i t i o n s ( e . g . t h e e f f e c t o f w i n d ) t h a n a t o t a l l y c l o s e d 

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



polymer sample 

ESCA probe 
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Zero path length 
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70mm conf lat f langes 
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UV window 

(plan) 

O H — > - 5 0 0 W med pressure Hanovia lamp. 

•opt ica l bench 

REACTION CHAMBER FOR MODEL PHOTO OXIDATION 

STUDIES 

F i g u r e 4.3 S c h e m a t i c o f r e a c t i o n chamber us e d f o r model 
o x i d a t i o n s t u d i e s o f p o l y m e r s . 

i r r a d i a t i o n s y s t e m . The t e m p e r a t u r e may be e l e v a t e d t o ^100°C 

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

l i g h t i n t e n s i t y may be v a r i e d by a l t e r i n g t h e d i s t a n c e b e t w e e n 

t h e s a m p l e and t h e lamp. 

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

t h e s a mple j u s t b e y o n d t h e s e c o n d O ' r i n g i n t h e r e a c t o r and 

f l u s h i n g t h e w h o l e s y s t e m w i t h o x y g e n o r n i t r o g e n f o r 20 m i n u t e s . 

The lamp was a l l o w e d t o warm up f o r 15 m i n u t e s p r i o r t o p l a c i n g 

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

C o n t r o l e x p e r i m e n t s h ave shown t h a t no o b s e r v a b l e changes c a n 

be d e t e c t e d i n t h e ESCA s p e c t r a d u r i n g t h e p r e p a r a t o r y s t a g e . 
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A f r e s h s a mple was u s e d f o r e a c h e x p o s u r e . The dosage o f 

t h e i n c i d e n t r a d i a t i o n was d e t e r m i n e d by m o n i t o r i n g t h e ch a n g e s 

i n a b s o r b a n c e a t 330nm o f B i s p h e n o l A p o l y s u l p h o n e f i l m s as 
40-4 2 

has been p r e v i o u s l y d e s c r i b e d by D a v i s at al. T y p i c a l 

p h o t o n f l u x e s e m p l o y e d i n t h e s e s t u d i e s a r e d i s p l a y e d i n F i g u r e 4.4 

Lamp intensities > 290 nm 

(monitored at 330 nm by polysulphone 

Hanovia 50 cms 

500 Med pressure Bans 
Lamp 

whm"2 h"1 

5 7 

52-5 

whm - 2 d" 1 

Equivalent times 

15mins = 90mins PERME, 5/.mins JTTRE 

PERME 
(June) 

JTTRE 
(Australia) 
(October) 

15 

15mins at 18cms gave same charge at 

330nm as 2 days in Dhahram t Saudi Arabia 

(September) 

F i g u r e 4.4 P h o t o n f l u x d a t a f o r lamp c o n f i g u r a t i o n s e m p l o y e d 
i n t h e m o d e l p h o t o o x i d a t i o n s t u d i e s . F o r 
c o m p a r i s o n p u r p o s e s , p h o t o n f l u x e s f o r n a t u r a l 
w e a t h e r i n g a r e a l s o i n c l u d e d . 

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

t h e e n v i r o n m e n t ; i t i s w o r t h w h i l e n o t i n g a t t h i s s t a g e t h a t 

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

r a d i a t i o n and a l s o t h e d i s t r i b u t i o n o f w a v e l e n g t h s i s somewhat 
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d i f f e r e n t f o r t h a t of a mercury lamp ( c f . C h a p t e r One). The 

main e f f e c t of t h i s i s t h a t t h e i n t e n s i t y o f s h o r t e r wave­

l e n g t h s ( c a . 310nm) a r e l o w e r i n th e environment. 

I t i s n ot p o s s i b l e from t h e C, and 0, p r o f i l e s t o 
I s I s ^ • 

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

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

c o n v e r t t h e s e groups t o s u l p h a t e s by th e d i r e c t r e a c t i o n w i t h 
179 

S 0 2 and m o n i t o r i n g t h e S^^ c o r e l e v e l a t a b i n d i n g energy 

of ^169.2 eV t o o b t a i n some degree of e v a l u a t i o n . I r r a d i a t e d 

s a m p l e s were p l a c e d , i m m e d i a t e l y a f t e r e x p o s u r e , i n t o a purex 
_3 

v e s s e l w h i c h was t h e n e v a c u a t e d t o ̂ 10 t o r r . The v e s s e l 

was t h e n l e t up t o an a t m o s p h e r i c p r e s s u r e of SO2 (B.D.H. 

C h e m i c a l s ) and l e f t f o r 20 minutes b e f o r e a n a l y s i s . 

ESCA s p e c t r a were r e c o r d e d on AE I ES200B and K r a t o s ES300 

s p e c t r o m e t e r s u s i n g Mg k a and T i ^ r a d i a t i o n r e s p e c t i v e l y . Unde 

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

p e c t i v e f u l l w i d t h a t h a l f maximums ( f o r Mg k a r a d i a t i o n ) f o r 

t h e A u 4 f 7 / , 2 l e v e l a t 84.0eV, used f o r c a l i b r a t i o n were 1.2 and 

1.1 eV. S p e c t r a were d e c o n v o l u t e d and i n t e g r a t e d u s i n g a 

DuPont 310 c u r v e r e s o l v e r . B i n d i n g e n e r g i e s were r e f e r e n c e d 

t o t h e h y d r o c a r b o n component a t 285.OeV. 
4.3 R e s u l t s and D i s c u s s i o n 

4.3.1 I n t r o d u c t i o n 

The main emphasis of t h i s c h a p t e r has been t o 

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

l e n g t h s >290nm. The r e s u l t s i n t h i s and su b s e q u e n t s e c t i o n s 

employed t h e s t a i n l e s s s t e e l r e a c t o r d e s c r i b e d i n S e c t i o n 4.2. 

The i n v e s t i g a t i o n s i n v o l v e d i r r a d i a t i o n s i n both oxygen and 

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

UBRM" 



102 

by ESCA a s f u n c t i o n s of l i g h t i n t e n s i t y and e x p o s u r e t i m e and 

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

c o n s i d e r t h e i r r a d i a t i o n s i n oxygen and n i t r o g e n atmospheres 

s e p a r a t e l y and t h e n t o draw c o m p a r i s o n s between them. 

4.3.2 R e a c t i o n s i n Oxygen 

(a) S t u d i e s a s a f u n c t i o n of l i g h t i n t e n s i t y and 
i r r a d i a t i o n t ime 

As a s t a r t i n g p o i n t f o r t h e i n v e s t i g a t i o n of changes i n 

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

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

v a r y i n g p e r i o d s of time a t t h e l o w e s t photon f l u x employed 
-2 -1 

( i . e . 5.7 Whm h ) . The ESCA d a t a shown i n F i g u r e 4.5 a r e 

POLYCARBONATE IRRADIATED IN 0 2 
2 u-1 X>290nm L = 5 7 w h m ' h ' T = 1 8 ° C 

V 6lv 

\ 
1 

3N-

O-Shr 

0-25n 2f» 7 

293 291 289 287 265 263 537 535 533 531 293 251 289 287 2«5 283 537 535 533 531 

BINDING ENERGY leVI 

F i g u r e 4.5 C, =/0, (Mg, ) as a f u n c t i o n of i r r a d i a t i o n t i m e 
xs i s K O C ^ 2 

f o r p o l y c a r b o n a t e s a m p l e s i r r a d i a t e d i n an oxygen 
atmosphere (Io=5.7Whm-2h-l) 



103 

d i s t i n c t i v e and r e v e a l t h e e x t e n s i v e changes i n s u r f a c e 

c h e m i s t r y under t h e s e e x p e r i m e n t a l c o n d i t i o n s . S t a r t i n g from 

a C, p r o f i l e showing f o u r components c o r r e s p o n d i n g i n i n -

c r e a s i n g e n e r g y t o C-H, C-0, O-C-0 and n + Jl* shake-up compon­

e n t s ( a t 285.0, ^286.5, ^290.8 and ^292 eV r e s p e c t i v e l y ) , t h e 

C, p r o f i l e r a p i d l y i n c r e a s e s i n c o m p l e x i t y w i t h e x t r a compon-

e n t s o r i g i n a t i n g from C=0 and 0-C=0 f u n c t i o n a l i t i e s . The 

0 ^ g s i g n a l s t a r t i n g from a 2:1 d o u b l e t , c o r r e s p o n d i n g t o t h e 

two t y p e s of oxygen en v i r o n m e n t i n v o l v i n g t h e c a r b o n a t e group, 

i n c r e a s e s i n r e l a t i v e i n t e n s i t y and a f t e r a p e r i o d of 6 h ours 

i r r a d i a t i o n t h e two components a r e of comparable i n t e n s i t y . 

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

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

o c c u r r e d . T h i s i s more r e a d i l y a p p a r e n t from a c o m p a r i s o n of 

t h e 0, and C, i n t e n s i t y r a t i o s and from a c o n s i d e r a t i o n of I s I s 
t h e r e l a t i v e p r o p o r t i o n of t h e s i g n a l a r i s i n g from c a r b o n s 

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

F i g u r e 4.6. I t i s c l e a r from t h i s t h a t t h e p h o t o - F r i e s r e ­

arrangement c a n n o t r e p r e s e n t t h e main c o n t r i b u t i o n t o t h e photo-

d e g r a d a t i v e p r o c e s s . At an e l e c t r o n t a k e o f f a n g l e of 30°, 

95% of t h e C, s i g n a l i n t e n s i t y d i s p l a y e d i n F i g u r e 4.5 o r i g i n -X s 
0 

a t e s from t h e o u t e r m o s t M5A. By employing a v a r i a b l e t a k e - o f f 

a n g l e and more p a r t i c u l a r l y by g o i n g t o a h a r d e r X - r a y s o u r c e 
180 

(e . g . T i k a ) s a m p l i n g depth ^120A, i t may be shown t h a t t h e 

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

a p p a r e n t from t h e s u b s t a n t i a l changes i n 0, and C, c o r e l e v e l s 
X S X s 

t a k e n w i t h a T i ^ X - r a y s o u r c e as i s e v i d e n t from F i g u r e 4.7. 

The d i s t i n c t i v e 1:2 d o u b l e t of t h e unexposed C^s s p e c t r u m i s 

l o s t a f t e r 16 h o u r s ' e x p o s u r e where t h e C. l e v e l h a s a broad 
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POLYCARBONATE IRRADIATED IN 0 2 (X>290nm) 10 = S-Twhm^h"1 T=18°C ^ 
o 

I 3fc 
3 % OXIDISED C A R B O N 5/3 

IOte 
40 z Ic 

/ 
30 

20 

10 

IRRADIATION TIME (HOURS) 

F i g u r e 4.6 O, /C, i n t e n s i t y r a t i o s and p e r c e n t a g e o x y genated 
-L S X S — — — 

f e a t u r e s d e f i n e d from C, l e v e l s f o r p h o t o o x i d i s e d 
J- s 

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

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

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

t o draw a c o m p a r i s o n berween the r e l a t i v e ° i s / c ^ s i n t e n s i t y 

r a t i o s f o r t h e s p e c t r a o b t a i n e d w i t h Mg^a and T i ^ r a d i a t i o n . 

T h i s d a t a i s shown i n T a b l e 4.1 f o r t h e % oxygen uptake a f t e r 
-2,-1 

O, 2 and 16 h o u r s i r r a d i a t i o n a t a photon f l u x of 5.7Whm h 
i t i s r e a d i l y a p p a r e n t t h a t t h e r e a c t i o n s o c c u r r i n g a t t h e 

o 
s u r f a c e (%45A) a r e more r a p i d t h a n t h o s e i n t h e s u b s u r f a c e 
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F i g u r e 4.7 c l s and l e v e l s ( T i k ) f o r p o l y c a r b o n a t e and 
p o l y c a r b o n a t e i r r a d i a t e d i n an oxygen atmosphere 
( I o = 5,7Whm~ 2h" 1) 
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(^120A) a l t h o u g h t h e e x t e n t o f both i s s i m i l a r a f t e r 16 h o u r s 

e x p o s u r e . 

TABLE 4.1 Comparison of t h e % oxygen uptake a s d e t e r m i n e d 
from t h e 0, /C, i n t e n s i t y r a t i o s f o r T i > and I s I s _ jVx 
Mg^ s p e c t r a 

I r r a d i a t i o n t i m e % oxygen uptake 
(ho u r s ) T i k Mg k 

0 0 0 

2 48 110 

16 200 212 

I t has been shown t h a t oxygen s u b s t i t u e n t e f f e c t s on 

t h e C-. c o r e h o l e s t a t e s p e c t r a can be t r e a t e d i n terms of an I s ^ 
186 18 7 

a d d i t i v e model. ' The e x t e n s i v e background d a t a a l l o w s 

a c h e m i c a l l y u nique a n a l y s i s of complex C ^ s (and l i n e 

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

i n F i g u r e 4.8 

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

from t h e component a n a l y s i s f o r t h e s p e c t r a i n F i g u r e 4.5 d i s ­

p l a y e d i n F i g u r e 4.8. The C-H component (p h e n y l group o t h e r 

t h a n c a r b o n d i r e c t l y a t t a c h e d t o oxygen and gem-dimethyl group) 

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

w h i l s t t h e C-0, C=0 and 0-C=0 f u n c t i o n a l i t i e s i n c r e a s e i n 

i n t e n s i t y . The n + n * component i n t e n s i t y d e c r e a s e s and t h i s 

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

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

gem-dimethyl n o i e t y . The c a r b o n a t e s t r u c t u r a l f e a t u r e d e c r e a s e s 

i n i n t e n s i t y but s t a b i l i z e s a t a low p e r c e n t a g e c o n t r i b u t i o n t o 

t h e o v e r a l l s t r u c t u r e . T h i s i n f a c t a p p e a r s t o be a g e n e r a l 
181 182 

f e a t u r e of t h e p h o t o - o x i d a t i o n and i n d e e d plasma o x i d a t i o n 

of a r o m a t i c p o l y m e r s . 
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POLYCARBONATE IRRADIATED IN 0 2 (x>290nm) I 0 = 5-7 whm" 2^ T=tfc 

70 

60 
C-H 

50 

20 

IP /O 

10 

•eSHMCIF 

6 
IRRADIATION TIME (HOURS) 

F i g u r e 4.8 Component c o n t r i b u t i o n s t o C, l i n e p r o f i l e f o r 
J- s 

t h e c o r e l e v e l s p e c t r a d i s p l a y e d i n F i g u r e 4.5 
f o r p h o t o o x i d i s e d p o l y c a r b o n a t e . 

F o r comparison p u r p o s e s F i g u r e 4.9 shows t h e c o r e l e v e l 

s p e c t r a f o r p o l y c a r b o n a t e f i l m s i r r a d i a t e d f o r v a r y i n g t i m e s 
-2 —1 

a t a h i g h e r photon f l u x of 52.5 Whm h . A c a s u a l p e r u s a l 

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

a t i o n f o r a g i v e n i r r a d i a t i o n time compared t o t h e lo w e r photon 

f l u x . 

The component a n a l y s i s shown i n F i g u r e 4.10 r e v e a l s t h e 

same t r e n d w i t h a much h i g h e r b u i l d up of C-0 and 0-C=0 s t r u c t ­

u r a l f e a t u r e s a t an e a r l i e r s t a g e t h a n f o r t h e lo w e r lamp i n t e n s i t y . 

I t i s i n t e r e s t i n g t o note t h a t an e q u i l i b r i u m s u r f a c e s t r u c t u r e 
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F i g u r e 4.9 C and 0 l e v e l s (Mgu ) f o r p o l y c a r b o n a t e I s I s a l , 2 
f i l m s i r r a d i a t e d i n an oxygen atmosphere 
( I o 52.5 Whm h ) 
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POLYCARBONATE IRRADIATED IN 0 2 , I 0 = 52-5 whrrf2 h"1 9 = 30° 

\ 70 

60 
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0 
60 30 TIME (MINUTES) 15 

F i g u r e 4.10 Component c o n t r i b u t i o n s t o C, l i n e 
J. s 

p r o f i l e s f o r t h e c o r e l e v e l s p e c t r a 
d i s p l a y e d i n F i g u r e 4.9 
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seems t o be e s t a b l i s h e d a f t e r ^1 hour of i r r a d i a t i o n a t 
-2 -1 

52-5 Whm h whereas o x i d a t i v e f u n c t i o n a l i s a t i o n i s s t i l l 
i n t h e p r o c e s s of b e i n g b u i l t up a t t h e l o w e r photon f l u x 

-2 -1 

(5.7 Whm h ) ov e r t h e same p e r i o d . From a C:0 s t o i c h i o -

metry f o r t h e i n i t i a l polymer f i l m of 1:0.19 a f t e r 1 h o u r ' s 

i r r a d i a t i o n t h e oxygen c o n t e n t has r i s e n by ^30% i n t h e c a s e 

of t h e lower l i g h t i n t e n s i t y but by a f a c t o r of ^300% f o r t h e 

h i g h e r i n t e n s i t y . 

I t i s of i n t e r e s t t o draw a comp a r i s o n i n terms of com­

ponent f u n c t i o n a l i t y d i s t r i b u t i o n and oxygen uptake f o r com­

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

h i g h e r and lo w e r lamp i n t e n s i t i e s and t h i s i s shown i n T a b l e 4.2 
TABLE 4.2 Comparison of C, components and oxygen uptake f o r 

J. S 
comparable t o t a l f l u x e s r e c e i v e d by p o l y c a r b o n a t e 
f i l m s i r r a d i a t e d a t h i g h and low photon f l u x e s 

L a m p T o t a l P 
I n t e n s i t y ^ u a x 0-C=0 0-C-O II-HI* 0, /C, 
(Whm-2 h-l) C l s 1 3 1 3 

52.5 
100 51 22 7 17 2 1 0.85 

(20 m i n u t e s ) 

5.7 
100 56 20 7 14 2 1 0.59 

(3 h o u r s ) 

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

i n t h e l e v e l of c a r b o x y l a t e f u n c t i o n a l i t y and hence t o t a l oxygen 

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

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

i n t h e n e x t s e c t i o n . 

(b) S u r f a c e H y d r o p e r o x i d e f o r m a t i o n 

I t i s not p o s s i b l e t o d i r e c t l y i n t e r r o g a t e t h e C, and 0, 



I l l 

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

p e r o x i d e (R-OOH) s t r u c t u r a l f e a t u r e s . T h i s can, however, 

be a c c o m p l i s h e d by s e l e c t i v e c h e m i c a l t r a n s f o r m a t i o n t o 
179 

s u l p h a t e groups by d i r e c t i o n w i t h SC^, and t h i s i s schemat­

i c a l l y shown i n F i g u r e 4.11. With a knowledge o f i n s t r u m e n t a l l y 

dependent r e s p o n s e f a c t o r s and t h e d i s t i n c t i v e b i n d i n g e n e r g i e s 

f o r t h e s u l p h a t e group i n t h e S^^ c o r e l e v e l p h o t o e m i s s i o n i t 

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

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

f e a t u r e s i n B i s p h e n o l A p o l y c a r b o n a t e by u s e of t h i s t e c h n i q u e 
178 

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

h e r e i s a t t r i b u t a b l e t o two main r e a s o n s : 

Detection of Surface Hydroperoxide 

H 

•SO,H 
0 

0 SO CH, CH, 
0 > 7 £ < 0 > 0 - C - 0 - < S - c - o < < _ > 

CH CH, CH 

/ / / / / / / / / / / /// / / / / 
Detection change in C s / o s S J e levels 

(difficult at low levels) 169 ev BE 

distnctive for - SOtH 

no evidence for adsorbed 

S 0 2 - 167-5 ev 

F i g u r e 4.11 Scheme f o r t h e d e t e c t i o n of s u r f a c e h y d r o p e r o x i d e s 
by c o n v e r s i o n t o s u l p h a t e g r o u p s . 
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( i ) The i n h e r e n t s u r f a c e s e n s i t i v i t y o f t h e ESCA 

t e c h n i q u e . 

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

s amples under h i g h vacuum c o n d i t i o n s o b v i a t e s any 

c o n f u s i o n w h i c h might a r i s e from s t r a i g h t f o r w a r d 

p h y s i s o r p t i o n of SC^. T h i s has been i n d e p e n d e n t l y 

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

t o t h e same t r e a t m e n t . T h i s g i v e s r i s e t o a low 

l e v e l of f u n c t i o n a l i s a t i o n a s i s e v i d e n t from t h e 

c o r e l e v e l s p e c t r a i n F i g u r e 4.12 and t h e d a t a 

i n F i g u r e 4.13. 

The s p e c t r a i n F i g u r e 4.12 r e v e a l two c h e m i c a l e n v i r o n ­

ments c e n t r e d a t b i n d i n g e n e r g i e s of ^169*2 and 168.0 eV i n d i c ­

a t i v e of s u l p h a t e and s u l p h o n e groups. The p r e s e n c e of s u l p h o n e 

f u n c t i o n a l i t i e s may a t f i r s t appear t o be s u r p r i s i n g but, on 

c o n s i d e r a t i o n of t h e number of l o n g l i v e d r a d i c a l s i t e s l i k e l y t o 

be p r e s e n t i n t h e polymer a f t e r e x p o s u r e t o uv r a d i a t i o n , t h e 

uptake of SO2 by t h e s e s i t e s t o form s u l p h o n e s i s not u n f e a s i b l e . 

The t e c h n i q u e i s of n e c e s s i t y of a s e m i - q u a n t i t a t i v e n a t u r e s i n c e 

i t t a k e s no a c c o u n t of any d a r k r e a c t i o n . T h i s i s t h e f i r s t 

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

have been s t u d i e d by ESCA and t h e t e c h n i q u e , f i r s t a p p l i e d t o 

t h e s t u d y of p o l y c a r b o n a t e p h o t o o x i d a t i o n has been extended t o 

p o l y s t y r e n e and p o l y p h e n y l e n e o x i d e p h o t o o x i d a t i o n ( s e e C h a p t e r s 

Seven and N i n e ) . 

The d i r e c t m o n i t o r i n g of -0-0-H s t r u c t u r a l f e a t u r e s by 

d i r e c t d e r i v a t i z a t i o n by r e a c t i o n w i t h SO2 i s v e r y r e v e a l i n g 

and F i g u r e 4.13 shows d a t a f o r f i l m s exposed o v e r g i v e n p e r i o d s 

of t i m e a s a f u n c t i o n of two d i f f e r e n t lamp i n t e n s i t i e s . Con­

s i d e r i n g f i r s t l y t h e l o w e r photon f l u x ( F i g u r e 1 4 . 3 ( a ) ) t h e 
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POLYCARBONATE IRRADIATED IN 0 
lo = 52-5whm-2h"1 9=30 

15 60 

10 30 

TIME IN MINUTES 

20 

levels 2p 

1 15 

K i 

1-5 
15 

169 167 165 173 171 165 169 167 173 171 

BINDING ENERGY (eV) 

F i g u r e 4.12 S„ c o r e l e v e l s f o r p h o t o o x i d i s e d p o l y c a r b o n a t e 
f i l m s exposed t o SO 



POLYCARBONATE IRRADIATED IN 0 2 ( \ > 2 9 0 n m I 0 = 57whm" 2 h- \ T=18C ) 

7 07 

0-6 / C=0 

/ 0-5 
L U C-OOH 
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IRRADIATION TIME (HOURS) 

POLYCARBONATE IRRADIATED IN 0 2 ; I 0 = 52-5 w h m 2 h _ 1 & = 3 0 ° 
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F i g u r e 4.13 C=Q, -COOH and n + n * shake-up components f o r p o l y -
c a r b o n a t e s a m p l e s i r r a d i a t e d i n oxygen a t photon 
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h y d r o p e r o x i d e i s s e e n t o b u i l d up t o a maximum over a p e r i o d 

of f o u r h o u r s and t h e n d e c l i n e s . T h e r e i s t h u s an i n d u c t i o n 

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

f o l l o w s t h a t f o r t h e h y d r o p e r o x i d e . The d r a m a t i c e f f e c t of 

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

F i g u r e s 1 4 . 3 ( a ) and ( b ) . I n t h i s c a s e t h e maximum i n h y d r o ­

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

so t h a t t h e i n d u c t i o n p e r i o d i s not e v i d e n t . The d e c r e a s e i n 

n + n * shake-up i s a l s o c l e a r l y e v i d e n t r e v e a l i n g t h a t photo-

o x i d a t i o n a l s o i n v o l v e s o x i d a t i o n of t h e a r o m a t i c r i n g s y s t e m s . 

(c) S u r f a c e C h e m i s t r y a s a f u n c t i o n o f Temperature 

A d i s t i n c t i v e f e a t u r e of n a t u r a l a s opposed t o model photo-

d e g r a d a t i o n s t u d i e s i s t h e c y c l i c v a r i a t i o n not o n l y i n photon 

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

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

f o r p o l y c a r b o n a t e i r r a d i a t e d i n an oxygen atmosphere as a 

f u n c t i o n of t e m p e r a t u r e have been c a r r i e d o u t . 

Samples have been s t u d i e d a t t h r e e d i f f e r e n t t e m p e r a t u r e s 

(30°, 50° and 70°C) f o r v a r y i n g i r r a d i a t i o n t i m e s w i t h a photon 
-2 -1 

f l u x of 52.5 Whm h and t h e r e l e v a n t d a t a a r e d i s p l a y e d i n 

T a b l e 4.3. The p e r c e n t a g e i n c r e a s e i n °is/c±s i n t e n s i t y r a t i o 

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

s m a l l , p r o b a b l y as a r e s u l t of t h e b a l a n c e between r a t e p r o ­

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

low m o l e c u l a r w e i g h t m a t e r i a l s from t h e s u r f a c e . ( I t was p r e ­

v i o u s l y n o t ed i n S e c t i o n 4 . 3 ( a ) t h a t an e q u i l i b r i u m s u r f a c e 

c o m p o s i t i o n seems t o be formed a f t e r a g i v e n i r r a d i a t i o n t i m e 

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

t e m p e r a t u r e ) . 
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The d a t a i n T a b l e 4.3 r e v e a l s t h a t t h e d i f f e r e n c e between 

t h e components f o r d i f f e r e n t t e m p e r a t u r e s a s an i n d i c a t o r 

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

r a d i a t i o n i n c r e a s e s . At low dosage, however, t h e main d i f f e r ­

ence i n g o i n g from 30° t o 50° a p p e a r s t o be t h e i n c r e a s e i n 

c a r b o x y l a t e f u n c t i o n a l i t i e s produced ( c f . d a t a f o r 5 m i n u t e s ' 

e x p o s u r e ) . The d a t a i n d i c a t e s much s m a l l e r d i f f e r e n c e s between 

samples exposed a t 50° and 70°C t h a n between samples a t 30° and 

50°C. The C ^ s components f o r s a m p l e s exposed f o r 10 m i n u t e s 

a t 30°C show a c l o s e s i m i l a r i t y t o t h o s e exposed a t 70°C f o r 

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

of t e m p e r a t u r e . 

The e x t r a n e o u s i n f r a r e d component i n t h e lamp e m i s s i o n 

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

i n t e n s i t i e s . T h i s amounts t o e q u i l i b r i u m t e m p e r a t u r e s under 

t h e c o n d i t i o n s of dynamic gas f l o w of 18°C and 30°C r e s p e c t i v e l y 
-2 -1 

f o r photon f l u x e s of 5.7 and 52.5 Whm h , ambient t e m p e r a t u r e 

b e i n g 17°C. The c o n v o l u t i o n of t h e s m a l l t e m p e r a t u r e dependence 

and t h e uv dosage e f f e c t s a r e i n d i c a t e d i n F i g u r e 4.14 w h i c h 

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

f u n c t i o n of dosage f o r a f i x e d t i m e p e r i o d of e x p o s u r e (15 

m i n u t e s ) . 
4.3.3 R e a c t i o n s i n N i t r o g e n 

The i n v e s t i g a t i o n s d e s c r i b e d above i n d i c a t e t h a t 

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

B i s p h e n o l A p o l y c a r b o n a t e and a s a c o m p a r i s o n s a m p l e s have been 

i r r a d i a t e d i n a n i t r o g e n atmosphere. 

The C l g and 0 l s c o r e l e v e l s p e c t r a f o r s a m p l e s 
-2 -1 

i r r a d i a t e d a t an i n t e r m e d i a t e dosage (^30 Whm h ) i n a n i t r o g e n 
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POLYCARBONATE IRRADIATED IN 0 , FOR 15 MINUTES 
AS A FUNCTION OF U.V DOSAGE 180 

150 

120 

2 90 
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10 20 30 £0 50 

UV DOSAGE (whm- 2 h" 1) 

F i g u r e 4.14 % i n c r e a s e i n ° i s / c ^ s i n t e n s i t y r a t i o s f o r 
p o l y c a r b o n a t e samples i r r a d i a t e d i n oxygen 
a s a f u n c t i o n of uv dosage. ( A l s o shown i s 
t h e sample t e m p e r a t u r e a s f u n c t i o n of uv d o s a g e ) . 

atmosphere a r e d i s p l a y e d i n F i g u r e 4.15. Comparison w i t h t h e 

c o r e l e v e l s p e c t r a ( F i g u r e 4.5) f o r samples i r r a d i a t e d i n oxygen 
-2 -1 

a t much lo w e r l e v e l s of photon f l u x (5.7 Whm h ) r e v e a l s t h e 

s t r i k i n g i n f l u e n c e of t h e h i g h p a r t i a l p r e s s u r e of oxygen a t 

t h e polymer s u r f a c e . I t i s c l e a r from t h e d a t a i n F i g u r e 4.15 

t h a t t h e r e i s a low l e v e l of oxygen uptake f o r t h e sample i r r a d ­

i a t e d i n n i t r o g e n and t h e component a n a l y s i s i n F i g u r e 4.16 p r o ­

v i d e s an immediate i n d i c a t i o n o f t h e d i f f e r e n c e s i n o x i d a t i v e 

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

oxygen. The n+n* shake-up s a t e l l i t e r e m a i n s r o u g h l y c o n s t a n t 

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



r s i 
Cn i n 

LO 

I D cn 

co i cO 

LP an C M 

cn 

0 0 
CSJ 

Cn CO 0 ) 10 rsi 

cn cn CM to Csl rsi 

> CD 
o >-
cn O m rr UJ 
rsj UJ cn i n 

a 
ro z LP CD 

CO 
cn UJ i n 

ro O cn CO cn 

o ro CO 

i n CO 

CO 

cn CO 
fNJ 

cn 
r s j 

cn cn 
i n 

cn 

F i g u r e 4.15 and 0, l e v e l s (Mg^ ) as a f u n c t i o n of 
a l , 2 

9 

i r r a d i a t i o n t i m e f o r p o l y c a r b o n a t e s a m p l e s 
i r r a d i a t e d i n n i t r o g e n atmosphere. 
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POLYCARBONATE IRRADIATED IN N 2 (X < 290nm) 
I 0 ~ 30 whm-2 h'1 

80 

79 

12 

10 I(% 

8 

0 
120 60 30 

IRRADIATION TIME (MiHUTES) 

F i g u r e 4.16 Components of t h e C^ s l e v e l s f o r p o l y c a r b o n a t e 
i r r a d i a t e d i n a n i t r o g e n atmosphere. 

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

c a r b o x y l a t e i n t e n s i t y i n c r e a s e s and t h i s i s most r e a d i l y 

accommodated by a p h o t o - F r i e s r e a r r a n g e m e n t mechanism. T h e r e 

i s a s m a l l c o n t r i b u t i o n from >C=0 s t r u c t u r a l f e a t u r e s s u g g e s t i n g 

a low l e v e l of o x i d a t i o n of t h e gem-dimethyl groups presumably 

a r i s i n g from a low l e v e l of d i s s o l v e d oxygen i n t h e polymer f i l m . 

T h i s p r o v i d e s a s o l i d s t a t e a n a logue of t h e s o l u t i o n phase photo­

c h e m i s t r y s t u d i e s w h i c h have r e c e i v e d so much a t t e n t i o n i n t h e 

l i t e r a t u r e , 1 6 1
 a n ( j w h i c h a l s o i n v o l v e s a p h o t o - F r i e s r e ­

arrangement s i n c e t h e l e v e l o f d i s s o l v e d oxygen i s a l s o low. 

The low degree of oxygen u p t a k e f o r t h e s a m p l e s i r r a d i a t e d i n 

n i t r o g e n i s a l s o shown by co m p a r i s o n of t h e r e l a t i v e i n t e n s i t i e s 
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of t h e 0^ g and l e v e l s and t h i s i s d i s p l a y e d i n F i g u r e 4.17. 

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

a n i t r o g e n atmosphere i s somewhat below t h a t f o r s a m p l e s i r r a d ­

i a t e d a t a much lo w e r dosage i n oxygen. T h i s d i f f e r e n c e i s 

h i g h l i g h t e d by c o m p a r i s o n of oxygen u p t a k e a t i d e n t i c a l uv 

dosages f o r 15 m i n u t e s . The p o i n t t o t h e top l e f t hand c o r n e r 

of F i g u r e 4.17 shows t h e oxygen u p t a k e f o r a sample i r r a d i a t e d 

i n oxygen. Whereas t h e sample i r r a d i a t e d i n a n i t r o g e n atmos­

phere shows l i t t l e oxygen u p t a k e t h a t i n oxygen shows ^100% 

i n c r e a s e . 

® POLYCARBONATE IRRADIATED IN N 
30 whnrr2h-1 (X>290nm) I 

0 
1 I = 5-7whm4H-

0-30 

10,, 
IC 

0-25 

0-20 

120 60 30 15 

TIME (MINUTES) 

F i g u r e 4.17 ° i s / c i s i n t e n s i t y r a t i o s a s a f u n c t i o n of i r r a d ­
i a t i o n time f o r p o l y c a r b o n a t e i n a n i t r o g e n atmosphere, 
a l s o shown a r e t h e c o r r e s p o n d i n g r a t i o s f o r i r r a d ­
i a t i o n i n oxygen. 
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4.3.4 C o n c l u s i o n s 

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

samples i r r a d i a t e d i n t h e p r e s e n c e or a b s e n c e of oxygen r e v e a l s 

t h e i m p o r t a n t c o n t r i b u t i o n p r o v i d e d by p h o t o o x i d a t i o n i n t h e 

p h o t o d e g r a d a t i o n of B i s p h e n o l A p o l y c a r b o n a t e . The range o f 

o x i d a t i v e f u n c t i o n a l i t i e s produced under t h e c o n d i t i o n s employed 

i n t h e s e s t u d i e s and i n p a r t i c u l a r t h e l a r g e oxygen u p t a k e and 

l o s s of a r o m a t i c c h a r a c t e r a r e a l l c o n s i s t e n t w i t h a photo-

d e g r a d a t i v e pathway i n w h i c h o x i d a t i o n s of both t h e gem-dimethyl 

groups and t h e a r o m a t i c r i n g s y s t e m s a r e i m p o r t a n t . The r o l e 

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

r e g i o n s of t h e polymer c l o s e t o t h e s u r f a c e where t h e p a r t i a l 

p r e s s u r e of oxygen i s h i g h . The s u r f a c e r e a c t i o n s may p o s s i b l y 

be r e p r e s e n t e d by t h e scheme i n F i g u r e 4.18. The mechanism 

by w h i c h a r o m a t i c r i n g o x i d a t i o n t a k e s p l a c e i s s t i l l unknown. 
l 

The p o s s i b l e i n v o l v e m e n t of s i n g l e t oxygen ( 0^) i n a r i n g 

opening r e a c t i o n (as has been s u g g e s t e d by Ranby and Rabek f o r 
206 

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

178 

t h e scheme o u t l i n e d by F a c t o r and Chu who by c o n t r a s t s t u d i e d 

t h e b u l k phase a f t e r e x t e n ded i r r a d i a t i o n p e r i o d s a t e l e v a t e d 

t e m p e r a t u r e s . The r e s u l t s p r e s e n t e d i n t h i s c h a p t e r show t h a t 

s u c h r e a c t i o n s o c c u r i n t h e s u r f a c e r e g i o n s a t ambient temper­

a t u r e s and a t r e l a t i v e l y low uv d o s a g e s . 
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O J *RC=0 

F i g u r e 4.18 S c h e m a t i c o f t h e main p h o t o d e q r a d a t i v e 
pathways f o r p o l y c a r b o n a t e . 
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CHAPTER F I V E 

THE PHOTOAGING OF BISPHENOL A POLYCARBONATE - PART I I I 

SURFACE AND BULK ASPECTS OF THE NATURAL AND A R T I F I C I A L 

PHOTODEGRADATION OF BISPHENOL A POLYCARBONATE 

AS REVEALED BY ESCA AND DIFFERENCE UV SPECTROSCOPY 
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5.1 I n t r o d u c t i o n 

The i n v e s t i g a t i o n s i n C h a p t e r Four r e v e a l e d t h a t o x i d a t i v e 

pathways, as opposed t o t h e main r o l e i n t h e p h o t o d e g r a d a t i o n 

w h i c h had been p r e v i o u s l y a s s i g n e d t o p h o t o - F r i e s r e a r r a n g e m e n t s , 

a r e of p r i m a r y i m p o r t a n c e i n t h e uv i n d u c e d d e g r a d a t i o n of 

B i s p h e n o l A p o l y c a r b o n a t e . These s t u d i e s have shown t h a t t h e r e 

a r e marked d i f f e r e n c e s i n s u r f a c e c h e m i s t r y dependent on t h e 

p a r t i a l p r e s s u r e of oxygen, however, t h e i r r a d i a t i o n s a t wave­

l e n g t h s >290 nm have been c o n f i n e d t o e x p o s u r e s i n e i t h e r p u r e 

n i t r o g e n o r oxygen e n v i r o n m e n t s . 

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

ment i s dependent i n t h e most p a r t on both t h e s o l a r r a d i a t i o n 

and r e l a t i v e h u m i d i t y , s t u d i e s have been c a r r i e d out t o s t u d y 

t h e changes i n s u r f a c e c h e m i s t r y of B i s p h e n o l A p o l y c a r b o n a t e 

f i l m s as a f u n c t i o n i n t e r a l i a o f : 

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

( i i ) P a r t i a l p r e s s u r e of oxygen, from a c o m p a r i s o n of 

i r r a d i a t i o n s i n oxygen, n i t r o g e n and a i r ; 

( i i i ) D i f f e r e n c e s a s s o c i a t e d w i t h s t a t i c and dynamic 

gas f l o w . 

