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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 s u r f a c e c h e m i s t r y o f a v a r i e t y o f e l a s t o m e r s , 

as a f u n c t i o n o f cure c o n d i t i o n s . 

The s u r f a c e c o m p o s i t i o n o f t h i c k n e s s on a depth s c a l e i n 

the range < 50A" depends on the cure c o n d i t i o n s and the b u l k 

f o r m u l a t i o n s o f p o l y i s o p r e n e (Natsyn 2200), s t y r e n e / b u t a d i e n e 

(Solprene 1204) and a e r y l o n i t r i l e / b u t a d i e n e (Krynac 34/50) 

e l a s t o m e r s . I n a l l cases, h i g h e r l e v e l s o f a n t i o x i d a n t and 

a c c e l e r a t o r s have been d e t e c t e d a t th e s u r f a c e than i n the 

b u l k , w h i l s t the l e v e l o f z i n c f o r Natsyn 2200 and Solprene 

1204 systems i n c r e a s e s w i t h ESCA depth p r o f i l e i n t o t h e b u l k . 

The samples o f Krynac 34/50 i n d i c a t e d h i g h e r l e v e l s o f z i n c 

and cadmium i n t h e s u r f a c e r e g i o n s and, i n one case, the l e v e l 

o f z i n c a t th e s u r f a c e i s a p p r o x i m a t e l y t h e same as i n th e b u l k . 

Zinc and cadmium i n the s u r f a c e r e g i o n s are p r e d o m i n a n t l y 

p r e s e n t as s u l p h i d e s . A use o f the ' s w e l l i n g ' d ata has been 

made, i n c o n j u n c t i o n w i t h the ESCA d a t a , t o e s t i m a t e the 

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

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

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

r a d i o - f r e q u e n c y glow d i s c h a r g e s , e x c i t e d i n oxygen and hydrogen. 

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

as a f u n c t i o n o f r e a c t i o n time i n plasmas have been c a r 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 the t y p e 1, Natsyn 2200, e l a s t o m e r s . 

The r e s u l t s show t h a t the r e a c t i o n s w i t h oxygen and hydrogen 

plasmas are by no means s i m p l e . M o d i f i c a t i o n by the oxygen 

c o n t a i n i n g plasmas i s e x t e n s i v e b u t c o n f i n e d t o the out e r m o s t 

( 



monolayer o r so. The r a t e and e x t e n t o f o x i d a t i o n i s a 

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

samples. The l e v e l o f s u l p h u r i n d i - and t r i s u l p h i d e models 

i s e s s e n t i a l l y the same b e f o r e and a f t e r oxygen plasma 

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

s u l p h u r by a f a c t o r o f two. The optimum cured type 1, Natsyn 

2200, sample d i d n o t i n d i c a t e any tendency f o r a l o s s o f 

s u l p h u r under comparable c o n d i t i o n s . For hydrogen plasmas, 

the l e v e l o f s u l p h u r i n a d i s u l o h i d e model system remains 

e s s e n t i a l l y t h e same, whereas the t r i s u l p h i d e model and the 

type 1 , Natsyn 2200 systems i n d i c a t e d a l o s s o f s u l p h u r . 

A t h e r m a l o x i d a t i o n study has a l s o been c a r r i e d o u t on 

the optimum c u r e d type 1, Natsyn 2 200, e l a s t o m e r s and t h e 

r e s u l t s are complementary i n some r e s p e c t s t o oxygen plasma 

t r e a t m e n t s . 

F i n a l l y , t h e ' s u l p h u r - v u l c a n i s e d ' e l a s t o m e r s have been 
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CHAPTER ONE 

THE CHEMISTRY OF ELASTOMERS 



1.1 I n t r o d u c t i o n 
Elastomers have been known f o r several c e n t u r i e s , but 

i t was only i n the e a r l y 1800's t h a t the m a t e r i a l s gained 
u n i v e r s a l acceptance a f t e r the discovery of the v u l c a n i s a t i o n 
process by Goodyear and Hancock."'' The rubbers were mainly 
used f o r domestic purposes such as water-proofing and f o o t 
wear, e t c . However, i t was never considered t o be e n t i r e l y 
s a t i s f a c t o r y . The rubber had a tendency t o melt i n the 
summer, freeze hard i n the w i n t e r , and develop o f f e n s i v e 
odours over a r e l a t i v e l y short p e r i o d of time."'" 
(Vulcanisation i s a process by which the elastomeric m a t e r i a l s 
are generally prepared. The r e s u l t i n g elastomers r e t r a c t 
f o r c i b l y to t h e i r approximately o r i g i n a l length a f t e r applied 
force.) 

The rubber m a t e r i a l s , developed from the Formulation oF 
Goodyear and Hancock, were f a r from optimum p r o p e r t i e s t h a t 
large amounts o f sulphur and r e l a t i v e l y long curing times 
were needed. Over-vulcanisation, which r e s u l t s i n a marked 
d e t e r i o r a t i o n o f p h y s i c a l p r o p e r t i e s , was a serious problem. 
The vulcanisates were h i g h l y coloured, prone t o sulphur 
blooming ( d i f f u s i o n of sulphur to the s u r f a c e ) , and e x h i b i t e d 
poor age resi s t a n c e . Apart from the many d i f f e r e n t s u l p h i d i c 
c r o s s l i n k s , the vulcanisates contained a large p r o p o r t i o n of 
main chain m o d i f i c a t i o n s such as a c y c l i c sulphide, conjugated 
u n s a t u r a t i o n , a c i s / t r a n s i s o m e r i s a t i o n o f the double bond. 