I n C h a p t e r One t h e i m p o r t a n c e of n a t u r a l w e a t h e r i n g s t u d i e s , 

t o o b t a i n r e a l d a t a on t h e s t a b i l i t y of polymers i n t h e n a t u r a l 

environment, was d i s c u s s e d . ' A c c e l e r a t e d ' or ' a r t i f i c i a l ' 

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

(fundamental and/or a p p r o x i m a t i o n s of n a t u r a l e x p o s u r e s ) i n 

th e p h o t o d e g r a d a t i o n of p o l y m e r i c s y s t e m s , however, c a r e must 

be t a k e n i n t h e e x t r a p o l a t i o n of d a t a i n t h e p r e d i c t i o n of 

n a t u r a l w e a t h e r i n g p e r f o r m a n c e . T h e r e f o r e samples have been 

exposed t o n a t u r a l w e a t h e r i n g a t s i t e s of h i g h uv i n t e n s i t y 
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and t h e d a t a compared w i t h t h a t o b t a i n e d from model s t u d i e s . 

5.2 E x p e r i m e n t a l 

(a) Model S t u d i e s 

h u m i d i t y on t h e s u r f a c e p h o t o o x i d a t i o n (A>290nm) of B i s p h e n o l A 

p o l y c a r b o n a t e , a graded s e a l p y r e x window was a t t a c h e d t o a 

p y r e x d e s s i c a t o r ( F i g u r e 5 . 1 ) . By p l a c i n g s i l i c a g e l (10% R.H.) 

or t h e r e q u i s i t e amount of d i s t i l l e d w a t e r (100% R.H.) i n a 

p e t r i d i s h as shown i n F i g u r e 5.1, t h e r e l a t i v e h u m i d i t y i n s i d e 

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

K30ym) were t h e n a l l o w e d t o e q u i l i b r i a t e f o r 1 hour b e f o r e 

To f a c i l i t a t e t h e s t u d y of t h e i n f l u e n c e of r e l a t i v e 

HANOVIA 500W Hg LAMP 

hu 

\ 

GRADED SEAL 
PYREX WINDOW 

(X>290nm) 

SAMPLE 

WIRE MESH 
PETRI DISH 

[Containing Silica Gel(lO%R.H.) 
or Distil led Water (100%R.H.)] 

F i g u r e 5.1 S c h e m a t i c of r e a c t o r u s e d f o r r e l a t i v e h u m i d i t y 
s t u d i e s . 
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e x p o s u r e t o t h e out p u t of a 500W medium p r e s s u r e Hg a r c 

lamp f o r v a r i o u s p e r i o d s of t i m e . The i n c i d e n t photon f l u x 

was 20Whm ^h , measured as p r e v i o u s l y d e s c r i b e d i n C h a p t e r Four. 

The c o n d i t i o n s of t h e e x p e r i m e n t p e r t a i n t o a s t a t i c a i r 

environment and f o r comp a r i s o n samples were a l s o exposed t o 

s t a t i c and dynamic oxygen and dynamic e n v i r o n m e n t s i n t h e 

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

P o l y c a r b o n a t e f i l m s were a l s o exposed t o t h e o u t p u t of 

a P h i l i p s 25W B l a c k lamp Umax ^360nm) i n a i r a t ̂ 50% R.H. 
-2 -1 

The photon f l u x a t ̂ 20mm from t h e lamp was 0.24 Whm h 

I t i s not p o s s i b l e from t h e C, and 0, p r o f i l e s t o * I s I s * 
d i r e c t l y d e l i n e a t e t h e f o r m a t i o n of s u r f a c e h y d r o x y l (C-OH) 

h y d r o p e r o x i d e and e t h e r s t r u c t u r a l f e a t u r e s which change t h e 

0, /C, i n t e n s i t y r a t i o s i n d i f f e r e n t manners. To f a c i l i t a t e I s I s 2 

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

c o n v e r t t h e s e groups t o f l u o r i n a t e d e s t e r s by t h e d i r e c t r e -
183 

a c t i o n w i t h t r i f l u o r a c e t i c a n h y d r i d e . I r r a d i a t e d s a m p l e s 
_3 

were e v a c u a t e d t o ^10 t o r r and t h e n exposed t o t h e vapour of 

t r i f l u o r o a c e t i c a n h y d r i d e f o r 15 m i n u t e s . P r e l i m i n a r y e x p e r i ­

ments on Phenoxy r e s i n ^ (Ph-C (CH 3) 2-Ph-0-CH 2-CHOH-CH 2-0}- n 

i n d i c a t e d t h a t t h i s e x p o s u r e time i s more tha n s u f f i c i e n t t o 
o 

l a b e l t h e C-OH groups c o m p l e t e l y a t a depth of ^50A, ( t h e 

approximate s a m p l i n g depth of t h e ESCA e x p e r i m e n t employing 

Mg^^ r a d i a t i o n ) . From a knowledge of t h e a p p r o p r i a t e s e n s i t ­

i v i t y f a c t o r s t h e p r o p o r t i o n of C-OH groups i n t h e s u r f a c e may 

be d e t e r m i n e d from t h e r e l a t i v e F, /C, i n t e n s i t y r a t i o s . The 
I s ' I s 1 

l a b e l l i n g t e c h n i q u e a l s o p r o d u c e s d i s t i n c t i v e CF^ components 

i n t h e C^ g e n v e l o p e w h i c h p r o v i d e a r e f e r e n c e f o r t h e F ^ s / C i s 

r a t i o . 
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(b) N a t u r a l W e a t h e r i n g 

I n o r d e r t o o b t a i n d a t a on t h e n a t u r a l w e a t h e r i n g o f 

p o l y m e r s , s i t e s o f e x p o s u r e b e s t s u i t e d t o t h i s purpose s h o u l d 

have a h i g h uv i n t e n s i t y and/or r e l a t i v e h u m i d i t y . P o l y ­

c a r b o n a t e samples were t h e r e f o r e exposed a t t h r e e d i f f e r e n t 

l o c a t i o n s . 

F o r e x t e n d e d p e r i o d s o f e x p o s u r e (6, 12 and 24 months), 

sampl e s , k i n d l y s u p p l i e d by Dr. A. D a v i s (PERME, Waltham Abbey), 

were t a k e n from two l o c a t i o n s i n A u s t r a l i a a t a 45° p l a n e f a c i n g 

t h e e q u a t o r . The s i t e s , J o i n t T r o p i c a l R e s e a r c h U n i t (JTRU), 

I n n i s f a i l , Q u e e n s l a n d and JTRU, C l o n c u r r y , Q u e e n s l a n d c o r r e s ­

pond t o Hot/Wet and Hot/Dry e n v i r o n m e n t s . 

F o r i n f o r m a t i o n p e r t a i n i n g t o t h e i n i t i a l s t a g e s of de­

g r a d a t i o n , p o l y c a r b o n a t e f i l m s were exposed, by c o u r t e s y of 

Dr. J . P e e l i n g , d u r i n g May and June 1981, i n a h o r i z o n t a l c o n ­

f i g u r a t i o n 12 f e e t above t h e ground, i n Dhahran, S a u d i A r a b i a . 

As t h i s l o c a t i o n i s s i t u a t e d on t h e G u l f C o a s t t h e r e l a t i v e 

h u m i d i t y t e n d s t o be h i g h . 

D i f f e r e n c e u v / v i s i b l e s p e c t r a were r e c o r d e d on a Unicam 

SP800 u v / v i s i b l e s p e c t r o m e t e r u s i n g unexposed p o l y c a r b o n a t e 

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

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

ESCA s p e c t r a were o b t a i n e d on an A E I ES200B s p e c t r o m e t e r 

employing Mg^^ ^ r a d i a t i o n . I t i s i n t e r e s t i n g t o note t h a t 

f o r samples (unexposed and exposed) t a k e n from 100% R.H. showed 

no e v i d e n c e i n t h e c o r e l e v e l a n a l y s i s f o r p h y s i - s o r b e d w a t e r , 

a l t h o u g h t h e s e samples took l o n g e r t o pump down t o b e t t e r t h a n 

10 * t o r r i n t h e i n s e r t i o n l o c k of t h e s p e c t r o m e t e r t h a n t h o s e 

from 10% R.H. I n t e g r a t i o n of s p e c t r a was a c c o m p l i s h e d on a 
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Dupont 310 c u r v e r e s o l v e r . The A u 4 f l e v e l u s e d f o r 
7/2 

c a l i b r a t i o n p u r p o s e s had a fwhm of 1.15eV. B i n d i n g e n e r g i e s 

were r e f e r e n c e d t o t h e C-H l e v e l a t 285.OeV. S p e c t r a were 

r e c o r d e d a t an e l e c t r o n t a k e - o f f a n g l e of 30° c o r r e s p o n d i n g 
o 

t o a s a m p l i n g depth of ^45A. 

5.3 R e s u l t s and D i s c u s s i o n 

5.3.1 I n t r o d u c t i o n 

The main emphasis of t h e work d e s c r i b e d i n t h i s 

c h a p t e r has been t o i n v e s t i g a t e t h e p h o t o d e g r a d a t i o n (A>290nm) 

of B i s p h e n o l A p o l y c a r b o n a t e i n model s t u d i e s , as f u n c t i o n s 

of r e l a t i v e h u m i d i t y , p a r t i a l p r e s s u r e of oxygen and gas f l o w , 

and n a t u r a l w e a t h e r i n g . I n d i s c u s s i n g t h e s e r e s u l t s i t i s 

c o n v e n i e n t t o c o n s i d e r t h e model s t u d i e s f i r s t and t h e n t o 

compare t h e s e d a t a and t h o s e o b t a i n e d i n C h a p t e r Four w i t h 

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

5.3.2 D i f f e r e n c e uv s p e c t r a 

One of t h e most f r e q u e n t l y employed t e c h n i q u e s 

f o r m o n i t o r i n g changes i n t h e b u l k o r s o l u t i o n phase c h e m i s t r y 

of B i s p h e n o l A p o l y c a r b o n a t e has been u v - v i s i b l e s p e c t r o s c o p y . 
159-161, 178, 184, 185 . _ . 

As a p r e l i m i n a r y , t h e r e f o r e , t o t h e 

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

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

been employed t o i n t e r r o g a t e t h e changes o c c u r r i n g f o r i r r a d ­

i a t i o n of p o l y c a r b o n a t e f i l m s under t h e f o l l o w i n g c o n d i t i o n s , 
-2 -1 

t h e uv f l u x and i r r a d i a t i o n t ime b e i n g c o n s t a n t (20 Whm h 

and 30 m i n u t e s r e s p e c t i v e l y ) : 

( i ) I r r a d i a t i o n i n a i r 10% R.H. 

( i i ) I r r a d i a t i o n i n a i r 100% R.H. 

( i i i ) I r r a d i a t i o n i n n i t r o g e n , 
( i v ) I r r a d i a t i o n i n oxygen. 
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POLYCARBONATE IRRADIATED AT 
A PHOTON FLUX of 2 0 whm'V 

FOR 3 0 MINUTES 

( f ) 

Oo2 ( e ) 

Oc2 ( d ) LU 

( c ) 
GO 
o r 

( b ) CD 0 . 2 
DD < 

0 • 

( a ) 

o i 

2 7 5 3 0 0 3 2 5 3 7 5 

WAVELENGTH (nm) 

F i g u r e 5.2 D i f f e r e n c e uv s p e c t r a f o r p o l y c a r b o n a t e samples 
i r r a d i a t e d ( I o = 20 Whm"2h~1, X>290nm) i n 
v a r i o u s atmospheres f o r 30 m i n u t e s . 
(a) 10% R.H., (b) 100% R.H., (c) b-a, (d) N 2, 
(e) 0 ( f ) e-d. 



131 

P O L Y C A R B O N A T E IRRADIATED FOR 30 MINUTES 
(I 0=20W whrrf2h-1) 

00% R c H 

U n e x p o s e d 

5 3 6 5 3 4 53|2 2 9 3 2 9 I 2 8 9 2 8 7 28]5 

BINDING ENERGY ( e V ) 

F i g u r e 5.3 C l g and 0^s c o r e l e v e l s f o r unexposed p o l y c a r b o n a t e 
— 2 —1 

and a f t e r 30 m i n u t e s ' i r r a d i a t i o n ( I o = 20 Whm h ) 
i n v a r i o u s a t m o s p h e r e s . 
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The r e l e v a n t s p e c t r a a r e d i s p l a y e d i n F i g u r e 5.2 and 

t h e c o r r e s p o n d i n g ESCA s p e c t r a i n F i g u r e 5.3. ( D i r e c t l y 

r e c o r d e d u v - v i s i b l e s p e c t r a f o r t h e 30um p o l y c a r b o n a t e f i l m s 

i n t h e r e g i o n 275-400nm were e s s e n t i a l l y t h e same a s t h o s e 
4- J • -v. i - 4 . 4 . \ 159, 160, 185 p r e v i o u s l y r e p o r t e d i n t h e l i t e r a t u r e ) . 

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

r e l a t i v e h u m i d i t i e s show t h a t w a t e r vapour has a s u b s t a n t i a l 

e f f e c t on the r e a c t i o n and t h i s i s most c l e a r l y e v i d e n t from 

t h e d i f f e r e n c e s pectrum, F i g u r e 5 . 2 ( c ) , between t h e s amples 

i r r a d i a t e d i n a i r a t 10% and 100% R.H. The d i f f e r e n c e uv 

s p e c t r a of t h e s a m p l e s i r r a d i a t e d i n e i t h e r an oxygen or 

n i t r o g e n atmosphere, F i g u r e 5.2(d) and (e) compared w i t h t h e 

u n i r r a d i a t e d m a t e r i a l show t h e c o n s i d e r a b l e i n c r e a s e i n ab­

s o r p t i o n c o e f f i c i e n t s i n t h e r e g i o n ^280-400nm and t h e d i r e c t 

d i f f e r e n c e s p e c t r u m (e-d) r e v e a l s t h e s i g n i f i c a n t e f f e c t of 

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

a i r a t 10% R.H. w i t h i r r a d i a t i o n i n oxygen s u g g e s t s a g r e a t e r 

change f o r t h e l a t t e r . The d i f f e r e n c e uv s p e c t r a , t h e r e f o r e , 

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

d e g r a d a t i o n under d i f f e r i n g c o n d i t i o n s . I n t h e absence of 

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

of t h e uv d a t a a l o n e , t o s p e c u l a t e on t h e e x a c t n a t u r e of t h e 

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

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

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

samples i r r a d i a t e d under d i f f e r e n t c o n d i t i o n s . 

5.3.3 Comparison of S t a t i c v e r s u s Dynamic R e a c t i o n 
c o n d i t i o n s 

As a s t a r t i n g p o i n t i n t h e i n v e s t i g a t i o n of t h e 

s u r f a c e p h o t o d e g r a d a t i o n of p o l y c a r b o n a t e , under t h e v a r i o u s 
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c o n d i t i o n s o u t l i n e d i n S e c t i o n 5.3.2, i t i s c o n v e n i e n t t o 

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

i n s t a t i c and dynamic oxygen atm o s p h e r e s f o r t h e same photon 

f l u x and t i m e . The d a t a i n T a b l e 5.1 i n d i c a t e s t h a t t h e r e ­

a c t i o n s a r e s i m i l a r , however, t h e dynamic f l o w seems t o i n v o l v e 

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

0, /C, i n t e n s i t y r a t i o . T h e s e r e s u l t s a r e i n d i c a t i v e of I s I s J 

p h o t o o x i d a t i o n b e i n g t h e major d e g r a d a t i v e pathway as opposed 

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

d i s c u s s e d i n C h a p t e r F o u r . 

TABLE 5.1 Comparison of C, components and 0, /C, l e v e l s 
J-S x s x s 

f o r p o l y c a r b o n a t e f i l m s i r r a d i a t e d f o r 30 m i n u t e s 
i n s t a t i c and dynamic 0~ e n v i r o n m e n t s . 

T o t a l 0 
c, c-h c-o c=o o-c=o o-c-o n+n* o, /c. 

I s I s ' I s 

S t a t i c 100 70 15 3.5 6 3.5 2 0.39 

Dynamic 100 65 17 6 7 3 2 0.45 

5.3.4 Comparison of changes i n s u r f a c e c h e m i s t r y a s a 
f u n c t i o n of c o n d i t i o n s a t c o n s t a n t photon f l u x 

E x a m i n a t i o n of t h e r e s u l t s f o r p o l y c a r b o n a t e i r r a d -
-2 -1 

i a t e d a t 20 Whm h f o r 30 m i n u t e s i n oxygen (dynamic and s t a t i c ) 

and a i r (10 and 100% R.H.) atmospheres show t h a t t h e i n c r e a s e 

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

pure oxygen: t h e l e v e l of o x i d a t i o n b e i n g h i g h e s t , as a l r e a d y 

n o t e d above, i n t h e f l o w s y s t e m . I t i s i n t e r e s t i n g t o compare 

t h e components of t h e C-^s s p e c t r a as a f u n c t i o n of i r r a d i a t i o n 

c o n d i t i o n s and t h i s i s shown i n T a b l e 5.2 where t h e r e f e r e n c e 

i s t a k e n a s t h e l e a s t o x i d a t i v e l y f u n c t i o n a l i s e d system, namely 

t h a t i n v o l v i n g i r r a d i a t i o n i n a i r a t 100% R.H. The i n t e r e s t i n g 
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TABLE 5.2 C o m p a r i s o n o f component i n t e n s i t i e s f o r p o l y -
c a r b o n a t e f i l m s i r r a d i a t e d u n d e r v a r i o u s a t m o s p h e r e s 
t a k i n g t h o s e f o r 100% as t h e r e f e r e n c e . 

-2 - 1 
A f t e r 30 m i n u t e s ' e x p o s u r e , I o = 20 Whm h 

C-H 

C-H(100% R.H.) 

C-0 

C-0(100% R.H.) 

C=0 

C=0(10 0 % R.H.) 

0-C=0 
0-C=0(100% R.H.) 
c o 3 

100% R.H. 10% R.H. S t a t i c 0 2 Dynamic 0 2 

0.9 

1.1 

C 0 3 ( 1 0 O % R.H.) 

n-*n* (100% R.H. ) 

1.7 1.3 

1.6 2.3 2.5 

0.9 0.6 0.6 

0.9 0.6 0.5 

0, /C, 0.28 0.36 0.39 0.45 I s I s 
( i n i t i a l ( 0 . 2 6 ) 

f e a t u r e t o emerge f r o m t h i s i s t h a t t h e C-H ( a r o m a t i c r i n g 

s y s t e m and gem d i m e t h y l g r o u p ) r e m a i n s as a c o n s t a n t p r o p o r t i o n 

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

h u m i d i t y . The m a i n changes o c c u r i n t h e C=0 and 0-C=0 r e g i o n s . 

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

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

f e a t u r e s . P h y s i o r c h e m i - s o r p t i o n o f w a t e r does n o t , t h e r e f o r e , 

g i v e r i s e t o a r t e f a c t s i n t h e ESCA s p e c t r a s i n c e o t h e r w i s e t h e 

° 1 S / C l s r a t i o s w o u l d be i n an i n v e r t e d o r d e r t o t h o s e d i s p l a y e d 

i n T a b l e 5.2. 
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7 0 

5 0 

%C 1 S 

5-3.5 R e a c t i o n s as a f u n c t i o n o f i r r a d i a t i o n t i m e 

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

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

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

The C l s components f o r i r r a d i a t i o n s i n a i r (100 and 10% R.H.) 

and o x y g e n ( s t a t i c ) a r e d i s p l a y e d i n F i g u r e 5.4 as f u n c t i o n s 

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

POLYCARBONATE IRRADIATED UNDER VARIOUS CONDITIONS 
(I 0=20Whm- 2h- 1) 

AIR, I 0 0 % R.H. T\ AIR, I 0 % R.H. 

C - I I 

C — I I 

0, 

r>-< = o 

T T - * T T n—n 

14 0 I 

IRRADIATION TIME (HOURS) 

F i g u r e 5.4 components f o r p o l y c a r b o n a t e i r r a d i a t e d — — 
( I o = Whm h ) i n v a r i o u s a t m o s p h e r e s as a 
f u n c t i o n o f t i m e . 

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

o f c a r b o n y l g r o u p s i s g r e a t e r t h a n t h a t f o r c a r b o x y l a t e d u r i n g 
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i r r a d i a t i o n a t 100% R.H. The r e v e r s e t r e n d e x i s t s f o r 10% 

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

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

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

S u p e r p o s i t i o n o f F i g u r e s 5 . 4 ( a ) and (b) i n d i c a t e t h a t 

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

100% R.H. a f t e r M h o u r s ' e x p o s u r e t o t h o s e a t 10% R.H. a f t e r 

•̂ 2 h o u r s . The i n t e r m e d i a t e b e h a v i o u r a t 10% R.H. w i t h r e s ­

p e c t t o e x p o s u r e i n a i r a t 100% R.H. and e x p o s u r e i n o x y g e n 

i s e v i d e n t f r o m t h e c o m p a r i s o n o f F i g u r e s 5 . 4 ( a ) , (b) and ( c ) . 

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

f o r an e x t e n d e d p e r i o d o f e x p o s u r e (>2.5 h o u r s ) i s more p r e ­

d o m i n a n t t h a n c a r b o n y l w h i l s t f o r e x p o s u r e t o a i r a t 100% R.H. 

t h e r e v e r s e i s t r u e . 

The o v e r a l l e f f e c t o f changes i n p a r t i a l p r e s s u r e s o f 

b o t h o x y g e n and w a t e r on t h e l e v e l o f o x y g e n u p t a k e i n t h e 

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

f r o m t h e d a t a i n F i g u r e 5.5 w h i c h shows t h e i n t e g r a t e d 0, /C, 
I s I s 

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

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

i r r a d i a t i o n i n o x y g e n and t h e maximum l e v e l o f o x i d a t i v e 

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

o f t h e e x p e r i m e n t w i t h a p h o t o n f l u x o f 20 Whm h ) a f t e r 

^ 1 h o u r . The c o r r e s p o n d i n g b u i l d up f o r s a m p l e s i r r a d i a t e d 

i n a i r a t R.H.'s o f 10% and 100% i s much s l o w e r . 

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

o x y g e n a n d w a t e r on t h e p h o t o d e g r a d a t i o n o f p o l y c a r b o n a t e may 

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

d i f f e r e n c e uv and ESCA r e s p e c t i v e l y . A t h i g h p a r t i a l p r e s s u r e s 
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o f o x y g e n and l o w r e l a t i v e h u m i d i t y t h e m a i n o x i d a t i v e 

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

i s t h e c a r b o x y l a t e s t r u c t u r a l f e a t u r e . The r e s u l t s a l s o 

r e v e a l , as p r e v i o u s l y shown i n C h a p t e r F o u r , t h a t p h o t o -

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

gem d i m e t h y l g r o u p s . 

PHOTO OXIDATION O F P O L Y C A R B O N A T E ( I 0 = X l W h m - V > 

0-6 
Ai r (RH= lO%) 

10 s 
I C 

A i r ( R H = 1 0 0 % ) 

0-4 

0-2 -

1 1 1 1 1 
0 1 2 3 A 5 

IRRADIAT ION TIME (HOURS) 

F i g u r e 5.5 0, /C. l e v e l s as f u n c t i o n s o f i r r a d i a t i o n t i m e ^ I s I s 
f o r p o l y c a r b o n a t e f i l m s e x p o s e d t o v a r i o u s 
a t m o s p h e r e s 

5.3.6 S u r f a c e H y d r o x y l g r o u p f o r m a t i o n 

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

been r e c e n t l y c o n s i d e r e d t o be a m a j o r p r o d u c t i n t h e n a t u r a l 
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184 w e a t h e r i n g o f B i s p h e n o l A p o l y c a r b o n a t e . U n f o r t u n a t e l y 

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

s u r f a c e f r o m t h e and 0^ g p r o f i l e s . The b i n d i n g e n e r g y 

f o r C-OH f e a t u r e s i n t h e C, c o r e l e v e l a t ̂ 286.6eV i s a l s o — I s 
c h a r a c t e r i s t i c f o r a l l c a r b o n atoms s i n g l y b onded t o o x y g e n 

( e . g . e t h e r s , h y d r o p e r o x i d e s and e s t e r s ) . However, Hammond 
183 

et at have shown t h a t t h e s e g r o u p s may be s u c c e s s f u l l y s t u d i 

by ESCA by t h e d i r e c t r e a c t i o n w i t h t r i f l u o r o a c e t i c a n h y d r i d e 

(TFAA) t o f o r m a f l u o r i n a t e d e s t e r : 
0 
II 

OH 0 - C - CF 3 
_ ' _ -TFAA^ _ ' _ 

I I 
H H 

T h i s r e a c t i o n p r o d u c e s c a r b o x y l a t e and d i s t i n c t i v e CF^ 

f e a t u r e s i n t h e C^g s p e c t r u m and w i t h t h e u p t a k e o f 3 f l u o r i n e 

atoms f o r e v e r y C-OH g r o u p , r e l a t i v e l y l o w l e v e l s o f t h e l a t t e r 

may be r e a d i l y d e t e c t e d by e x a m i n a t i o n o f t h e F^ g c o r e l e v e l . 

S i n c e t h e r e c o g n i t i o n o f t h i s t e c h n i q u e f o r e x a m i n i n g 

h y d r o x y 1 f e a t u r e s i n t h e s u r f a c e s o f model p o l y m e r s y s t e m s , 

i t has n o t been a p p l i e d t o t h e s t u d y o f s u r f a c e C-OH g r o u p 

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

p h o t o o x i d a t i o n ) . 

The ESCA s p e c t r a i n F i g u r e 5.6 r e v e a l t h e C l g, 0 1 and 

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

v a p o u r p r e s s u r e o f TFAA a t 20°C f o r 15 m i n u t e s and a f t e r 
-2 - 1 

i r r a d i a t i o n i n a i r ( 1 0 % R.H.) a t a p h o t o n f l u x o f 20 Whm h 

f o r v a r i o u s p e r i o d s o f t i m e . A l o w l e v e l o f f l u o r i n e u p t a k e 

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

m a t e r i a l r e s u l t i n g i n a s m a l l c o n t r i b u t i o n t o t h e C^ g e n v e l o p e 
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POLYCARBONATE BEFORE AND AFTER IRRADIATION IN AIR ( I 0% RH, I 0 =20 Whm-'h') 
• I 5 MINUTES TFAA 

r 3 0 0 0 I 5 0 0 2 0 0 0 AFTER 2 Hrs 
IRRADIATION 

2 0 0 0 I 0 0 0 

I 0 0 0 I 

6 0 0 0 4 0 0 

4 0 0 0 
I 0 0 0 

2 0 0 
BEFORE 

2 0 0 0 IRRADIATION 5 0 0 

• j I L_^T- I , 1 1 . — 1 1 ' ' 

2 9 5 2 9 1 2 8 7 2 8 3 5 3 6 5 3 4 5 3 2 6 9 2 6 9 0 5 9 8 

BINDING ENERGY (ev) 

F i g u r e 5.6 C.^, o l g and F l g l e v e l s f o r p o l y c a r b o n a t e and 
p h o t o o x i d i s e d p o l y c a r b o n a t e f i l m s e x p o s e d t o 
t r i f l u o r o a c e t i c a n h y d r i d e v a p o u r f o r 15 m i n u t e s 
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a r i s i n g f r o m CF^ g r o u p s a t ^293.2 eV. From a k n o w l e d g e o f 

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

i n t e n s i t y r a t i o c o r r e s p o n d s t o ^ 1 % C-OH f e a t u r e s i n t h e 

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

t h e CF^ f u n c t i o n a l i t y . T h i s l o w l e v e l o f h y d r o x y l f u n c t i o n a l -

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

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

On e x p o s u r e t o uv i r r a d i a t i o n (A>290nm) f o l l o w e d by 

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

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

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

i n t h e s u r f a c e . The d a t a i n F i g u r e 5.7 r e v e a l t h e f l u o r i n e 

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

t h e g r o w t h o f t h e C-0 peak f o r t h e u n t r e a t e d i r r a d i a t e d m a t e r i a l 

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

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

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

and a f t e r ^3 h o u r s t h e l e v e l o f f l u o r i n e i n t h e s u r f a c e c o r r e s ­

ponds t o a C-OH f u n c t i o n a l i s a t i o n o f ^6%. 

From t h e r e s u l t s d i s c u s s e d a bove i t i s c l e a r t h a t t r e a t ­

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

h y d r o x y l g r o u p f o r m a t i o n d u r i n g p h o t o o x i d a t i o n t o be f o l l o w e d . 

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

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

d e g r a d a t i v e p r o c e s s . 

5.3.7 C o m p a r i s o n o f t h e d i f f e r e n c e uv s p e c t r a o b t a i n e d 
f o r n a t u r a l a nd a r t i f i c i a l w e a t h e r i n g 

The n a t u r a l and a r t i f i c i a l w e a t h e r i n g o f B i s p h e n o l 
184 

A p o l y c a r b o n a t e has been r e c e n t l y c o n s i d e r e d by Moore 
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P O L Y C A R B O N A T E I R R A D I A T E D IN A I R ( R . H = I 0 % , I o s 2 0 W h m " 2 H * t ) 

(«• I 5 M I N U T E S T F A A ) 

IF is 

IC is 

c o 

7 ( N o T F A A ) 

0 . I 2 

- 0 . 0 6 

0 1 2 3 

I R R A D I A T I O N T I M E ( H O U R S ) 

F i g u r e 5.7 F i s
/ / c i s i n t e n s i t y r a t i o s f o r p h o t o o x i d i s e d 

p o l y c a r b o n a t e f i l m s e x p o s e d t o TFAA v a p o u r . 
( A l s o shown a r e t h e C-0 i n t e n s i t i e s f o r t h e 
u n t r e a t e d s a m p l e s ) . 

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

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

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

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

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

as s t u d i e d by d i f f e r e n c e uv s p e c t r o s c o p y b e f o r e e x a m i n i n g and 

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

ESCA. 

The d a t a i n F i g u r e 5.8 r e v e a l t h e d i f f e r e n c e uv s p e c t r a 

o b t a i n e d f o r p o l y c a r b o n a t e f i l m s i r r a d i a t e d i n o x y g e n a t 
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PC IRRADIATED IN 0 2 

0 MI N S 

5MINS 

30 MINS 

7 60 MINS 

450 400 275 300 35 0 325 

WAVELENGTH nm 

F i g u r e 5.8 D i f f e r e n c e u v s p e c t r a f o r p o l y c a r b o n a t e 
s a m p l e s i r r a d i a t e d i n o x y g e n 
( I o = 52.5 Whm" 2h~ 1

J A>290nm) 
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-2 - 1 

52.5 Whm h f o r v a r i o u s p e r i o d s o f t i m e and t h e p r o f i l e s 

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

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

w i t h t h e t r e n d s d i s c u s s e d i n t h e l i t e r a t u r e . These s p e c t r a 

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

by t h e d a t a p r e s e n t e d i n C h a p t e r F o u r . 

The i n t e r p r e t a t i o n o f t h e uv s p e c t r a has p r e v i o u s l y 

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

p r o d u c e d by a p h o t o - F r i e s r e a r r a n g e m e n t mechanism. Peaks 

c e n t r e d a t %360 and ^320 nm have d e s i g n a t e d as a r i s i n g f r o m 

d i h y d r o x y b e n z o p h e n o n e and p h e n y l s a l i c y l a t e s p e c i e s r e s p e c t -

, 159,160,184,185 T ^ 

l v e l y . I n c r e a s e s i n a b s o r p t i o n a t t h e s e wave­

l e n g t h s a r e c l e a r l y s een f r o m t h e d a t a i n F i g u r e 5.8. The 

i n c r e a s e i n a b s o r p t i o n a t ^285 nm has been a t t r i b u t e d t o 

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

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

B i s p h e n o l A. As s u c h t h e d a t a p r e s e n t e d h e r e w o u l d be c o n ­

s i s t e n t w i t h t h e l i t e r a t u r e 1 " ^ ' ' i n t h e i n t e r p r e t a t i o n 

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

a t l e a s t , e x t e n s i v e p h o t o o x i d a t i o n has been shown t o o c c u r 

( c f . C h a p t e r F o u r ) . 

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

t o t h e n a t u r a l e n v i r o n m e n t i n D h a h r a n , S a u d i A r a b i a a r e d i s ­

p l a y e d i n F i g u r e 5.9. The s t r i k i n g c o n t r a s t b e t w e e n t h e s e 

s p e c t r a and t h o s e r e v e a l e d i n F i g u r e 5.8 i s r e a d i l y o b s e r v e d . 

I n c r e a s e s i n a b s o r p t i o n a t %285 and ^360 nm o c c u r as was seen 

i n a r t i f i c i a l w e a t h e r i n g , h o w e v e r , a t ^320 nm a ' n e g a t i v e ' p e a k 

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

o f c h r o m o p h o r i c s p e c i e s i n t h e e x p o s e d s a m p l e s . These r e s u l t s 
184 

a r e i n a g r e e m e n t w i t h t h o s e o b t a i n e d by Moore f o r n a t u r a l 
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F i g u r e 5.9 D i f f e r e n c e uv s p e c t r a f o r p o l y c a r b o n a t e 
s a m p l e s w e a t h e r e d i n S a u d i A r a b i a 



145 

w e a t h e r i n g i n S c h e n e c t a d y , New Y o r k , U.S.A. and p r o v i d e c o n ­

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

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

A p o l y c a r b o n a t e . U n f o r t u n a t e l y i n s u f f i c i e n t s a m p l e s w e r e 

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

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

Moore's d a t a t h a t t h e ' b l e a c h i n g ' e f f e c t i s o f a ' t r a n s i t o r y ' 
184 

n a t u r e . 

The a s s i g n m e n t o f a p h o t o - F r i e s r e a c t i o n p r e d o m i n a t i n g t h e 

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

d a t a u n r e a s o n a b l e . 

I n a s t u d y o f t h e a c t i v a t i o n s p e c t r u m o f p o l y c a r b o n a t e , 
185 

e m p l o y i n g a Xenon a r c lamp as t h e u v s o u r c e , M u l l e n and S e a r l e 

o b s e r v e d a b l e a c h i n g e f f e c t a t 320 nm when 1 0 - m i l t h i c k e x t e n d e d 

f i l m s w e r e i r r a d i a t e d w i t h w a v e l e n g t h s b e t w e e n 325 and 360 nm 

w i t h a maximum e f f e c t a t 343 nm. I t i s p o s s i b l e t h a t t h e 

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

may be a t t r i b u t a b l e t o d i f f e r e n c e s i n s p e c t r a l d i s t r i b u t i o n and 

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

component o f n a t u r a l s u n l i g h t and t h e o u t p u t o f a medium p r e s s u r e 

Hg a r c lamp ( c f . C h a p t e r One) i t i s c l e a r t h a t t h e i n t e n s i t i e s 

o f t h e s h o r t e r w a v e l e n g t h s ( c . a . 300 nm) a r e g r e a t e r f o r t h e 

l a t t e r . 

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

t h e p h o t o d e g r a d a t i o n o f p o l y c a r b o n a t e , s a m p l e s have been e x p o s e d 

i n a i r (R.H. ^50%) t o t h e o u t p u t o f a f l u o r e s c e n t b l a c k l a m p . 

The p h o t o n f l u x b e l o w 320 nm, as m e a s u r e d by t h e p o l y s u l p h o n e 
-2 - 1 

t e c h n i q u e , i s l o w ( I o = 0.24 Whm h ) and t h e w a v e l e n g t h o f 

maximum i n t e n s i t y i s ^350 nm. The r e l e v a n t d i f f e r e n c e uv s p e c t r a 
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F i g u r e 5.10 D i f f e r e n c e uv s p e c t r a f o r p o l y c a r b o n a t e 
s a m p l e s i r r a d i a t e d i n a i r (A>290 nm, ^ 5 0 % R.H. 

-2 - 1 
I o = 0.24 Whm h ) w i t h a b l a c k lamp 
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f o r v a r i o u s t i m e s o f i r r a d i a t i o n a r e shown i n F i g u r e 5.10. 

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

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

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

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

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

n o t p o s s i b l e , on t h e b a s i s o f t h e uv d a t a a l o n e , t o s p e c u l a t e 

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

t h e n e x t s e c t i o n , h o w e v e r , t h e c o r e l e v e l s p e c t r a r e v e a l t h e 

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

(X>290 nm) and n a t u r a l w e a t h e r i n g . 

5.3.8 C o m p a r i s o n o f t h e n a t u r a l and a r t i f i c i a l 
s u r f a c e p h o t o a q i n q o f p o l y c a r b o n a t e 

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

f i l m s f o r i r r a d i a t i o n i n an o x y g e n a t m o s p h e r e a t a p h o t o n f l u x 
-2 - 1 -2 - 1 o f 52.5 Whm h (and 5.7 Whm h ) have a l r e a d y been d i s c u s s e d 

i n C h a p t e r F o u r . 

I n summary, t h e r e f o r e , e x t e n s i v e o x y g e n i n c o r p o r ­

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

O x i d a t i v e f u n c t i o n a l i s a t i o n o f t h e C, c o r e l e v e l i s seen, 
I s 

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

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

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

t h e gem d i m e t h y l and p h e n y l m o i e t i e s . 

From t h e d i s c u s s i o n i n t h e p r e v i o u s s e c t i o n , w h e r e 

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

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

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

d e p e n d i n g on t h e e x p o s u r e c o n d i t i o n s . 
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F i g u r e 5.11 C^s c o r e l e v e l s f o r p o l y c a r b o n a t e f i l m s 
w e a t h e r e d i n S a u d i A r a b i a 
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The ESCA s p e c t r a i n F i g u r e 5.11 r e v e a l t h e changes i n 

t h e C l s c o r e l e v e l f o r n a t u r a l w e a t h e r i n g i n D h a h r a n . A l l 

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

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

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

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

i n c r e a s e s w i t h e x p o s u r e t i m e and i n c o n s e q u e n c e t h e 0^ s p e c t r a 

c a n n o t be u s e f u l l y e m p l o y e d i n t h e d a t a a n a l y s i s . The C^g 

c o r e l e v e l s show a s m a l l i n c r e a s e i n c o m p l e x i t y on e x p o s u r e 

a r i s i n g f r o m >C=0 and 0-C=0. The e x a c t n a t u r e o f t h e chan g e s 

i n s u r f a c e c h e m i s t r y a r e c l e a r l y shown i n t h e C^g component 

a n a l y s i s i n F i g u r e 5.12. The C-H component (gem d i m e t h y l g r o u p s 

and a r o m a t i c r i n g s y s t e m s ) d e c r e a s e s i n i n t e n s i t y on e x p o s u r e . 

POLYCARBONATE WEATHERED IN SAUDI ARABIA 
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F i g u r e 5.12 C, com p o n e n t s f o r t h e s p e c t r a i n F i g u r e 5.11 
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The C-0 f u n c t i o n a l i t y i n c r e a s e s i n i n t e n s i t y a s does t h e 

c a r b o n y l s t r u c t u r a l f e a t u r e . C a r b o x y l a t e groups do not 

appear u n t i l a f t e r 8 days a l t h o u g h a f t e r 32 days' e x p o s u r e 

t h e i n t e n s i t y i s s l i g h t l y g r e a t e r t h a n t h a t f o r the >C=0 

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

as opposed t o t h e d a t a f o r a r t i f i c i a l w e a t h e r i n g (Hg lamp) 

i s t h e change i n c a r b o n a t e f u n c t i o n a l i s a t i o n . I n t h e l a t t e r 

c a s e t h i s group d e c r e a s e s i n i n t e n s i t y i n t h e e a r l y s t a g e s 

whereas t h e d a t a i n F i g u r e 5.12 c l e a r l y shows t h a t t h e r e i s 

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

t o o c c u r , t h e c a r b o n a t e m o i e t y must be i n v o l v e d and hence i t s 

i n t e n s i t y would be e x p e c t e d t o d e c r e a s e . Thus i n t h e p r e s e n t 

c a s e t h e l e v e l of c a r b o n y l and c a r b o x y l a t e groups ca n n o t be 

e x p l a i n e d by s u c h a mechanism and hence a r i s e from photo-

o x i d a t i o n of t h e gem d i m e t h y l groups and i n p a r t (from t h e 

s m a l l d e c r e a s e i n n->n* shake-up i n t e n s i t y , d i a g n o s t i c of 

t h e a r o m a t i c i t y ) t h e a r o m a t i c r i n g s y s t e m . These d a t a show 

t h a t t h e mechanism f o r n a t u r a l s u r f a c e p hotoaging i s somewhat 

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

t h e t r e n d s o b s e r v e d from t h e d i f f e r e n c e uv s p e c t r a . 

F o r c o m p a r i s o n t h e ESCA s p e c t r a i n F i g u r e 5.13 r e v e a l 

t h e C l s and 0^ g c o r e l e v e l s f o r p o l y c a r b o n a t e f i l m s i r r a d i a t e d 
-2 -1 

i n a i r U 5 0 % R.H.) w i t h t h e b l a c k lamp ( I o = 0.25 Whm h ) . 

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

a t i o n a s e v i d e n c e d by t h e a p p e a r a n c e of an S i 2 p peak i n t h e 

ESCA s p e c t r a a t a b i n d i n g energy of ^102.0 eV. As s u c h t h e 

°ls s i < 3 n a l w i l l have c o n t r i b u t i o n s t o i t s i n t e n s i t y a r i s i n g 

from t h i s c o n t a m i n a t i o n , however t h i s amount may be e s t i m a t e d 

and from a knowledge of t h e r e l e v a n t i n s t r u m e n t dependent 
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POLYCARBONATE IRRADIATED IN AIR 
(BLACK LAMP, I o = 0 . 2 4 whn fV) 

I i ) 

3 7 6 hrs 
• 

5V V21 Vx3 2 I 6 hrs x3 .3 

I 6 0 hrs x 3 . 3 

• . y \ -
t 1 

x3 „3 9 I hrs 

3 9 hrs 

Unexposed 

T 
5 3 6 5 3 4 5 3 2 2 9 3 2 9 1 2 8 9 2 8 7 2 8 5 2 8 3 

BINDING ENERGY (eV) 

F i g u r e 5.13 C l s c o r e l e v e l s f o r p o l y c a r b o n a t e f i l m s 
exposed t o a b l a c k lamp f o r v a r i o u s p e r i o d s 
of t i m e 
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s e n s i t i v i t y f a c t o r s a c o r r e c t e d 0, /C. i n t e n s i t y r a t i o can 1 I s I s 1 

be d e t e r m i n e d and t h i s i s shown i n F i g u r e 5.14. The C, c o r e 
^ I s 

POLYCARBONATE IRRADIATED IN AIR 
(BLACK L A M P J 0 = 0 . 2 4 W h n f V ) 

0 . 5 6 -

0 . 4 8 

* ° 1 s / 0 . 4 0 

0 . 3 2 

0 . 2 4 

0 . I 6 

0 . 0 8 -

100 2 0 0 3 0 0 

IRRADIATION TIME (HOURS) 

r 50 

25 
<A 

a. o 

0 
4 0 0 

F i g u r e 5.14 ° i s
/ / C i s i n t e n s i t y r a t i o s and p e r c e n t a g e 

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

l e v e l s p e c t r a i n F i g u r e 5.13 r e v e a l t h a t , from a s t a r t i n g p r o -
0 

f i l e of components a r i s i n g from C-H, C-0, O-C-0 and n+n* shake-

up s a t e l l i t e e n v i r o n m e n t s , a d d i t i o n a l f u n c t i o n a l i t i e s due t o 

>C=0 and O-C-0 groups appear on i r r a d i a t i o n . The ° ^ s / c i s 

i n t e n s i t y r a t i o s i n F i g u r e 5.14 show t h a t , i n t h e i n i t i a l s t a g e s 

o f e x p o s u r e , a s l i g h t d e c r e a s e from t h e s t a r t i n g v a l u e o c c u r s 
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but t h a t on p r o l o n g e d e x p o s u r e o v e r a l l oxygen u p t a k e t a k e s 

p l a c e . From t h e s e d a t a and a c o n s i d e r a t i o n of t h e r e l a t i v e 

p r o p o r t i o n of t h e C-^s s i g n a l a r i s i n g from o x i d a t i v e f u n c t i o n a l 

i t i e s ( a l s o shown i n F i g u r e 5.14) i t i s c l e a r t h a t photo-

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

d e g r a d a t i o n p r o c e s s . 

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

c l e a r from t h e C ^ s component a n a l y s i s i n F i g u r e 5.15 f o r t h e 

s p e c t r a i n F i g u r e 5.13. I n t h e i n i t i a l s t a g e s a s l i g h t de­

c r e a s e i n t h e c a r b o n a t e moiety o c c u r s w i t h a c o n c o m i t a n t 

i n c r e a s e i n C-0 and d e c r e a s e i n C-H f u n c t i o n a l i t i e s . 

P O L Y C A R B O N A T E IRRADIATED IN AIR 
( B L A C K L A M P , I = 0 . 2 4 Whirr2*!"') 8 0 

* c 
6 0 

o c 

\ I 5 

% C 1S 

I 0 

o o 
O 

n—n o c 
1 

I 0 0 4 0 0 2 0 0 3 0 0 

IRRADIATION TIME ( H O U R S ) 

F i g u r e 5.15 C, components f o r t h e s p e c t r a i n F i g u r e 5.13 
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C a r b o n y l and c a r b o x y l a t e f e a t u r e s do not ap p e a r u n t i l a f t e r 

^39 h o u r s ' e x p o s u r e . I n c o n j u n c t i o n w i t h t h e r e l e v a n t 

0, /C, i n t e n s i t y r a t i o s i t i s f e a s i b l e t h a t i n t h e p r e l i m -I s I s 2 

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

i n v o l v e s c l e a v a g e of t h e c a r b o n a t e group t o form p h e n o l i c 

and p o s s i b l y e t h e r s p e c i e s . However, o v e r t h e p e r i o d 39-176 

h o u r s ' e x p o s u r e t h e c a r b o n a t e and shake-up s a t e l l i t e component 

i n t e n s i t i e s r e m a i n r e l a t i v e l y c o n s t a n t whereas t h e >C=0 and 

0-C=0 f u n c t i o n a l i t i e s i n c r e a s e . T h i s i s i n d i c a t i v e t h a t p h oto-

o x i d a t i o n of t h e gem d i m e t h y l groups d u r i n g t h i s p e r i o d i s t h e 

major r e a c t i o n . On p r o l o n g e d e x p o s u r e ( ^ 1 7 6 h o u r s ) t h e 

>C=0 and 0-C=0 components c o n t i n u e t o i n c r e a s e i n i n t e n s i t y 
0 

w h i l s t both t h e O-C-0 and n->n* c o n t r i b u t i o n s t o t h e C, „ s i g n a l 
±s 

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

i n v o l v e s t h e c a r b o n a t e group and t h e a r o m a t i c r i n g s y s t e m . 

O v e r a l l t h e d a t a c l e a r l y r e v e a l t h a t p h o t o o x i d a t i o n and 

not a p h o t o - F r i e s mechanism i s t h e predominant r e a c t i o n and 

t h a t t h e p r o c e s s i s e x t r e m e l y complex. The n a t u r e of t h e 

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

lamp a r e not d i s s i m i l a r t o t h o s e o b t a i n e d i n n a t u r a l w e a t h e r i n g 

and hence f o r a p p r o x i m a t i n g n a t u r a l e x p o s u r e s , t h i s t y p e of lamp 

i s i n v a l u a b l e f o r s t u d y i n g t h e ph o t o a g i n g of B i s p h e n o l A 

p o l y c a r b o n a t e . 

184 

As d i s c u s s e d e a r l i e r , Moore has c o n s i d e r e d t h e 

f o r m a t i o n of p h e n o l i c groups t o be of major i m p o r t a n c e i n 

p o l y c a r b o n a t e p h o t o a g i n g . F o r comparison a sample, i r r a d i a t e d 

f o r 216 hours w i t h t h e b l a c k lamp, was t r e a t e d w i t h t r i f l u o r o -

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

i n S e c t i o n 5.3.6. The c o n t r i b u t i o n of C-OH s t r u c t u r a l f e a t u r e s 
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t o t h e C 1 s i g n a l a f t e r 216 hours' e x p o s u r e was found t o be 

^2%. From a c o n s i d e r a t i o n of t h e d a t a i n F i g u r e 5.15 i t i s 

c l e a r t h a t C-OH groups a r e n o t under t h e s e c o n d i t i o n s of 

e x p o s u r e a major p r o d u c t of p h o t o d e g r a d a t i o n i n t h e s u r f a c e 

r e g i o n s . 

The q u e s t i o n as t o why t h e r e s u l t s o b t a i n e d from t h e 

i r r a d i a t i o n of p o l y c a r b o n a t e f i l m s w i t h a Hg lamp (A>290nm) 

d i f f e r from t h o s e f o r n a t u r a l and b l a c k lamp e x p o s u r e s has 

s t i l l not been f u l l y r e s o l v e d . The i n i t i a l i mpetus f o r 

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

was t o examine t h e changes i n b u l k and s u r f a c e c h e m i s t r i e s 

w i t h a uv s o u r c e w i t h r e l a t i v e l y low o u t p u t below 320nm, t h e 

major e m i s s i o n o c c u r r i n g i n t h e r e g i o n between ^320 and ^360nm, 

t h u s p r o v i d i n g a c o m p a r i s o n w i t h t h e d a t a o b t a i n e d by M u l l e n 
185 

and S e a r l e f o r t h e a c t i v a t i o n s p e c t r a f o r 1 0 - m i l t h i c k f i l m s 
of p o l y c a r b o n a t e . However, on c o n s i d e r a t i o n of t h e c o r r e s -

185 

ponding d a t a f o r 0.1 m i l t h i c k f i l m s doubt must be p l a c e d 

on t h e i m p o r t a n c e of t h e w a v e l e n g t h dependence above 320nm 

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

r e g i o n s a t l e a s t . The b l e a c h i n g e f f e c t , f o r t h e 1 0 - m i l samples, 

a t ^320nm f o r i r r a d i a t i n g w a v e l e n g t h s 325nm-360nm was a t t r i b ­

u t e d t o sample t h i c k n e s s a s were t h e range of w a v e l e n g t h s c a u s i n g 

p h o t o d e g r a d a t i o n (2 30nm-4 30nm). I n c o n t r a s t , f o r t h e t h i n 

f i l m s , no s u c h b l e a c h i n g was found and t h e l o n g e s t w a v e l e n g t h 

c a u s i n g p h o t o d e g r a d a t i o n was ^320 nra. The i n c i d e n t r a d i a t i o n 

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

i s u n l i k e l y t h a t w a v e l e n g t h s ^320 nm w i l l be r e s p o n s i b l e f o r 

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

d i f f e r e n c e s i n t h e o b s e r v e d s u r f a c e c h e m i s t r i e s may be due t o 

th e v a r i a t i o n s i n t h e i n t e n s i t i e s i n t h e r e g i o n 290nm-320nm of 
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t h e uv s o u r c e s u t i l i s e d . Photon f l u x e s <320nm i n n a t u r a l 
_2 

s u n l i g h t can e x c e e d 4 Wm s u c h t h a t t h e use of i n c i d e n t 
_2 

r a d i a t i o n a t ^6 Wm from an Hg a r c i s not u n r e a s o n a b l e . 

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

a r i s i n g from w a v e l e n g t h s c a . 300nm and a t 313nm a r e more 

i n t e n s e t h a n i n n a t u r a l s u n l i g h t . The p o s s i b l e c onsequence 

of t h i s i s t h a t t h e number and n a t u r e o f r a d i c a l s formed p e r 

u n i t time may d i f f e r f o r a r t i f i c i a l w e a t h e r i n g and hence i n ­

f l u e n c e t h e t y p e of r e a c t i o n mechanism i n v o l v e d . E v i d e n c e 

f o r t h i s can, t o some e x t e n t , be s e e n from a c o m p a r i s o n of 

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

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

and Hg a r c e m i s s i o n s ( a i r , 40-50% R.H.). The r e l e v a n t d a t a 

i s shown i n T a b l e 5.3. I t i s c l e a r l y e v i d e n t t h a t o x i d a t i v e 

f u n c t i o n a l i s a t i o n and oxygen uptake a r e more e x t e n s i v e f o r 

t h e mercury a r c lamp e x p o s u r e . 

TABLE 5.3 Comparison o f t h e C, components and 0. /C, 
X S J. S J- s 

i n t e n s i t y r a t i o s f o r p o l y c a r b o n a t e samples exposed 
t o a b l a c k lamp and a mercury a r c lamp f o r s i m i l a r 
t o t a l photon f l u x e s . 

T n t a 1 
^ c - h c-o c=o o-c=o C O . , n-rn* o,/c 

I s 
Hg a r c lamp 
(1 hour, 100 71 16 5 5 2 1 0.36 
20 Whm-2h~J-) 

B l a c k lamp 
(91 h o u r s , 100 74 14 2 2 5 3 0.28 
0.24 Whm-2h-1) 

Samples i r r a d i a t e d i n a i r w i t h t h e Hg lamp a t much l o w e r 
— 2 —1 

photon f l u x e s (1.2 and 0.8 Whm h ) r e v e a l d i f f e r e n c e uv 

s p e c t r a of a s i m i l a r n a t u r e t o t h o s e o b t a i n e d f o r e x p o s u r e s i n 
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oxygen ( I o = 52.5 Whni h ) and a i r ( I o = 20 Whm~ h~ ) . 

I t has been shown above t h a t t h e c o n t r a s t between b l a c k and 

Hg lamp e x p o s u r e s a s r e v e a l e d by d i f f e r e n c e uv s p e c t r o s c o p y 

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

ESCA. Thus f o r t h e s e low lamp i n t e n s i t y e x p o s u r e s i t i s t o 

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

f o l l o w ( a l t h o u g h a t a much s l o w e r r a t e ) t h o s e o b s e r v e d f o r 

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

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

i n t h e r e g i o n 290-320 nm on t h e n a t u r e of t h e p h o t o d e g r a d a t i o n . 

As such t h e d a t a p r e s e n t e d above s t r o n g l y s u g g e s t s t h a t f o r 

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

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

comparable t o s u n l i g h t . 

5.3.9 P r o l o n g e d N a t u r a l W e a t h e r i n g 

The d a t a p r e s e n t e d i n t h e p r e v i o u s s e c t i o n r e ­

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

e a r l y s t a g e s of n a t u r a l w e a t h e r i n g (%1 month) i n S a u d i A r a b i a . 

I t i s of i n t e r e s t , however, t o examine t h e s u r f a c e c h e m i s t r i e s 

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

time (6, 12 and 24 m o n t h s ) . The C. c o r e l e v e l s d i s p l a y e d 
_L 5 

i n F i g u r e 5.16 r e v e a l t h e changes o c c u r r i n g i n t h e s u r f a c e 

r e g i o n f o r e x p o s u r e s i n A u s t r a l i a a t 2 d i f f e r e n t s i t e s c o r r e s ­

ponding t o hot/wet (H/W) and h o t / d r y (H/D) c o n d i t i o n s . A l ­

though, a f t e r 6 months' w e a t h e r i n g , t h e a p p e a r a n c e s of t h e 
C l s s P e c t r a r o r t h e 2 s i t e s a r e s i m i l a r i t i s c l e a r t h a t t h o s e 

f o r 12 and 24 months d i f f e r and r e f l e c t t h e v a r i a t i o n s i n t h e 

r e s p e c t i v e r e l a t i v e h u m i d i t i e s . The n a t u r e of t h e changes 

a r e more a p p a r e n t from t h e C, component a n a l y s e s i n F i g u r e 
JL o 

5.17. 
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POLYCARBONATE EXPOSED IN AUSTRALIA 

(BINDING ENERGY in eV) 

1 I 

24MONTHS 24 MONTHS 

HW HD 

\ I 

12 MONTHS 12 MONTHS 

HW HD i 

\ 

6 MONTHS 6 MONTHS 
HW HD 

V/ 

1 \ 

291 28S 283 289 287 287 285 283 289 291 

UNEXPOSED 

291 2 8 9 287 285 2 83 

F i g u r e 5.16 c o r e l e v e l s f o r p o l y c a r b o n a t e samples 
w e a t h e r e d i n A u s t r a l i a a t Hot/Wet and Hot/Dry s i t e s 
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The s i m i l a r i t y i n t h e n a t u r e o f t h e s u r f a c e a f t e r 6 

months 1 e x p o s u r e a t t h e two l o c a t i o n s i s h i g h l y e v i d e n t from 
p 

t h e i n t e n s i t i e s a r i s i n g from C-H, C-0, C=0, 0-C=0 and 0-6-0 

components. The i n t e n s i t y of t h e C-0 f u n c t i o n a l i t y i s more 

i n t e n s e f o r t h e H/W e x p o s u r e . I t i s c l e a r from t h e s e d a t a 

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

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

t h u s t h e s u r f a c e examined may not be t h e same as t h e o r i g i n a l 

sample, t h e t r e n d s i n c a r b o n y l and c a r b o x y l a t e f o r m a t i o n o v e r 

24 months r e f l e c t t h o s e found i n t h e model s t u d i e s where 

ph o t o a g i n g was s t u d i e d a s a f u n c t i o n of r e l a t i v e h u m i d i t y . 

As s u c h t h e c a r b o x y l a t e f e a t u r e i s predominant o v e r t h e 

c a r b o n y l component a f t e r 12 and 24 months' e x p o s u r e i n H/D 

c o n d i t i o n s w i t h t h e r e v e r s e t r e n d b e i n g t h e c a s e f o r H/W 

w e a t h e r i n g . 
5.4 C o n c l u s i o n s 

The d a t a d i s c u s s e d i n S e c t i o n 5.3 h i g h l i g h t s t h e f o l l o w i n g 

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

( i ) N a t u r a l and a r t i f i c i a l w e a t h e r i n g i n t h e s u r f a c e 

r e g i o n s o c c u r s v i a p h o t o o x i d a t i o n and not by p h o t o - F r i e s r e ­

arrangement and mechanisms. T h i s i s a l s o t h e c a s e f o r t h e 

b u l k p h o t o a g i n g a l b e i t n a t u r a l or b l a c k lamp e x p o s u r e s . I t 

may w e l l be t h e c a s e f o r Hg a r c lamp i r r a d i a t i o n s (x>290nm) 

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

t h i s c a n n o t be shown d i r e c t l y from t h e d i f f e r e n c e uv s p e c t r a . 

( i i ) The changes i n b u l k and s u r f a c e c h e m i s t r i e s , as 

e v i d e n c e d by d i f f e r e n c e uv s p e c t r o s c o p y and ESCA r e s p e c t i v e l y , 

i n d u c e d by uv i r r a d i a t i o n a r e s t r o n g l y dependent on t h e p a r t i a l 

p r e s s u r e s of w a t e r and oxygen. 
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( i i i ) S u r f a c e p h o t o o x i d a t i o n i n v o l v e s both t h e gem 

d i m e t h y l groups and a r o m a t i c r i n g s y s t e m s . 

( i v ) F o r c l o s e c o r r e l a t i o n t o n a t u r a l w e a t h e r i n g , t h e 

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

employ uv s o u r c e s h a v i n g an e m i s s i o n i n the r e g i o n 290-320nm 

of c o m p a r a b l e d i s t r i b u t i o n and r e l a t i v e i n t e n s i t y a s s u n l i g h t . 
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CHAPTER S I X 

THE PHOTOAGING OF BISPHENQL A POLYCARBONATE - PART I V 

SURFACE ASPECTS OF THE OXIDATION OF 

BISPHENOL A POLYCARBONATE FILMS, INDUCED BY 

REACTIVE OXYGEN S P E C I E S , AS REVEALED BY ESCA. 
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6.1 I n t r o d u c t i o n 

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

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

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

g aseous compounds (e. g . 0^, SC^ and N0^), p r e s e n t a s atmos­

p h e r i c p o l l u t a n t s , may a l s o p l a y an i m p o r t a n t p a r t . The r o l e 

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

has been c o n s i d e r e d i n C h a p t e r s F o u r and F i v e and i t i s t h e r e ­

f o r e of i n t e r e s t t o c o n s i d e r t h e s u r f a c e a s p e c t s of t h e de­

g r a d a t i o n i n d u c e d by some of t h e r e a c t i v e s p e c i e s (namely 

ozone and s i n g l e t oxygen) t h a t have r e c e i v e d a t t e n t i o n i n t h e 
,.. . 188-190 l i t e r a t u r e . 

Ozone i s produced i n t h e upper atmosphere by t h e u l t r a -
190 

v i o l e t p h o t o l y s i s of oxygen. The r e s u l t i n g oxygen atoms 

t h e n combine w i t h oxygen m o l e c u l e s t o form ozone. A l a y e r 

of ozone a t an a l t i t u d e between ^12 and 22 m i l e s has been 

formed w i t h c o n c e n t r a t i o n s a s h i g h as 500 p a r t s p e r hundred 

m i l l i o n (pphm). T h i s l a y e r a c t s a s an e f f i c i e n t f i l t e r of 

t h e s h o r t w a v e l e n g t h s o f s o l a r r a d i a t i o n (<290nm) and p r o t e c t s 

l i f e a t t h e e a r t h ' s s u r f a c e from t h e h a r m f u l e f f e c t s o f u l t r a ­

v i o l e t l i g h t . As a r e s u l t of winds, ozone whi c h has d i f f u s e d 
191 

i n t o t h e t r o p o s p h e r e i s brought down t o t h e e a r t h ' s s u r f a c e . 

L o c a l c o n c e n t r a t i o n s v a r y w i d e l y , depending on l o c a l i t y and 

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

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

a t t a c k b e i n g s t r o n g l y dependent on t h e s t r u c t u r e of t h e m a t e r i a l . 

The r e a c t i o n w i t h s o l i d p o l y m e r s o c c u r s m a i n l y a t t h e s u r f a c e 
192 193 194 

and as s u c h a knowledge of t h e changes i n s u r f a c e 
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c h e m i s t r y i s of prime i m p o r t a n c e . Thus t h e f i r s t p a r t o f 

t h e r e s u l t s and d i s c u s s i o n i n S e c t i o n 6.3 c o n s i d e r s a 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 e s u r f a c e o z o n a t i o n of p o l y c a r b o n a t e 

w i t h t h e a i d o f ESCA. 

195 

S i n c e t h e p r o p o s a l , by T r o z z o l o and Winslow, t h a t 

s i n g l e t oxygen may p l a y a p o s s i b l e r o l e i n t h e o x i d a t i v e p h o t o -

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

a c t i o n s w i t h p o lymers has been t h e c e n t r e of c o n s i d e r a b l e 
4. • 4-v, i 4. 10,188,189 T _ _ 

i n t e r e s t i n t h e l i t e r a t u r e . I n t h e c a s e of p o l y ­
e t h y l e n e , s i n g l e t oxygen i s p o s t u l a t e d a s a r i s i n g from t h e 
q u e n c h i n g of n-*-H* t r i p l e t s t a t e s of k e t o n e groups by m o l e c u l a r 

195 

oxygen. However, i t s h o u l d be n o ted t h a t t h e r e i s no 

e x p e r i m e n t a l e v i d e n c e f o r t h i s p r o c e s s . 
Two out of t h e v a r i o u s h i g h e r s t a t e s of e x c i t e d oxygen 

19 

m o l e c u l e s were c o n s i d e r e d by H e r z b e r g t o c o n s i s t of s i n g l e t 

oxygen, namely, J 0 2 (*A ) a n d l o
2 ^^g^' These two s i n g l e t 

s t a t e s have e x c i t a t i o n e n e r g i e s w i t h r e s p e c t t o t h e ground s t a t e 

of ^22.5 and ^37.5 k c a l mole-"'' r e s p e c t i v e l y . I n t h e gas phase 

(under low p r e s s u r e ) t h e 1 & s t a t e i s e x t r e m e l y l o n g - l i v e d 

( c a . 45 min.) whereas t h e 1 E + s t a t e has a much s h o r t e r l i f e t i m e 
g 

( c a . 7 s e c . ) . " ' " 0 Thus, i n g e n e r a l , i t i s t h e former s p e c i e s 

which i s c o n s i d e r e d t o be i n v o l v e d i n t h e o x i d a t i v e d e g r a d a t i o n 

of p o l y m e r s . 

L e v e l s of s i n g l e t oxygen, i n t h e p.p.m. range, have been 

i d e n t i f i e d i n urban a t m o s p h e r e s , 1 9 6 ' 1 9 7 c o n s e q u e n t l y p o l y m e r s 

which a r e a f f e c t e d by s i n g l e t oxygen need t o have t h e s e r e ­

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

atmospheres i s b e i n g s t u d i e d . 
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As, i n t h e c a s e of o z o n a t i o n , s i n g l e t oxygen r e a c t i o n s 
198 

o c c u r p r e d o m i n a n t l y a t t h e s u r f a c e o f a s o l i d polymer 
188 

a l t h o u g h t h e l i t e r a t u r e has not c o n s i d e r e d t o any g r e a t 

e x t e n t t h e n a t u r e of t h e r e a c t i o n s a t t h e g a s / s o l i d i n t e r f a c e 

ESCA has been shown t o be of prime i m p o r t a n c e a s a t e c h n i q u e 
45-52 

f o r t h e s t u d y of polymer s u r f a c e d e g r a d a t i o n and i n t h i s 

c h a p t e r i t has been u t i l i s e d t o i n v e s t i g a t e some a s p e c t s of 

t h e s u r f a c e o x i d a t i o n of B i s p h e n o l A p o l y c a r b o n a t e i n d u c e d 

by ozone and s i n g l e t oxygen. 
6.2 E x p e r i m e n t a l 

6.2.1 O z o n a t i o n 

Ozonated samples of B i s p h e n o l A p o l y c a r b o n a t e and 

p o l y s u l p h o n e f i l m s (30ym) were k i n d l y s u p p l i e d by Dr. J . P e e l i n g 

(Dhahran, S a u d i A r a b i a ) . The samples were exposed t o ozone 

from an o z o n a t o r (Ozone R e s e a r c h and Equipment C o r p o r a t i o n ) 

f o r v a r i o u s p e r i o d s o f time i n a purged p y r e x v e s s e l . The 

gas f l o w t h r o u g h o u t t h e e x p e r i m e n t was m a i n t a i n e d a t 0.52 l m i n 1 

The ozone c o n c e n t r a t i o n , d e t e r m i n e d by i o d o m e t r i c - t h i o s u l p h a t e 

t i t r a t i o n , was 0.27 mole %. 

6.2.2 S i n g l e t Oxygen 

S i n g l e t oxygen was g e n e r a t e d by t h e microwave 
199 

d i s c h a r g e t e c h n i q u e . Oxygen a t a p r e s s u r e of 2 t o r r was 

p a s s e d t h r o u g h a q u a r t z tube (12.5mm) e n c i r c l e d by a microwave 

d i s c h a r g e c a v i t y , s e e F i g u r e 6.1. The microwave power i s 

s u p p l i e d by an E l e c t r o - M e d i c a l S u p p l i e s g e n e r a t o r a t 60W and 

a f r e q u e n c y of 2450 MHz. S i n g l e t oxygen, a t o m i c oxygen and 

ozone a r e produced. The c o n c e n t r a t i o n of t h e l a t t e r two may 

be e s s e n t i a l l y removed by c o n t i n u a l d i s t i l l a t i o n of Hg vapour 
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F i g u r e 6.1 Schematic o f t h e f l o w system used t o s t u d y t h e 
r e a c t i o n s o f r e a c t i v e oxygen species w i t h 
p olymers. 

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

formed i n s i d e t h e q u a r t z tube downstream o f t h e d i s c h a r g e . 

The e f f l u e n t was passed t h r o u g h a d r y i c e / a c e t o n e c o l d t r a p 

(-78°C), t o remove mercury vapour, and passed t o t h e sample 

r e g i o n . The e f f l u e n t was m o n i t o r e d f o r atomic oxygen a t t h e 

sample p o s i t i o n , i n s e p a r a t e e x p e r i m e n t s , by t h e a d d i t i o n of 

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

NO + O ) N0 2 + hv 

was not observed i n t h e p r e s e n t case. However, a low l e v e l 
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o f atomic oxygen, e s t i m a t e d t o be ^ 1 x 10 o f t h e s i n g l e t 

oxygen c o n c e n t r a t i o n , has been shown t o be p r e s e n t i n t h e 

e f f l u e n t from an oxygen d i s c h a r g e even w i t h t h e presence o f 

mercury vapour. To remove t h e r e s i d u a l atomic oxygen con­

t a m i n a t i o n n i t r o g e n d i o x i d e may be added t o t h e stream beyond 

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

f o l l o w s t h e scheme: 

N0 2 + 0 » NO + 0 2 

NO + 0 • N0 2+ hv 

A bypass system has been i n c o r p o r a t e d t o a l l o w t h e 

d i s c h a r g e t o s t a b i l i s e b e f o r e exposing t h e sample t o t h e 

e f f l u e n t . The sample chamber i s surrounded by a water j a c k e t 

e n a b l i n g t h i s r e g i o n t o be heated t o ^80°C. 

The e x p e r i m e n t a l procedure c o n s i s t e d of p l a c i n g a 

polymer f i l m mounted on an ESCA probe t i p , by means o f double 

s i d e d s c o t c h t a p e , i n t o t h e r e a c t i o n chamber and e v a c u a t i n g 
_3 

t h e whole system t o ^10 t o r r w i t h an Edwards ED50 two-stage 

r o t a r y pump. A f t e r f l u s h i n g w i t h oxygen a t t h e r e q u i r e d 

p r e s s u r e f o r ^5 minutes and e n s u r i n g t h a t t h e f l o w i s d i r e c t e d 

t h r o u g h t h e bypass system, t h e microwave d i s c h a r g e i s i n i t i a t e d 

w i t h an Edwards H.F. T e s t e r and a l l o w e d t o s t a b i l i s e f o r 15 

minutes b e f o r e p a s s i n g t h e e f f l u e n t over t h e sample. 

As w i l l become apparent from t h e r e s u l t s and d i s c u s s i o n , 

when mercury vapour i s used as t h e o n l y means of removal o f 

atomic oxygen and ozone e x t e n s i v e s u r f a c e o x i d a t i o n occurs which 

may a r i s e f r o m a low l e v e l of c o n t a m i n a t i o n due t o t h e f o r m e r 

s p e c i e s . To i n v e s t i g a t e t h e e f f e c t o f oxygen atoms on p o l y ­

c a r b o n a t e a f l o w system, based on t h e d e s i g n f o r t h e s i n g l e t 

oxygen g e n e r a t o r d e s c r i b e d above, was c o n s t r u c t e d . T h i s 
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e s s e n t i a l l y c o n s i s t s o f r e p l a c i n g t h e microwave c a v i t y w i t h 

a mercury a r c lamp, t h e d r y i c e / a c e t o n e c o l d t r a p w i t h l i q u i d 

n i t r o g e n and t h e oxygen by n i t r o u s o x i d e . 

The p r o d u c t i o n o f atomic oxygen a r i s e s f r o m t h e mercury sen-
44 

s i t i s e d p h o t l y s i s o f n i t r o u s o x i d e (^O) a t ̂ 254nm. By 

p a s s i n g ^ 0 t h r o u g h t h e system a t ̂ 2 t o r r w i t h t h e c o n t i n u a l 

d i s t i l l a t i o n o f mercury vapour, a v e r y s m a l l l e v e l o f oxygen 

atoms are produced. T h i s i s evidenced by t h e c o n t r a s t i n 

pr e s s u r e s on e i t h e r s i d e of t h e l i q u i d n i t r o g e n c o l d t r a p . 
_3 

The p r e s s u r e i n t h e sample r e g i o n i s ̂ 10 t o r r a l t h o u g h an 

a c c u r a t e measurement was n o t p o s s i b l e due t o range o f t h e 

Edwards P i r a n i gauge employed. 

ESCA s p e c t r a were r e c o r d e d w i t h an AEI ES200B s p e c t r o ­

meter u s i n g Mgj^, _ r a d i a t i o n . Under t h e c o n d i t i o n s employed 

t h e A u 4 f ^ 2 l e v e l a t 84.0 eV used f o r c a l i b r a t i o n purposes had 

a f u l l w i d t h a t h a l f maximum (FWHM) o f 1.2 eV. Spec t r a were 
o b t a i n e d a t e l e c t r o n t a k e - o f f angles o f 9=30° and 9=70° 

o o 
c o r r e s p o n d i n g t o samplin g depths o f M5A and ̂ 12A r e s p e c t i v e l y . 

B i n d i n g e n e r g i e s were r e f e r e n c e d t o t h e C-H component a t 

285.0 eV. L i n e shape a n a l y s i s o f complex s p e c t r a l envelopes 

was ach i e v e d u s i n g a DuPont 310 curve r e s o l v e r . 

6.3 R e s u l t s and D i s c u s s i o n 

6.3.1 Ozonation 

P r e v i o u s i n v e s t i g a t i o n s , p e r t a i n i n g t o changes i n 
b u l k c h e m i s t r y , o f t h e o z o n a t i o n o f B i s p h e n o l A p o l y c a r b o n a t e 

200 192 i n t h e s o l i d s t a t e and s o l u t i o n phase r e v e a l c o n t r a s t i n g 

degrees o f r e a c t i v i t y . I t i s of i n t e r e s t t o compare th e s e 
lO 192 

d a t a w i t h t h o s e o b t a i n e d f o r p o l y s t y r e n e . ' The r a t e o f 
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o z o n a t i o n f o r t h e l a t t e r polymer appears t o be g r e a t e r i n 

th e s o l i d s t a t e t h a n t h a t i n s o l u t i o n whereas t h e converse 

s i t u a t i o n e x i s t s f o r p o l y c a r b o n a t e . An ESCA s t u d y o f t h e 
193 

s u r f a c e o z o n a t i o n o f p o l y s t y r e n e f i l m s has i n f a c t r e ­

v e a l e d t h a t e x t e n s i v e oxygen uptake and hence o x i d a t i v e 

f u n c t i o n a l i s a t i o n o c c u r s . I f t h e t r e n d s observed i n b u l k 

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

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

w i l l n o t be as g r e a t as tho s e f o r p o l y s t y r e n e . 

The ESCA s p e c t r a i n F i g u r e 6.2 r e v e a l t h e C^s core l e v e l s 

f o r p o l y c a r b o n a t e b e f o r e and a f t e r t r e a t m e n t ozone. From an 

i n i t i a l p r o f i l e due t o peaks a r i s i n g f r o m C-H (gem d i m e t h y l 

and p h e n y l m o i e t i e s ) , C-0, O-^-0-and n+n* shake-up components, 

a d d i t i o n a l f e a t u r e s due t o >C=0 and 0-C=0 f u n c t i o n a l i t i e s 

appear on exposure i n d i c a t i v e o f oxygen u p t a k e . A l l t h e 

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

evidenced by t h e presence o f a s i g n a l a r i s i n g from t h e Si-2p 

core l e v e l (^102.2 eV). T h i s c o n t a m i n a t i o n c o n t r i b u t e s t o 

th e 0 l s envelope and c o n s e q u e n t l y u s e f u l i n f o r m a t i o n on oxygen 

uptake cannot be o b t a i n e d s o l e l y from t h e 0, l e v e l s themselves. 

I s 

The n a t u r e o f t h e changes i n t h e s i g n a l a r e r e v e a l e d 

i n t h e component a n a l y s i s i n F i g u r e 6.3. The C-H f e a t u r e de­

creases i n i n t e n s i t y w i t h c o n c o m i t a n t i n c r e a s e s i n C-0, >C=0 

and 0-C=0 f u n c t i o n a l i t i e s . A f t e r an i n i t i a l decrease i n t h e 

carbo n a t e m o i e t y t h e l e v e l remains r e l a t i v e l y c o n s t a n t i n d i c ­

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

i n t h e o j o n a l y s i s o f p o l y c a r b o n a t e . The n+n* shake-up s a t e l l i t e , 

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

w i t h i n c r e a s i n g ozone exposure such t h a t t h e l e v e l a f t e r 32 

hours i s o n l y ^35% o f t h e i n i t i a l v a l u e . These r e s u l t s , 
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F i g u r e 6.2 core l e v e l s f o r ozonated p o l y c a r b o n a t e 
samples 
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F i g u r e 6.3 C^s components f o r t h e s p e c t r a i n F i g u r e 6.2 

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

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

systems. I t i s i n t e r e s t i n g t o no t e t h a t t h e e x t e n t o f r e ­

a c t i o n o f p o l y c a r b o n a t e a f t e r 32 hours' exposure i s n o t as 

g r e a t as t h a t f o r p o l y s t y r e n e a f t e r two hours under t h e same 

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

o x i d a t i v e d e g r a d a t i o n i n t h e n a t u r a l environment by ozone i s 

of g r e a t e r i m p o r t a n c e f o r t h e l a t t e r system. 