The next break-through i n the subject of v u l c a n i s a t i o n 
chemistry came w i t h the discovery o f organic accelerators i n 

2 
the e a r l y 1900's. Apart from the increased r a t e of 



v u l c a n i s a t i o n , the use of organic accelerators allowed the 
v u l c a n i s a t i o n temperature to be lowered and the cure times 
t o be reduced. Consequently, the p o s s i b i l i t y of thermal and 
o x i d a t i v e degradation was minimised. Furthermore, the l e v e l 
of sulphur could be reduced, w h i l s t r e t a i n i n g the optimum 
p h y s i c a l p r o p e r t i e s o f the v u l c a n i s a t e s . This r e s u l t e d i n a 
r e d u c t i o n of sulphur blooming and f a r superior aging 
p r o p e r t i e s , compared t o the vulcanisates of Goodyear and 
Hancock f o r m u l a t i o n . I n terms of network f e a t u r e s , the network 
derived from accelerated sulphur v u l c a n i s a t i o n was found to 
be f a r simpler than obtained w i t h only sulphur. I t has now 
been recognised t h a t the chemistry o f sulphur v u l c a n i s a t i o n 
i s very complex. 

Three major classes of accelerators were developed a f t e r 
2 

the F i r s t World War and, are s t i l l used e x t e n s i v e l y . These 
may be classed as: ( i ) the v u l c a n i s i n g agent - u s u a l l y 
sulphur but sometimes a 'sulphur donor' such as a t e t r a -
a l k y l t h i u r a m d i s u l p h i d e , or d i t h i o b i s m o r p h o l i n e ; ( i i ) organic 
a c c e l e r a t o r s of v u l c a n i s a t i o n - these are generally d e r i v a t i v e s 
o f 2-mercaptobenzothiazole, or d i a l k y l d i t h i o c a r b a m i c acids; 
( i i i ) a c t i v a t o r s of v u l c a n i s a t i o n - these include metal oxides 
(z i n c o x i d e ) , the higher f a t t y acids, and n i t r o g e n bases. 
The s t r u c t u r e s of these classes are shown i n Table 1.1. 

A h i s t o r y of successive m o d i f i c a t i o n s and improvements 
of the method of c u r i n g n a t u r a l rubber have brought t o a 
high degree of refinement and v e r s a t i l i t y , whereby the n a t u r a l 
rubber and some other s y n t h e t i c rubbers (Table 1.2) can be 
vulcanised i n various forms at temperatures ranging from 



Table 1.1 

Organic a c c e l e r a t o r 

S S 
II H 

R̂ NCSSCNR, 
Te t r a - a l k y l t h i u r a m d i s u l p h i d e 

0' NSSN '0 Dithiobismorpholine 

V C-SH 2-Mercaptobenzothiazole 

R2NCSH Di a l k y l d i t h i o c a r b a m i c acid 

Table 1.2 

Sulphur vulcanisable elastomers 

CH_, 
I 3 

2 2 n Natural rubber 

-tCH ~CH = CH-CH_ }• 2 2 n Polybutadieno 

-(CH0-CH=CH-CH,J—fCH -CHf Styrene-butadiene rubber 2 2 n 2 i m J 

•{CH„-CH=CH-CH,J—fCH„-CHf 2 2 n 2 | m 
CN 

N i t r i l e rubber 
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ambient t o 200°C. The v u l c a n i s a t i o n i s e f f e c t i v e i n the 
presence of many compounding i n g r e d i e n t s such as organic 
a c c e l e r a t o r s , zinc oxide, s t e a r i c acid and sulphur, which have 
been incorporated i n t o the Natsyn 2200 (polyisoprene) substrate 
f o r a study i n t h i s t h e s i s . A conventional high sulphur -
low a c c e l e r a t o r system produces a high percentage of poly-
sulphide c r o s s l i n k s , which imparts e x c e l l e n t strength and 
f a t i q u e p r o p e r t i e s at the expense of resistance to compression 
s e t , cure r e v e r s i o n , and thermal and o x i d a t i v e aging (chapter 
e i g h t ) . E f f i c i e n t v u l c a n i s i n g (EV) systems using high 
a c c e l e r a t o r t o sulphur r a t i o s (or sulphur donors) y i e l d 
networks w i t h mainly mono- or d i s u l p h i d e c r o s s l i n k s possessing 

a greater resistance t o cure r e v e r s i o n aging but i n f e r i o r 
1 2 

s t r e n g t h p r o p e r t i e s . ' A s a t i s f a c t o r y compromise between 
these features can u s u a l l y be arranged and, the so c a l l e d 
semi-EV systems are c u r r e n t l y becoming more popular. 

The c h a r a c t e r i s t i c changes i n p h y s i c a l p r o p e r t i e s d u r i n g 
v u l c a n i s a t i o n are known, due t o the covalent i n t e r l i n k i n g o f 
the polymer chains. A f t e r the preparation o f the rubber 
'mix', j u s t p r i o r t o v u l c a n i s a t i o n , these chains form a mesh 
o f randomly c o i l e d s t r u c t u r e , entangled and i n t e r w i n e d but 
chemically d i s c r e t e . Consequently, deformation of t h i s mesh 
leads t o a slow disentanglement and a p a r t i a l alignment of 
the molecules and also t o a f a i r l y degree of p l a s t i c flow but 
only w i t h a very l i m i t e d e l a s t i c recovery, when the deforming 
force i s removed. During v u l c a n i s a t i o n , the i n d i v i d u a l chains 
are c r o s s l i n k e d t o form a three dimensional network, i n which, 
some molecular alignment on deformation i s s t i l l possible but 



5 

being r e s i s t a n t t o l a t e r a l movement and disentanglement. 
A r a p i d and a n e a r l y complete e l a s t i c recovery i s , t h e r e f o r e , 
obtained on removal o f the deforming force. The concentration 
of i n t e r m o l e c u l a r c r o s s l i n k s required to form such a network 
i s r e l a t i v e l y small. The main reason f o r t h i s r a t h e r low 
value i s t h a t the chain entanglements present i n the 
unvulcanised rubber become trapped when the polymer molecules 
are c r o s s l i n k e d and, hence, c o n t r i b u t e t o the e l a s t i c 
p r o p e r t i e s of the network, thus, g r e a t l y enhancing the e f f e c t 
of the actual c r o s s l i n k s . However, t h i s feature makes 
d i f f i c u l t f o r the determination of chemical c r o s s l i n k d e n s i t y , 
which i s e s s e n t i a l f o r any s t r u c t u r a l analysis of the network 
i n chemical terms. The estimates o f the c r o s s l i n k density 
can be t r e a t e d as approximate o n l y , although t h e i r r e l a t i v e 
accuracy may be q u i t e h i g h . 