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

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

f o r m a t i o n o f peroxy r a d i c a l s i s t h e predominant r e a c t i o n over 
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t h e f o r m a t i o n o f a r o m a t i c o z o n i d e s . I t i s n o t p o s s i b l e f r o m 

t h e d a t a i n F i g u r e 6.3 t o d e l i n e a t e t h e r e l a t i v e predominance 

o f e i t h e r r e a c t i o n , however, t h e decrease i n t h e shake-up 

s a t e l l i t e i n t e n s i t y suggests t h a t t h e l a t t e r mechanism, i n 

t h e d e g r a d a t i v e processes, i s of importance i n t h e s u r f a c e 

r e g i o n s . 

6.3.2 Microwave d i s c h a r g e o x i d a t i o n of p o l y c a r b o n a t e 

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

t a i n i n g t o s i n g l e t oxygen r e a c t i o n s , t h i s s e c t i o n i s i n v o l v e d 

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

carbonate f i l m s exposed t o t h e e f f l u e n t o f a microwave i n i t i a t e d 

oxygen d i s c h a r g e . The r e a c t i v e oxygen s p e c i e s r e a c h i n g t h e 

sample c o n s i s t o f at o m i c oxygen, s i n g l e t oxygen and ozone. 

T h i s method has been p r e v i o u s l y u t i l i s e d t o s t u d y t h e r e a c t i o n s 
201 

o f atomic oxygen w i t h a v a r i e t y o f o r g a n i c m a t e r i a l s , 
202 

i n c l u d i n g polymers, b u t i s g e n e r a l l y acknowledged as n o t 

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

presence of t h e o t h e r r e a c t i v e oxygen s p e c i e s . 
The ESCA s p e c t r a i n F i g u r e 6.4 r e v e a l t h e changes 

i n t h e C. and 0, c o r e l e v e l s a t e l e c t r o n t a k e - o f f angles o f I s I s ^ 
30 and 70° o f p o l y c a r b o n a t e f i l m s a f t e r t r e a t m e n t w i t h t h e 

e f f l u e n t o f a microwave oxygen d i s c h a r g e (60W, 2 t o r r ) . The 

i n c r e a s e s i n c o m p l e x i t y o f t h e C, s i g n a l and r e l a t i v e i n t e n s i t y 
_L S 

o f t h e 0 l s envelope p r o v i d e evidence f o r i n t e n s i v e oxygen up t a k e . 

The s p e c t r a f o r 15 m i n u t e s ' exposure r e v e a l t h a t t h e e x t e n t o f 

r e a c t i o n i s g r e a t e r a t 6=70° and t h e s u r f a c e s p e c i f i c i t y o f t h e 

oxygen uptake i s r e a d i l y a pparent f r o m a comparison o f t h e 

carbon:oxygen s t o i c h i o m e t r i e s as d i s p l a y e d i n Table 6.1. T h i s 

t r e n d i s i n e s s e n t i a l agreement w i t h t h a t found f o r t h e r a d i o -
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73 

exposed t o t h e e f f l u e n t o f an oxygen microvra~v^ 
d i s c h a r g e . '—' • ' 
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182 f r e q u e n c y induced plasma o x i d a t i o n o f polymers. 

TABLE 6.1 C:0 s t o i c h i o m e t r i c s f o r p o l y c a r b o n a t e f i l m s 
exposed t o t h e e f f l u e n t o f an oxygen microwave 
d i s c h a r g e 

C:0 s t o i c h i o m e t r y 

Time 0=30° 0=70° 

15 minutes C l : 0 0 31 C l : < ^ 0 47 

TABLE 6.2 C^s components f o r p o l y c a r b o n a t e f i l m s exposed 
t o t h e e f f l u e n t o f an oxygen microwave d i s c h a r g e 

T o t a l 
I s C-H C-0 C=0 0-C=0 c o 3 

O l oo 76 14 O 0 7 3 

= 70° 15 100 48 26 14 7 4.5 0. 5 

30 100 61 22 10 2.5 4 0.5 

0 100 76 13 0 0 7 4 

= 30° 15 100 60 20 10 2.0 6 2.0 

30 100 58 20 11 4 5 2 

The n a t u r e o f t h e changes i n C^s envelope are r e v e a l e d 

i n t h e component a n a l y s i s i n Table 6.2. At a t a k e - o f f angle 

o f 70° a f t e r 15 minut e s ' exposure, c a r b o n y l and c a r b o x y l a t e 

f e a t u r e s a re e v i d e n t c o n t r i b u t i n g 14 and 7% r e s p e c t i v e l y t o t h e 

t o t a l C l s i n t e n s i t y . The carbonate and n-+n* shake-up components 

have decreased i n i n t e n s i t y i n d i c a t i n g c h a i n s c i s s i o n a t t h e 

former and o x i d a t i o n o f t h e l a t t e r . Exposure f o r a f u r t h e r 

15 minutes r e s u l t s i n a decrease i n oxygen c o n t e n t which i s 

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

o x i d i s e d carbon s p e c i e s and an i n c r e a s e i n t h e C-H component a t 

285.OeV. T h i s i s r e p r e s e n t a t i v e o f t h e a b l a t i o n o f t h e s u r f a c e . 
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On e x a m i n a t i o n o f t h e d a t a f o r comparable exposures 

f o r a t a k e - o f f a ngle o f 30° t h e lower degree o f r e a c t i o n i s 

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

i s a t i o n i s h i g h l i g h t e d by t h e h i g h e r l e v e l o f carbonate and 

shake-up f e a t u r e s i n comparison t o those f o r 8=70°. 

6.3.3 S i n g l e t Oxygen ^AO,,) 

The r e a c t i o n s o f s i n g l e t oxygen i1^^) w i t h 

polymers have been t h e c e n t r e o f c o n s i d e r a b l e i n t e r e s t i n t h e 
^ • *. 4- 188,202,203 ^ , c , . . . . , l i t e r a t u r e . For t h e s t u d y o f such r e a c t i o n s w i t h 

polymers i n t h e s o l i d s t a t e , *A0 2 i s n o r m a l l y generated by 
199 

means o f a microwave i n i t i a t e d oxygen d i s c h a r g e . To remove 

t h e atomic oxygen and ozone b e f o r e t h e e f f l u e n t from t h e d i s ­

charge reaches t h e sample, mercury i s c o n t i n u a l l y d i s t i l l e d 

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

formed on t h e s i d e s o f t h e q u a r t z tube j u s t beyond t h e m i c r o ­

wave c a v i t y . The oxygen atom c o n c e n t r a t i o n under these con­

d i t i o n s i s b e l i e v e d t o be l e s s than 10~ 4 o f t h a t f o r t h e 
199 

s i n g l e t oxygen. 
The C, and 0, core l e v e l s i n F i g u r e 6.5 (6=70°) I s I s ^ 

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

f i l m s exposed t o a stream of s i n g l e t oxygen (60W, 2 t o r r ) f o r 

v a r i o u s p e r i o d s o f t i m e . The i n c r e a s e s i n c o m p l e x i t y o f t h e 
C l s e n v e l o P e a n d i n t e n s i t y of t h e 0^ s s i g n a l r e v e a l e x t e n s i v e 
o x i d a t i o n of t h e s u r f a c e . The oxygen uptake i s more apparent 

from a c o n s i d e r a t i o n o f t h e r e l a t i v e 0, /C, i n t e n s i t y r a t i o s 
I s I s 

i n F i g u r e 6.6. For comparison t h e r e l e v a n t d a t a f o r an e l e c t r o n 

t a k e - o f f a ngle of 30° a r e a l s o i n c l u d e d . From these d a t a i t 

i s c l e a r t h a t t h e oxygen uptake i s g r e a t e r f o r 9=70° i n d i c a t i v e 

of t h e s u r f a c e s p e c i f i c i t y o f t h e o x i d a t i v e processes. I t i s 
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F i g u r e 6.5 c
l s and 0 l s core l e v e l s f o r p o l y c a r b o n a t e f i l m s 
exposed t o " S i n g l e t Oxygen" f o r v a r i o u s p e r i o d s 
of t i m e (9 = 70 w) ~ ~ 
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F i g u r e 6.6 ^is^ls i n t e n s i t y r a t i o s f o r p o l y c a r b o n a t e 
samples exposed t o " S i n g l e t oxygen" (9=7Q and 30°) 
f o r v a r i o u s p e r i o d s o f t i m e . 

a l s o i n t e r e s t i n g t o note t h a t t h e oxygen uptake f o l l o w s an 

a u t o c a t a l y t i c mechanism w i t h an i n d u c t i o n p e r i o d o f '̂ 15 m i n u t e s . 

A steady s t a t e s i t u a t i o n i s reached a f t e r ^60 minut e s ' exposure 

r e p r e s e n t a t i v e o f t h e balance between o x i d a t i o n processes and 

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

E x a m i n a t i o n o f t h e C^s component a n a l y s i s d i s p l a y e d i n 

F i g u r e 6.7 a l s o r e v e a l s t h e a u t o c a t a l y t i c n a t u r e o f t h e r e ­

a c t i o n s i n v o l v e d . I n c r e a s e s i n t h e C-O, C=0 and 0-C=0 

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

component i s a f a c t o r o f ^2 g r e a t e r t h a n t h e c a r b o x y l a t e group 
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F i g u r e 6.7 components f o r p o l y c a r b o n a t e f i l m s exposed 
t o " s i n g l e t oxygen" f o r v a r i o u s p e r i o d s o f t i m e . 

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

( c f . Chapter Four) where t h e l a t t e r i s more predominant t h a n 
0 

t h e former i n a h i g h l y o z i d i s e d s u r f a c e . The C-H, O-C-0 and 

Il+n* shake-up components decrease i n i n t e n s i t y a u t o c a t a l y t i c a l l y . 

The l a t t e r f u n c t i o n a l i t y i s n o t e v i d e n t a f t e r ^2 hours i n d i c a t i v e 

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

I t i s o f i n t e r e s t t o compare t h e n a t u r e o f t h e o x i d i s e d 

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

c a r b o n a t e f i l m s exposed t o t h e e f f l u e n t o f an oxygen microwave 

d i s c h a r g e w i t h and w i t h o u t t h e c o n t i n u o u s d i s t i l l a t i o n o f mercury 
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t h r o u g h t h e d i s c h a r g e r e g i o n . The a p p r o p r i a t e d a t a i s r e ­

v e a l e d i n Table 6.3. There are d i s t i n c t s i m i l a r i t i e s i n t h e 

d i s t r i b u t i o n o f t h e C, components f o r t h e two s u r f a c e s which 
J. o 

i n d i c a t e s s i m i l a r r e a c t i o n mechanisms. The data i n f a c t 

suggest t h a t t h e " s i n g l e t oxygen" r e a c t i o n i s t h e same as t h a t 

f o r t h e microwave i n i t i a t e d oxygen d i s c h a r g e d e g r a d a t i o n as 

d e s c r i b e d i n t h e p r e v i o u s s e c t i o n b u t t h a t i t occurs a t a much 

slow e r r a t e . The e x t e n t o f o x i d a t i o n i n t h e s u b s u r f a c e (6=30°) 

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

TABLE 6.3 Comparison of t h e C. components and 0, /C, xs i s i s 
i n t e n s i t y r a t i o s f o r p o l y c a r b o n a t e f i l m s exposed 
t o t h e e f f l u e n t o f an oxygen microwave d i s c h a r g e 
w i t h and w i t h o u t c o n t i n u o u s Hg d i s t i l l a t i o n 

Tot a 1 
Time - ^ a x C _ H c _ 0 c = 0 0-C=0 C0 o 0, /C 

15 minutes 
( w i t h o u t Hg) 

120 minutes 
( w i t h Hg) 

I s 

100 48 26 14 7 4.5 0.5 0.6 

100 48 27 14 6 5 0 0.6 

The ' s i n g l e t oxygen" exposures d e s c r i b e d above were c a r r i e d 

ou t a t 20°C. To i n v e s t i g a t e t h e e f f e c t o f t e m p e r a t u r e on t h e 

i n d u c t i o n p e r i o d , p o l y c a r b o n a t e f i l m s were o x i d i s e d a t 60°C. 

The r e l a t i v e oxygen t o carbon i n t e n s i t y r a t i o s d i s p l a y e d i n 

F i g u r e 6.8 r e v e a l t h e oxygen uptake f o r exposures a t 20 and 60°C 

(6=70°). I t i s c l e a r f r o m t h e s e d a t a t h a t t h e i n d u c t i o n p e r i o d 

i s n o t a f f e c t e d by e l e v a t i n g t h e t e m p e r a t u r e . However, when 

o x i d a t i o n o ccurs t h e r a t e i s d r a m a t i c a l l y i n c r e a s e d and an 

e q u i l i b r i u m s t a t e i s reached a t much e a r l i e r s t a g e . The con­

t r a s t i n t h e degree o f o x i d a t i o n a t t h e two t e m p e r a t u r e s i s r e ­

f l e c t e d i n Table 6.4 where t h e C:0 s t o i c h i o m e t r i e s f o r p o l y c a r ­

bonate f i l m s f o r 60 minute exposures are d i s p l a y e d . 
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PC EXPOSED TO 1 A 0 2 

0-1 

15 30 
EXPOSURE TIME (MINUTES) 

Ts60 ° c 

T=30 c c 

60 

F i g u r e 6.8 < ^ > i s
/ / c i s i n t e n s i t y r a t i o s f o r p o l y c a r b o n a t e f i l m s 

exposed t o " s i n g l e t oxygen" f o r v a r i o u s p e r i o d s 
o f t i m e as a f u n c t i o n o f t e m p e r a t u r e . 

TABLE 6.4 C:Q s t o i c h i o m e t r i c s f o r o x i d i s e d p o l y c a r b o n a t e 
f i l m s (60 minut e s ' exposure) 

Temperature 

20 

C:0 s t o i c h i o m e t r y 

C l : 0 0 . 3 9 

60 C l : 0 0 . 5 3 

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

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

and w i t h o u t t h e c o n t i n u o u s d i s t i l l a t i o n o f mercury vapour, are 
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r e m a r k a b l y s i m i l a r . These d a t a suggest t h a t t h e mercury 

vapour does n o t remove oxygen atoms t o a s u f f i c i e n t e x t e n t 

t o p r e v e n t p a r t i c i p a t i o n i n t h e d e g r a d a t i v e p rocesses. I t 

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

atomic oxygen can l e a d t o anomalous r e s u l t s i n t h e quenching 
199 

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

above, t h e r e f o r e , appear t o r e f l e c t t h e e x t r e m e l y s m a l l l e v e l 

o f oxygen atoms r e a c h i n g t h e sample. P r e v i o u s l y r e p o r t e d 
204 

s t u d i e s i n t h e l i t e r a t u r e , where t h e removal of atomic 

oxygen r e l i e s s o l e l y on t h e r e a c t i o n w i t h mercury vapour may 

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

R e s i d u a l t r a c e s o f atomic oxygen may be removed by t h e 

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

system beyond t h e d i s c h a r g e r e g i o n . The r e a c t i o n s , d e s c r i b e d 

i n t h e e x p e r i m e n t a l s e c t i o n , w i l l g i v e r i s e t o a weak green 

glow a t t h e i n l e t v a l v e when viewed i n complete darkness. No 

such glow was observed i n t h e e x p e r i m e n t s r e p o r t e d here. I n 

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

urunescent r e a c t i o n s , t h e amount of NO2 r e q u i r e d can o n l y be 

o b t a i n e d on a t r i a l and e r r o r b a s i s . I n i t i a l runs r e v e a l e d 

t h a t an a u t o c a t a l y t i c r e a c t i o n , a l t h o u g h t o a much l e s s e r e x t e n t , 

was s t i l l o c c u r r i n g . T h i s suggested t h a t atomic oxygen was 

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

On i n c r e a s i n g t h e amount o f N0 2 added t o t h e system, no 

change i n t h e C l s and 0 l g core l e v e l s c o u l d be d e t e c t e d even 

a f t e r 5 hours' exposure. The N l s core l e v e l was examined t o 

r e v e a l any c o n t a m i n a t i o n a r i s i n g f r o m t h e N0 2, however no s i g n a l 

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

suggests t h a t s i n g l e t oxygen does n o t r e a c t w i t h B i s p h e n o l A 
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p o l y c a r b o n a t e under t h e c o n d i t i o n s of t h e s e e x p e r i m e n t s . 

However, i t i s p o s s i b l e t h a t t h e amount of N0 2 t i t r a t e d may 

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

v i a t h e f o l l o w i n g r e a c t i o n : 

N0 2 + 3(1b02) > N0 2* + 3 0 2 

A w h i t e glow may be e m i t t e d due t o a s l o w energy t r a n s f e r 
199 

p r o c e s s . No glow was d e t e c t e d but t o e n s u r e t h a t r e a c t i v e 

oxygen s p e c i e s ( i . e . 1AC^) were r e a c h i n g t h e sample, s o l u t i o n 

c a s t f i l m s of c i s - p o l y i s o p r e n e , w e l l known f o r i t s r e a c t i v i t y 
205 

w i t h s i n g l e t oxygen, were p l a c e d downstream of t h e p o l y ­

c a r b o n a t e s a m p l e s . 
H y d r o p e r o x i d e s a r e b e l i e v e d t o be formed i n t h e r e a c t i o n 

of s i n g l e t oxygen w i t h o l e f i n s p o s s e s s i n g an a l l y l i c hydrogen 

(t h e ene r e a c t i o n ) and c i s - p o l y i s o p r e n e i s thought t o r e a c t i n 
205 

t h i s manner. The ESCA s p e c t r a i n F i g u r e 6.9 r e v e a l t h e 
C. and 0. c o r e l e v e l s b e f o r e and a f t e r ^ 0 - t r e a t m e n t f o r c i s I s I s 2 
p o l y i s o p r e n e f i l m s p l a c e d downstream of t h e p o l y c a r b o n a t e sample 

p o s i t i o n . A l t h o u g h a s m a l l degree of s u r f a c e o x i d a t i o n i s 

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

uptake on 1 A 0 2 t r e a t m e n t i s r e a d i l y a p p a r e n t . The i n t e n s i t y 

of t h e IT+Jl* shake-up component ( d i a g n o s t i c of t h e double bonds 

i n t h e system) a s e v i d e n c e d by t h e expanded r e g i o n s of t h e C, 
J. fa 

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

double bonds of c i s - p o l y i s o p r e n e . 

The n a t u r e of t h e changes i n s u r f a c e c h e m i s t r y a r e r e ­

v e a l e d i n T a b l e 6.5. D e c r e a s e s i n t h e i n t e n s i t i e s of t h e C-H 

and II->n* components a r e c o n c o m i t a n t w i t h i n c r e a s e s i n t h e C-0 

and >C=0 f u n c t i o n a l i t i e s and c o n s e q u e n t l y an i n c r e a s e i n t h e 

r e l a t i v e ° i s / c ^ s i n t e n s i t y r a t i o . The p r e s e n c e of 1 A 0 2 r e a c h i n g 
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15 MINS.'AO x 10 

10 

K s ^ ^ ^ , x10 10 

U N E X P O S E D 10 
t 

534 532 293 291 289 287 285 283 

B I N D I N G E N E R G Y ( eV) 

F i g u r e 6.9 C ^ s and 0^ g c o r e l e v e l s f o r c i s - p o l y i s o p r e n e 
and c i s - p o l y i s o p r e n e exposed t o " s i n g l e t oxygen' 

TABLE 6.5 C, components and O, /C, . ^ .^ ^. _ 
I s * I s I s i n t e n s i t y r a t i o s f o r 

c i s - p o l y i s o p r e n e and c i s - p o l y i s o p r e n e exposed t o *A0, 

^ T n u t e s ) T ? ^ X C " H C " ° C = ° ° - C = ° C ° 3 n + n * °ls / Cls I s 

O 1O0 91 5 1 O 0 3 0.062 

15 100 83 12 4 O 0 1 0.237 

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

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

oxygen does not r e a c t w i t h B i s p h e n o l A p o l y c a r b o n a t e and c o n s e q -
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u e n t l y does no t p l a y a r o l e i n t h e o x i d a t i v e d e g r a d a t i o n of 

t h i s polymer and c o n f i r m t h e r e s u l t s f o r s o l u t i o n phase s t u d i e s . 

6.3.4 Atomic Oxygen 

The r e s u l t s d i s c u s s e d i n t h e p r e v i o u s s e c t i o n 

i n d i c a t e d t h e d r a m a t i c i n f l u e n c e on t h e d e g r a d a t i v e mechanisms 

of p o l y c a r b o n a t e s u r f a c e s when low l e v e l s of a t o m i c oxygen a r e 

p r e s e n t i n t h e e f f l u e n t from a microwave oxygen d i s c h a r g e . I t 

i s , t h e r e f o r e , of i n t e r e s t t o examine t h e changes i n t h e s u r ­

f a c e c h e m i s t r y of p o l y c a r b o n a t e f i l m s exposed t o a low l e v e l 

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

s i n g l e t oxygen g e n e r a t o r . T h i s was a c h i e v e d by t h e uv p hoto­

l y s i s of a s d e s c r i b e d i n S e c t i o n 6.2. 

The C,„ and 0, c o r e l e v e l s i n F i g u r e 6.10 r e v e a l I s I s ^ 
t h e changes i n t h e s u r f a c e on e x p o s u r e o f p o l y c a r b o n a t e f i l m s 

t o oxygen atoms f o r v a r i o u s p e r i o d s of t i m e . These s p e c t r a 

c o r r e s p o n d t o an e l e c t r o n t a k e - o f f a n g l e of 70°. The c h a r a c t e r ­

i s t i c 2:1 d o u b l e t of t h e 0^ g s i g n a l changes on e x p o s u r e f o r 60 

m i nutes t o an e n v e l o p e not a s w e l l d e f i n e d . The n a t u r e o f t h e 

c o n t r i b u t i o n s t o t h e C ^ s e n v e l o p e a r e more a p p a r e n t from t h e 

component a n a l y s i s i n T a b l e 6.6. I t i s c l e a r from t h e s e d a t a 

t h a t t h e C-H and n+n* components a r e e s s e n t i a l l y unchanged and 

o n l y s m a l l d i f f e r e n c e s from t h e i n i t i a l v a l u e s f o r t h e C-H, 
p 

C-0 and O-t-0 f u n c t i o n a l i t i e s a r e e v i d e n t . 

E x a m i n a t i o n of t h e c o r r e s p o n d i n g ° ^ s / c ^ s i n t e n s i t y 

r a t i o s r e v e a l t h a t t h e i n t e n s i t y of t h e oxygen s i g n a l d e c r e a s e s 

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

of t h e 0 ^ s c o r e l e v e l i s d i f f i c u l t , an a p proximate f i t may be 

o b t a i n e d by e m p l o y i n g two peaks c o r r e s p o n d i n g t o 0-C and 0=C 

e n v i r o n m e n t s and t h e s e d a t a and t h o s e f o r t h e t o t a l 0, /C, r a t i o s 
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PC EXPOSED TO ATOMIC OXYGEN 

60 MINS 

30 MINS 

* 3 15 MINS 

0 

534 532 536 293 291 287 285 283 289 
BINDING ENERGY (eV) 

F i g u r e 6.10 c l g and 0 l s c o r e l e v e l s f o r p o l y c a r b o n a t e f i l m s 
exposed t o a t o m i c oxygen f o r v a r i o u s p e r i o d s of 
tim e (6=70°) 
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TABLE 6.6 C, components f o r p o l y c a r b o n a t e f i l m s 
-L o 

exposed t o a t o m i c oxyqen 

ime T o t a l C, I s C-H C-0 C=0 0-C=0 c o 3 

0 100 79 12 0 0 6 3 

15 100 79 13 0 0 5 3 

30 100 80 12 0 0 5 3 

60 100 81 11 0 0 5 3 

n* 

a r e shown i n F i g u r e 6.11. I t i s e v i d e n t t h a t a f t e r 60 m i n u t e s ' 

e x p o s u r e t h a t t h e 0-C and 0=C i n t e n s i t i e s have d e c r e a s e d and 

the r e l a t i v e r a t i o between t h e two e n v i r o n m e n t s i s ^1.7:1 

( c f . t h e 2=1 r a t i o f o r t h e s t a r t i n g m a t e r i a l ) . 

POLYCARBONATE EXPOSED TO ATOMIC OXYGEN (0o7O*l 

fr2 
I S 

01 

. F ; » 
0 3 0 60 

EXPOSURE TIKE (MINUTES) 

F i g u r e 6.11 Changes i n t h e 0, /C, i n t e n s i t y r a t i o s and t h e 
X S J. s 

O-C and 0=C components of t h e 0^ g s i g n a l f o r 
p o l y c a r b o n a t e f i l m s exposed t o a t o m i c oxygen (8=7.0° 
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The c o r r e s p o n d i n g s p e c t r a f o r a t a k e - o f f a n g l e of 30° 

were r e c o r d e d i m m e d i a t e l y a f t e r t h o s e a t 70°. However, t h e 

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

were b e i n g o b t a i n e d ( i . e . i n c o n s i s t e n t i n c r e a s e s and d e c r e a s e s 

i n t h e i n t e n s i t y of t h e 0^ s s i g n a l ) . On r e r u n n i n g t h e s p e c t r a 

f o r 9=70° a f t e r 60 m i n u t e s ' e x p o s u r e ( i . e . t h e s p e c t r a were 

r e c o r d e d i n t h e sequence 6=70°, 30°, 70°) i t was found t h a t 

t h e 0, /C. i n t e n s i t y r a t i o had i n c r e a s e d r e l a t i v e t o t h e I s I s 2 

f i r s t r u n . T h i s s u g g e s t e d t h a t t h e X - r a y i r r a d i a t i o n o f t h e 

sample was i n i t i a t i n g a r e a c t i o n i n t h e s u r f a c e r e g i o n s and 

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

pendence s t u d y . The d a t a i n F i g u r e 6.12 r e v e a l t h e changes 

i n t h e 0, /C. r a t i o s and t h e r e s p e c t i v e c o n t r i b u t i o n s a r i s i n g I s I s 

from 0-C and 0=C e n v i r o n m e n t s . I t can be r e a d i l y s e e n t h a t 

t h e r e a r e s i m i l a r t r e n d s f o r 6=30° and 9=70°. I< — 

0-2 v 

o-c/c 1S 

U J 

0-

o=c/c s 

EXPOSURE TIME (MINUTES) 

F i g u r e 6.12 Changes i n t h e 0, /C, i n t e n s i t y r a t i o s and t h e 
X S J. S ——————— 

0-C and 0=C components of t h e 0^ s s i g n a l f o r 
p o l y c a r b o n a t e f i l m s exposed t o a t o m i c oxygen (9=30 
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To i n v e s t i g a t e t h e e f f e c t of X - r a y s on t h e exposed 

s u r f a c e t h e C, and 0, c o r e l e v e l s a t 9=70° were r e c o r d e d I s I s 
a s a f u n c t i o n o f X - r a y i r r a d i a t i o n t i m e f o r a p o l y c a r b o n a t e 

sample exposed t o a t o m i c oxygen f o r 60 m i n u t e s . The r e l e v a n t 

C ^ s component a n a l y s i s i s shown i n T a b l e 6.7. The c o r r e s ­

ponding changes i n t h e 0 ^ s s i g n a l a r e r e v e a l e d i n F i g u r e 6.13. 

A f t e r ^30 m i n u t e s ' e x p o s u r e t o t h e X - r a y s t h e p r o p o r t i o n s of 

t h e C ^ s components a r e t h e same as t h e s t a r t i n g m a t e r i a l . 

The 0 ^ g / C ^ s i n t e n s i t y r a t i o i n c r e a s e s w i t h t i m e and a p p r o a c h e s 

t h e v a l u e f o r t h e unexposed p o l y c a r b o n a t e . However, t h e 

0-C/0=C r a t i o does not o b t a i n t h e c h a r a c t e r i s t i c 2:1 v a l u e . 

TABLE 6.7 C ^ s components f o r p o l y c a r b o n a t e f i l m s exposed t o 
a t o m i c oxygen f o r 1 hour as a f u n c t i o n o f X - r a y 
i r r a d i a t i o n t ime 

X - r a y T o t a l 
i r r a d i a t i o n C, C-H C-0 C=0 0-C=0 CO, JI+II* . . I s 3 time 
( m i n u t e s ) 

0 100 81 11 0 0 5 3 

12 100 78 13 0 0 6 3 

22 100 78 13 0 0 6 3 

32 100 79 12 0 0 6 3 

The d a t a s u g g e s t t h a t t h e X - r a y s a r e i n t e r a c t i n g w i t h 

a l a b i l e s p e c i e s i n t h e s u r f a c e . I t i s not p o s s i b l e t o 

d e t e r m i n e t h e n a t u r e of t h i s s p e c i e s from t h e d a t a p r e s e n t e d 

above. I t has been r e p o r t e d t h a t t h e h i g h l y o x y g e n a t e d 

p e r o x i d e l i n k i n d i b e n z o y l p e r o x i d e i s v e r y u n s t a b l e t o t h e 
198 

Mcfkct r a d i a t i o n employed i n t h e ESCA e x p e r i m e n t and i t i s 

p o s s i b l e t h a t a l a b i l e p e r o x i d e f e a t u r e i s formed i n t h e 
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PC EXPOSED TO ATOMIC OXYGEN 

0 , C / C 1S 1S 
0-2 

UJ 

01 

o=c/ 5 

4 
10 30 

X-RAY EXPOSURE TIMEIMINUTES) 

F i g u r e 6.13 Changes i n t h e ° i s / c i s i n t e n s i t y r a t i o s and 
t h e O-C and 0=C components of t h e 0^ g s i g n a l , 
f o r a p o l y c a r b o n a t e f i l m exposed t o a t o m i c 
oxygen f o r 1 hour, a s a f u n c t i o n of X - r a y 
i r r a d i a t i o n t i m e (6=70°). 

s u r f a c e of p o l y c a r b o n a t e . 

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

of an oxygen microwave d i s c h a r g e c o n t a i n i n g a low l e v e l of 

oxygen atoms i s an e x t r e m e l y complex p r o c e s s a r i s i n g from a 

c o m b i n a t i o n of s i n g l e t oxygen, a t o m i c oxygen and m o l e c u l a r 

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



CHAPTER SEVEN 

SURFACE ASPECTS OF THE NATURAL AND 

A R T I F I C I A L PHOTOAGING OF POLYSTYRENE FILMS 

AS REVEALED BY ESCA 
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7.1 I n t r o d u c t i o n 

One of t h e most e x t e n s i v e l y i n v e s t i g a t e d p o l y m e r s , w i t h 

r e s p e c t t o p h o t o d e g r a d a t i o n and p h o t o o x i d a t i o n , i s p o l y s t y r e n e . 
* -A v . i v. ^ -c i -4- 4- 49,204,206-217 , , , 
A c o n s i d e r a b l e body of l i t e r a t u r e has been pub­
l i s h e d o v e r t h e y e a r s but a c o n s i s t e n t t h e o r y has f a i l e d t o 
emerge and i n some c a s e s c o n t r a d i c t o r y h y p o t h e s e s have been 
p r e s e n t e d . T h i s a c c e n t u a t e s t h e c o m p l e x i t y of t h e mechanisms 
i n v o l v e d . 

P r e v i o u s s t u d i e s on t h e p h o t o o x i d a t i o n of p o l y s t y r e n e 

f i l m s have p r i m a r i l y i n v o l v e d t h e m o n i t o r i n g of changes i n 
204 206 217 

b u l k c h e m i s t r y . ' I n o r d e r t o o b t a i n i n f o r m a t i o n 

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

w e a t h e r i n g , model s t u d i e s s h o u l d employ uv r a d i a t i o n of wave­

l e n g t h s >290nm. As su c h t h e r e p o r t e d i n v e s t i g a t i o n s u t i l i s i n g 

w a v e l e n g t h s <290nm a r e of l i m i t e d v a l u e as d i f f e r e n t mechanisms 

may w e l l be i n v o l v e d . F o r example 254nm r a d i a t i o n i s a b l e t o 
d i r e c t l y e x c i t e t h e pendant p h e n y l groups of p o l y s t y r e n e : 
49,204,213-217 

a s i t u a t i o n which i s u n l i k e l y t o o c c u r w i t h 

s u n l i g h t a t t h e e a r t h ' s s u r f a c e . I t i s c u r r e n t l y b e l i e v e d t h a t 

t h e i n i t i a t i o n of p h o t o o x i d a t i o n f o r A>290nm i s due t o t h e 

a b s o r p t i o n of l i g h t by chromophoric i m p u r i t i e s , e.g. hydro-
218 219 218—220 p e r o x i d e s ' and c a r b o n y l groups. The p o s s i b i l i t y 

of oxygen-polymer c h a r g e - t r a n s f e r complexes, e x t e n d i n g t h e uv 

a b s o r b a n c e t a i l of p o l y s t y r e n e above 300nm, b e i n g i n v o l v e d i n 

th e i n i t i a t i o n s t a g e has a l s o been c o n s i d e r e d . 2 0 4 , 2 1 3 

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

s u r f a c e , a knowledge of t h e changes i n c h e m i s t r y a t t he g a s / 

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

c o n s i d e r s i n some d e t a i l t h e s u r f a c e a s p e c t s of t h e p h o t o o x i d a t i o n 
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of p o l y s t y r e n e f i l m s as r e v e a l e d by ESCA. Model s t u d i e s 

employing w a v e l e n g t h s >290nm have been compared t o t h e d a t a 

f o r n a t u r a l e x p o s u r e s . 

7.2 E x p e r i m e n t a l 

O r i e n t a t e d p o l y s t y r e n e f i l m s (Dow C h e m i c a l Co.) (25ym) 

were exposed t o uv r a d i a t i o n s (A>290nm) i n atmospheres of 

oxygen (dynamic) and a i r ( s t a t i c ) as p r e v i o u s l y d e s c r i b e d i n 

C h a p t e r s Four and F i v e . S u r f a c e h y d r o p e r o x i d e f o r m a t i o n was 

f o l l o w e d by t h e S 0 2 l a b e l l i n g t e c h n i q u e ( c f . C h a p t e r F o u r ) . 

N a t u r a l w e a t h e r i n g e x p o s u r e s were c a r r i e d out i n Dhahran, 

S a u d i A r a b i a by t h e c o u r t e s y of Dr. J . P e e l i n g . Two s t a r t i n g 

d a t e s were employed, namely September 1980 and A p r i l 1981. 

ESCA s p e c t r a f o r e ach sample were o b t a i n e d on an A E I 

ES200 B s p e c t r o m e t e r employing Mg-^^ r a d i a t i o n . The FWHM 

f o r t h e A u 4 f 7 ^ 2 l e v e l a t 84.0 eV, used f o r c a l i b r a t i o n p u r p o s e s , 

was 1.2 eV. L i n e shape a n a l y s e s were c a r r i e d out w i t h t h e a i d 

of a DuPont 310 c u r v e r e s o l v e r . B i n d i n g e n e r g i e s were r e f e r ­

enced t o t h e C-H component a t 285.0 eV. 

7.3 R e s u l t s and D i s c u s s i o n 

7.3.1 R e a c t i o n s i n Oxygen 

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

As a s t a r t i n g p o i n t f o r t h e i n v e s t i g a t i o n of t h e changes 

i n s u r f a c e c h e m i s t r y d u r i n g p h o t o o x i d a t i o n (A>290nm) i t i s con­

v e n i e n t t o c o n s i d e r t h e i r r a d i a t i o n of p o l y s t y r e n e f i l m s i n a 
-2 -1 

f l o w i n g oxygen atmosphere a t a photon f l u x of 10 Whm h 
The r e l e v a n t C, and 0 c o r e l e v e l s a r e d i s p l a y e d i n F i g u r e 7.1. 
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exposed t o uv i r r a d i a t i o n (A>290nm, Io=lQWhm h ) 
f o r v a r y i n g p e r i o d s of time 
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From a s t a r t i n g C, p r o f i l e c o n s i s t i n g of a main p h o t o e m i s s i o n 

peak a t 285.0 eV ( a r i s i n g from t h e C-H components i n t h e back­

bone c h a i n and pendant p h e n y l groups) and a n + n * shake-up 

s a t e l l i t e c e n t r e d a t ^292.3 eV ( d i a g n o s t i c of t h e a r o m a t i c i t y 

i n t h e system) a d d i t i o n a l peaks appear d u r i n g i r r a d i a t i o n . 

T hese components ao-ise from C-0, >C=0 and 0-C=0 f u n c t i o n a l i t i e s 

and a r e i n d i c a t i v e of e x t e n s i v e p h o t o o x i d a t i o n . The c o r r e s ­

ponding 0, s i g n a l of low i n t e n s i t y i n t h e unexposed m a t e r i a l 
J. S 

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

a l t h o u g h no c o r r e s p o n d i n g C ^ s component c o u l d be d e t e c t e d . 

The i n t e n s i t y of t h i s s i g n a l i n c r e a s e s on e x p o s u r e . 

S t u d i e s of t h e p h o t o o x i d a t i o n of p o l y s t y r e n e u t i l i s i n g 

w a v e l e n g t h s >300nm have shown t h a t an i n d u c t i o n p e r i o d e x i s t s 
209 214 

f o r oxygen u p t a k e . ' I t can be c l e a r l y s e e n from a con­

s i d e r a t i o n of t h e r e l a t i v e ° ^ s / c ^ s i n t e n s i t y r a t i o s d i s p l a y e d 

i n F i g u r e 7.2 t h a t an i n d u c t i o n p e r i o d i s not e v i d e n t f o r photo-

o x i d a t i o n (A>290nm) i n t h e s u r f a c e r e g i o n s . Oxygen i n c o r ­

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

by t h e c o n t r i b u t i o n t o t h e t o t a l C ^ s i n t e n s i t y made by t h e 

o x i d i s e d c a r b o n s p e c i e s as i s a l s o shown i n F i g u r e 7.2. 

A f t e r two ho u r s i r r a d i a t i o n t h e r e i s a marked d e c r e a s e 

i n t h e r a t e of oxygen uptake and i s i n d i c a t i v e o f a s t e a d y 

s t a t e s i t u a t i o n r e p r e s e n t i n g a b a l a n c e between f u r t h e r photo-

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

From a knowledge of t h e a p p r o p r i a t e i n s t r u m e n t a l s e n s i t i v i t y 

f a c t o r s t h e C:0 s t o i c h i o m e t r y a f t e r ^2 hours' i r r a d i a t i o n i s 

^2:1. 

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

a p p a r e n t from t h e e x a m i n a t i o n of t h e component a n a l y s i s 

i n F i g u r e 7.3 f o r t h e s p e c t r a i n F i g u r e 7.1. The C-H component 
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F i g u r e 7.3 C component a n a l y s i s f o r t h e s p e c t r a i n F i g u r e 7.1. 
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( c a r b o n not d i r e c t l y bonded t o oxygen) d e c r e a s e s i n i n t e n s i t y 

w i t h i n c r e a s i n g i r r a d i a t i o n t i m e . T h e r e a r e c o n c o m i t a n t i n ­

c r e a s e s i n C-0, C=0 and 0-C=0 f u n c t i o n a l i t i e s and a d e c r e a s e 

i n t h e n + n * shake-up s a t e l l i t e . The e x t e n t of o x i d a t i v e 

f u n c t i o n a l i s a t i o n and t h e l o s s of shake-up s t r u c t u r e a r e 

i n d i c a t i v e of t h e o x i d a t i o n of t h e pendant a r o m a t i c r i n g . 
214 

I t has been s u g g e s t e d by K o v a c e v i c et at t h a t o x i d a t i o n of 

th e benzene r i n g may o c c u r d u r i n g longwave l e n g t h i r r a d i a t i o n 

(A>300nm) of p o l y s t y r e n e f i l m s and t h e d a t a d i s c u s s e d above 

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

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

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

w a v e l e n g t h s >290nm, t h a t has been r e p o r t e d i n t h e l i t e r a t u r e , 
4 - ^ 4T • A 4- • - J 208, 214 

i s t h e p r e s e n c e of an i n d u c t i o n p e r i o d . The oxygen 

uptake i n t h e s u r f a c e r e g i o n s , a s p r e v i o u s l y noted above, does 

not i n d i c a t e an i n d u c t i o n p e r i o d , however, e x a m i n a t i o n of t h e 

f o r m a t i o n of C=0 and 0-C=0 f u n c t i o n a l i t i e s , a s shown i n F i g u r e 

7.3, r e v e a l t h a t t h e former appear a f t e r ^10 m i n u t e s ' e x p o s u r e 

and t h e l a t t e r a f t e r ^15 m i n u t e s . The i n i t i a l oxygen uptake 

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

i s c o n s i d e r e d i n g r e a t e r d e t a i l i n t h e n e x t s e c t i o n . 
F o r c o m p a r i s o n p u r p o s e s F i g u r e 7.4 shows t h e c o r e l e v e l 

s p e c t r a f o r p o l y s t y r e n e f i l m s i r r a d i a t e d f o r v a r y i n g t i m e s a t 
-2 -1 

a h i g h e r photon f l u x of 52.5 Whm h . A s i g n i f i c a n t l y g r e a t e r 

e x t e n t of o x i d a t i o n i s a p p a r e n t f o r a g i v e n i r r a d i a t i o n time 

compared t o t h e lower photon f l u x . 

The component a n a l y s i s i n F i g u r e 7.5 r e v e a l s t h e same 

t r e n d w i t h a much h i g h e r b u i l d up of C-0 and 0-C=0 s t r u c t u r a l 

f e a t u r e s a t e a r l i e r s t a g e t h a n f o r t h e low lamp i n t e n s i t y . 
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F i g u r e 7.5 C, components f o r t h e s p e c t r a i n F i g u r e 7.4. 
X s ^ 

I t i s of i n t e r e s t t o draw a c o m p a r i s o n i n terms of f u n c t i o n ­

a l i t y d i s t r i b u t i o n and oxygen uptake f o r comparable t o t a l 

f l u x e s r e c e i v e d f o r samples i r r a d i a t e d a t t h e h i g h e r and l o w e r 

lamp i n t e n s i t i e s and t h i s i s shown i n T a b l e 7.1. I t can be 

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

i n p a r t i c u l a r t h e l e v e l s of 0-C=0 groups, and hence t h e i n t e n s i t y 

of t h e oxygen s i g n a l a r e g r e a t e r a t t h e h i g h e r photon f l u x . 

These d a t a s u g g e s t t h a t t h e i n i t i a t i o n mechanisms f o r photo-

o x i d a t i o n a r e v e r y s e n s i t i v e t o t h e i n t e n s i t y of r a d i a t i o n and 

t h a t t h e n a t u r e of t h e o x i d i s e d s u r f a c e i s not l i n e a r l y de­

pendent on t h e l e v e l of t h e i n c i d e n t f l u x . T h i s becomes more 

a p p a r e n t from a c o n s i d e r a t i o n of t h e d a t a p r e s e n t e d i n F i g u r e 

7.6 where t h e v a r i o u s C, components f o r p o l y s t y r e n e f i l m s 

i r r a d i a t e d f o r a f i x e d p e r i o d of t i m e (15 m i n u t e s ) , a r e d i s p l a y e d 
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as a f u n c t i o n of t h e i n c i d e n t photon f l u x . 

TABLE 7.1 Component d i s t r i b u t i o n s and oxygen u p t a k e s f o r 
p o l y s t y r e n e f i l m s exposed t o s i m i l a r t o t a l photon 
f l u x e s a t h i g h and low lamp i n t e n s i t i e s . 

T o t a l 
c, C-H c-o c=o o-c=o n-rn* o, /c, 
I s I s I s 

60 m i n u t e s 1 Q Q ^ 15 6 10 5 0.52 
(lOWhm s h ) 

10 m i n u t e s 1 Q Q 5 4 2 0 6 i 7 3 0.73 
(52.5Whm S h ) 

90 

i 
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F i g u r e 7.6 C ^ s components f o r p o l y s t y r e n e f i l m s i r r a d i a t e d 
f o r 15 m i n u t e s i n oxygen a s a f u n c t i o n of photon f l u x 
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The d e c r e a s e i n C-H and i n c r e a s e i n C-0 f u n c t i o n a l i t i e s 

o c c u r s t e a d i l y w i t h i n c r e a s i n g photon f l u x a l t h o u g h t h e y both 
-2 -1 

appear t o r e a c h a c o n s t a n t l e v e l a t ̂ 39Whm h . Of p a r t i c ­

u l a r i n t e r e s t a r e t h e f o r m a t i o n of t h e C=0 and 0-C=0 components. 

The i n d u c t i o n p e r i o d a s e v i d e n c e d from t h e d a t a i n F i g u r e 7.3 

i s a l s o a p p a r e n t i n t h e p r e s e n t c a s e . The l e v e l of c a r b o n y l 

f u n c t i o n a l i t i e s p r e s e n t a f t e r 15 m i n u t e s ' e x p o s u r e i s g r e a t e r 
t h a n t h a t f o r t h e c a r b o x y l a t e f o r i n c r e a s i n g f l u x e s up t o 

-2 -1 

^33 Whm h . The i n t e n s i t y of t h e former t h e n d e c r e a s e s 

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

The n-*n* shake-up s a t e l l i t e , d i a g n o s t i c of t h e a r o m a t i c i t y 

p r e s e n t i n t h e system, i s a l s o s e e n t o d e c r e a s e . I t i s i n t e r ­

e s t i n g t o no t e t h a t t h e c e n t r o i d of t h i s peak t e n d s t o move 

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

-2 -1 

( i . e . a t lOWhm h w i t h i n c r e a s i n g t i m e ) . These o b s e r v a t i o n s 

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

o x i d i s e d t h e i n t e n s i t y of t h i s component t e n d s t o be r e l a t i v e l y 

h i g h , may be c o n s i s t e n t w i t h t h e f o r m a t i o n of c a r b o n a t e s t r u c t ­

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

The f o r m a t i o n and s u b s e q u e n t d e c o m p o s i t i o n of h y d r o p e r o x i d e s 

a r e b e l i e v e d t o be of p r i m a r y i m p o r t a n c e i n t h e b u l k p h o t o o x i d -
218 219 

a t i o n of p o l y s t y r e n e . ' As i t was n o t e d above, t h e oxygen 

uptake d u r i n g t h e i n i t i a l s t a g e s of i r r a d i a t i o n was r e f l e c t e d 

by an i n c r e a s e i n t h e i n t e n s i t y of t h e C-0 component i n t h e C, 
jL 5 

s p e c t r a . T h i s may be i n d i c a t i v e of t h e f o r m a t i o n of hy d r o ­

p e r o x i d e s i n t h e s u r f a c e . I n C h a p t e r F o u r a t e c h n i q u e f o r t h e 

l a b e l l i n g of t h e s e groups by t h e d i r e c t r e a c t i o n w i t h S o 9 was 
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d e s c r i b e d e n a b l i n g a s e m i - q u a n t i t a t i v e s t u d y of s u r f a c e h y d r o ­

p e r o x i d e f o r m a t i o n t o be made. T h i s t e c h n i q u e has been u t i l i s e d 

t o s t u d y t h e r o l e of h y d r o p e r o x i d e s i n t h e s u r f a c e p h o t o o x i d a t i o n 
- 2 -1 

of p o l y s t y r e n e f i l m s (A>290nm, 10 Whm h ) . 

The ESCA s p e c t r a i n F i g u r e 7.7 r e v e a l t h e c o r e l e v e l s 

f o r p h o t o o x i d i s e d f i l m s exposed t o s u l p h u r d i o x i d e . A l t h o u g h 

f o u r component peaks a r e a p p a r e n t , t h e s p i n - o r b i t s p l i t t i n g of 

th e S„ l e v e l g i v e s r i s e t o a d o u b l e t due t o c o n t r i b u t i o n s from 2p 
S„ and S„ l e v e l s i n t h e r a t i o of 1:2, o n l y two c h e m i c a l 

2 P l / 2 2P3/2 

e n v i r o n m e n t s of s u l p h u r a r e p r e s e n t . These c o r r e s p o n d t o s u l -

phones (^168.0 eV) and s u l p h a t e s (^169.2 e V ) : t h e l a t t e r a r i s i n g 

from t h e r e a c t i o n of SO2 w i t h h y d r o p e r o x i d e s . 

From a knowledge of t h e 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 t h e i n t e n s i t y of t h e s u l p h a t e component may be 

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

( i . e . C-OOH) and t h e d a t a i n F i g u r e 7.8 r e v e a l t h e f o r m a t i o n 

of t h e s e groups a s a f u n c t i o n of t i m e . A low l e v e l of f u n c t i o n a l -

i s a t i o n i n t h e unexposed m a t e r i a l i s p r e s e n t , but on e x p o s u r e 

i t r a p i d l y i n c r e a s e s and r e a c h e s a maximum a f t e r ^30 m i n u t e s . 

The growth i n t h e c a r b o n y l component i s a l s o shown i n F i g u r e 7.8 

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

l e v e l r e a c h e s i t s maximum w h i l s t t h e C=0 f u n c t i o n a l i t y has o n l y 

a t t a i n e d ^20% of t h e u l t i m a t e v a l u e . These d a t a c o n f i r m t h a t 

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

p h o t o o x i d a t i o n of p o l y s r y r e n e f i l m s . 
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POLYSTYRENE IRRADIATED IN Oo (Io =10 Whirr? tr1 ] 

C-0 0 HMO) 

C = 0 

Vol 1S 

o 60 30 15 
IRRADIATION TIME (minutes) 

F i g u r e 7.8 C-OOH l e v e l s i n t h e s u r f a c e of p h o t o o x i d i s e d __ _ 
p o l y s t y r e n e f i l m s ( I o = 10 Whm h ) 

(c) S u r f a c e C h e m i s t r y a s a f u n c t i o n of Temperature 

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

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

f l u x and t e m p e r a t u r e . The former has been c o n s i d e r e d i n 

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

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

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

The d a t a i n T a b l e 7.2 r e v e a l t h e d i s t r i b u t i o n s of t h e 

v a r i o u s C, components and t h e r e l a t i v e 0, /C, i n t e n s i t y r a t i o s I s ^ i s I s 
f o r p o l y s t y r e n e f i l m s i r r a d i a t e d w i t h a photon f l u x of 52.5 

Whm - 2h 1 f o r v a r i o u s p e r i o d s of t i m e a t 30°, 50° and 70°C. 
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TABLE 7.2 Comparison of t h e C, components and 0 1 /C. 
X S X S X s 

i n t e n s i t y r a t i o s f o r p o l y s t y r e n e f i l m s i r r a d i a t e d 
i n 0 2 ( l o = 52.5 Whm 2 h ^) a s f u n c t i o n s of 
t e m p e r a t u r e and t i m e . 

T 
(°c) 

Time 
( m i n u t e s ) 

T o t a l 
C l s 

C-H C-0 C=0 0-C=0 n-*-n* ° l s / C l s 

30 2.5 100 76 8 5 6 5 0.2 

5 100 69 14 6 8 3 0.46 

10 100 54 20 6 17 3 0.73 

15 100 0. 53 21 4 20 2 0. 80 

50 2.5 100 83 8 2.5 2.5 4 0.2 

5 100 70 14 4 9 3 0.44 

10 100 58 17 6 17 2 0.65 

15 100 49 22 5 22 2 0.77 

70 2.5 100 83 8 2 3 4 0.16 

5 100 74 11 5 7 3 0.38 

10 100 58 19 4 17 2 0.71 

15 100 55 22 3 18 2 0.75 

On i n c r e a s i n g t h e t e m p e r a t u r e from 30° t o 50°C t h e main 

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

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

h i g h e r t e m p e r a t u r e . At 70°C t h i s l e v e l i s r e d u c e d t o below 

t h a t a t 30°C. The s e r e s u l t s i n d i c a t e t h a t t e m p e r a t u r e under 

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

may w e l l a r i s e as a r e s u l t of t h e b a l a n c e between r a t e p r o c e s s e s 

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

m o l e c u l a r w e i g h t m a t e r i a l s from t h e s u r f a c e . I n d e e d t h e d a t a 
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i n T a b l e 7.2 appear t o show t h a t t h e o x i d a t i v e p r o c e s s e s a r e 

enhanced on i n c r e a s i n g t h e t e m p e r a t u r e t o 50°C from 30°C 

whereas d e s o r p t i o n r a t e s a r e enhanced a t 70°C. 

(d) The r o l e of s i n g l e t oxygen ( 1A02) i n t h e s u r f a c e 
o x i d a t i o n of p o l y s t y r e n e f i l m s 

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

of p o l y s t y r e n e f i l m s w i t h w a v e l e n g t h s >290nm i n a pure oxygen 

atmosphere l e a d s t o e x t e n s i v e oxygen u p t a k e i n t h e s u r f a c e 

r e g i o n s . O x i d a t i o n of t h e c a r b o n atoms i n the backbone c h a i n 

cannot a l o n e a c c o u n t f o r t h e degree of u p t a k e . At a photon 
-2 -1 

f l u x of 10 Whm h , 5.5% of t h e C" l g s i g n a l a f t e r ^5 h o u r s ' 

exposure a r i s e s from components due t o c a r b o n atoms d i r e c t l y 

bonded t o oxygen. E x a m i n a t i o n of t h e n+n* shake-up s a t e l l i t e , 

d i a g n o s t i c of t h e a r o m a t i c i t y of t h e pendant p h e n y l group, 

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

of t h i s m o i e t y b e i n g o x i d i s e d . T h i s p r o c e s s c o u l d a c c o u n t f o r 
204 2 

t h e e x t e n t of oxygen uptake and has been p o s t u l a t e d f o r b u l k ' 
49 

and s u r f a c e p h o t o o x i d a t i o n s t u d i e s u t i l i s i n g w a v e l e n g t h s <290nm 

I n t h e s e c a s e s t h e r e a c t i o n p r o b a b l y a r i s e s from t h e d i r e c t 

e x c i t a t i o n of t h e benzene r i n g . 

204 

However, Ranby and Rabek have s u g g e s t e d t h a t s i n g l e t 

oxygen (*A02) may be r e s p o n s i b l e f o r t h e r i n g opening r e a c t i o n . 

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

a t w a v e l e n g t h s >290nm c o u l d a r i s e from s u c h a r e a c t i o n between 

t h e p h e n y l m o i e t y and 1AO2 and t h i s i s c o n s i d e r e d i n d e t a i l below 
The C,„ and 0, c o r e l e v e l s f o r an e l e c t r o n t a k e - o f f a n g l e I s I s ^ 

of 70°, d i s p l a y e d i n F i g u r e 7.9 r e v e a l t h e changes i n t h e s u r f a c e 

c h e m i s t r y of p o l y s t y r e n e f i l m s exposed t o a s t r e a m of s i n g l e t 
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120 MINS 3 

aw 

60 MINS 3 3 

0 x10 

V 
i 

536 53 U 532 293 291 289 267 285 

BINDING ENERGY(eV) 

F i g u r e 7.9 C L G and 0 l g c o r e l e v e l s f o r p o l y s t y r e n e f i l m s 

exposed t o " s i n g l e t oxygen" (9 = 70°). 
I 
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oxygen from a microwave d i s c h a r g e f o r 60 and 120 m i n u t e s . 

(The c o n d i t i o n s of t h e e x p e r i m e n t employed were 60W, 2 t o r r 

and t h e a t o m i c oxygen and ozone a l s o produced were removed by 

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

r e g i o n a s d e s c r i b e d i n C h a p t e r S i x ) . Oxygen i n c o r p o r a t i o n i n t o 

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

t h e C, s i g n a l , a r i s i n g from C-0, C=0 and 0-C=0 components, and 

t h e i n c r e a s e i n t h e i n t e n s i t y of t h e 0^ g e n v e l o p e . 

The n a t u r e of t h e s u r f a c e i s more a p p a r e n t from t h e C^ s 
component a n a l y s i s and t h e r e l a t i v e O^g/C^g i n t e n s ; * - t y r a t i o s 

i n T a b l e 7.3. The d i s t r i b u t i o n of components a r e i n e s s e n t i a l 
198 

agreement t o t h o s e r e p o r t e d by D i l k s and a r e not d i s s i m i l a r t o t h e 
r e s u l t s o b t a i n e d f o r B i s p h e n o l A p o l y c a r b o n a t e ( c . f . C h a p t e r S i x ) 

TABLE 7 • 3 C l s components and 0, I s /c. I s 
i n t e n s i t y r a t i o s f o r 

t h e s p e c t r a i n F i g u r e 7.9 

Time T o t a l 
I s 

C-H C-0 C=0 0-C=0 n+n* 0. /C, I s I s 

6 = 70° 0 100 92 2 0 0 6 0.0 

60 100 61 19 12 7 1 0.58 

120 100 53 27 7 11 2 0.73 

9 = 30° 0 100 93 1 0 0 6 0.02 

60 100 69 13 10 5 3 0.40 

120 100 66 15 10 6 3 0. 40 

The s u r f a c e s p e c i f i c i t y of t h e o x i d a t i o n i s r e v e a l e d from t h e 

c o n s i d e r a t i o n of t h e d a t a o b t a i n e d w i t h an e l e c t r o n t a k e - o f f 

a n g l e of 30° a l s o shown i n T a b l e 7.3. Both t h e deg r e e of o x i d ­

a t i v e f u n c t i o n a l i s a t i o n and oxygen uptake a r e g r e a t e r a t 6=70°. 
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From t h e d i s c u s s i o n s p r e s e n t e d i n C h a p t e r S i x , i t i s 

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

c o m p l e t e l y f r e e of c o n t a m i n a n t r e a c t i v e oxygen s p e c i e s ( i . e . 

a t o m i c o x y g e n ) . C o n s e q u e n t l y e x p e r i m e n t s were r e p e a t e d o v e r 

a f i v e hour e x p o s u r e p e r i o d w i t h NO^ a l s o b e i n g added t o t h e 

e f f l u e n t t o remove r e s i d u a l t r a c e s of oxygen atoms. No o x i d ­

a t i o n of p o l y s t y r e n e c o u l d be d e t e c t e d w i t h ESCA. C o n t r o l 

e x p e r i m e n t s where c i s - p o l y i s o p r e n e f i l m s were exposed down­

s t r e a m of p o l y s t y r e n e r e v e a l e d o x i d a t i o n of t h e former and not 

t h e l a t t e r i n d i c a t i v e of s i n g l e t oxygen r e a c h i n g t h e s a m p l e s 

( c f . C h a p t e r S i x ) . 

T h e s e r e s u l t s show t h a t p o l y s t y r e n e does not r e a c t w i t h 

s i n g l e t oxygen and a r e i n agreement w i t h t h e c o n c l u s i o n s o f 
202 

MacCallum and R a n k i n . C o n s e q u e n t l y s i n g l e t oxygen i s not 

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

s t y r e n e f i l m s . 
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Weir has p r o p o s e d t h a t p h e n y l r i n g o x i d a t i o n i s due 

t o a t t a c k by hydroxy r a d i c a l s r e s u l t i n g from t h e d e c o m p o s i t i o n 

of h y d r o p e r o x i d e s . 
ROOH h v > R0- + -OH 

From t h e s t u d y of s u r f a c e h y d r o p e r o x i d e f o r m a t i o n d u r i n g 
— 2 -1 

t h e p h o t o o x i d a t i o n of p o l y s t y r e n e f i l m s (A>290nm, I o = Whm h ) 

i t i s a p p a r e n t t h a t t h e d e c r e a s e i n t h e n ^ n * shake-up s a t e l l i t e 

does not b e g i n u n t i l t h e r a t e of h y d r o p e r o x i d e f o r m a t i o n i s h i g h 

and t h i s may w e l l s u p p o r t t h e hydroxy r a d i c a l t h e o r y . The 

n a t u r e of t h e r e a c t i o n i n t h e s u r f a c e d u r i n g p h o t o o x i d a t i o n a r e 

of an e x t r e m e l y complex n a t u r e and F i g u r e 7.10 d i s p l a y s a 

scheme f o r some of t h e p o s s i b l e p r o c e s s e s . 
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SCHEMATIC FOR THE SURFACE PHOTOOXIDATION 

OF POLYSTYRENE 

OH 0-0 
91^ C H 2 C - C H , C H - C H 2 

C - C H 2 C H 2 • O H 
I CHARGE OH o 0 TRANSFER COMPLEX hv.O? 

H 
CH-CH? 

KETONES,ALCOHOLS 
C H — C H 2 

/ hv 

ACIDS 
10 hv 

\ R H Oo Enhancement of CARBONATE 
Spin-Forbidden So-»Ti t rans i t ion 

F i g u r e 7.10 Scheme f o r some of t h e p o s s i b l e r e a c t i o n s 
o c c u r r i n g i n t h e s u r f a c e of p o l y s t y r e n e 
f i l m s d u r i n g p h o t o o x i d a t i o n . 

7.3.2 R e a c t i o n s i n A i r 

(a) C o n t i n u o u s I r r a d i a t i o n 

I n C h a p t e r F i v e t h e p h o t o o x i d a t i o n of B i s p h e n o l A p o l y ­

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

of oxygen and t h e r a t e and e x t e n t of r e a c t i o n was shown t o be 

s t r o n g l y dependent on t h i s f a c t o r . I t i s of i n t e r e s t , t h e r e ­

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

a i r . The e x p o s u r e s were c a r r i e d out i n a s t a t i c e nvironment 

and a s shown i n C h a p t e r F i v e d i r e c t c o m p a r i s o n of t h e r e s u l t s 

w i t h t h o s e o b t a i n e d f o r i r r a d i a t i o n s i n a dynamic oxygen atmos­

p h e r e s h o u l d be t r e a t e d w i t h c a u t i o n . 
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3 hrs K V i s a 

(4 V 2 hrs 

hr 

\ 0-5hr 

0 -25 hr 

536 31 532 :93 291 289 287 285 2G3 

BINDING ENERGY(eV) 

F i g u r e 7.11 c l g and 0 c o r e l e v e l s f o r p o l y s t y r e n e f i l m s 

i r r a d i a t e d i n a i r ( I o = 20 Whm~2h~1, 10% R.H.) 
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The ESCA s p e c t r a i n F i g u r e 7.11, d i s p l a y i n g t h e and 

0^ s c o r e l e v e l s f o r p o l y s t y r e n e f i l m s exposed t o an i n c i d e n t 
-2 -1 

photon f l u x of 20 Whm h (A>290nm) i n a i r (10% R.H.), r e v e a l 

t h a t e x t e n s i v e p h o t o o x i d a t i o n has t a k e n p l a c e . The 

component a n a l y s i s i n F i g u r e 7.12 r e v e a l t h e f o r m a t i o n of 

C-0, C=0 and 0-C=0 f u n c t i o n a l i t i e s as a f u n c t i o n of i r r a d i a t i o n 

t i m e . The C-H and n+n* components a r e a l s o s e e n t o d e c r e a s e . 

POLYSTYRENE IRRADIATED IN AIR (CONTINUOUS) 

100 

\ \ 
75 

7oC 
1S 

C-H 
50 

25 

C-0 

15 
0 - C = 0 

C=0 

/ n -> n 

1 2 3 

IRRADIATION TIME(HOURS) 

F i g u r e 7.12 C ^ g component a n a l y s i s f o r t h e s p e c t r a i n 
F i g u r e 7.11. 
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The i n i t i a l i n c r e a s e i n t h e C-0 component w i t h o u t con­

c o m i t a n t i n c r e a s e s i n c a r b o n y l and c a r b o x y l a t e groups i s i n d i c ­

a t i v e of h y d r o p e r o x i d e f o r m a t i o n . As was a l s o e v i d e n t from 

i r r a d i a t i o n s i n pure oxygen an i n d u c t i o n p e r i o d i s a p p a r e n t 

f o r t h e f o r m a t i o n of c a r b o n y l and c a r b o x y l a t e groups w i t h t h e 

r a t e f o r t h e former b e i n g g r e a t e r t h a n t h a t f o r t h e l a t t e r . 

The mechanisms i n v o l v e d i n t h e p h o t o o x i d a t i o n of p o l y ­

s t y r e n e f i l m s i n a i r appear t o be of a s i m i l a r n a t u r e t o t h o s e 

i n oxygen. The main d i f f e r e n c e between t h e two c o n d i t i o n s 

a r i s e s from t h e r a t e and e x t e n t of r e a c t i o n . T h i s i s h i g h ­

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

t o t a l photon f l u x e s . I n oxygen a f t e r 2 h o u r s ' e x p o s u r e a t 
-2 -1 

10 Whm h t h e ca r b o n t o oxygen r a t i o i s ̂ 1:0.5 and i n a i r 
-2 -1 

(1 hour a t 20 Whm h ) t h e c o r r e s p o n d i n g v a l u e i s 1:0.16. 

Even a f t e r 2 h o u r s ' e x p o s u r e i n a i r t h e C:0 r a t i o of ^1:0.31 

i s w e l l below t h a t f o r 2 h o u r s i n O2 a t a much l o w e r photon 

f l u x and t h i s e m p h a s i s e s t h e s e n s i t i v i t y of t h e p h o t o o x i d a t i o n 

p r o c e s s e s i n t h e s u r f a c e t o t h e p a r t i a l p r e s s u r e of oxygen a t 

t h e i n t e r f a c e . 
(b) C y c l i c I r r a d i a t i o n 

The r e s u l t s p r e s e n t e d so f a r have c o n c e n t r a t e d on t h e use 

of c o n t i n u o u s i r r a d i a t i o n . S o l a r r a d i a t i o n i s of a c y c l i c a l 

n a t u r e and i t i s p o s s i b l e t h a t d u r i n g t h e ho u r s of d a r k n e s s r e ­

a c t i o n s t a k e p l a c e w h i c h may w e l l i n f l u e n c e t h e k i n e t i c s and 

mechanisms of p h o t o o x i d a t i o n . I n t h e model s t u d i e s d i s c u s s e d 

above a h i g h l y r e a c t i v e s u r f a c e w i l l remain on t e r m i n a t i o n of 

ex p o s u r e and hence some of d a r k r e a c t i o n i s t o be e x p e c t e d . To 

i n v e s t i g a t e t h e e f f e c t of c y c l i c i r r a d i a t i o n , p o l y s t y r e n e f i l m s 
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— 2 —1 

were exposed t o u l t r a v i o l e t l i g h t (A>290nm, I o = 20 Whm h 

and 10% R.H.) f o r c y c l e s of 15 m i n u t e s ( i . e . 15 m i n u t e s ' e x p o s u r e 

f o l l o w e d by 15 m i n u t e s ' d a r k n e s s , e t c . ) such t h a t t h e s a m p l e s 

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

The C l s component a n a l y s i s i n F i g u r e 7.13 r e v e a l s t h e 

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

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

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

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

p r e s e n t c o n d i t i o n s . 

POLYSTYRENE IRRADIATED I N AI R ( CYCLIC) 

100 T 

\ 
75 

1S 
C-H 

25 

0-C=0 15 

n 

0 1 2 3 

IRRADIATION T1MEIH0URS) 

F i g u r e 7.13 C ^ s component a n a l y s i s f o r p o l y s t y r e n e f i l m s 

e xposed t o c y c l i c i r r a d i a t i o n ( I o = 20 Whm h 
10% R.H.). 



214 

Comparison of the r e l a t i v e ° l s / c ^ s i n t e n s i t y r a t i o s 
f o r continuous and c y c l i c a l exposures and the corresponding 
c o n t r i b u t i o n s t o the s i g n a l a r i s i n g from o x i d a t i v e species 
as shown i n Figure 7.14 are very r e v e a l i n g . I t i s evident 
t h a t oxygen i n c o r p o r a t i o n i n t o the surface occurs at a slower 
r a t e during c y c l i c i r r a d i a t i o n and as such i n d i c a t e t h a t dark 
re a c t i o n s are o c c u r r i n g . 

Post i r r a d i a t i o n e f f e c t s have been p r e v i o u s l y observed 
i n bulk studies of polystyrene and are believed t o c o n s i s t 

215-217 
of two f i r s t order r e a c t i o n s . The f a s t r e a c t i o n i s 
due t o the decomposition of hydroperoxides (known t o be present 
due t o t h e i r a b i l i t y t o i n i t i a t e the po l y m e r i s a t i o n of methyl 
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methacrylate) and i t has been suggested t h a t the slow r e ­
a c t i o n i s due t o the c i s - t r a n s i s o m e r i s a t i o n of a benzalaceto-
phenone formed by the decomposition of the hydroperoxide. 

In order t o o b t a i n i n f o r m a t i o n on post i r r a d i a t i o n e f f e c t s 
i n the surface, polystyrene f i l m s were exposed t o continuous 
i r r a d i a t i o n f o r 30 minutes and the ESCA spectra were then r e ­
corded immediately and a f t e r 15, 45 and 90 minutes i n the dark. 
The changes i n the 0 ^ s / c

l s i n t e n s i t y r a t i o s displayed i n Figure 
7.15 reveal t h a t two stages are invo l v e d . Over the f i r s t 45 
minutes the oxygen content i n the surface decreases (possibly 
r e f l e c t i n g hydroperoxide decomposition and c r o s s - l i n k i n g ) and 
a f t e r 90 minutes the l e v e l has returned t o the i n i t i a l value 
present on immediate a n a l y s i s . The d i f f e r e n c e s i n the C, 

Is 
components are very small and i n the absence of a d d i t i o n a l data 
i t i s not possible t o determine the precise nature of the dark 
reactions i n v o l v e d . 
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Figure 7.14 Comparison of the ° i s / c

l s i n t e n s i t y r a t i o s and 
% c o n t r i b u t i o n s a r i s i n g from o x i d a t i v e f u n c t i o n a l ­
i t i e s f o r polystyrene f i l m s exposed t o continuous 
and c y c l i c i r r a d i a t i o n . 
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POLYSTYRENE POST-IRRADIATION EFFECTS 

0-1 -

° 1 S / C I ! 

0 05 -

45 

POST IRRADIATION TIME (MINUTES) 

90 

Figure 7.15 ° i s / c i s i n t e n s i t y r a t i o s f o r polystyrene f i l m s 
i r r a d i a t e d f o r 30 minutes (Io = 20 Whm"2!-!"1, 10% R.H. 
and l e f t i n the dark f o r various periods of time. 

From the data i n Figure 7.15 i t would appear t h a t i r r a d ­
i a t i o n f o r another 30 minutes a f t e r 15 and 90 minutes i n the 
dark should give r i s e t o oxygen uptakes t o a lesser and s i m i l a r 
extent r e s p e c t i v e l y w i t h respect t o 60 minutes' continuous 
exposure. This i s confirmed from the data i n Table 7.4. I t 
i s apparent t h a t the length of the dark p e r i o d s t r o n g l y i n f l u ­
ences the r a t e of photooxidation during c y c l i c i r r a d i a t i o n . 
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TABLE 7.4 ° i s / c i s i n t e n s i t y r a t i o s f o r polystyrene f i l m s 
i r r a d i a t e d f o r 30 minutes and r e - i r r a d i a t e d f o r 
a f u r t h e r 30 minutes a f t e r being l e f t i n the dark 
f o r various periods of time. (For comparison the 
re l e v a n t r a t i o f o r 60 minutes' continuous i r r a d ­
i a t i o n are also i n c l u d e d ) . 

Dark p e r i o d 
(minutes) 

15 

0, /C, Is I s 

0.22 
90 0.26 

(60 minutes' 
continuous 0.25 
exposure) 

7.3.3 Natural Weathering 

I n the previous sections the photooxidation of 
polystyrene f i l m s was considered under various model c o n d i t i o n s . 
The discussions presented i n Chapter Five h i g h l i g h t e d the 
caution r e q u i r e d when comparing model studies t o n a t u r a l expos­
ures t h e r e f o r e t o complement the above data polystyrene f i l m s 
have been weathered i n Dhahran, Saudi Arabia. 

The C l s core l e v e l s displayed i n Figure 7.16 reveal 
the changes i n surface chemistry during n a t u r a l weathering f o r 
s t a r t i n g dates i n September 1980 and A p r i l 1981. No u s e f u l 
i n f o r m a t i o n can be obtained from a co n s i d e r a t i o n of the 0, 

Is 
s i g n a l due t o the presence of a v a r i a b l e q u a n t i t y of surface 
contamination i n the form of deposited sand (Si02) which con­
t r i b u t e s t o the t o t a l i n t e n s i t y of t h i s core l e v e l . 

The increase i n complexity of the envelope 
during exposure is due to components a r i s i n g from C-0, C=0 and 
0-C=0 f u n c t i o n a l i t i e s . The nature of the changes are more 
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P O L Y S T Y R E N E 
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Figure 7.16 C±s core l e v e l s f o r polystyrene f i l m s weathered 
i n Dhahran, Saudi A r a b i a , ( s t a r t i n g dates September 
1980 and A p r i l 1981). 
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apparent from a c o n s i d e r a t i o n of the d i s t r i b u t i o n s of the 
various components as displayed i n Figure 7.17. Considering 
the data f o r the September 1980 s t a r t i n g date f i r s t , i t can be 
r e a d i l y seen t h a t the C-0 component increases i n i n t e n s i t y 
r a p i d l y i n the i n i t i a l stages of exposure. As was observed 
i n the model studies the r a t e of carbonyl formation i s greater 
than t h a t f o r carboxylate. No i n d u c t i o n p e r i o d f o r the C=0 
and 0-C=0 groups i s apparent at the sampling times u t i l i s e d 
i n t h i s study. The n-»-n* shake-up s a t e l l i t e decreases i n 
i n t e n s i t y i n d i c a t i v e of the o x i d a t i o n of the aromatic r i n g . 

The data f o r A p r i l 1981, as i n September 1980, rev e a l 
the high i n t e n s i t y of the C-0 f u n c t i o n a l i t y . However, an 
i n d u c t i o n p e r i o d i s evident f o r carbonyl and carboxy.late form­
a t i o n : the l a t t e r appearing at a l a t e r stage than the former 
and i s i n agreement w i t h the data obtained f o r the model studies 
u t i l i s i n g c y c l i c i r r a d i a t i o n . The r a t e of photooxidation i s 
much slower than f o r September 1980. Although the d i f f e r e n c e s 
i n temperature and r e l a t i v e humidity f o r the two s t a r t i n g dates 
may i n f l u e n c e the d i s t r i b u t i o n s of components (Figures 7.18 
and 7.19 r e s p e c t i v e l y ) the c o n t r a s t between them does not appear 
to be s u f f i c i e n t t o account f o r the variofilnin r a t e . Recent 
photon f l u x measurements, using the polysulphone technique, 

i n d i c a t e t h a t the uv component of so l a r r a d i a t i o n i n Dhahran 
2 31 

i n September i s a f a c t o r of ^2 greater than t h a t i n A p r i l . 
Consequently the d i f f e r e n c e s i n photon f l u x can account f o r 
the c o n t r a s t i n the observed r e a c t i o n r a t e s . 
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DAILY TEMPERATURE in DHAHRAN, S.A. 
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Figure 7.18 V a r i a t i o n i n d a i l y temperature d u r i n g the 
f i r s t 16 days of polystyrene weathering 
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Figure 7.19 V a r i a t i o n i n d a i l y r e l a t i v e humidity during 
the f i r s t 16 days of polystyrene weathering 
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7.4 Conclusions 

Model photooxidation studies (A>290nm) of polystyrene 
f i l m s have revealed t h a t extensive oxygen uptake occurs i n 
the surface. The r e a c t i o n s i n v o l v e the formation of hydro­
peroxides i n the i n i t i a l stages and i n d u c t i o n periods f o r the 
formation of carbonyl and carboxylate features are evident. 
The extent of r e a c t i o n can only be explained by o x i d a t i v e 
processes i n v o l v i n g the main chain and the pendant phenyl 
groups as evidenced by the decrease i n i n t e n s i t y of the n + n * 

shake-up s a t e l l i t e . S i n g l e t oxygen does not react w i t h p o l y ­
styrene . 