1.2 S t r u c t u r e o f Sulphur Vulcanisates 
The a p p l i c a t i o n o f a n a l y t i c a l methods ( i n f r a r e d , u l t r a -

. n ^ , , _ . ,106,107,115-12 v x o l e t , and nuclear magnetic resonance spectroscopy) 
91 95-97 

combined .with__.che.mical methods ' t o a v a r i e t y of 
accelerated-sulphur c u r i n g systems has shown t h a t the 
generalised s t r u c t u r a l features o f a n a t u r a l v u l c a n i s a t e 
network i s as depicted i n Figure 1.1 f o r the two extreme 
types of c u r i n g systems. Both A and B systems form networks 
of the same type at the very i n i t i a l stage of cure, c o n t a i n i n g 
a c c e l e r a t o r - t e r m i n a t e d pendent groups and r e l a t i v e l y few 
c r o s s l i n k s , which are mainly polysulphides. As the c u r i n g 
time i s increased, the rubber chains become modified by 



Initial networks 

i 

8 Increasing 
cure 
time 

I s s, s. JUL. 
Final nciworki 

Figure 1.1. Schematic representation of the network s t r u c t u r e 
on v u l c a n i s a t i o n c o n d i t i o n s . A: high 
[ a c c e l e r a t o r / s u l p h u r ] ; B: low [ a c c e l e r a t o r / 
sulphur] (X = accelerator residue; x > 3). 

c y c l i c mono- and di s u l p h i d e groups, by ac c e l e r a t o r - t e r m i n a t e d 
pendent groups and by conjugated diene groups. System A w i t h 
a high e f f e c t i v e concentration o f ac c e l e r a t o r r e l a t i v e to 
sulphur, e v e n t u a l l y leads t o a simple network s t r u c t u r e w i t h 
a high p r o p o r t i o n o f monosulphide c r o s s l i n k s and a number of 
re s i d u a l pendent groups. The network s t r u c t u r e derived from 
system B i s more complex than system A. Polysulphido cross
l i n k s are replaced p r o g r e s s i v e l y by mono- and dis u l p h i d e 
c r o s s l i n k s , and the main chains become more and more modified 
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by o l e f i n i c and sulphur-containing groups. The' e f f e c t of 
in c r e a s i n g the cure temperature, apart from inducing changes 
eq u i v a l e n t to inc r e a s i n g the cure time, causes the type A to 
behave more l i k e system B. The vulcanised s t r u c t u r e depends 
markedly on the accelerator-sulphur r a t i o , which are, i n t u r n , 
r e f l e c t e d i n changes of phy s i c a l p r o p e r t i e s and aging 
, , . 2,3,301 behaviour. 

1.3 Chemistry of Vu l c a n i s a t i o n 
Although n a t u r a l rubber has been the o l d e s t polymer known 

and e x t e n s i v e l y e x p l o i t e d commercially, the mechanism of sulphur 
v u l c a n i s a t i o n i s not y e t f u l l y understood. A knowledge of 
the mechanism has been e x c l u s i v e l y derived from studies o f 

31 
the s u l p h u r a t i o n of model o l e f i n s , resembling the s t r u c t u r e 
of polymer chains. The nature of the products produced from 
reactions of sulphur w i t h o l e f i n s i s a f u n c t i o n of temperature, 
the s t r u c t u r e o f o l e f i n s and v u l c a n i s i n g i n g r e d i e n t s . 

1.3.1 Unaccelerated sulphur v u l c a n i s a t i o n 
The chemistry o f unaccelerated v u l c a n i s a t i o n i s yet 

_un_certain. The reactions o f sulphur w i t h o l e f i n s below 130°C are extremely slow leading t o a v a r i e t y of products. The 
4-7 8 

l i t e r a t u r e i n d i c a t e s t h a t f r e e - r a d i c a l s and ions are 
inv o l v e d , as are shown i n schemes 1 and 2. 

The p o s t u l a t i o n of the c y c l i c persulphonium intermediates CH3 CH3 

~-CH -C-CH-CH ~ and ~CH -C-CH-CH ~ was necessary t o e x p l a i n the 2 N / 2 2 " $ " - 2 
I Sx I H 

f a c t t h a t models gave both unsaturation products w i t h sulphur 
atoms connected t o secondary and t e r t i a r y carbon atoms. 
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Scheme 1 

'CH-C=CH- ~ C H - C = C H ~ + HS' > ~CH-C=CH-
S* 
x 

H 3 
CH ~ C H - C = C H - C H C H 

I 3 I I 3 I 3 

>C=C< ^ C H_c=CH- -S > ~CH-C=CH~ + ~CH-C=CH-
I I 
S s x 

, x ! x 

>C-C< >CH-C< 

Scheme 2 
CH 

3 CH . 
-vCH - C = C H - C I I ~ | 3 

R-s x-s Y-R > RS+ + RS; — A -1* c i i 2 - Q - C H - c n 2 ~ 
I 
f x 
R 

C H 3 
' C H 2 - i = C H - C H 2 - v C H _ ^ 

J? t r a n s f e r ~ C H - C - C H 0 - C H ~ + - C H „ - C - C H - C H ~ 
1 , 2 2 2 

—- - R 

C H , C H . 
, ' 3 T" 3 

-} ~CH-C-CH=CH- + ̂CH_-C=CH-CH-
2 1 + 1 + 

x x 
(RS (RS+) 