Photooxidation i s s t r o n g l y dependent on the p a r t i a l pressure 
of oxygen a t the solid/gas i n t e r f a c e . C y c l i c i r r a d i a t i o n , as 
opposed t o continuous, gives r i s e t o a slower r e a c t i o n r a t e . 
Natural weathering studies r e v e a l s i m i l a r trends i n the changes 
i n surface chemistry t o the model s t u d i e s . The higher ob­
served l e v e l of C-0 groups i n r e l a t i o n t o the C=0 and 0-C=0 
features may w e l l be a r e s u l t of the higher r e l a t i v e h u m i d i t i e s 
experienced during n a t u r a l exposures. 



CHAPTER EIGHT 

SURFACE ASPECTS OF THE NATURAL AND ARTIFICIAL 
PHOTOAGING OF BISPHENOL A POLYSULPHONE 

AS REVEALED BY ESCA 
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8.1 I n t r o d u c t i o n 

The photoaging of Bisphenol A polysulphone has been 
the centre of some i n t e r e s t i n the l i t e r a t u r e . 4 0 - 4 2 ' 5 1 ' 5 2 ' 2 2 1 ' 2 2 2 

The changes induced by a r t i f i c i a l and n a t u r a l u l t r a v i o l e t ex-
40-42 221 222 

posures have been i n v e s t i g a t e d from both the bulk j-, 
51 52 

and surface p o i n t s of view. ' 
The data from i r studies and a n a l y s i s of the evolved gases 

have been i n t e r p r e t e d i n terms of random bond s c i s s i o n o c c u r r i n g 
at a l l bonds except the aromatic C-H and C-C bonds as shown 
• o -, 221 m Figure 8.1. 

(a) Main chain scission: 

ci\, 

-°-<0> \^°-<&h<&a-
en, ° 

(b) Meihyl side group dissocialion: 

CH, ° 

CH, ° 

CH, 0 

CH, 

f CH, O 

^ CH, o 

Figure 8.1 Scheme f o r bond-scission processes i n poly­
sulphone during photooxidation 
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Of p a r t i c u l a r i n t e r e s t has been the use of polysulphone 
as a uv monitor f o r s o l a r r a d i a t i o n and a r t i f i c i a l l i g h t 

40-42 
sources f o r wavelengths below 320nm. That polysulphone 
i s s e n s i t i v e only t o wavelengths below t h i s value has been 
shown from the examination of the a c t i v a t i o n spectrum. The 
change i n o p t i c a l d e n s i t y a t 330nm gives a measure of the 
i n c i d e n t r a d i a t i o n dose. 

Previous ESCA studies have examined the changes i n surface 
chemistry of polysulphone a f t e r prolonged exposure t o n a t u r a l 

' 52 224 weathering i n San Jose, U.S.A. and Durham, England. Model 
photooxidation studies have been conducted i n s t a t i c atmospheres 
of oxygen u t i l i s i n g i n c i d e n t r a d i a t i o n greater than 230nm.^"!" 
In t h i s chapter the photodegradation of Bisphenol A polysulphone 
i n oxygen and n i t r o g e n atmospheres such t h a t A>290nm i s con­
sidered. Photooxidation has been st u d i e d as fun c t i o n s of 
i r r a d i a t i o n time, l i g h t i n t e n s i t y and temperature and comparisons 
made w i t h the changes i n v o l v e d i n n a t u r a l weathering i n Dhahran, 
Saudi Arabia. 

8.2 Experimental 

The photodegradation of Bisphenol A polysulphone f i l m s 
(^40pm) i n oxygen and n i t r o g e n atmospheres (A>290nm) were 
c a r r i e d out i n the s t a i n l e s s s t e e l r e a c t o r described i n Chapter 

For comparison, photooxidation has also been studied 
at A>240nm by u t i l i s i n g the quartz zero path l e n g t h window shown 
i n Figure 4.3 (Chapter Four). 

The photochemistry of sulphurdioxide (x>290nm) has been 
stu d i e d by i r r a d i a t i o n of Bisphenol A polycarbonate K40ym) i n 
a f l o w i n g atmosphere of SO2 (B.D.H. Chemicals) and the immediate 
examination of the changes i n surface chemistry. 
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Natural weathering exposures were c a r r i e d out i n Dhahran, 
Saudi Arabia as described i n Chapter Four. The s t a r t i n g date 
was 10 September 1980. 

ESCA spectra were recorded on an AEI ES 200B and Kratos 
ES 300 spectrometer using Mg k a r a d i a t i o n . Under the exper-

1/2 
imental c o n d i t i o n s employed i n these studies the r e s p e c t i v e f u l l 
w i d t h at h a l f maximum f o r the Au/ f l e v e l at 84.0 eV were 

4 f7/2 
1.2 and 1.1 eV. The spectra were deconvoluted and i n t e g r a t e d 
using a DuPont 310 curve r e s o l v e r . Binding energies were 
referenced t o the hydrocarbon component a t 285.0 eV. Angular 
dependence studies were c a r r i e d out by examination of the ESCA 
spectra obtained at e l e c t r o n t a k e - o f f angles of 30 and 70° 

o 

corresponding t o sampling depths of ̂ 40 and ̂ 12A. The r e s u l t s 
have shown t h a t p hotooxidation a t these depths are e s s e n t i a l l y 
homogeneous and consequently the data discussed i n the s e c t i o n 
below are f o r those obtained a t 30°. 

The uv and i r spectra f o r the n a t u r a l weathering exposures 
were recorded on a Unicam SP800 u v / v i s i b l e spectrometer and a 
Perkin Elmer i r spectrometer r e s p e c t i v e l y . 
8.3 Results and Discussion 

The main emphasis of t h i s work has been t o i n v e s t i g a t e 
r e a c t i o n s a t the gas s o l i d i n t e r f a c e a t wavelengths >290nm i n 
oxygen and n i t r o g e n atmospheres and t o draw comparisons w i t h 
n a t u r a l weathering. I t i s convenient i n discussing the r e s u l t s 
t o consider each of the environments separately. 

8.3.1 Reactions i n Oxygen 

(a) Studies as f u n c t i o n s of l i g h t i n t e n s i t y and i r r a d i a t i o n time 

As a s t a r t i n g p o i n t f o r the i n v e s t i g a t i o n of the changes 
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i n surface chemistry of polysulphone f i l m s , the i r r a d i a t i o n 
i n a f l o w i n g oxygen atmosphere at an i n c i d e n t photon f l u x of 

-2 -1 
5.7 Whm h i s considered. The ESCA spectra i n Figure 8.2 
reveal the C, , 0 , and S~ core l e v e l s f o r the unexposed I s I s 2p ^ 
s t a r t i n g m a t e r i a l and the subsequent changes on exposure. 

The i n i t i a l p r o f i l e c o nsists of three components due 
t o carbon not bonded t o oxygen at 285.0 eV, carbon s i n g l y bonded 
t o oxygen at ^286.4 eV and a shake-up s a t e l l i t e centred at 
-v.291.5 eV d i a g n o s t i c of the a r o m a t i c i t y present i n polysulphone. 
A component a r i s i n g from carbon bonded t o sulphur i s also pre­
sent a t ^286.0 eV but has not been resolved i n t h i s case due 
t o the d i f f i c u l t y i n f i t t i n g t h i s peak as changes occur i n 
surface chemistry. The 0, core l e v e l reveals a 1:1 doublet 

I s 
c o n s i s t e n t w i t h ether and sulphone oxygens. The corresponding 

envelope d i s p l a y s a 1:2 doublet, a r i s i n g from the spin 
o r b i t s p l i t t i n g of the S 2 p l e v e l , at b i n d i n g energies i n d i c a t i v e 
of a sulphone group. 

On i r r a d i a t i o n i n oxygen the envelope increases i n 
complexity due t o peaks a r i s i n g from carbonyl and carboxylate 
groups. The carboxylate i s seen t o c l e a r l y dominate w i t h 
respect t o the carbonyl during exposure. The 0^ s l e v e l i n ­
creases i n r e l a t i v e i n t e n s i t y and the c l e a r l y defined doublet 
disappears as the nature of the s i g n a l becomes more complex. 
The core l e v e l broadens on exposure and may be resolved i n 
terms of two chemical environments w i t h the s2p3/2 c e nt r°ids 
at ^168.0 eV and 169.3 eV i n d i c a t i v e of sulphone and sulphate 
groups r e s p e c t i v e l y . This has been p r e v i o u s l y observed i n 

5 7 

the n a t u r a l weathering of polysulphone. These r e s u l t s c l e a r l y 
i n d i c a t e t h a t extensive oxygen i n c o r p o r a t i o n i n t o the surface 
of polysulphone has occurred. 
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Figure 8.2 c l s , 0 l s and S 2 p core l e v e l s f o r polysulphone f i l m s 

i r r a d i a t e d i n oxygen (I o = 5.7 Whm~2h~1
) A>29Qnm). 
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The changes i n the r e l a t i v e O. /C. , S„ /C, and S /O 
Is I s 2p I s 2p I s 

r a t i o s as a f u n c t i o n of time are shown i n Figure 8.3. The 
oxygen uptake s t a r t s t o l e v e l o f f a f t e r ^2 hours and t h i s i s 
also r e f l e c t e d i n the S 0 /O. i n t e n s i t y r a t i o . The t o t a l 

2p I s 
sulphur content appears t o increase s l i g h t l y r e f l e c t i n g t h a t 
the desorption of low molecular weight carbon species i s 
greater than 'for sulphur d i o x i d e . This i s i n e s s e n t i a l agree­
ment w i t h the r e s u l t s obtained from the ana l y s i s of evolved 

222,223 
gases. 

POLYSULPHONE IRRADIATED in 0 2 

I0=57WhnfV 

C-75 
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Figure 8.3 ° l s / c
l s ' S 2 P

/ C 1 S
 a n d S 2 p / Q l s i n t e n s i t Y r a t i o s 

f o r the spectra i n Figure 8.2. 
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The nature of the o x i d i s e d s u r f a c e i s more c l e a r l y r e ­

vealed i n the C component a n a l y s i s d i s p l a y e d i n Figure 8.4. 

The C-H component (phenyl and methyl groups) decreases i n 

i n t e n s i t y with corresponding i n c r e a s e s i n C-0, >C=0 and 0-C=0 

f u n c t i o n a l i t i e s : the l a t t e r r e p r e s e n t i n g ^16% of the C^ g 

p r o f i l e a f t e r three hours' i r r a d i a t i o n . The n->-n* i n t e n s i t y 

a l s o decreases i n d i c a t i v e of a l o s s i n the aromatic content 

present i n the s u r f a c e . The data, t h e r e f o r e , suggest oxid­

a t i o n of both the dimethyl moiety and the aromatic r i n g system. 

That the shake-up s a t e l l i t e i n c r e a s e s i n i n t e n s i t y a f t e r the 

i n i t i a l i n c r e a s e may w e l l be c o n s i s t e n t with a small degree of 

carbonate formation. 

POLYSULPHONE IRRADIATED IN 0 

70 

60 
C-H 

50 

% C 1 S 

20 

10 

a n-» n 

0 1 2 3 
IRRADIATION TIME(HOURS) 

Figure 8.4 C, component a n a l y s i s for the s p e c t r a i n Figure 8.2. 
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The core l e v e l s shown i n F i g u r e 8.5 r e v e a l the changes 

i n polysulphone f i l m s a f t e r i r r a d i a t i o n f o r v a r i o u s times a t 
-2 -1 

a higher photon f l u x of 27.4 Whm h . A g r e a t e r degree of 

oxygen uptake i s evident than f o r a comparable i r r a d i a t i o n 

time at a lower lamp i n t e n s i t y . Two sulphur environments are 

a l s o evident. The data i n F i g u r e 8.6 d i s p l a y the corresponding 
° 1 S / C ] _ S ' S 2 p ' / C l s a n d S 2 p / ' 0 l s i n t e n s i t y r a t i o s . I t i s r e a d i l y 
apparent t h a t the oxygen uptake s t a r t s to plateau a f t e r ^60 
minutes' i r r a d i a t i o n . The C^ s component a n a l y s i s r e v e a l s a 

-2 -1 
s i m i l a r trend for t h a t at 5.7 Whm h with a higher build-up 

of C=0 and O-C-0 s t r u c t u r a l f e a t u r e s at an e a r l i e r stage. From 

a s t a r t i n g C:0 stoichiometry of ^1:0.15 a f t e r 1 hour's i r r a d ­

i a t i o n the oxygen content has r i s e n by ^125% i n the case of lower 

l i g h t i n t e n s i t y and ^300% f o r the higher i n t e n s i t y . 

CM 

I/O 

U J 

U-L 

2 ¥1 

9 DC in on 

/ 
\ 

o 
>0 -4" tNJ 

AIISNBINI 3ALLViaT 

F i g u r e 8.6 ° l s / c
l s ' S 2 p / / C l s a n d S2p / /°ls i n t e n s i t y r a t i o s 

f o r the s p e c t r a i n Figure 8.5. 
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I n order to obtain a more comprehensive view of the 

e f f e c t of l i g h t i n t e n s i t y on the component d i s t r i b u t i o n the 

data i n Table 8.1 d i s p l a y s the r e l e v a n t f u n c t i o n a l i t i e s f o r 

comparable t o t a l f l u x e s r e c e i v e d at higher and lower lamp 

i n t e n s i t i e s . The d i s t r i b u t i o n i s remarkably s i m i l a r , the 

main d i f f e r e n c e s o c c u r r i n g i n the carbonyl and c a r b o x y l a t e 

f u n c t i o n a l i t i e s and hence t o t a l oxygen s i g n a l . 

TABLE 8.1 Comparison of the C, components and 0, /C 1 

X. S X S X s 
i n t e n s i t y r a t i o s f o r polysulphone f i l m s exposed 
to s i m i l a r t o t a l photon f l u x e s from low and high 
lamp i n t e n s i t i e s 

T o t a l 
c, c - h c-o c=o o-c=^o n-m* o n /c. 
I s I s I s 

60 minutes 100 63 19 6 9 3 0.43 
(Io=5.7Whm-2h~ ) 

15 minutes 1 Q Q 6 Q 1 9 e 1 2 3 0.63 
(Io=2 7.4Whm h ) 

The e f f e c t of l i g h t i n t e n s i t y on the r a t e of oxygen uptake 

i s shown i n F i g u r e 8.7 f o r i r r a d i a t i o n s at 27.4, 13.5 and 
-2 -1 

5.7 Whm h . From these data i t appears t h a t the i n i t i a l 

r a t e i s roughly l i n e a r with photon f l u x . 

The data i n F i g u r e 8.8 r e p r e s e n t s the changes i n the 

r e l a t i v e oxygen and sulphur l e v e l s on i r r a d i a t i o n f o r 15 minutes 

a t v arying photon f l u x . Oxygen i n c o r p o r a t i o n i n t o the s u r f a c e 
-2 -1 

i n c r e a s e s s t e a d i l y with lamp i n t e n s i t i e s up to ^35 Whm h 

I r r a d i a t i o n at higher photon f l u x r e v e a l s e s s e n t i a l l y no change 

i n d i c a t i v e of a steady s t a t e c o n d i t i o n r e p r e s e n t a t i v e of a 

balance between photooxidation and desorption of low molecular 

s p e c i e s . The r e l a t i v e sulphur i n t e n s i t y does not change a 
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a great deal over the range of l i g h t i n t e n s i t i e s employed. 

The corresponding C component a n a l y s i s d i s p l a y e d i n Figure 8.9 
1 s 

r e v e a l s t h a t the major d i f f e r e n c e , a r i s i n g from i r r a d i a t i o n a t 

higher photon f l u x , i s an i n c r e a s e i n the i n t e n s i t y of the 

carboxylate f u n c t i o n a l i t y and consequently a decrease i n C-H 

and C=0 components. 

POLYSULPHONE IRRADIATED IN 0 

70 

60 

50 

15 

tt 
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PHOTON FlUX (kWhsr^h-l i 

Figure 8.9 C l g components f o r polysulphone f i l m s i r r a d i a t e d 
f o r 15 minutes at various photon f l u x e s . 

(b) Surface Hydroperoxide formation 

In the p r e v i o u s l y d i s c u s s e d photooxidation s t u d i e s of 

polycarbonate and p o l y s t y r e n e f i l m s , hydroperoxide formation 

was followed by the conversion of these groups to sulphates by 
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the d i r e c t r e a c t i o n with SC>2 • However, as has been d i s c u s s e d 

i n the previous s e c t i o n , the S 2p core l e v e l broadens during the 

photooxidation of polysulphone g i v i n g r i s e to two sulphur e n v i r ­

onments corresponding to sulphone and sulphate. The sulphate 

component a r i s e s from the r e a c t i o n of SO^i r e l e a s e d by chain 

s c i s s i o n on e i t h e r s i d e of the sulphone group, with hydroperoxides. 

As such polysulphone appears to provide i t s own i n t e r n a l l a b e l l i n g 

of these groups. 

The data i n Figure 8.10 d i s p l a y s the t o t a l r e l a t i v e S 2 p 

i n t e n s i t y and the c o n t r i b u t i o n s to t h i s a r i s i n g from the sulphone 

and sulphate components as a f u n c t i o n of i r r a d i a t i o n time f o r 
-2 -1 

photon f l u x e s of 5.7 and 27.4 Whm h I t i s apparent from 

Figure 8.10(a) that the r i s e i n the i n t e n s i t y of the sulphate 

component and hence hydroperoxide formation, i s gradual. I r r a d ­

i a t i o n a t higher photon f l u x r e v e a l s a sharp i n c r e a s e i n sulphate 

content and reaches a maximum at an e a r l i e r stage than t h a t f o r 

a s i m i l a r t o t a l photon f l u x a t lower lamp i n t e n s i t y . T h i s trend 

i s a l s o r e f l e c t e d i n the t o t a l sulphur content and may w e l l r e ­

f l e c t the g r e a t e r r a t e of r a t e of desorption of low molecular 

weight carbon s p e c i e s from the s u r f a c e at higher photon f l u x . 
(c) Surface Chemistry as a f u n c t i o n of Temperature 

The changes i n s u r f a c e chemistry as described above were 

due to i r r a d i a t i o n s over a temperature range of 18-22°C for 
-2 -1 

photon f l u x e s of 5.7 amd 2 7.4 Whm h . Natural weathering 

exposures i n Dhahran, Saudi Arabia are t y p i c a l l y subjected to 

temperatures i n excess of 30°C. The bulk photooxidation of 

polysulphone i s e s s e n t i a l l y i n v a r i a n t to temperatures up to ^50WC." 

However, t h i s may not be the case at the s u r f a c e , consequently, 

p r e l i m i n a r y s t u d i e s have been conducted to i n v e s t i g a t e the s u r f a c e 

225 
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photooxidation of polysulphone at temperatures of 30, 50 and 

70°C at a photon f l u x of 27.4 Whm~2h-1 and the r e l e v a n t data a r e 

d i s p l a y e d i n Table 8.2. 

TABLE 8.2 % C,_ components, 0, /C, and S_ /C. i n t e n s i t y 
X S < I S I S z P x s 

r a t i o s f o r polystyrene f i l m s i r r a d i a t e d with an 
-2 -1 

i n c i d e n t photon f l u x of 27.4 Whm h as fu n c t i o n s 
of time and temperature. 

T(°C) Time C-H C-0 C=0 0-C=0 n+n* o, /c, s„ /c 
(minutes) l s l s 2*> 

30 5 68 18 3 7 4 0.48 0.09 

10 63 18 6.5 9 3.5 0.56 0.09 

15 58 20 7 12 3 0.69 0.10 

20 62 17 5 13 3 0.62 0.09 

50 5 69 17 5 6 3 0.43 0.08 

10 66 16 5 10 3 0.52 0.09 

15 60 19 6 12 3 0. 70 0.10 

20 59 20 6 12 3 0.69 0.09 

70 10 63 19 6 9 3 0.54 0.08 

15 61 18 6 12 3 0.63 0.08 

20 62 18 6 12 2 0.62 0.09 

The d i f f e r e n c e s i n the r e l a t i v e 0, /C. i n t e n s i t y r a t i o on 
l s l s 

i n c r e a s i n g the r e a c t i o n temperature from 30 to 50°C are remarkably 

small r e f l e c t i n g a balance between desorption processes and photo-

o x i d a t i o n . The corresponding C, component a n a l y s i s r e v e a l s 
X s 

that the carbonyl and carboxylate l e v e l s are a l s o s i m i l a r . The 

data f o r i r r a d i a t i o n at 70°C shows a s i m i l a r trend, i n f a c t the 

C^ s components a f t e r 10 minutes' exposure at 30° and 70°C are 

comparable and h i g h l i g h t the small e f f e c t of e l e v a t i n g the 

temperature. 
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Comparison of the oxygen uptake a t 22°C and 30°C, as 

shown i n Figure 8.11, r e v e a l s a gr e a t e r r a t e a t the higher 

temperature i n the i n i t i a l s t a g es. T h i s i n c r e a s e however, does 

not r e f l e c t the approximation of an i n c r e a s e i n r e a c t i o n temper­

ature of 10° doubling the r a t e . Examination of the C^ g compon­

ents shows t h a t at 30°C the carboxylate i n t e n s i t y i s l a r g e r than 

t h a t a t 22°C. 

T=22°c 

0-6 T=30°c 

1S 

01 

30 20 15 10 
IRRADIATION TIME(MINUTES) 

Figure 8.11 Comparison of oxygen uptakes f o r polysulphone 
i r r a d i a t e d a t 22° and 30°C for var y i n g periods 
of time 

(d) Comparison of i r r a d i a t i o n s a t A>290nm and A>240nm 

A p r e v i o u s l y reported study of the s u r f a c e photooxidation 

of polysulphone involved i r r a d i a t i o n s i n a s t a t i c oxygen atmosphere 
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51 and wavelengths >230nm. A n a l y s i s of the o x i d i s e d carbon 
f u n c t i o n a l i t i e s i n the s u r f a c e revealed that i n the i n i t i a l 
stages carbonyl and carboxylate f u n c t i o n a l i t i e s are formed at 
comparable r a t e s . Photooxidation a t wavelengths >290nm i n a 
flowing oxygen atmosphere as d i s c u s s e d above c l e a r l y r e v e a l s 
t h a t the r a t e of 0-C=0 formation i s f a s t e r than carbonyl i n d i c ­
a t i n g t h a t d i f f e r e n t mechanisms are involved. I n order to 
v e r i f y t h a t these d i f f e r e n c e s occur under the present e x p e r i ­
mental c o n d i t i o n s , polysulphone f i l m s were exposed to u l t r a ­
v i o l e t l i g h t at wavelengths >240nm. Th i s was achieved by r e ­
p l a c i n g the pyrex window i n the s t a i n l e s s s t e e l r e a c t o r with a 
zero path length quartz window. The d i s t a n c e between the lamp 

and the sample was determined such t h a t the i n c i d e n t l i g h t 
-2 -1 

i n t e n s i t y for X>290nm was 13.5 Whm h 

The C^ s, 0^ s and S 2p core l e v e l s d i s p l a y e d i n Figure 8.12 

r e v e a l the t y p i c a l changes t h a t occur during exposure (A>240nm) 

fo r v a r i o u s periods of time. The C^ g envelope i n c r e a s e s i n 

complexity with components a r i s i n g from carbonyl and carboxylate 

f u n c t i o n a l i t i e s and with the i n c r e a s i n g i n t e n s i t y of the 0^ s 

s i g n a l i t i s evident t h a t e x t e n s i v e photooxidation has occurred. 

The changes i n the r e l a t i v e 0. /C. , S„ /C. and S~ /0, i n t e n s i t y ^ I s I s 2p I s 2p I s 2 

r a t i o s are shown i n Figure 8.13 as a function of i r r a d i a t i o n 

time. Oxygen i n c o r p o r a t i o n i n t o the s u r f a c e i s r a p i d and a 

steady s t a t e i s reached a f t e r 1 hour's exposure. The S 2 p / C ] _ s 

l e v e l decreases i n the i n i t i a l stages i n d i c a t i v e of the de-

s o r p t i o n of S0 2, however on extended exposure, i t r i s e s probably 

due to an i n c r e a s e d r a t e i n the l o s s of o x i d i s e d carbon s p e c i e s . 

The main i n t e r e s t i n these r e s u l t s i s the r e l a t i v e r a t e s 

of formation of the carbonyl and carboxylate components. The 
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Figure 8.13 ° i s / c
l s ' S 2 p / / C l s a n d S2p / /°ls i n t e n s i t y r a t i o s 

f o r polysulphone f i l m s i r r a d i a t e d (A>24Qnm) f o r 
vari o u s periods of time. 

r e l e v a n t data are d i s p l a y e d i n Figure 8.14 (for comparison the 

corresponding data f o r A>290nm are i n c l u d e d ) . Figure 8.14(b) 

r e v e a l s t h a t i n i t i a l l y carbonyl formation i s more rap i d than 

carboxylate. The decrease i n the i n t e n s i t y of the former on 

extended exposure corresponds to an i n c r e a s e i n carboxylate 

i n d i c a t i v e t h a t these groups a r i s e from the f u r t h e r photooxidation 

of carbonyl groups. I r r a d i a t i o n a t A>290nm r e v e a l s that the 

trend f o r A>240nm i s re v e r s e d . This c l e a r l y i n d i c a t e s t h a t two 

d i f f e r e n t mechanisms are involved. T h i s i s understandable on 

c o n s i d e r a t i o n of the r e l a t i v e wavelength d i s t r i b u t i o n s . 
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At A>240nm, the 254nm band emitted from the Hg a r c lamp 

w i l l reach the sample and as polysulphone absorbs s t r o n g l y i n 

t h i s region i t i s l i k e l y t h a t the phenyl r i n g s w i l l be d i r e c t l y 

e x c i t e d and p a r t i c i p a t e i n the photooxidation mechanism. 

Evidence f o r the oxi d a t i o n of these groups a r i s e s from the 

observed decrease i n i n t e n s i t y of the n+n* shake-up s a t e l l i t e . 
204 

The mechanism proposed by Ranby and Rabek f o r the r i n g opening 

of the pendant phenyl group i n po l y s t y r e n e g i v e s r i s e to c a r -

bony 1 groups ( c f . Chapter Seven). I f such a mechanism occurs 

i n polysulphone then the i n c r e a s e i n carbonyl f u n c t i o n a l i t y 

would be expected to occur a t a f a s t e r r a t e than f o r the c a r -

boxy l a t e . 

Decrease i n the n+11* component during i r r a d i a t i o n at 

X>290nm has a l s o been observed. D i r e c t e x c i t a t i o n of the 

phenyl groups under these conditi o n s i s not p o s s i b l e and con­

sequently a d i f f e r e n t mechanism must be involved i f the ob­

served n->-n* decrease i s a true r e p r e s e n t a t i o n of the o x i d a t i o n 

of the aromatic groups a t these wavelengths. Evidence f o r 

these r e a c t i o n s may be obtained from the c o n s i d e r a t i o n of the 

photooxidation of an aromatic polysulphone which does not con­

t a i n the gem dimethyl moiety of Bisphenol A polysulphone. T h i s 

i s d i s c u s s e d i n the next s e c t i o n where the photooxidation of 

polyethersulphone (-Ph-S0 2-Ph-0) i s considered. 

(e) The s u r f a c e photooxidation of polyethersulphone 

Comparison of the uv absorption s p e c t r a for Bisphenol A 

polysulphone and polyethersulphone, as rev e a l e d i n Figure 1.3 

(Chapter One), shows t h a t the l a t t e r polymer absorbs l i g h t below 

350nm and the former below 320nm r e f l e c t i n g the i n f l u e n c e of the 

aromatic i s o p r o p y l i d e n e l i n k . The d i f f e r e n c e s i n changes i n 
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i n the u l t r a v i o l e t absorptions of these two polymers on 
225 photooxidation have alr e a d y been noted by Davis and Gardiner. 

A l a s e r f l a s h p h o t o l y s i s study has shown that one of the primary 

photochemical processes i n polyethersulphone i s the formation 

of a phenoxy r a d i c a l by bond cleavage at the diphenyl oxygen 
226 

group. 

\ / T A u 0 0 0 
W 8 W 

0 

T r a n s i e n t s p e c i e s 

The changes i n s u r f a c e chemistry during photooxidation 

have not as yet been reported. The ESCA s p e c t r a d i s p l a y e d i n 

Figure 8.15 r e v e a l the C^ g / 0^ g and core l e v e l s of polyether 

sulphone before and a f t e r i r r a d i a t i o n (A>290nm) at a photon f l u x 
-2 -1 

of 27.4 Whm h f o r varying periods of time. The envelope 

for the s t a r t i n g m a t e r i a l r e v e a l s photoemission peaks at 285.0 

and 286.4 eV corresponding to C-H and C-0 s p e c i e s . As pre­

v i o u s l y noted, due to the overlapping nature of C-H and C-0 

components i t i s convenient not to r e s o l v e the peak at ^286.0 eV 

a r i s i n g from carbon bonded to sulphur. A shake-up s a t e l l i t e 

centred at 291.8 eV i s a l s o evident i n d i c a t i v e of the a r o m a t i c i t y 

present i n the polymer. 
On exposure the complexity of the C, envelope i n c r e a s e s 

X s 
with the appearance of carbonyl and carboxylate groups. The 

0 l s l e v e l changes from a d i s t i n c t i v e 1:2 doublet to a more sym­

m e t r i c a l envelope. The observed changes are c o n s i s t e n t with 

oxygen i n c o r p o r a t i o n i n t o the s u r f a c e . T h i s i s more r e a d i l y 
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apparent from the r e l a t i v e O, /C, i n t e n s i t y r a t i o s shown i n 
_L S X S 

Figure 8.16. A maximum i s obtained a f t e r an hour's exposure 

corresponding to a ^100% i n c r e a s e i n oxygen content. 
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Figure 8.16 Q l s/C l s, S 2 p / C i s
 a n ( ^ S2p / /°ls i n t e n s i t y r a t i o s f o r 

the s p e c t r a i n Figure 8.15. 

The S 2 p / C i s
 r a t i o , a l s o shown i n Figu r e 8.16 f l u c t u a t e s around 

the i n i t i a l value but remains e s s e n t i a l l y unchanged a f t e r ex­

tended exposure. As i n the case of Bisphenol A polysulphone, 

t h i s i s i n d i c a t i v e of the l o s s of o x i d i s e d carbon s p e c i e s o c c u r r i n g 

at a f a s t e r r a t e than that f o r SO~. Examination of the S„ core 
I 2p 

l e v e l s i n Figu r e 8.15 r e v e a l s a broadening on exposure a r i s i n g 

from an a d d i t i o n a l component a t ̂ 169.2 eV which may be assigned 

to sulphate groups. T h i s g i v e s d i r e c t evidence f o r the formation 
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of hydroperoxide groups on the aromatic r i n g s . 

The nature of the s u r f a c e o x i d a t i o n becomes more apparent 

from a c o n s i d e r a t i o n of the component a n a l y s i s d i s p l a y e d i n 

Figure 8.17. The C-H component (phenyl carbon not bonded to 

oxygen) decreases as a fu n c t i o n of i r r a d i a t i o n time w h i l s t the 

C-0, >C=0 and 0-C=0 f u n c t i o n a l i t i e s i n c r e a s e i n i n t e n s i t y . 
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Figure 8.17 components f o r the s p e c t r a i n Figure 8.15 

The n->-n* component i n i t i a l l y decreases i n i n t e n s i t y i n d i c a t i v e 

of l o s s i n the aromatic content. T h i s , along with the presence 

of carbonyl and carboxylate groups i s evidence f o r the photo-

oxidation of the phenyl groups. The r i s e i n i n t e n s i t y of the 

shake-up peak i n the l a t e r stages of exposures may w e l l be due 
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to a low l e v e l of carbonate f u n c t i o n a l i s a t i o n o c c u r r i n g at 

^290.8 eV. 

I t i s c l e a r from these r e s u l t s t h a t photooxidation of 

polyethersulphone a t A>290nm i n v o l v e s the d i r e c t o x i d a t i o n of 

the aromatic r i n g s . As observed i n polysulphone, the r a t e of 

carbonyl formation i s l e s s than that f o r carboxylate and t h i s 

suggests s i m i l a r mechanisms. The ^Ph-SC^-Ph-O'v group w i t h i n 

polysulphone thus c o n t r i b u t e s to the oxygen uptake but from a 

comparison of the r e l a t i v e r a t e s t h i s i s not as great as t h a t 

fo r the aromatic isopropylidene group. 

8.3.2 Reactions i n Nitrogen 

The i n v e s t i g a t i o n s d e s c r i b e d above have i n d i c a t e d 

the importance of oxygen i n the s u r f a c e photodegradation of 

polysulphone and f o r comparison i r r a d i a t i o n s have been c a r r i e d 

out i n a flowing n i t r o g e n atmosphere. 

The core l e v e l s i n Figure 8.18 r e v e a l the changes 

i n the C, , 01 and S_ envelopes f o r exposure with an i n c i d e n t I s I s 2p 
-2 -1 

photon f l u x of 13.5 Whm h I t i s c l e a r from t h i s data t h a t 

there i s a low l e v e l of oxygen uptake and the nature of t h i s i s 

r e v e a l e d i n the C^ s component a n a l y s i s d i s p l a y e d i n Figure 8.19. 

A small l e v e l of carbonyl and i n the l a t e r stages carboxylate 

f u n c t i o n a l i s a t i o n i s evident. The II-* II* shake-up s a t e l l i t e 

remains e s s e n t i a l l y constant showing t h a t the aromatic r i n g s 

remain i n t a c t . 

The low degree of oxygen uptake fo r i r r a d i a t i o n s i n 

nitrogen i s a l s o shown by comparison of the r e l a t i v e ° i s / c
l s 

i n t e n s i t y r a t i o s as r e v e a l e d i n Figure 8.20. Also shown, along 

with the S 2 / c
l s ' S 2 ^°ls r a t i o s ' a r e t h e r e l e v a n t data f o r oxygen 
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f i l m s i r r a d i a t e d i n nitrogen U>290nm). 
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uptake f o r comparable i r r a d i a t i o n s i n oxygen. These data 

h i g h l i g h t the importance of the p a r t i a l p r e s s u r e of oxygen i n 

the photodegradation process. 

The most s t r i k i n g r e a t u r e of the i r r a d i a t i o n of poly-

sulphone i n nitrogen may be observed i n the core l e v e l s 

d i s p l a y e d i n Fig u r e 8.18. As exposure time i n c r e a s e s , the S 2p 
s i g n a l decreases i n i n t e n s i t y concomitant with appearance of 

a new peak a t binding energy of ^164.0 eV, r e p r e s e n t a t i v e of a 

sulphide group. A f t e r 4 hours' exposure t h i s peak i s of the 

same i n t e n s i t y as the sulphone, although i t should be noted 

t h a t the o v e r a l l S 2 p s i g n a l has decreased by ^30% from t h a t i n 

the s t a r t i n g m a t e r i a l . The changes i n the S 2 p core l e v e l as 

a f u n c t i o n of time are d i s p l a y e d i n Fig u r e 8.21. 

~16&0eV 

164-OeV 

L 
1 2 

IRRADIATION TIME (HOURS) 

Figure 8.21 Components of the S 2 p core l e v e l s f o r polysulphone 
f i l m s i r r a d i a t e d i n nitrogen f o r v a r i o u s periods of tine, 
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These r e s u l t s suggest a photoreduction r e a c t i o n of the 

sulphone group which may a r i s e from the photochemistry of 

l i b e r a t e d S 0 2 . Such a r e a c t i o n has not been p r e v i o u s l y ob­

served and the d e t e c t i o n i n these experiments may w e l l be due 

to the s u r f a c e s e n s i t i v i t y of ESCA. 

For comparison polysulphone has been i r r a d i a t e d f o r an 

hour i n low vacuum and the r e l e v a n t core l e v e l s are d i s p l a y e d 

i n F i g u r e 8.22. 

POLYSULPHONE IRRADIATED IN VACUO 

— t 1 1 ( 1 1 " 1 — 1 1 1 1 — 
534 532 293 291 289 287 285 283 1 70 168 166 164 

BINDING ENERGY ( eV ) 

ELgure 8.22 cis> 0^ s and core l e v e l s f o r polysulphone 
f i l m s i r r a d i a t e d i n vacuum. 

The low binding energy sulphur component i s again evident. The 

C^ s component a n a l y s i s i n Table 8.3 i n d i c a t e s the presence of a 

low degree of o x i d a t i v e f u n c t i o n a l i s a t i o n which i s r e f l e c t e d i n 
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a small i n c r e a s e i n the 0, s i g n a l . The l a r g e decrease i n 
X s 

the C-0 i n t e n s i t y i s i n d i c a t i v e of chain s c i s s i o n a t the ether 

l i n k a g e s and t h i s i s a l s o apparent i n the i n c r e a s e d C-H component, 

I t i s a l s o i n t e r e s t i n g to note t h a t s e q u e n t i a l i r r a d i a t i o n of 

polysulphone i n nitrogen or vacuum f o r an hour followed by one 

hour i n oxygen shows no evidence of the low binding energy 

sulphur component. 
TABLE 8.3 C^ g component d i s t r i b u t i o n s f o r polysulphone 

f i l m s i r r a d i a t e d i n vacuum 

Time 
(minutes) 

0 

60 

T o t a l 
I s 

100 

100 

C-H C-0 C=0 0-C=0 n + n * °ls / Cls S 2 p / C l s 

79 

87 

16 

8 

0 

0.5 

0 

0.5 

5 

4 

0.22 

0.25 

0.09 

0.07 

In order to i n v e s t i g a t e the e f f e c t of the i r r a d i a t i o n of 

S 0 2 at wavelengths >290nm, f i l m s of Bisphenol A polycarbonate 

have been exposed i n a flowing S 0 2 atmosphere. The ESCA s p e c t r a 

i n Figure 8.2 3 d i s p l a y the C, , 0, and S„ core l e v e l s f o r 
I s I s 2p 

exposures of 30 and 120 minutes. The C^ g envelope shows very 

l i t t l e change but the d i s t i n c t i v e 2:1 doublet of the unexposed 

0 l s s i g n a l has changed to ^1:1. The presence of the envelope 

a f t e r exposure i s very r e v e a l i n g and d i s p l a y s 3 chemical environ­

ment a r i s i n g from components a t ̂ 169.2, 168.0 and 164.0 eV. 

The low binding energy component i n c r e a s e s on longer exposure. 