1.3.2 Accelerated sulphur v u l c a n i s a t i o n 
Sulphuration of o l e f i n s i n the presence of ac c e l e r a t o r -
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a c t i v a t o r systems proceeds much more r a p i d l y than when sulphur 
alone i s used, and leads to simpler products. The most 
widely accepted explanation f o r the mechanism of accelerated 
sulphur vulcanisation^'"*" 0'"^ may be summarised, as f o l l o w s : 

(a) Reaction of acce l e r a t o r and a c t i v a t o r 

Scheme 3 

x i s x l Z"? > XSZnSX L i g a " d ( L ) ^ XstnSX (1.1) 
XSNRJ

 rcooh
 I 
W/ 

L = N or 0 o f Zn(OCOR)_ 

X = Me2NC-, 
II I ^ 

/C-, etc. 

The a c c e l e r a t o r reacts w i t h zinc a c t i v a t o r s t o form a 
zinc t h i o l a t e , made soluble by complexing w i t h primary or 

12-18 
secondary amines or w i t h zinc carboxylates. The zinc 
carboxylate r e s u l t s from the excess of zinc oxide and 

19 21 22 
car b o x y l i c acid present i n the v u l c a n i s i n g system. ' ' 

(b) Reaction o f _ t h e _ z i n c a c c e l e r a t o r compl ax wit h sulphur 

Scheme 4 

XSZnSX + S n ' , XSS ZnS, SX (1.2) 8 7 a b 

Q _amiHe^ S S S S S S S S d-3) 

The zinc p e r t h i o l a t e complexes are thought t o be formed 
i n a series of e q u i l i b r i u m r e a c t i o n s , which l i e w e l l on the 

2 3- 2 5 
side o f the t h i o l a t e complex. The average values of a and 



1 0 

b are, t h e r e f o r e , dependent on the r e l a t i v e concentrations of 
re a c t i v e sulphur and soluble zinc complex. The cleavage of 
cyclooctasulphur by n i t r o g e n base should r e s u l t i n more 

26-
formation of zinc p e r t h i o l a t e complex than elemental sulphur. 
Consequently, a high r a t i o o f accelerator/sulphur implies 
low values o f a and b i n (1.2) and which, i n t u r n , short 
sulphide c r o s s l i n k s are produced at a l l stages of the 
subsequent s u l p h u r a t i o n . Conversely, a low r a t i o of 
acc e l e r a t o r : sulphur i m p l i e s more polysulphide c r o s s l i n k s . 

I n the te t r a m e t h y l t h i u r a m d i s u l p h i d e - z i n c oxide 
v u l c a n i s i n g system, where there i s no free sulphur, the 
zinc p e r t h i o l a t e complex i s formed by interchange reactions 
between te t r a m e t h y l t h i u r a m polysulphides and zinc dimethyl-
dithiocarbamate, which are formed i n a r a p i d i o n i c r e a c t i o n , 
i l l u s t r a t e d i n scheme 5. Further r e a c t i o n of the thiuram 
t r i s u l p h i d e w i t h zinc oxide leads t o higher thiuram p o l y -

Scheme 5 

2 + 2\ f 2 + - N -̂  H „. Zn 0^C-S-S-C-> Zn 0-C + SS-C (1.4) 
I - I 1 - - I 
NMe 2 NMe ̂ NMe NMe 

S S S S £ 
II II II II - II c , 
C-S-S ̂ S-S-C-NMeo > C-S-S-S-C + S-C-NMe„ (1.5, 
I I 2 I I 2 

NMe ̂  <̂ =S NMe 2 NMe 2 
NMe„ 

sulphides and, e v e n t u a l l y , molecular sulphur. The interchange 
r e a c t i o n , viewed i n (1.6) leads t o smaller values of a and 
b i n the zinc p e r t h i o l a t e complex, and, hence, form sh o r t 



sulphide c r o s s l i n k s by feeding t o the o l e f i n s . 

Me^NCCSjS, (S)CNMe. + ZDMDC ^ * TMTD + Me_NC(S)S -Zn- (1.6) z 4 2. Z d. 

'SbC(S)NMe 

The other main type of sulphur donor i s from morpholine, 
normally used i n conjunction w i t h an acc e l e r a t o r of the 
sulphenamide since the a c t i o n i s r e l a t i v e l y slow, when used 
alone. 

(c) Formation of the rubber-bound i n tormediate 
I t i s now generally accepted t h a t the precursor t o the 

formation of c r o s s l i n k s i n accelerated sulphur v u l c a n i s a t i o n 
10 32 33 

i s the rubber-bound in t e r m e d i a t e , ' ' althouah, the 
I 
f>CH 

\ / \ / 
I 
Sx 
I 
X (X = accelera t o r fragment) 

mechanism f o r the formation of the intermediate i s s t i l l 
s ubject t o argument. The Natural Rubber Producers' Research 

3 I 
.Association (MRPRA.) . group suggest a p o l a r , l a r g e l y concerted, 
mechanism (scheme 6) v i a a c y c l i c t r a n s i t i o n f o r the r e a c t i o n 
between the a c t i v e s u l p h u r a t i n g agent i n (1.6) and o l e f i n 
or o l e f i n i c rubber, RH (where H i s an a-methylenic or «-methyl 
hydrogen atom). The e s s e n t i a l features of the mechanism 

Scheme 6 

L L 
7.n—S Z n = H 

R I I R !1 



involve a n u c l e o p h i l i c attack of a p e r t h i o l a t e ion on the 
a l l y l i e carbon atom, thus forminq a rubber-bound int e r m e d i a t e , 
together w i t h concomitant displacement hydrogen as an 
' i n c i p i e n t hydride i o n ' and the formation of zinc sulphide. 