The C. component a n a l y s i s along with the 0, /C and 
S 2 p / C i s i n t e n s i t y r a t i o s d i s p l a y e d i n Table 8.4 r e v e a l more 

c l e a r l y the nature of the changes i n s u r f a c e chemistry. The 

i n c r e a s e i n C-0 f u n c t i o n a l i s a t i o n w i l l i n p a r t a r i s e from the 

presence of C-S bonds as sulphur i s incorporated i n t o the s u r f a c e . 
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PC IRRADIATED IN SO, 
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Figure 8.23 C, , O, and S_ core l e v e l s for polycarbonate ^ I s I s 2p 
f i l m s i r r a d i a t e d i n a flowing SC^ atmosphere 

0 

The major change i n the envelope i s the decrease i n O-C-0 

groups with i n c r e a s i n g exposure time. This suggests t h a t the 

main chain s c i s s i o n occurs a t the carbonate group. The n IT * 

shake-up s a t e l l i t e remains r e l a t i v e l y constant implying t h a t the 

aromatic r i n g s remain i n t a c t . 

The t o t a l l e v e l i n c r e a s e s i n o v e r a l l i n t e n s i t y between 

30 and 120 minutes' exposure. As i s apparent from Table 8.4 

t h i s i n c r e a s e a r i s e s from the component a t 164.0 eV. The com­

ponents due to sulphate and sulphone (at 169.2 and 168.0 eV 

r e s p e c t i v e l y ) remain roughly the same and t h i s i s a l s o r e f l e c t e d 
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TABLE 8.4 Component d i s t r i b u t i o n s f o r C^ g and core 
l e v e l s and 0, /C. 

I s I s 
i n t e n s i t y r a t i o s f o r poly-

carbonate f i l m s i r r a d i a t e d i n SO^. 

Time 
(Mins.) 

C-H C-0 c=o o-c=o °°3 0n / C i 
I s I s 

S 2 p / C l s Time 
(Mins.) 

C-H C-0 c=o o-c=o °°3 0n / C i 
I s I s so 2 so 4 S 

0 78 13 0 0 6 3 0.27 0.002 0.002 

30 75 18 0 0 4 3 0.48 0.018 0.059 0.025 

60 78 16 0 0 3 3 0.49 0.019 0.055 0.044 

i n the 0. /C. l e v e l . I s ' I s 

The data suggest t h a t the main r e a c t i o n a r i s i n g from 

i r r a d i a t i o n i n S 0 2 i s the formation of sulphone f u n c t i o n a l i t i e s 

and t h a t the low binding energy component i s a secondary and 

slower r e a c t i o n . As such t h i s probably a r i s e s from r e a c t i o n s 

mainly i n v o l v i n g the newly formed sulphone group. On comparison 

with the r e s u l t s f o r polysulphone, the component at ^164.0 eV 

t h e r e f o r e a r i s e s from the sulphone group and not l i b e r a t e d S 0 2 . 

8.3.3 Surface Aspects of the Natural Weathering 
of Polysulphone 

The d i s c u s s i o n i n S e c t i o n 8.3.1 has considered 

i n some d e t a i l the changes i n s u r f a c e chemistry induced by 

i r r a d i a t i o n (A>290nm) i n pure oxygen. The formation of carboxy-

l a t e f u n c t i o n a l i t i e s were shown to be the main photooxidation 

products. Loss of a r o m a t i c i t y was a l s o observed. I n t h i s 

s e c t i o n the changes observed i n polysulphone during n a t u r a l 

weathering i n Dhahran, Saudi Arabia are considered i n terms of 

bulk and s u r f a c e chemistry and the r e s u l t s compared with those 

d i s c u s s e d above. 
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Figure 8.24 UV absorption s p e c t r a for polysulphone f i l m s 
weathered i n Dhahran, Saudi Arabia. 
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Figure 8.25 IR s p e c t r a f o r polysulphone f i l m s weathered 
i n Saudi Arabia. 
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Figure 8.26 Methyl group and carbonyl group indexes f o r 
the s p e c t r a i n Figure 8.25 
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(a) Bulk Chemistry 

As a s t a r t i n g point i n the i n v e s t i g a t i o n of the n a t u r a l 

weathering of polysulphone, the uv and i r s p e c t r a f o r f i l m s 

exposed over the f i r s t e i g h t days have been recorded and are 

di s p l a y e d i n F i g u r e s 8.24 and 8.25 r e s p e c t i v e l y . The i r s p e c t r a 

r e v e a l broad absorptions i n the hydroxyl and carbonyl regions 

i n d i c a t i v e of the formation of photooxidation products. The 

methyl group absorption a t 1385 cm-"'' decreases i n i n t e n s i t y and 

t h i s i s r e v e a l e d more c l e a r l y i n Fig u r e 8.26. The carbonyl 

index i s a l s o shown f o r comparison. The changes i n absorbance 

at 330 nm as a fu n c t i o n of time are d i s p l a y e d i n Figure 8.27. 

I t should be noted t h a t these measurements were recorded ^1 week 

a f t e r exposure and has been p r e v i o u s l y reported a dark r e a c t i o n 
0 0 f\ 

occurs which i n c r e a s e s the absorbance a t 330nm by ^5%. 

2 

m 
• 1 

8 

DAYS EXPOSURE 

Figure 8.27 Changes i n absorbance a t 330nm f o r the 
s p e c t r a i n Figure 8.24 
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The data r e v e a l s t h a t the r a t e of change i n the uv and i r 

regions are g r e a t e s t over the f i r s t two days of exposure. T h i s 

may r e f l e c t the a t t e n u a t i o n of the i n c i d e n t r a d i a t i o n due to 

ex t e n s i v e changes i n the s u r f a c e chemistry as w i l l be considered 

below. 

(b) Surface Chemistry 

The ESCA s p e c t r a f o r the C, and S_ core l e v e l s f o r 
I s 2p 

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

are d i s p l a y e d i n F i g u r e 8.28. For a l l the weathered samples, 

the ESCA data r e v e a l a major s u r f a c e contamination i n the form 

of s i l i c o n dioxide which o r i g i n a t e s from airbor n e p a r t i c l e s . 

The q u a n t i t y i s v a r i a b l e , although i n general the amount i n ­

cr e a s e s with exposure time, and i n consequence the 0, s p e c t r a 
-L 5 

cannot be u s e f u l l y employed i n the data a n a l y s i s . However, i t 

has been shown t h a t the c o n t r i b u t i o n s to the C^ g s i g n a l a r i s i n g 

from o x i d i s e d carbon s p e c i e s r e f l e c t i n general the trends 

shown by the 0, /C i n t e n s i t y r a t i o ( c f . Chapters, 4, 5 and 6 ) . 

The r e l e v a n t data along with t h a t f o r the r e l a t i v e S 2 p / C i s 

i n t e n s i t y r a t i o s are d i s p l a y e d i n Figure 8.29. 

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

over the f i r s t 16 days. The corresponding sulphur content 

f l u c t u a t e s about the value f o r the s t a r t i n g m a t e r i a l . On ex­

tended exposure the S 2p s i g n a l decreases but t h i s may be due to 

extraaneous m a t e r i a l being deposited on the s u r f a c e as w i l l be 

d i s c u s s e d l a t e r . Broadening of the sulphur envelope occurs 

on exposure a r i s i n g from two chemical environments, namely 

sulphone and sulphate. The presence of sulphate f u n c t i o n a l i t i e s 

i s c o n s i s t e n t with the formation of hydroperoxides i n the surface, 
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f i l m s weathered i n Saudi Arabia 
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POLYSULPHONE WEATHERED IN 
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F i g u r e 8.29 % c o n t r i b u t i o n t o t h e e n v e l o p e a r i s i n g from 
o x i d a t i v e f u n c t i o n a l i t i e s and S„ /C. i n t e n s i t y 2p I s _ 
r a t i o s f o r t h e s p e c t r a i n F i g u r e 8.28. 

As can be s e e n from t h e s p e c t r a i n F i g u r e 8.28 t h e 

en v e l o p e i n c r e a s e s i n c o m p l e x i t y and t h e n a t u r e of t h e changes 

a r e r e v e a l e d i n F i g u r e 8.30. The C-H component ( r e p r e s e n t a t i v e 

of t h e p h e n y l and me t h y l groups) d e c r e a s e s i n i n t e n s i t y a s a 

f u n c t i o n of e x p o s u r e t i m e . I n c r e a s e s o c c u r f o r c a r b o n y l and 

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

r a t e . A f t e r 16 days t h i s group r e p r e s e n t s ^15% of t he t o t a l 

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

o b t a i n e d from model p h o t o o x i d a t i o n s t u d i e s f o r an e x t e n s i v e l y 

p h o t o o x i d i s e d s u r f a c e . The degree of >C=0 and 0-C=0 f u n c t i o n a l 

i s a t i o n c a n n o t be r e a d i l y accommodated i n terms of r e a c t i o n s 
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F i g u r e 8.30 C, component a n a l y s i s f o r t h e s p e c t r a i n F i g u r e 8.28 
J. S 

i n v o l v i n g t h e m e t h y l groups a l o n e . The n->-n* shake-up s a t e l l i t e 

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

of t h e a r o m a t i c r i n g s . T h a t t h e c a r b o x y l a t e r a t e i s g r e a t e r 

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

i n n a t u r a l w e a t h e r i n g as t h a t i n t h e model s t u d i e s . 

The d a t a d i s p l a y e d i n F i g u r e 8.31 r e v e a l s t h e changes i n 

t h e C ^ s e n v e l o p e s ( i n h i s t o g r a m form) o c c u r r i n g d u r i n g t h e f i r s t 

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

t e m p e r a t u r e and r e l a t i v e h u m i d i t y . The minimum t e m p e r a t u r e does 

not f a l l below 26°C and t h e maximum f l u c t u a t e s around 40°C. 

The c o n d i t i o n s i n v o l v e h i g h t e m p e r a t u r e s but a s has been shown 

i n t h e model s t u d i e s t h i s does not d r a s t i c a l l y a f f e c t t h e com-
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p o s i t i o n of t h e s u r f a c e . The r e l a t i v e h u m i d i t y v a r i e s 

c o n s i d e r a b l y b ut does not appear t o i n f l u e n c e t h e photo-

o x i d a t i o n i n an o b s e r v a b l e manner. I t i s w o r t h w h i l e n o t i n g 

t h a t d u r i n g t h e t o t a l 128 d a y s ' e x p o s u r e , no p r e c i p i t a t i o n 

was r e c o r d e d . 
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F i g u r e 8.31 Comparison of t h e v a r i a t i o n s i n t e m p e r a t u r e 
r e l a t i v e h u m i d i t y and components d u r i n g 
t h e e x p o s u r e o f p o l y s u l p h o n e f i l m s i n S a u d i A r a b i a 

On extended e x p o s u r e beyond 16 days, c o n t i n u e d d e t e r i o r ^ 

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

polymer and t h e d e p o s i t i o n of e x t r a a n e o u s m a t e r i a l ( e . g . s a n d ) . 

T h i s C l s s p e c t r a i n F i g u r e 8.28 r e v e a l a f t e r 67 and 128 days 

t h e p r e s e n c e of a component t o t h e low b i n d i n g e n e r g y s i d e of 
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t h e main p h o t o e m i s s i o n peak a t 285.0 eV. T h i s i s i n d i c a t i v e 
of t h e d e p o s i t i o n o f c a r b o n on t o t h e s u r f a c e . T h a t t h i s 
i s p r e s e n t o n l y a t t h e s u r f a c e i s shown by t h e C ^ s and 
c o r e l e v e l s i n F i g u r e 8.32 r e p r e s e n t a t i v e of t h e s c r a p e d s u r ­
f a c e f o r t h e sample a f t e r 67 d a y s ' e x p o s u r e . The C, s i g n a l 
shows no e v i d e n c e f o r t h e low b i n d i n g e n e r g y component. T h e r e 
i s o n l y a s m a l l d e g r e e of o x i d a t i v e f u n c t i o n a l i s a t i o n i n t h e 
form o f c a r b o n y l and c a r b o x y l a t e g r o u p s . The n+n* s a t e l l i t e 
h as an i n t e n s i t y comparable t o t h e s t a r t i n g m a t e r i a l s u g g e s t i n g 
t h a t t h e p h e n y l groups a r e s t i l l i n t a c t . The d a t a r e v e a l by 
comparison, t h e s u r f a c e s p e c i f i c i t y of t h e e x t e n s i v e photo-
o x i d a t i o n o b s e r v e d d u r i n g t h e f i r s t 16 d a y s ' e x p o s u r e and hence 
t h e s e n s i t i v i t y of t h e ESCA e x p e r i m e n t . 

SCRAPED SURFACE 

293 2$1 289 2&7 285 283 170 168 166 

BINDING ENERGY (eV) 

F i g u r e 8.32 C ^ s and c o r e l e v e l s f o r t h e s c r a p e d s u r f a c e 
of p o l y s u l p h o n e w e a t h e r e d f o r 67 d a y s . 
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F u r t h e r m o r e , a s m a l l s i g n a l i s d e t e c t e d a f t e r 32 days, 

s u g g e s t i n g t h a t n i t r o g e n c o n t a i n i n g p o l l u t a n t s ( e . g . NH^, NO^) 

may be i n c o r p o r a t e d i n t o t h e s u r f a c e . T h i s has a l s o been 

o b s e r v e d f o r s a m p l e s exposed under p y r e x f o r p r o l o n g e d p e r i o d s 
52 

i n C a l i f o r n i a , but not f o r t h e f u l l y exposed polymer. The 

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

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

8.4 C o n c l u s i o n s 

I r r a d i a t i o n of B i s p h e n o l A p o l y s u l p h o n e f i l m s (A>290nm) 

i n an oxygen atmosphere g i v e s r i s e t o e x t e n s i v e oxygen uptake 

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

and s u l p h o n e groups as w e l l a s t h e a r o m a t i c r i n g s y s t e m . From 

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

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

a t a f a s t e r r a t e t h a n t h a t f o r t h e p h e n y l groups. The S 2 p 

c o r e l e v e l s broaden on e x p o s u r e , and can be r e s o l v e d i n t o com­

ponents a r i s i n g from s u l p h a t e and s u l p h o n e e n v i r o n m e n t s . The 

former o c c u r as a r e s u l t of t h e r e a c t i o n o f s u l p h u r d i o x i d e 

( r e l e a s e d by c h a i n s c i s s i o n on e i t h e r s i d e of t h e sulphone group) 

w i t h h y d r o p e r o x i d e s . 

N a t u r a l w e a t h e r i n g s t u d i e s r e v e a l t h a t t h e changes i n 

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

e x p o s u r e s and hence s i m i l a r mechanisms a r e i n v o l v e d . 
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9.1 I n t r o d u c t i o n 

I n C h a p t e r s 4-8 t h e s u r f a c e a s p e c t s of t h e p h o t o o x i d a t i o n 

(X>290nm) of B i s p h e n o l A p o l y c a r b o n a t e , B i s p h e n o l A p o l y s u l p h o n e , 

p o l y e t h e r s u l p h o n e and p o l y s t y r e n e were c o n s i d e r e d i n some d e t a i l . 

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

was o b s e r v e d i n a l l t h e s e s y s t e m s and i t i s , t h e r e f o r e , of 

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

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

P o l y p h e n y l e n e o x i d e (PPO) i s w e l l known f o r i t s r a p i d 

p h o t o o x i d a t i o n both i n model and n a t u r a l w e a t h e r i n g s t u d i e s 
•4-v, x. 4,-u c 51,52 , , ,,40,227-229 w i t h r e s p e c t t o t h e s u r f a c e and b u l k . The 

i n c r e a s e i n a b s o r b a n c e a t 340nm has been u t i l i s e d t o m o n i t o r 
40 

t h e s o l a r uv component a t a number of s i t e s around t h e w o r l d . 

The s u r f a c e d e g r a d a t i o n f o r i r r a d i a t i o n i n a pure oxygen atmos­

phere (A>290nm) as f u n c t i o n s of i r r a d i a t i o n t ime, photon f l u x 

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

d a t a f o r n a t u r a l w e a t h e r i n g i n S a u d i A r a b i a . 
B i s p h e n o l A b a s e d phenoxy r e s i n has a l s o r e c e i v e d c o n s i d e r -

223 230 
a t i o n w i t h r e s p e c t t o p h o t o o x i d a t i o n i n t h e b u l k ' but no 
d a t a has r e p o r t e d t o d a t e f o r t h e changes o c c u r r i n g i n t h e s u r f a c e 

The r e s u l t s f o r i r r a d i a t i o n s i n a pure oxygen atmosphere 
-2 -1 

( I o = 5.2 Whm h , A>290nm) a r e compared w i t h t h o s e o b t a i n e d 

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

The p h o t o o x i d a t i o n of p o l y e t h e r k e t o n e (PEEK) h a s not y e t 

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

s t u d y a r i s e s from two main p o i n t s of v i e w : 

(a) t h e o n l y n o n - a r o m a t i c c a r b o n , i n t h e pure polymer, i s a 

c a r b o n y l group. As s u c h f o r oxygen uptake d u r i n g photo­

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

a t t a c k of t h e a r o m a t i c r i n g s y s t e m i n t h e s u r f a c e , 

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

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

groups t h a t can i n i t i a t e p h o t o o x i d a t i o n . As can be seen 

from F i g u r e 9.1 t h i s s t r u c t u r e i s not d i s s i m i l a r t o t h e 

r e p e a t u n i t of PEEK. I t i s c o n c e i v a b l e t h a t s u c h a 

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

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

p h e n y l group o x i d a t i o n . 

CH 3 0 
[ 0 ] < o > - c - < o ) <0>-C-<0> 0 0 

CH 3 

0 

( o ) - c - ( o ) - o - < o ) 0 

P E E K 

F i g u r e 9.1 The o x i d a t i o n of t h e i s o p r o p y l i d e n e u n i t i n 
phenoxy r e s i n . (The s t r u c t u r e of PEEK i s 
a l s o shown f o r c o m p a r i s o n ) . 
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9.2 E x p e r i m e n t a l 

PPO, phenoxy r e s i n and PEEK f i l m s were exposed t o t h e 

output of a 500W Hanovia medium p r e s s u r e Hg a r c lamp v i a a 

p y r e x window (A>290nm) i n a f l o w i n g oxygen atmosphere as p r e ­

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

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

of PPO was f o l l o w e d by m o n i t o r i n g t h e component a t ^169.2 eV i n 

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

w i t h S 0 2 as d e s c r i b e d i n C h a p t e r F o u r . PPO f i l m s were we a t h e r e d 

i n Dhahran, S a u d i A r a b i a as d e s c r i b e d i n C h a p t e r F i v e . The 

e x p o s u r e s s t a r t e d i n A p r i l 1981. 

To examine the r o l e of t h e hydroxy f u n c t i o n a l i t y i n t h e 

a l i p h a t i c e t h e r p o r t i o n of t h e c h a i n i n phenoxy r e s i n , f i l m s 

were exposed t o t h e vapour p r e s s u r e (T=:20 oC) of a c e t y l c h l o r i d e 

f o r 15 m i n u t e s p r i o r t o i r r a d i a t i o n i n a s i m i l a r manner t o t h e 

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

a n h y d r i d e as d e s c r i b e d i n C h a p t e r F i v e . 

ESCA s p e c t r a f o r each sample were r e c o r d e d on an A E I 

ES200B s p e c t r o m e t e r employing Mg^a _ r a d i a t i o n . The Au^£ 

l i n e a t 84.0 eV used f o r c a l i b r a t i o n p u r p o s e s had a FWHM of 

1.2 eV. A l l t h e r e s u l t s d i s c u s s e d i n t h e n e x t s e c t i o n were 

r e c o r d e d a t an e l e c t r o n t a k e o f f a n g l e of 9=30°. The c o r r e s ­

ponding d a t a a t 9=70° r e v e a l e d s i m i l a r changes t o t h o s e a t 9=30°. 

The s p e c t r a were d e c o n v o l u t e d and i n t e g r a t e d u s i n g a DuPont 310 

c u r v e r e s o l v e r . B i n d i n g e n e r g i e s were r e f e r e n c e d t o t h e C-H 

component a t 285.0 eV. 

9.3 R e s u l t s and D i s c u s s i o n 

9.3.1 P o l y p h e n y l e n e o x i d e 

The C l s and 0 l g c o r e l e v e l s i n F i g u r e 9.2 r e v e a l 
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bhrs \ / 

A 

\ \ -v. 

4 hrs 

2 hrs 

X/ 
hr 

0-5 hr 
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V 

\ 0 
V 

ll ••aw 

53 6 5 

F i g u r e 9.2 C and O c o r e l e v e l s f o r p h o t o o x i d i s e d PPO I s I s 
f i l m s ( I o 5.7 Whm h A>290nm) 
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t h e changes i n t h e s u r f a c e c h e m i s t r y d u r i n g t h e i r r a d i a t i o n 

(A>290nm) of PPO f o r v a r i o u s p e r i o d s of time a t a photon f l u x 
-2 -1 of 5.7 Whm h . The C. l e v e l of t h e s t a r t i n g m a t e r i a l , con-I s ^ 

s i s t i n g of 2 main p h o t o i o n i s a t i o n peaks a r i s i n g from C-H (methyl 

groups and t h e p h e n y l m o i e t y ) a t 285.0 eV and C-0 a t ^286.5 eV 

components and a shake-up s a t e l l i t e a t ^291.6 eV, r a p i d l y i n ­

c r e a s e s i n c o m p l e x i t y w i t h a d d i t i o n a l c o n t r i b u t i o n s from C=0 

and 0-C=0 f u n c t i o n a l i t i e s . These d a t a a l o n g w i t h t h e i n c r e a s e 

i n 0, s i g n a l i n t e n s i t y r e v e a l t h a t e x t e n s i v e p h o t o o x i d a t i o n has 

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

of t h e r e l a t i v e 0, and C, i n t e n s i t y r a t i o s and from a c o n s i d e r -
l s I s 1 

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

from o x i d a t i v e f u n c t i o n a l i t i e s d i s p l a y e d i n F i g u r e 9.3. 
PPO IRRADIATED IN 0 2 

075 

0 5 

/ 
l/l 1/1 

r n 

25 025 

CD 

IRRADIATION TIME (HOURS) 

F i g u r e 9.3 ° i s
/ / c i s i n t e n s i t y r a t i o s and % c o n t r i b u t i o n t o t h e 

C l s e n v e ^ - ° P e a r i s i n g from o x i d a t i v e f u n c t i o n a l i t i e s 
f o r t h e s p e c t r a i n F i g u r e 9.2. 
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A s t e a d y s t a t e s i t u a t i o n a r i s e s a f t e r M h o u r s ' i r r a d i a t i o n 

r e p r e s e n t a t i v e of a b a l a n c e between f u r t h e r p h o t o o x i d a t i o n and 

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

From a s t a r t i n g s t o i c h i o m e t r y of c ^ : 0
0 125' a ^ t e r 16 h o u r s ' 

e x p o s u r e t h i s has changed t o ^ C ^ : 0 0 ,- i n d i c a t i v e of t h e ex­

t e n s i v e oxygen uptake t h a t h a s t a k e n p l a c e . 

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

i n t h e s u r f a c e i s e v i d e n t from a c o n s i d e r a t i o n of t h e C, corn-I s 
ponent a n a l y s i s f o r t h e s p e c t r a i n F i g u r e 9.2 a s d i s p l a y e d i n 

F i g u r e 9.4. The C-H component d e c r e a s e s i n i n t e n s i t y a s a 

f u n c t i o n of i r r a d i a t i o n t ime w h i l s t t h e C-0, C=0 and 0-C=0 

f u n c t i o n a l i t y i n c r e a s e i n i n t e n s i t y . The c a r b o x y l a t e component 

becomes a dominant f e a t u r e of t he s u r f a c e s t r u c t u r e . A f t e r 
PPO IRRADIATED IN 0 2 

90 - f 

70 

\ 
C-H 

o-Vol 1S 

C-0 

r 

/ 
10 

C= 0 

IRRADIATION TIME (HOURS ) 

F i g u r e 9.4 C, component a n a l y s i s f o r t h e s p e c t r a i n F i g u r e 9.2. 



274 

16 h o u r s ' e x p o s u r e t h i s f u n c t i o n a l i t y c o n t r i b u t e s ^21% t o 

the t o t a l C l s i n t e n s i t y . The n->-n* shake-up s a t e l l i t e a l s o 

d e c r e a s e s i n i n t e n s i t y . A l t h o u g h c o n v e r s i o n of t h e me t h y l 

groups t o c a r b o x y l i c a c i d s and e s t e r s w i l l d e c r e a s e t h e p r o ­

b a b i l i t y of t h e shake-up t r a n s i t i o n , t h e e x t e n t of o x i d a t i v e 

f u n c t i o n a l i s a t i o n , o v e r 50% a f t e r ^4 h o u r s ' e x p o s u r e , i n d i c a t e s 

t h a t o x i d a t i v e a t t a c k of t h e a r o m a t i c r i n g i s a l s o i n v o l v e d . 

The c e n t r o i d of t h e n->-n* component s h i f t s t o lower b i n d i n g energy 

d u r i n g e x p o s u r e and t h i s may w e l l be due t o a low l e v e l of 

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

( c f . C h a p t e r s Seven and E i g h t ) . 

F o r c o m p a r i s o n p u r p o s e s , PPO f i l m s have been exposed t o 
-2 -1 

a h i g h e r photon f l u x of 52.5 Whm h . The g r e a t e r e x t e n t of 

o x i d a t i o n p r e s e n t f o r a g i v e n i r r a d i a t i o n t i m e compared t o t h e 

lower photon f l u x i s e v i d e n t from t h e 0, /C, i n t e n s i t y r a t i o s 

i n F i g u r e 9.5. An e q u i l i b r i u m s u r f a c e oxygen t o carbon r a t i o 

i s e v i d e n t a f t e r ^15 m i n u t e s ' e x p o s u r e . On e x a m i n a t i o n o f t he 

r e l e v a n t C ^ s components d i s p l a y e d i n F i g u r e 9.6 i t i s c l e a r t h a t 

a h i g h e r l e v e l of C=0 f e a t u r e s a r e formed a t t h e h i g h e r photon 
-2 -1 

f l u x compared w i t h e x p o s u r e s a t 5.7 Whm h i n d i c a t i v e of 

d i f f e r e n c e s i n r e a c t i o n mechanisms. 

The d a t a i n F i g u r e 9.7 r e v e a l t h e changes i n t h e O ^ s ^ l s 

i n t e n s i t y r a t i o s f o r PPO f i l m s i r r a d i a t e d f o r 15 mi n u t e s as a 

f u n c t i o n of lamp i n t e n s i t y . As t h e photon f l u x i n c r e a s e s t h e 

change i n oxygen c o n t e n t of t h e s u r f a c e moves towards a s t e a d y 

s t a t e s i t u a t i o n a s a l r e a d y n o t e d f o r i r r a d i a t i o n s a s a f u n c t i o n 

of time and t h i s r e f l e c t s t h e h i g h r e a c t i v i t y of PPO i n t h e 

s u r f a c e r e g i o n s . 



275 

PPO IRRADIATED IN 0 2 

075 

0-5 

°is/cish 

0-254-

r 75 

o x 

f 50£ 

> 

o 
425 

15 30 
IRRADIATION TIME (MINUTES) 

F i g u r e 9.5 ° l s / C l s i n t e n s i t y r a t i o s f o r PPO f i l m s i r r a d i a t e d 

a t a h i g h e r photon f l u x o f 52.5 Whm~2h~1. 

F i g u r e 9.6 c l s component a n a l y s i s f o r PPO f i l m s i r r a d i a t e d 

a t a h i g h e r photon f l u x o f 52.5 Whm~2h-1 
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PPO IRRAO lATt D IN O? 

wo 

UJ 

UJ 
•A &3 

UJ 

1/1 

1/1 

C-1 

50 3 0 20 10 

PHOTON FLUX IWhm-'h- 1 ) 

F i g u r e 9.7 0. /C, i n t e n s i t y r a t i o s f o r PPO f i l m s i r r a d i a t e d ^ I s I s 
f o r 15 min u t e s a s a f u n c t i o n of photon f l u x . 

The f o r m a t i o n of h y d r o p e r o x i d e s i s b e l i e v e d t o be an 

i n t e g r a l p a r t o f t h e p h o t o o x i d a t i o n of PPO. I n C h a p t e r Four 

i t was no t e d t h a t i n t h e s u r f a c e r e g i o n s i t i s not p o s s i b l e t o 

d e l i n e a t e t h e s e f e a t u r e s from t h e C, and O, c o r e l e v e l s a l o n e 
I s I s 

but t h e i r s t u d y may be f a c i l i t a t e d by m o n i t o r i n g t h e c o r e 

l e v e l a f t e r p h o t o o x i d i s e d f i l m s have been exposed t o SO2• From 

a knowledge of t h e a p p r o p r i a t e 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 t h e l e v e l o f C-OOH f u n c t i o n a l i t i e s may be e s t i m a t e d . 

The r e l e v a n t d a t a f o r h y d r o p e r o x i d e l e v e l s a s a f u n c t i o n o f 
i r r a d i a t i o n t i m e f o r PPO f i l m s exposed t o a photon f l u x of 52.5 

-2 -1 
Whm h a r e d i s p l a y e d i n F i g u r e 9.8. I t i s c l e a r t h a t C-OOH 
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PPO IRRADIATED IN 0 

C = 0 

10 

/oC IS 

C-00H(*1 0) 

20 30 1 0 
IRRADIATION TIMEl MINUTES) 

F i g u r e 9.8 C-OOH f o r m a t i o n i n PPO f i l m s i r r a d i a t e d a t 
_____ 

52.5 Whm h f o r v a r i o u s p e r i o d s of t i m e . 

f o r m a t i o n i s r a p i d and r e a c h e s a maximum a f t e r ^10 minutes 

and t h e s e d a t a c o n f i r m t h a t h y d r o p e r o x i d e s a r e i n v o l v e d i n 

t h e s u r f a c e p h o t o o x i d a t i o n of PPO. 

The r e s u l t s f o r p h o t o o x i d a t i o n as a f u n c t i o n of t e m p e r a t u r e 

( a t h i g h photon f l u x ) f o r p o l y c a r b o n a t e , p o l y s t y r e n e and p o l y -

s u l p h o n e r e v e a l e d t h a t t h e e f f e c t o f t e m p e r a t u r e i s r e l a t i v e l y 

s m a l l . T h i s i s a l s o t h e c a s e f o r PPO f i l m s i r r a d i a t e d a t a 

photon f l u x of 27.4 Whrn" h a t 30, 50 and 70°C a s i s a p p a r e n t 

from t h e d a t a i n T a b l e 9.1 which a g a i n r e v e a l s a b a l a n c e between 

p h o t o o x i d a t i o n and d e s o r p t i o n of low m o l e c u l a r w e i g h t s p e c i e s 

from t h e s u r f a c e . 
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TABLE 9.1 Oxygen uptake f o r PPQ f i l m s photooxidised as a 
-2 -1 

f u n c t i o n of temperature (Io=27.4 Whm h ) . 
T(°C) Time oxygen uptake (0, /C. (exposed-unexposed)) 

X S x s 

30 o o 
5 0. 18 

10 0.32 
15 0.44 
20 0.55 

50 0 0 
5 0.23 

10 0.37 
15 0.45 
20 0.42 

70 0 0 
5 0.20 

lO 0.37 
15 0.45 
20 0.48 

The changes i n the surface chemistry of PPO f i l m s during 
prolonged n a t u r a l weathering have been reported i n the l i t e r a t u r e . 
The C ŝ core l e v e l s i n Figure 9.9 reveal the changes during ex­
posure over 64 days i n Dhahran, Saudi Arabia. As p r e v i o u s l y 
noted ( c f . Chapters, Five, Seven and Eight) airborne p a r t i c u l a t e s 
lead t o a v a r i a b l e surface contamination as evidenced by the 
presence of an S i 2 p core l e v e l i n the ESCA spectra. Conseq­
ue n t l y due t o c o n t r i b u t i o n s t o the 0^ g s i g n a l a r i s i n g from the 
contamination no u s e f u l data can be obtained from the 0, /C, 

X S X s 
i n t e n s i t y r a t i o s . The C, l e v e l s show t h a t extensive o x i d a t i v e 
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PPO WEATHERED IN S.A 

16 

293 291 289 287 285 283 

BINDING ENERGY(eV) 

Figure 9.9 C l s core l e v e l s f o r PPO f i l m s weathered i n 
Saudi Arabia. 
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f u n c t i o n a l i s a t i o n has occurred and the nature of t h i s i s more 
apparent from the component analysis i n Figure 9.10. I t i s 
c l e a r t h a t i n comparison t o the data f o r polystyrene, exposed 
over the same pe r i o d , ( c f . Chapter Seven) t h a t PPO photo-
o x i d a t i o n i n the n a t u r a l environment i s r a p i d . The d i s t r i b u t i o n 
of components over the f i r s t e i g h t days' exposure are s i m i l a r 
t o those f o r the model studies and the data i n d i c a t e s t h a t both 
the methyl groups and the aromatic r i n g system are in v o l v e d . 
Prolonged exposure reveals t h a t a b l a t i o n of the surface i s 
o c c u r r i n g w i t h concomitant continued photooxidation as shown 
by the f l u c t u a t i o n s of the i n t e n s i t i e s of the various components. 

70 

\ C-H SO 

% c o-c=o 1S 

20 -1 

u u 
10 

n ̂  11 
16 32 U-f-
DAYS t X P O S U i 

Figure 9.10 C, component analysis f o r the spectra i n Figure 9.9 
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9.3.2 Phenoxy r e s i n 

From the studies of polycarbonate and polysulphone 
described i n Chapters Four and Eight, extensive oxygen uptake 
i s expected f o r f i l m s of phenoxy r e s i n i r r a d i a t e d (X>290nm) 

-2 -1 
i n an oxygen atmosphere at a photon f l u x of 5.7 Whm h since 
t h i s m a t e r i a l i s also a Bisphenol A polymer. The C, and 0. 

I s Is 
core l e v e l s i n Figure 9.11 show i n c r e a s i n g complexity of the 
former and greater i n t e n s i t y of the l a t t e r as i r r a d i a t i o n time 
increases i n d i c a t i v e of a high degree of oxygen uptake. This 
i s more apparent from the °]_ s/ ci s i n t e n s i t y r a t i o s displayed 
i n Figure 9.12 where the percentage c o n t r i b u t i o n t o the C^g 

l e v e l a r i s i n g from o x i d a t i v e f u n c t i o n a l i t i e s are also included. 
Oxygen uptake i s r a p i d w i t h a steady s t a t e being reached a f t e r 
^4 hours' i r r a d i a t i o n . I n the i n i t i a l stages of exposure the 
oxygen content i n the surface decreases although the c o n t r i b u t i o n 
of o x i d a t i v e species increases. This suggests t h a t a cross-
l i n k i n g mechanism i s i n v o l v e d and t h i s w i l l be considered i n 
greater d e t a i l f u r t h e r on. 

The nature of the o x i d i s e d surface i s revealed i n Figure 
9.13 where the various C ĝ components are displayed as a f u n c t i o n 
of i r r a d i a t i o n time. I n i t i a l l y the C-H and C-0 components 
decrease i n i n t e n s i t y w i t h o u t the concomitant increases i n 
C=0 and 0-C=0 f u n c t i o n a l i t i e s as observed i n polycarbonate and 
polysulphone, i . e . an i n d u c t i o n p e r i o d i s evident f o r these 
f e a t u r e s . The carboxylate f e a t u r e , however, on continued 
i r r a d i a t i o n becomes a dominant f e a t u r e of the surface and a f t e r 
16 hours i t c o n t r i b u t e s ^30% t o the t o t a l C, s i g n a l i n t e n s i t y . 
The extent of o x i d a t i o n and the observed decrease i n the n+n* 
shake-up s a t e l l i t e suggest t h a t p h o tooxidation involves the 



282 co 

co 
Osl 

co 

CQ 
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Figure 9.11 C and 0 core l e v e l s f o r phenoxy r e s i n samples 
i r r a d i a t e d i n oxygen ( I o A>290nm) 5.7 Whm h 
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Figure 9.13 C l g component analysis f o r the spectra i n Figure 9.11 
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aromatic r i n g system as w e l l as the dimethyl and hydroxy 
a l i p h a t i c ether p o r t i o n s of the polymer. As the JI+II* com­
ponent moves t o lower bin d i n g energy and f l u c t u a t e s i n i n t e n s i t y 
w i t h i n c r e a s i n g i r r a d i a t i o n time, the formation of a low l e v e l 
of carbonate groups seems p o s s i b l e . 

The i n i t i a l decrease i n the 0. /C. i n t e n s i t y r a t i o , as 
X 5 X S 

noted e a r l i e r , i s i n d i c a t i v e of a c r o s s l i n k i n g r e a c t i o n i n the 
surface. Bulk ph o t o o x i d a t i o n studies of phenoxy r e s i n r e ­
vealed a r a p i d and simultaneous c r o s s l i n k i n g r e a c t i o n o c c u r r i n g 
w i t h p h o t o o x i d a t i o n . By r e p l a c i n g the hydroxy f u n c t i o n a l i t y 
of the a l i p h a t i c ether p o r t i o n of the main chain w i t h an ester 
(by r e a c t i o n w i t h a c e t y l c h l o r i d e ) i t was found t h a t the polymer 
d i d not give r i s e t o gel formation when i r r a d i a t e d under i d e n t ­
i c a l c o n d i t i o n s , i n d i c a t i n g t h a t the c r o s s l i n k i n g was due t o 
the hydroxy group. To i n v e s t i g a t e the r o l e of t h i s f u n c t i o n a l i t y 
i n the surface phenoxy r e s i n f i l m s were exposed t o the vapour 
pressure of a c e t y l c h l o r i d e before onset of i r r a d i a t i o n . The 
C l s and 0^ s core l e v e l s i n Figure 9.14 reveal the changes i n 
the surface of phenoxy r e s i n a f t e r such treatment. I n the 
exposed sample a carboxylate peak a t ̂ 289.2 eV i s r e a d i l y apparent 
and c o n t r i b u t e s %6% t o the t o t a l C. i n t e n s i t y . The t h e o r e t i c a l 

I s 
value should be ^5% and t h i s higher l e v e l may be a t t r i b u t a b l e t o 
Bisphenol A residues i n the surface ( c f . TFAA l a b e l l i n g i n p o l y ­
carbonate described i n Chapter F i v e ) . 

The ° l s / c
l s i n t e n s i t y r a t i o s f o r the a c e t y l a t e d samples 

a f t e r i r r a d i a t i o n over 60 minutes, as shown i n Figure 9.15, r e ­
veal t h a t the i n i t i a l decrease i n the oxygen l e v e l i s not due 
to r e a c t i o n s i n v o l v i n g the hydroxy f u n c t i o n a l i t y since the pro­
f i l e s are comparable. The higher oxygen content i n the surface 
a r i s e s from c o n t r i b u t i o n s due t o the ester group. As the 
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Figure 9.14 C l g and 0 l g core l e v e l s f o r a c e t y l a t e d 
phenoxv r e s i n 

PHENOXY RESIN 
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Figue 9.15 ° i s

/ / c i s i n t e n s i t y r a t i o s f o r a c e t y l a t e d phenoxy 
r e s i n i r r a d i a t e d i n . (For comparison the data 
• F o r th<=> n n a p p t - v l ^ i - o r ) e?v.<5-(-f3m a r e a l s n i n o l n r l o r l ^ 
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" c r o s s l i n k i n g " r e a c t i o n i s not observed i n n e i t h e r p o l y ­
carbonate nor polysulphone the process must s t i l l i n v o l v e 
the a l i p h a t i c ether group. 

I t i s of i n t e r e s t t o compare the oxygen uptake i n the 
surface of the three Bisphenol A based polymers studied and 
the r e l e v a n t data are displayed i n Figure 9.16. From these 
data the order of r e a c t i v i t y i s polysulphone > polycarbonate > 
phenoxy r e s i n which i s i n c o n t r a s t w i t h the bulk data. However, 
the simultaneous c r o s s l i n k i n g r e a c t i o n i n phenoxy r e s i n pro­
bably lowers the apparent oxygen uptake and as such the r e ­
a c t i v i t y of t h i s system i s higher than polycarbonate. This 
i s evidenced t o some r e x t e n t from the high l e v e l of carboxylate 
features formed i n phenoxy r e s i n . 

PC PS 

/ 
t o 

/ 
L 

2 \ / IRRADIATION TIME IHOURSI 

-0-1 -

Figure 9.16 Comparison of oxygen uptake as a f u n c t i o n of 
time f o r Bisphenol A based polymers i r r a d i a t e d 

-2 -1 
at a photon f l u x of 5.7 Whm h 
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9.3.3 Polyetherketone 

The s t r u c t u r e of t h i s polymer i s shown i n Figure 9.1. 
I t i s apparent t h a t i t contains a benJLophenone u n i t and conseq­
u e n t l y i t i s not unreasonable t o expect t h a t PEEK w i l l be sen­
s i t i v e t o uv r a d i a t i o n at wavelengths >290nm. This i s also 
evident from the u v / v i s i b l e absorption spectrum shown i n 
Chapter One. 

The C, and 0, core l e v e l s i n Figure 9.17 are for the I s I s ^ 
unexposed m a t e r i a l and a f t e r i r r a d i a t i o n at a photon f l u x of 

-2 -1 
27.4 Whm h i n an oxygen atmosphere f o r various periods of 
time. From the increases i n complexity of the C, l e v e l and 

I s 
increased 0, s i g n a l i n t e n s i t i e s i t i s evident t h a t extensive I s 
p hotooxidation has occurred. This i s more c l e a r l y revealed 
from the data i n Figure 9.18 where the r e l e v a n t 0. /C, i n t e n s i t y 

^ I s I s J 

r a t i o s and percentage c o n t r i b u t i o n s made by o x i d a t i v e f u n c t i o n ­
a l i t i e s are displayed as f u n c t i o n s of i r r a d i a t i o n time. 

The nature of the changes o c c u r r i n g i n the surface 
are more apparent on c o n s i d e r a t i o n of the C^s components and 
these data are displayed i n Figure 9.19. The C-H component, 
as t o be expected, decreases i n i n t e n s i t y . There i s an i n i t i a l 
decrease i n the i n t e n s i t y of the C-0 f u n c t i o n a l i t y i n d i c a t i v e 
t h a t the ether linkages i n the polymer are being cleaved. As 
i n a l l the aromatic polymers w i t h i n - c h a i n phenyl groups t h a t have 
been studied, the r a t e of carboxylate formation i s greater than 
t h a t f o r carbonyl. The n>ll* component decreases i n i n t e n s i t y 
and again as i n the other aromatic polymers i t would appear 
t h a t a low l e v e l of carbonate f u n c t i o n a l i s a t i o n i s present. 
The involvement of an o x i d a t i v e process i n v o l v i n g the phenyl 
group i s r e a d i l y apparent from these data. 
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Figure 9.17 C, and O core l e v e l s f o r PEEK before and 
a f t e r i r r a d i a t i o n i n 0„ at 27.4 Whm h 
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I t i s p o s s i b l e , t h e r e f o r e , from the r e s u l t s above, t h a t 
an aromatic ketone of the type described by the repeat u n i t 
of PEEK can i n i t i a t e phenyl r i n g o x i d a t i o n . 

9.4 Conclusions 

The three aromatic polymers i n v e s t i g a t e d i n t h i s chapter 
a l l show s i m i l a r trends i n surface chemistry during photo-
o x i d a t i o n as those discussed i n previous chapters and conseq­
u e n t l y the general surface aspects of aromatic polymer photo-
o x i d a t i o n (A>290nm) may be summarised as f o l l o w s : 

(1) Oxygen uptake i n the surface i s more extensive than i n 
the bulk. 

(2) When the p a r t i a l pressure of oxygen a t the g a s / s o l i d 
i n t e r f a c e i s high and the polymer contains ' i n chain' 
phenyl groups then the r a t e of formation of carboxylate 
f u n c t i o n a l i t i e s i s >, than t h a t f o r carbonyl groups. 

(3) The o x i d a t i v e mechanism involves o x i d a t i o n of the 
aromatic r i n g s as w e l l as any a l i p h a t i c groups i n the 
polymer. 

(4) Low l e v e l s of carbonate groups are formed. 

The exact nature of the mechanisms i n v o l v e d i n the surface 
photooxidation of aromatic polymers i s not c l e a r from the ESCA 
data so f a r obtEined but i t i s evident t h a t the reac t i o n s 

i n v o l v e d i n the surface are very e x t e n s i v e and may w e l l i n f l u ­
ence the processes o c c u r r i n g i n the bulk. 
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"Fluorocarbanions - some ' A l i c e i n the Looking G l a s s 1 Chemistr 

28 June 1982 

Pr o f e s s o r D.J. Burton ( U n i v e r s i t y of Iowa), 

"Some Aspects of the Chemistry of F l u o r i n a t e d Phosphonium 

S a l t s and Phosphonates". 
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Conferences Attended During the Period 1979-1982 

Royal I n s t i t u t e of Chemistry/Chemical S o c i e t y Annual 

Congress, A p r i l 1980, Durham. 

Polymer C h a r a c t e r i s a t i o n Symposium, J u l y 1981, Durham. 

NATO Advanced Study I n s t i t u t e Summer School on 'The Dynamic 

and S t a t i c P r o p e r t i e s of Polymers i n the S o l i d S t a t e " , 

S t r a t h c l y d e , 1981. 

Graduate Symposium, Durham 1982, (Paper presented on the 

'Natural and A r t i f i c i a l Weathering of P o l y s t y r e n e ' ) . 



REFERENCES 

A.W. Hofmann, J.Chem.Soc. , 13., 87 (1861). 

S.T. Henderson, "Daylight and i t s Spectrum", Adam H i l g e r 

Ltd., B r i s t o l (1977) . 

A. Davis, G.H.W. Deane, D. Gordon, G.V. Howell and 

K.J. Ledbury, J . A p p l . P o l . S c i . , 20, 1165 (1976). 

J.G. C a l v e r t and J.N. P i t t s , "Photochemistry", John Wiley 

and Sons, I n c . , New York (1966). 

M.M. J a f f e and M. Orchin, "Theory and a p p l i c a t i o n s of 

u l t r a v i o l e t spectroscopy", Wiley, New York (1962). 

J.B. B i r k s , "Photophysics of Aromatic Molecules", Wiley, 

I n t e r s c i e n c e (1970). 

B. R. Henry and M. Kasha, J.Chem. Phys. , 47., 3319 (1967). 

C. N. Banwell, "Fundamentals of Molecular Spectroscopy", 

2nd e d i t i o n , McGraw-Hill, London (1972) . 

A. J a b l o n s k i , Z.Physik., 94, 38 (1935). 

o 
B. Ranby and J.F . Rabek, "Photodegradation, Photooxidation 

and P h o t o s t a b i l i z a t i o n of Polymers", W i l e y - I n t e r s c i e n c e , 

London (1975) . 

A.C. Somersall and J.E. G u i l l e t , J . Macromol.Sci., Revs. 

Macromol.Chem., C(B), 135 (1975). 

J . F . McKellar and N.S. A l l e n , "Photochemistry of Man-Made 

Polymers", Applied Science P u b l i s h e r s Ltd., London (1979 

S.L. F i t t o n , R.N. Harward and G.R. Williamson, Brit.Polym.J., 

2, 217 (1970). 

R.B. Fox and R.F. Cozzens, "Encyclopaedia of Polymer 

Science and Technology", W i l e y - I n t e r s c i e n c e , New York, 

11, 760 (1971). 



298 

15. S.W. Beavan and D. P h i l i p s , Eur.Polym.J., 10, 593 (1974). 

16. J.L. Bolland, Quart,Rev., 3, 1 (1949). 

17. J.L. Bolland and H.R. Cooper, Proc.Roy.Soc., A225, 405 (1954) 

18. J.L. Bolland and G. Gee, Trans. Faraday S o c , 42:, 236 (1946) 

and 42., 244 (1946). 

19. G. Herzberg, "Molecular s p e c t r a and molecular s t r u c t u r e " , 

Van Nostrand, New York (1950), p.560. 

20. N. U r i i n W.O. Lundberg, "Autoxidation and a n t i o x i d a n t s " , 

I n t e r s c i e n c e , New York (1962), p.65. 

21= J.C.W. Chien, J . Amer. Chem. Soc. , 89., 571 (1967). 

22. J.C.W. Chien and C.R. Boss, J.Polym.Sci., A - l , 5, 3091 (1967) 

23. S.W. Benson, J.Chem.Educ., 42, 502 (1965). 

24. D.J. C a r l s s o n and D.M. Wiles, Macromolecules, 2, 587, 

597 (1969). 

25. F.R. Mayo, J.Polym.Sci., B, 10, 921 (1972). 

26. J.P. Luongo, J . Polym. S c i . , 42., 139 (1960). 

27. J.P. Luongo, J . Appl. Polym. S c i . , 3., 303 (1960) . 

28. L.H. Lee, C.L. Stacy and R.G. Engel, J.Appl.Polym.Sci., 
10, 1699, 1717 (1966). 

29. L. Reich and S.S. S t i v a l a , J . Appl. Polym. S c i . , 12., 2033 (1968) 

30. J . F . Rabek i n "Comprehensive Chemical K i n e t i c s " , ed. by 

C.H. Bamford and C.F.H. Tipper, 14, 425 (1975), 

E l s e v i e r S c i e n t i f i c P u b l i s h i n g Company, Amsterdam. 

31. J.H. Adams and J.E. Goodrich, J.Polym. S c i . , A l , 8., 1269 (1970 

32. J.C.W. Chien, E . J . Vandenburg and H. Jabloner, J.Polym.Sci., 

Al, 6, 381 (1968) . 



299 

33. M.M. J a f f e and M. Orchin, 'Theory and A p p l i c a t i o n s of 

U l t r a v i o l e t Spectroscopy', Wiley, New York (1962).. 

34. J.N. Murrel, 'The Theory of E l e c t r o n i c s p e c t r a of Organic 

Molecules', Methuen and Co. Ltd., London (1963). 

35. N.J. Turro, 'Modern Molecular Photochemistry', The 

Benjamin/Cummings P u b l i s h i n g Co.Inc. (1978). 

36. G. Gettskens i n 'Comprehensive Chemical K i n e t i c s ' , ed. by 

C.G. Bamford and C.F.H. Tipper, E l s e v i e r Science 

P u b l i s h i n g Company, Amsterdam, 1_4, 333 (1975) . 

37. G.R. Cotten and W. Sacks, J.Polym.Sci., A - l , 1, 1345 (1963). 

38. C. K u j i r a i , S. Hashiya, H. Furuno and N. Terada, J.Polym. 

S c i . , A l , 6, 589 (1968) . 

39. J.A. Melchore, I and EC Prod.Res. and Dev., 1, 232 (1962). 

40. A. Davis, G.H.W. Deane, D. Gordon, G.V. Howell and 
K.J. Ledbury, S.Appl.Pol.Sci., 20_, 1165 (1976). 

41. A. Davis, G.H.W. Deane and B.L. D i f f e y , Nature, 261, 

169 (1976). 

42. A. Davis, B.V. Howes, K.J. Ledbury and P.J. Pearce, Polym. 

Degrad. and Stab., 1, 121 (1979). 

43. N.Z. S e a r l e i n ' A n a l y t i c a l Photochemistry and Photochemical 

A n a l y s i s ' , Ed. by J.M.F. F i t z g e r a l d , Dekker (1971). 

44. J . F . Rabek 'Experimental Methods i n Polymer Chemistry', 

John Wiley and Sons (1980). 

45. N.J. H a r r i c k , ' I n t e r n a l R e f l e c t a n c e Spectroscopy, Wiley-

I n t e r s c i e n c e , New York (1967). 

46. D.T. C l a r k , A. D i l k s and H.R. Thomas, Chapter 4 i n 

'Developments i n Polymer Degradation', Ed. N. G r a s s i e 

Applied Science, London (1977). 



300 

47. D.T. C l a r k and A. D i l k s , 101, i n " C h a r a c t e r i z a t i o n of Metal 

and Polymer Surfaces', Ed. L.H. Lee, Academic Press I n c 

New York (1977) . 

48. D.T. C l a r k , A. D i l k s and D. Shuttleworth, Chapter 9, i n 

'Polymer Surfaces', Eds. D.T. C l a r k and W.J. F e a s t , 

J . Wiley and Sons, London (1979). 

49. J . P e e l i n g and D.T. Clark, Polym.Degrad. and Stab., 3, 

97 (1980-81). 

50. J . P e e l i n g and D.T. Clark, Polym.Degrad. and Stab., 3., 

111 (1981). 

51. J . P e e l i n g and D.T. Clark, J.Appl.Polym.Sci., 11_, 3761 

(1980). 

52. A. D i l k s and D.T. Clark, J.Polym.Sci.,Polym.Chem.Edn., 

19, 2847 (1981) . 

53. D.T. C l a r k i n " E l e c t r o n Emission Spectroscopy" e d i t e d by 

W. Dekyser and D. R e i d e l , D. R e i d e l Pub.Co., 

Dordrect, Holland, 373 (1973). 

54. H. Hertz, Ann.Physik, 31, 983 (1887). 

55. P. Leanard, Ann.Physik, 2, 359 (1900). 

56. A. E i n s t e i n , Ann.Physik, 17, 132 (1905). 

57. H. Robinson, Phil.Mag., 50, 241 (1925). 

58. M. de B r o g l i e , Compt.Rend., 172, 274 (1921). 

59. J.A. van Akker and E.C. Watson, Phys.Rev., 37., 1 6 3 1 (1931). 

60. M. Ference, J r . , Phys.Rev., 51., 720 (1937). 

61. R.J. S t e i n h a r d t , J r . , F.A.D. Granados and G.I. Post, 

Anal.Chem., 27, 1046 (1955). 



301 

62. K. Seigbahn and K. Edvarson, Nucl.Phys., 1, 137 (1956). 

63. K. Seigbahn, C. Nordling, A. Fahiman, R. Nordberg, 

K. Hamrin, J . Hedman, G. Johansson, T. Berkmark, 

S.E. K a r l s s o n , I . Lidgren 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). 

64. K. Seigbahn, C. Nordling, G. Johansson, J . Hedman, 

P.F. Heden, K. Hamrin, U. G e l i u s , T. Bergmark, 

L.D. Werme, R. Manne and Y. Baer, 'ESCA Applied to 

Free Molecules,,. North Holland P u b l i s h i n g Co. (1969) . 

65. A.D. Baker and C.R. Brundle, 'An I n t r o d u c t i o n to E l e c t r o n 

Spectroscopy 1, i n 'El e c t r o n Spectroscopy. Theory, 

Techniques and A p p l i c a t i o n s ' , Vol.1, Eds. C.R. Brundle 

and A.D. Baker, Academic Pr e s s , London (1977). 

66. T.N. Rhodin and J.W. Gadzuk, 'Elect r o n Spectroscopy and 

Surface Chemical Bonding', i n 'The Nature of the 

Surface Chemical Bond', Eds. T.N. Rhodin and G. E r t i , 

112, North Holland P u b l i s h i n g Co., Amsterdam (1979). 

67. D.W. Turner, C. Baker, A.D. Baker and C.R. Brundle, 

'Molecular Photoelectron Spectroscopy', J.Wiley and 

Sons L t d . (1970). 

68. 

69. U. G e l i u s , Phys.Scr., 9, 133 (1974). 

70. D.T. Clark, 'Structure and Bonding i n Polymers as 

Revealed by ESCA', i n E l e c t r o n S t r u c t u r e of Polymers 

and Molecular C r y s t a l s ' , Eds. J . Lodik and J.M.Andre, 

Plenum Pr e s s , New York (1975). 



302 

71. L.S. Cederbaum and W. Domcke, J.Elec.Spec.Rel.Phenom., 
13, 161 (1978). 

72. H.B. Cu l i e n , Handbook of P h y s i c s , Section 8, Chapter 2, 

McGraw-Hill (1967). 

73. A. Rosen and I . Lindgen, Phys.Rev., 176, 114 (1968). 

74. P.S. Bagus, Phys.Rev.A., 139, 619 (1965). 

75. D.A. S h i r l e y , Advances i n Chem.Phys., 2_3, 85, Eds. 

I . P r i g o g i n i and S.A. Rice, J . Wiley and Sons Ltd., 

New York (1973) . 

76. U. G e l i u s and K. Seigbahn, Faraday Discuss,Chem.Soc., 

54, 257 (1972). 

77. L.C. Snyder, J.Chem.Phys., 55, 95 (1971). 

78. D.B. Adams and D.T. Clark, Theoret.Chim.Act., 31, 171 (1973) 

79. M.F. Guest, I.H. H i l l i e r , V.R. Saunders and M.W.Wood, 
Proc.Roy.Soc., A333, 201 (1973). 

80. D.T. Cla r k , I.W. Scanlan and J . Muller, Theoret.Chim.Act., 

35, 341 (1974). 

81. D.T. C l a r k and I.W. Scanlan, J.Chem.Soc.Farad.Trans., 11, 

70, 1222 (1974). 

82. H. Basch, J . E l e c . Spec. R e l . Phenom. , 5., 463 (1974). 

83. T.A. Koopmans, Physica, 1, 104 (1933). 

84. D.T. C l a r k i n 'Advances i n Polymer Science', Ed. H.J.Cantow, 

Springer Verlag, B e r l i n , 24, 125 (1977). 

85. R. Manne and T. Aberg, Chem.Phys.Lett., 7, 282 (1970). 

86. D.T. Cla r k , D.B. Adams, A. D i l k s , J . Peeling and 
H.R. Thomas, J.Elec.Spec.Rel.Phenom., 8, 51 (1976). 



303 

87. D.T. C l a r k and A. D i l k s , J.Polym.Sci.Polym.Chem. 

Edn., 14, 533 (1976). 

88. D.T. C l a r k and A. D i l k s , J.Polym.Sci.Polym.Chem.Edn., 

15, 15 (1977). 

89. A.E. Sandstrom i n 'Handbook of P h y s i c s ' , Vol.XXX, 

'X-rays', 164, Ed., S.F. Flugge, Springer-Verlag (1957) 

90. K. Seigbahn, 'Alpha, Beta and Gamma Ray Spectroscopy 1, 

Chapter 3, Ed. K. Seigbahn, North Holland P u b l i s h i n g 

Co., Amsterdam (1965). 

91. P. Auger, J.Phys.Radium, 6, 205 (1925). 

92. P. Auger, Compt.Rend., 65, 180 (1925). 

93. J . J . Lander, Phys.Rev., 91, !382 (1953). 

94. c . f . T.A. Carlson, 'Photoelectron and Auger Spectroscopy', 

Plenum Pr e s s , New York (1975). 

95. D. Coster and R. de L. Kronig, Physica, 2, 13 (1935). 

96. E.H.S. Burhop, 'The Auger E f f e c t and other R a d i a t i o n l e s s 
T r a n s i t i o n s ' , Cambridge U n i v e r s i t y Press (1952). 

97. 0. Keski-Rahkonen and M.I. Krause, At.Data Nucl.Data 

Tables, 14, 139 (1974) . 

98. J.P. Coad, M. Gettings and J.G. R i v i e r e , Faraday D i s c u s s . 

Chem.Soc., 60, 269 (1975). 

99. c . f . CD. Wagner, Di s c u s s , Faraday S o c , 60, 291 (1975). 

100. S.P. Kowalczyk, F.R. McFeely, R.A. P o l l a k , L. Ley and 
D.A. S h i r l e y , Phys.Rev., B8, 3583 (1973). 

101. L. Ley, S.P. Kowalczyk, F.R. McFeely, R.A. P o l l a k and 

D.A. S h i r l e y , Phys.Rev., B8, 2392 (1973). 



304 

102. S.P. Kowalczyk, L. Ley, F.R. McFeely, R.A. P o l l a k and 

D.A. S h i r l e y , Phys.Rev., B8' 2387 (1973). 

103. S.P. Kowalczyk, L. Ley, F.R. McFeely, R.A. P o l l a k and 

D.A. S h i r l e y , B9, 381 (1974) . 

104. C D . Wagner, Anal.Chem., 4±, 1050 (1972). 

105. C D . Wagner and P. Bilden, Surface S c i . , 3J5, 82 (1973). 

106. C D . Wagner, Faraday Discuss.Chem.Soc., 60, 291 (1975). 

107. C D . Wagner, W.M. Riggs, L.E. Davis, J . F . Moulder and 

G.E. Muilenberg, 'Handbook of X-ray Photoelectron 

Spectroscopy', Perkin Elmer Cooperation, P h y s i c a l 

E l e c t r o n i c D i v i s i o n (1979). 

108. CD. Wagner, L.H. Gale and R.H. Raymond, Anal.Chem., 

51, 466 (1979). 

109. D.T. Clark, B.J. Cromarty and A. D i l k s , J.Poly.Sci.Polym. 

Chem. Edn. 16, 3173 (1978). 

110. D.T. C l a r k and A. Harrison, J.Polym.Sci.Chem.Edn., 19, 

1945 (1981). 

111. W.L. J o l l y and D.N. Hendrickson, J.Amer.Chem.Soc., 92, 

1863 (1970). 

112. J.N. M u r r e l l and B.J. Ralston, J.Chem.Soc., Faraday Trans., 

11, 68, 1393 (1972) . 

113. M.E. Schwartz, Chem.Phys.Lett., 6, 631 (1970). 

114. D.A. S h i r l e y , Chem.Phys.Lett., 15, 325 (1972). 

115. C.S. Fadley, 'Basic Concepts of X-ray Photoelectron 

Spectroscopy' i n ' E l e c t r o n Spectroscopy, Theory 

echniques and A p p l i c a t i o n s ' , Vol.2, 1, Eds. C.R. Brundl 

and A.D. Baker, Academic Press (1978). 



305 

116. R.E. Watson and A.J. Freeman i n 'Hyperfine I n t e r a c t i o n s ' , 

Eds. A.J. Freeman and R.B. F r a n k e l , Academic Pr e s s , 

New York (1967). 

117. C.S. Fadley, D.A. S h i r l e y , A.J. Freeman, P.S. Bagus 

and J.V. Mallow, Phys.Rev.Lett., 23, 1397 (1969). 

118. J.V. van Vleck, Phys.Rev.Lett., 45, 405 (1934). 

119. C.S. Fadley i n ' E l e c t r o n Spectroscopy'. Ed. D.A. S h i r l e y , 

781, North Holland P u b l i s h i n g Co. (1972). 

120. T. Novakov, r e f . 26 of r e f . 119. 

121. G.M. Bancroft, I . Adams, H. Lampe and T.K. Sham, 

Chem.Phys.Lett. , 32:, 173 (1975). 

122. R.P. Gupta and S.K. Sen, Phys.Rev.Lett., 28, 1311 (1972). 

123. T. Novakov and J.M. Hollander, Bull.Amer.Phys.Soc., 
14, 524 (1969) . 

124. T. Novakov and J.M. Hollander, Phys.Rev.Lett., 21, 

1133 (1968) . 

125. G.K. Wertheim, 'Mossbauer E f f e c t : P r i n c i p l e s and 

A p p l i c a t i o n s ' , Academic Press, New York (1964). 

126. G. Johansson, J . Hedman, A. Berudtsson, M. Klasson, 

and R. N i l s s o n , J . E l e c t . S p e c t . a n d Rel.Phenom., 

2, 295 (1973). 

127. P. A s c e r e l l i and G. Missoni, J . E l e c t . S p e c t . and Rel.Phenom., 

5, 417 (1974). 

128. J . F . McGlip and I.G. Main, J . E l e c t . S p e c t . and Rel.Phenom., 

6, 397 (1975). 

129. D.A. H u c h i t a l and R.T. McKeon, Appl.Phys.Lett., 20, 158 (1972) 

130. J.S. Brinnen, Acc.Chem.Res., 9, 86 (1976). 



306 

131. D.T. C l a r k , H.R. Thomas and A. D i l k s ( u n p u b l i s h e d d a t a ) . 

132. c . f . R.S. Swingle and W.M. Riggs, CRC Crit.Rev.Anal.Chem., 

5, 267 (1975) CRC Press, C l e v e l a n d . 

133. D.T. C l a r k , A. D i l k s , D. S h u t t l e w o r t h and H.R. Thomas, 

J.Polym.Sci. ,Polym.Chem.Ed. , 17., 627 (1979). 

134. D.T. C l a r k , Physica S c r i p t a , (Sweden), 16., 307 (1977). 

135. J.H. S c o f i e l d , Lawrence Li v e r m o r e L a b o r a t o r y Report UCRL, 

51326, Jan (1973). 

136. J.H. S c o f i e l d , J. E l e c t . Spect. Rel. Phenom. , 8., 129 (1976). 

137. D.T. C l a r k and H.R. Thomas, J.Polym.Sci.,Polym.Chem.Ed., 
15., 2843 (1977) . 

138. D.T. C l a r k and D. S h u t t l e w o r t h , J.Polym.Sci.,Polym.Chem.Ed. 

16, 1093 (1977). 

139. D.R. Penn, J.Elect.Spect.Rel.Phenom., 9, 29 (1976). 

140. D.T. C l a r k i n 'Advances i n Polymer Science', S p r i n g e r -

V e r l a g , 24. 125 (1977). 

141. T. Novakov and J.M. H o l l a n d e r , Phys . Rev. L e t t . , 21,1133 (1968) 

142. L.G. P a r r a t , Rev.Mod.Phys., 31, 616 (1959). 

143. c . f . N. Beatham and A.F. Orchard, J . E l e c t . S p e c t . R e l . 
Phenom., 9, 129 (1976). 

144. A.F. C a r l e y and R.M. Joyner, J.Elect.Spect.Rel.Phenom., 

16, 1 (1979) . 

145. R.M. Ei s e n b e r g i n 'Fundamentals of Modern Ph y s i c s , 

Chapter 14, J. Wi l e y and Sons, New York (1981). 

146. CD. Wagner, J . E l e c t . S p e c t . and Rel.Phenom., 10, 305 (1977) 



307 

147. CD. Wagner, L.H. Gale and R.H. Raymond, J.Vac.Sci.Tech., 

15, 518 (1978) . 

148. B.L. Henke, Adv.X-ray A n a l y s i s , 13., 1 (1969). 

149. CD. Wagner, Faraday D i s c u s s . Chem. Soc. , 60, 306 (1975). 

150. K. Yates, A. B a r r i e and F.J. S t r e e t , J.Phys., E6, 130 ( 1 9 7 3 ) . 

151. K. Seigbahn, D. Hammond, H. F e l l n e r - F e l d e g g and E.F. B a r n e t t , 

Science, 176, 245 (1972). 

152. E.M. P u r c e l l , Phys.Rev., 54, 818 (1938). 

153. J.C Helmer and N.H. W e i c h e r t , A p p l . Phys . L e t t . , 13., 268 (1968).-

154. c . f . H. Seigbahn, L. Asplund, P. K e l f v e and K. Seigbahn, 

J.Elect.Spect.Rel.Phenom., 7, 411 (1975) and r e f e r e n c e s 

t h e r e i n . 

155. K. Seigbahn, J. E l e c t . Spect. R e l . Phenom. , 5., 3 (1974). 

156. c . f . r e f . 145. 

157. J . J . Huang, J.W. R a b l a i s and F.O. E l l i s o n , J . E l e c t . S p e c t . 

R e l . Phenom. 4 , #5" ('9f5) 
158. R.A. Davenport and A.J. Manuel, Polymer, 18, 557 (1977). 

159. A. Gupta, A. Rembann and J. Moacanin, Macromolecules, 

11, 1285 (1978). 

160. A. Gupta, R. L i a n g , J . Moacanin, R. Goldbeck and D. K l i g e r , 

Macromolecules, 13., 262 (1980) . 

161. J.S. Humphrey, J r . and R.S. R o l l e r , Mol.Photochem., 

3, 35 (1971) . 

162. A.D. W i l l i a m s and P.J. F l o r y , J. Polym. S c i . , A-Z, 6,1945 (1968), 

163. A. P r i e t z c h k , K o l l o i d - Z , 8, 156 (1957). 

164. M. Obi and H. N a k a n i s b i , B u l l . Chem. Soc. Jpn. , 44., 3419 (1971). 



308 

165. A. E. T o n e l l i , Macromolecules, 5., 558 (1972). 

166. c . f . r e f . 34. 

167. J.A. B a l t r o p and J.D. Coyle, " E x c i t e d S t a t e s i n Chemistry", 

Wiley, London (1975). 

168. M.J.S. Dewar and W. T h i e l , J., Am. Chem. Soc. , 99., 4899 (1977). 

169. M.J.S. Dewar and W. T h i e l , J.Am.Chem.Soc., 99, 4907 (1977). 

170. W.S. Hehre, R.F. Stewart and J.A. Pople, J.Chem.Phys., 
51, 2657 (1969) . 

171. R.W. K i e l s , C.C. L i n and E.B. Wilson,Jr., J.Chem.Phys., 

26, 1695 (1957) . 

172. V.R. Saunders and M.F. Guest, A t l a s Computing D i v i s i o n , 

Rutherford Laboratory, C h i l t o n , Didcot, Oxon, 0x11 OQX. 

173. E. Clementi and H. Popkie, J . Chem. Phys. , 57., 4870 (1972). 

174. J . E . Meeks, J . F . Arnett, D. Larson and S.P. McGlynn, 
Chem.Phys.Lett., 30, 190 (1975). 

175. D. Turner, 'Molecular Photoelectron Spectroscopy', Wiley 

I n t e r s c i e n c e , C h i c h e s t e r (1970). 

176. D.T. Clark, W.J. Feast, P.J. Tweedale and H.R. Thomas, 

J.Polym.Sci., Polym.Chem.Edn., 18, 1651 (1980). 

177. D.T. Cl a r k , B.J. Cromarty and A. D i l k s , J.Polym.Sci., 

Polym.Chem.Ed., 16, 3173 (1978). 

178. A. F a c t o r and M.L. Chu, Polym.Degrad. and Stab. 2, 203 (1980) 

179. J . M i t c h e l l and L.R. Per k i n s , Appl. Polym. Sym. , 4., 167 (1967). 

180. D.T. C l a r k , M.M. Abu Shbak and W.J. Brennan, J . E l e c t . S p e c t . 

Rel.Phenom., i n Press (1982). 

181. A. D i l k s , Ph.D. T h e s i s , Durham (1977). 

182. R. Wilson, M.Sc. T h e s i s , Durham (1981). 



309 

183. J. Hammond, J. Hobluka, A. D u r i s i n and R. D i c k i e , A b s t r a c t 
f r o m C o l l o i d and I n t e r f a c i a l Science S e c t i o n , ACS Meeting (1978] 

184. J.E. Moore, Am.Chem.Soc.Symp.Series, 151, 97 (1981). 

185. P.A. M u l l e n and N.Z. S e a r l e , J.Appl.Polym.Sci., L4 765 (1970). 

186. c . f . r e f . 110. 

187. D.T. C l a r k , B.J. Cromarty and A. D i l k s , J.Polym.Sci., 

Polym. Chem. Edn. , 16., 3173 (1978). 

188. Eds. B. Ranby and J.F. Rabek, ' S i n g l e t Oxygen, Reactions 

w i t h Organic Compounds and Polymers', John W i l e y and 

Sons, New York (1978). 

189. E. Wasserman, ' S i n g l e t Oxygen', Academic Press I n c . , 

New York (1979) . 

190. R.W. Murray i n 'Polymer S t a b i l i z a t i o n ' Chapter 5, 

ed. W.L. Hawkins, John W i l e y and Sons, New York (1972). 

191. A.R. Meetham, Quart.J.Roy.Meterol.Soc. 70, 20 (1944). 

192. S.D. Razumovskii, A.A. K e f e l i and G.E. Zaikov, Eur.Polym.J., 

7, 275 (1971). 

193. J. P e e l i n g , D.T. C l a r k and M.S. J a z z a r , u n p u b l i s h e d d a t a . 

194. J. P e e l i n g and M.S. Jazzar, Arab.J.Sci.Tech., i n Press (1982). 

195. A.M. T r o z z o l o and F.H. Winslow, Macromolecules, 1, 98 (1968). 

196. J.W. Coomber and J.N. P i t t s , J r . , E n v i r o n . S c i . T e c h n o l . , 
4, 506 (1970). 

197. R.H. Kummler and M.H. B o r t n e r , Amer.Chem.Soc.Div.Petrol. 

Che,.Prepr., 16, A44 (1971). 

198. A. D i l k s , J.Polym.Sci.Polym.Chem.Edn., 19, 1319 (1981). 

199. E.A. O g r y z l o i n ' S i n g l e t Oxygen' Chapter 2, ed. E. Wasserman, 
Academic Press I n c . , New York (1979). 



310 

200. J.A. Brysdon, ' P l a s t i c M a t e r i a l s ' , Newnes-Butterworths, 

London (1975). 

201. R.E. Huie and J.T. Herron, 'Progress i n Reaction K i n e t i c s ' , 

8, 1 (1975) . 

202. J.R. MacCallum and C.T. Rankin, Makromol.Chem., 175, 2477 (1974) 

203. M.L. Kaplan and A.M. Trozzolo, Chapter 11 of r e f . 189. 

204. J . F . Rabek and B. Ranby, J.Polym.Sci., Polym.Chem.Ed., 

14' 1463 (1976) a l s o c . f . r e f . 198. 

205. H.C. Ng and J.E. G u i l l e t , Chapter 27 of r e f . 188. 

206. B. R&nby and J . F . Rabek, Chapter 21 of r e f . 188. 

207. N. G r a s s i e and N.A. Weir, J.Appl.Polym.Sci., 9, 963 (1965) 
and J.Appl.Polym.Sci., 9, 975 (1965). 

208. N. G r a s s i e and N.A. Weir, J.Appl.Polym.Sci., 9, 987 (1965). 

209. N. G r a s s i e and N.A. Weir, J.Appl.Polym.Sci., 9, 999 (1965). 

210. J . F . Rabek and B. RaRby, J.Polym.Sci.Polym.Chem.Edn., 

12., 273 (1974) . 

211. G. Genskens, D. Baeyens-Volant, G. Delannois, Q. Lu-Vinh, 

W. P i r e t and C. David, Eur .Polym. J . , 14., 291 (1978). 

212. N.A. Weir, Eur.Polym.J., 14, 9 (1978). 

213. J.R. MacCallum and D.A. Ramsay, Eur.Polym.J., 13, 945 (1977). 

214. V. Kovacevic, M. Bravar and D. Hace, B u l l e t i n De l a 
Chimique Beograd, 14., 167 (1980) . 

215. L.A. Wall, M.R. Harvey and M. Tyron, J.Phys.Chem., 60, 1306, 

(1956) . 

216. L.A. Wall and M. Tyron, Nature, 178, 101 (1956). 



311 

217. L.A. Wall and D.W. Brown, J.Phys.Chem., 61, 129 (1956). 

218. P.J. B u r c h i l l and G.A. George, J.Polym.Sci., Polym.Letts. 

Edn. 12, 497 (1974). 

219. G.A. George and D.K.C. Hodgeman, J.Polym.Sci., Part C, 

55, 195 (1976). 

220. G.A. George and D.K.C. Hodgeman, Eur. Polym. J . , 13., 63 (1977). 

221. M. Tyron and L.A. Wall i n 1Autoxidation and Antioxidants', 
Vol.11, 919, I n t e r s c i e n c e , New York (1961). 

222. B.D. Gesner and P.G. K e l l e h e r , J.Appl.Polym.Sci., 

12, 1199 (1968) . 

223. B.D. Gesner and P.G. K e l l e h e r , J.Appl.Polym.Sci., 

13, 2183 (1969). 

224. D. Shuttleworth, Ph.D. T h e s i s , Durham (1978). 

225. A. Davis and D. Gardiner, Polym.Degrad. and Stab., 
4, 159 (1982) . 

226. N.S. A l l e n and J . F . McKellar, J.Appl.Polym.Sci., 21, 

1129 (1979) . 

227. P.G. K e l l e h e r , L.B. J a s s i e and B.D. Gesner, J.Appl.Polym. 

S c i . , 11, 137 (1967). 

228. R.A. J e r u s s i , J.Polym.Sci., A - l , 9, 2009 (1971). 

229. J . T s u j i and T. S e i k i , Polymer J . , 4, 589 (1973). 

230. P.G. K e l l e h e r and B.D. Gesner, J.Appl.Polym.Sci., 
13, 9 (1969). 

231. J . Peeling, unpublished data. 