31 
Bateman and h i s co-workers argued t h a t the c o o r d i n a t i o n of 
e l e c t r o n donating ligands such as amines or f a t t y acids to 
the zinc atom increases the e l e c t r o n density on the t e r m i n a l 
sulphur (XS) moieties of the s u l p h u r a t i n g agent, which, i n 
t u r n , f a c i l i t a t e s the C-S bond formation by i n c r e a s i n g the 
n u c l e o p h i l i c i t y o f the a t t a c k i n g (XSS ) group, but hinders 

a 
the cleavage C-H bond by reducing the e l e c t r o p h i l i c i t y of 
the r e c e i v i n g XS group. 

The above mechanism i s i n c o n s i s t e n t w i t h less s u b s t i t u t e d 
34 

o l e f i n s , where a l l y l i c rearrangement and c i s / t r a n s -
i s o m e r i s a t i o n of the double bonds occur to a large e x t e n t 
during s u l p h u r a t i o n t h a t a free a l l y l i c ion or r a d i c a l i s 
probably involved. However, these isomerisations can, 
a l t e r n a t i v e l y , be explained by considering thermal 
rearrangements; ' which, w i t h sulphides of s u i t a b l e 
s t r u c t u r e may lead t o a l l y l i c rearrangement as w e l l as t o 
c i s / t r a n s - i s o m e r i s a t i o n and racemisation. 

The rubber bound intermediate i s converted i n t o c r o s s l i n k s 
by two r e a c t i o n pathways; namely, a simple d i s p r o p o r t i o n a t i o n 
(1.9) e i t h e r catalysed by a z i n c - a c c e l e r a t o r - t h i o l a t e 

K 1 I ( 1 . 8) 

R R 



2o 37 
complex ' or other n u c l e o p h i l e , or e f f e c t e d by a thermal 
free r a d i c a l chain r e a c t i o n and, the other route involves one 
molecule o f rubber-bound intermediate (RS SX) and one 

a 
molecule of o l e f i n which could proceed v i a exchange of RS SX 
w i t h zinc complex i n (1.1). The c r o s s l i n k s formed at the 

Scheme 7 
2RS .SX > RS R + XS.S0 .SX (1.9) 

a x 2a-x i i 
RS SX + XSS Zn.S.SX > RS . Zn. S, . SX + XS.S .SX(l.lO) 

a a b a t > a 
L 
Zn-S T 

/ \ i 
R S a l S b X > R S a R + H S b X + Z n " S d - H ) 

R—H 
very s h o r t cure time are generally polysulphide i n nature. 
The HS X species produced i n (1.7) and (1.11) react w i t h 

D 

zinc oxide, forming f r e s h s u l p h u r a t i n g zinc complex: 

2XSbH + Zn > XSb. ZnSb-X + H 20 (1.12) 

(d) Reactions_of polysulphide c r o s s l i n k s 
The d i - and polysulphide c r o s s l i n k s produced during the 

course of v u l c a n i s a t i o n are subject t o f u r t h e r r eactions i n 
the presence o f a c c e l e r a t o r s , a c t i v a t o r s , and t h e i r t r a n s 
formation products, e v e n t u a l l y leading t o thermally stable 
monosulphide s t r u c t u r e . The most important reactions are 
as f o l l o w s : 

(1) S-S bond interchange - .inno.rr to occur by 
a Free-radical chain mechrin i r.in i n i t i a t e d by 
thermal homolysis of S-S bonds or by an 
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anionic chain mechanism, i n i t i a t e d by 
nucleophiles such as z i n c - a c c e l e r a t o r -
t h i o l a t e complexes;^ 0 

( i i ) Desulphuration - i s catalysed by zi n c -
a c c e l e r a t o r - t h i o l a t e complexes, which are 
able t o form new c r o s s l i n k s from sulphur so 
removed.''"0 Consequently, a high concentration 
of accelerators and a c t i v a t o r s r e l a t i v e to 

L L 
^ ^ RH 

RS R + XSZnSX — — > RSR + XSS ZnS SX -> RS I! (1.13) 
x a b y 

sulphur lead to a stable monosulphide 
c r o s s l i n k e d network w i t h a high degree of 
c r o s s l i n k s (Figure 1.1A). Conversely, a low 
concentration of accelerator or of zinc 
compounds w i l l r e s u l t i n a high concentration 
of polysulphide c r o s s l i n k s , which w i l l 
decompose t o a lower degree o f c r o s s l i n k s 
and lead t o increasing m o d i f i c a t i o n of 
the chains by c y c l i c sulphide and o l e f in ic -
groups (Fiaurc 1.1B) ; 

( i i i ) Decomposition - i s an uncatalysed thermal 
process, g i v i n g r i s e t o c y c l i c mono- and 
disu l p h i d e groups, t o conjugated diene and 
t r i e n e groups - thus i n c r e a s i n g the 

39 
s u s c e p t i b i l i t y of rubber t o o x i d a t i o n , 
and t o zinc s u l p h i d e . 1 0 Desulphurisation 
competes w i t h decomposition and, t h e r e f o r e , a 
r a p i d d e s u l p h u r i s a t i o n leads t o reduced 
degradation of the network. 
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The p r i n c i p a l consecutive and competing r e a c t i o n s , 
i n d i c a t e d i n Figure 1.2 proceed at broadly comparable rates 
i n the normal temperature range of v u l c a n i s a t i o n (140 -
180°C) and, hence, none of the step i s completed before 
succeeding steps are w e l l under way. A mixture of products 
i s always obtained, whatever the combination of cure time 
and temperature i s employed. However, the rates are dependent 
on the composition of the v u l c a n i s i n g system and on cure 
temperature. 

XSH 

xssx 
XSNR; 

Z n O 

fl"CO,H 
X S Z n S X 

X S Z n S X 

( ! ) 
R;N-CS.SS-CS-NR; 

A,NSSNR, 

R . N H 

R S - R H 

Z n O 

^ X S S , Z n S . S X 

" /(!) 
T h e r m a l d e c o m p n . 

Z n O / R - H 

r *• ^ 
. . .„ , R S , R R. 

R S . RM 5 , R M , H S 6 X • R S . S X • Z n S 

R - H X S Z n S X 

X S Z n S X 

R S , f t 

^ T h e r m a l 
. d e c o m p o s i t i o n 

R S R R . M / R _ S , Z n S 

Figure 1.2. O v e r a l l course of sulphur v u l c a n i s a t i o n of o l e f i n i c 
_ rubbers [R-H = rubber hydrocarbon i n which II i s an 

a -me thy l e n i c or u-me thy l i e hydrogen atom; X •• 
accel e r a t o r residue and I. - l i g n n d . 



The i n f l u e n c e of vulcanised s t r u c t u r e s on p h y s i c a l and 
39-48 

mechanical p r o p e r t i e s has been w e l l documented. 

1.4 V u l c a n i s a t i o n by Peroxides 
V u l c a n i s a t i o n r e s u l t s from i n t e r a c t i o n of the polymer 

w i t h the fr e e r a d i c a l s formed by decomposition of peroxides 
(dicumyl peroxide employed i n the system gives cumyloxyl 

49 
and methyl r a d i c a l s ) . The v u l c a n i s a t i o n of butadiene or 
isoprene i s i n i t i a t e d e i t h e r by the a b s t r a c t i o n of a hydrogen 
atom from the a l l y l i c p o s i t i o n of the elas Lomer molecule or by 

50-5 I 

the a d d i t i o n of the derived r a d i c a l t o a double bond, as 
are shown i n scheme 8. The presence of methyl group i n 

Scheme 8 

Peroxide > 2R° (1.14) 

I I o i l 
R + -CH-C=C- > CH-C=C- + RH (1.15) 

I 
H 

R 
1 I 1 8 • , R + -CH„-C=C- > -CH--C-C-. (.1.16 2 2 , | 

» I I I I 
2-CH-C=C- > -CH-C=C- (1.17) 

I -CH-C=C-I I 

isoprene rubber d i r e c t s the att a c k of a r a d i c a l t o the 
methylene group nearest i t and, thus, the a b s t r a c t i o n route 
predominates over the r a d i c a l a d d i t i o n . The two polymeric 
free r a d i c a l s i n (1.17) generated from the attack of f r e e 
r a d i c a l s then u n i t e t o give a c r o s s l i n k . 

A l t e r n a t i v e l y , the continuous regeneration of fre e r a d i c a l 
i n a chain propagation step i n scheme 9 leads to the a d d i t i o n 



of polymeric r a d i c a l s t o double bonds, 53-55 w i t h o u t loss of 
the free r a d i c a l , before the t e r m i n a t i o n occurs. 

Scheme 9 

• I I 
-CH-C=C- -CH-C=C-

I . -C-C-CH -
I I 2 

-CH„-C=C-
2 I I 

(1.18) 

CH -C=C-
I I -CH-C=C-I 

-C-CH-CH -
I I 2 

+ -CH-C=C (1.19) 

Termination can occur by r a d i c a l coupling or by unproductive 
processes; f o r example, a polymeric r a d i c a l combines w i t h a 
r a d i c a l derived from the peroxide. A s c i s s i o n of chains occur 
when a polymeric r a d i c a l decomposes t o give a v i n y l group and 

cr o s s l i n k s i s produced i n isoprene rubber per mole of dicumyl 
peroxide, thus i n d i c a t i n g the c r o s s l i n k i n g mainly by the 
coupling of two polymeric r a d i c a l s . 

For butadiene and styrene-butadiene rubbers, the e f f i c i e n c y 
of c r o s s l i n k i n g i s greater than isoprene; and, t h i s i n d i c a t e s 
a chain r e a c t i o n f o r the c r o s s l i n k formation. 

1.5 Cure and Accelerator A c t i v i t y 
1.5.1 Cure 

Technical terms used i n i n d u s t r i e s f o r discussion of 
v u l c a n i s a t i o n i n combination w i t h Mooney Scorch and s t r e s s -
s t r a i n r e l a x a t i o n are summarised w i t h reference to Figure 1.3, 
as f o l l o w s : 

regenerates a new polymeric r a d i c a l . 59-61 One 'mole' of 
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(a) Cure time (e) Plateau e f f e c t 
(b) Scorch time ( f ) Reversion 
(c) V u l c a n i s a t i o n (g) Rate of cure 
(d) Optimum cure 

Figure 1.3. Vul c a n i s a t i o n parameters. 

(a) Cure time - i s the time required t o reach optimum cure. 
(b) Scorch time - i s the time i n t e r v a l from the beginning 

of the cycle t o the beginning of cu.'e. 
(c) V u l c a n i s a t i o n time - i s the time i n t e r v a l from 

beginning of cure t o optimum cure. 
(d) Optimum cure - i s u s u a l l y taken as the time required 

to reach some p o i n t near the maximum of the property 
p l o t t e d . I n Figure 1.3, the optimum cure time would 
be near p o i n t ( d ) . 

(e) Plateau e f f e c t - the curve l e v e l s o f f as the maximum 
Ls approached, and the stress rem a Lni-; r e l a t i v e l y 



constant f o r a period of time. 
Reversion - p a r t i c u l a r l y sulphur v u l c a n i s a t e subjected 
to heat longer than required t o o b t a i n optimum leads 
to d e t e r i o r a t i o n , e s p e c i a l l y of modulus. 
Rate of cure - i s taken as the slope of the 
vu I e.ti'i i t i on curve duri.iv) I.he period < ,\ l.i:;f f<-.iel jc,n. 
V u J e • 111 i :;. 11 i o 11 lime i :; , i n e:; I i in, 11 i 0 1 1 < >\ \ \\< • r < • I . 11 i \/e 
ra t e of cure. The r a t e oE cure and the Induction 
period v a r i e s w i t h the type of a c c e l e r a t o r . The 
length of the i n d u c t i o n period i s d i r e c t l y p r o p o r t i o n a l 
t o the scorch time. 

2 6 2 6 3 
5.2 E f f e c t of acceler a t o r s t r u c t u r e on a c t i v i t y ' ' 

a 
0 1 I r ' .0 CO 

/ UJ 

a SO 50 40 30 20 10 
TIME, min 

1.4. Compa r i.son of .1cce.ler.1tur cure c h a r a c t e r i s t i c 

http://1cce.ler.1tur


A No accelerator 

0 Diphenylguanidine (DPG) 
NH 
I! 

• NHCNH-\ / "V/ 
• Zinc dimethyl-dithiocarbamate (ZDMDC) 

CH., S " 
3 \ I! N-CS Zn 

0 Mercaptobenzthiozole (MBT] C-SH 

© Di b e n z t h i a z y l d i s u l p h i d e (MBTS) 
N N 
^ // 
c-s-s-c 

E3 N-Cyclohexylbenzothiazole-2-sulphenamide (NCBS) 

C-S-N-( / V 
N-t-butylbenzothiazole-2-sulphenamide (NtBBSi 

-N\ CH., \ I 3 

C-S-NH-C-CH. 
/ CH. 

£i N-butylbenzothiazole-2-sulphenamide (NBBS) 

-N, 
C-S-NH-(CH2)3CH3 



Figure 1.4 i l l u s t r a t e s the e f f e c t s of accelerators on 
the r a t e of cure and en the i n d u c t i o n p e r i o d . ZDMDC, an 
u l t r a - a c c e l e r a t o r , vulcanises the system without r e v e a l i n g 
any i n d u c t i o n p e r i o d (scorch t i m e ) , and the ra t e of cure i s 
extremely r a p i d ; whereas, MBTS, NCBS, NBSS and Nt-BBS have 
a much longer i n d u c t i o n p e r i o d and a slow r a t e o f cure. 
From the t e c h n o l o g i c a l p o i n t o f view, the accelerators are 
selected t o give s i g n i f i c a n t l y safer calendering, e x t r u s i o n 
and mould i n j e c t i o n . 

1.6 Ch a r a c t e r i s a t i o n o f Vulcanisate S t r u c t u r e 
Perhaps, the most important and f a s c i n a t i n g aspect of 

current a f f a i r s i n the chemistry of v u l c a n i s a t i o n i s the 
problem of determining the s t r u c t u r e of rubber vulcanisates 
since i t not only allows the o v e r a l l e f f i c i e n c y of the cross-
l i n k i n g process t o be e s t a b l i s h e d but also can be used t o 
estimate the r e l a t i v e p r o p o r t i o n s of d i f f e r e n t types of 
cr o s s l i n k s . I n t h i s context, a d i s t i n c t i o n between the 
degree o f chemical c r o s s l i n k i n g and the p h y s i c a l l y e f f e c t i v e 
degree of c r o s s l i n k i n g i s necessary f o r the c h a r a c t e r i s a t i o n 
of vulcanisates. The l a t t e r g e n e r a l l y includes p o s i t i v e 
c o n t r i b u t i o n s from trapped entanglements as w e l l as actual 
c r o s s l i n k s . I t may also include negative c o n t r i b u t i o n s from 

free chain ends and in t r a m o l e c u l a r loops, both of which impair 
64 

the e f f e c t o f associated c r o s s l i n k s (Figure 1.5). 
Conversely, Figure 1.6 shows the d i f f e r e n t types of 

chemical c r o s s l i n k s f o r sulphur v u l c a n i s a t e , which may act 
p h y s i c a l l y as one c r o s s l i n k only or as a c r o s s l i n k of 
f u n c t i o n a l i t y greater than four. 
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Figure 1.5. Schematic representation of changes i n s t r u c t u r e 
during v u l c a n i s a t i o n . 
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Figure 1. 6. D i f f e r e n t types o f chemical c r o s s l i n k s . 
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Part o f t h i s problem i n determination of vulcanisate 
s t r u c t u r e forms the subject of t h i s review. 

1.6.1 Microphysical network s t r u c t u r e 
The determination of network chain d e n s i t i e s and cross

l i n k concentrations i n u n f i l l e d elastomers using s t r e s s - s t r a i n 
r e l a x a t i o n and s w e l l i n g methods ignores the c o n t r i b u t i o n of 
chain ends and entanglements by assuming t h a t the j o i n i n g 
polymer molecules have i n f i n i t e molecular weight. According 

65-68 
to the s t a t i s t i c a l theory of rubber l i k e e l a s t i c i t y , 
an expression of the s t r e s s - s t r a i n i n terms of the Mooney 
R i v l i n equation (1.20) leads t o an e v a l u a t i o n of the constant 
Ĉ , which i s i n d i r e c t l y r e l a t e d t o the molecular weight of 
chain segments between p h y s i c a l l y e f f e c t i v e c r o s s l i n k s , Mc; 
t h i s i s d i r e c t l y r e l a t e d t o the concentration of p h y s i c a l l y « 4.. i • , • 4 .u i 69-72 e f f e c t i v e c r o s s l i n k s m the sample. 

F[2Ao(A-X~ 2)] = + C 2A - 1 (1.20) 

Where F i s the force r e q u i r e d t o maintain the sample at a 
small extension r a t i o , X, Ao i s the unstrained c r o s s - s e c t i o n a l 
area of the sample, and are parameters of vulcanisate 
p e r t a i n i n g t o i d e a l and non i d e a l e l a s t i c behaviour r e s p e c t i v e l y . 

A l t e r n a t i v e l y , Mc can be r e l a t e d t o the volume f r a c t i o n 
of c r o s s l i n k e d network i n the swollen gel at e q u i l i b r i u m 

73-75 
s w e l l i n g , v , by the Flory-Rehner equation (1.21). 

- U n ( l - v ) + v + pv 2] = /v (M )~l (v /3-2v> ) (1.21 r r r J o c r r ^ f 

Where v i s the molar volume of the s w e l l i n g l i q u i d , f i s the o 
f u n c t i o n a l i t y of the system, which i s i n t h i s case f o u r , / i s 
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the density, of the rubber network and IJ i s the polymer-solvent 
i n t e r a c t i o n parameter. The Flory-Rehner equation derived 
from the s t a t i s t i c a l theory and the thermodynamic o f mixing 
of l i q u i d s w i t h networks requires p r i o r knowledge of the u, 

which v a r i e s considerably both w i t h the l e v e l of c u r a t i v e and 
w i t h the time o f c u r e . 5 4 ^ ° This procedure, because of i t s 
s i m p l i c i t y , has been applied i n chapter three f o r the 
determination of M. 

71 
M u l l i n has succeeded i n e v a l u a t i n g the c o r r e c t i o n f o r 

fre e chain ends i n networks of n a t u r a l rubber and, Moore and 
81 

Watson derived the r e l a t i o n s h i p between chemical c r o s s l i n k 
concentration i n n a t u r a l rubber, using d i - t - b u t y l peroxide 
as the c r o s s l i n k i n g agent. The r e l a t i o n , based on work w i t h 

52 5 7 81 
model o l e f i n s , ' ' assumed t h a t the rubber r a d i c a l s 
undergo mutual combination e x c l u s i v e l y . However, the. 

82 
subsequent work i n d i c a t e s t h a t the non-rubber components 
i n the n a t u r a l rubber compete w i t h the rubber hydrocarbon 
f o r alkylperoxy and methyl r a d i c a l s . 

1.6.2 Molecular network s t r u c t u r e •: 
Various types of chemical reagents have been used f o r the 

determination o f c r o s s l i n k s t r u c t u r e s , which react and break 
c r o s s l i n k s of p a r t i c u l a r types/ The physical assessment before 
and a f t e r treatment w i t h the reagent, then allows the 
determination of concentration of t h a t type of c r o s s l i n k s 
which have been broken. Differences i n chemical r e a c t i v i t y 
allow mono-, d i - , and t r i s u l p h i d e s t o be determined i n t h i s 
way. Sulphur rank equal or greater than three can not be 
d i s t i n g u i s h e d and, t h e r e f o r e , are t r e a t e d as polysulphides i n . 
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t h i s review. The treatment of elastomers w i t h t h i o l s i n 
p i p e r i d i n e has been discussed e x t e n s i v e l y i n chanter nine. 

Chemicals used f o r the cleavage of both d i - and poly-
sulphides, are as f o l l o w s : 

39 8 3-89 

(a) L i t h i u m aluminium hydride i n t e t r a h y d r o f u r a n ' 

( i ) LiAlH 
RŜ R' T — ^ RSH + R'SH + (x-2)H„S (1.22) 

* ( i i ) H + 2 

( i ) LiAlH 
RSSR' — ^ RSH + R'SH (1.23) 

( i i ) H 

(b) Sodium d i - n - b u t y l phosphite i n b e n z e n e ^ 0 ' ^ ' ^ 

RSVR' + (x-1) (BunO) „P (0) ~Na+ -» RS~Na+ + 
(x-2)(Bu n0) 2P(0)S~Na + + B u " ( 0 ) ^ (0)SR (1.24) 

RSSR' + (Bu n0) 2P (0) ~Na+ —> RS~NaH + 
(BuO) 2P(0)SR (1.25) 

92 9 3 
(c) T r i e t h y l phosphite i n benzene ' 

RS R' + (x-2) (C„H O) P » RSSR' + 
X 2 .) — 3 - _ . . 

(x-2)(C 2H 50) 3PS (1.26) 

RSSR1 + (C 2H 50) 3P > RSC2H5 + 
(C 2H 50) 2P(0)SR' (1.27) 

When R' i s a 2-alkenyl group, the r e a c t i o n 
94 

equation competes w i t h r e a c t i o n (1.27). 

RSSR* + (C.,llrO) p -> RSW -I- ((.'., 11 r O) PS (1.28) 
A ) 3 ^ > 5 



91,95 
(d) n-Hexanethiol (1M) i n p i p e r i d i n e ' 

RS R' + (2x-3)hexyl-S — — > RSS-hexyl + 

R'S~ + (x-2)(hexyl-S) + (x-2)S 2~ (1.29) 

RSSR' + hexyl-S~ > RSS-hexyl + R's" (1.30). 

A s o l u t i o n of propane-2-thiol (0.4M) and 
p i p e r i d i n e (0.4M) i n heptane has been reported t o 
cleave polysulphide linkages o n l y , l e a v i n g d i - and 

monosulphides c r o s s l i n k s i n t a c t i n sulphur 
o 9 6 9 7 

v u l c a n i s a t e i n two hours at 20 C. ' ' 
(e) Propane-2-thiol (0.4M) and p i p e r i d i n e i n n-heptane 

RSVR' + (2x-3) (CH0) -CHS > RSS(CH0)„ + 
x 1 Z o z 

R'S~ + (x-2)(CH3)2CHSSCH(CH ) + (x-2)S 2~ (1.31) 

The treatment assumes t h a t the polysulphides 
are one thousand times more r e a c t i v e than disulphides 
and, the concentration o f disulphidesremains 
e s s e n t i a l l y unchanged, under the employed c o n d i t i o n s . 
The use of t h i s reagent i n conjunction w i t h treatment 
(d) allows t o estimate the r e l a t i v e p r o p o r t i o n of 
mono-, d i - and polysulphides t o the t o t a l degree of 
chemical cross l i n k i n g . 

Other, less popular, methods f o r the determination o f 
o v e r a l l numbers of polysulphide sulphur atoms i n a vul c a n i s a t e 
network have been used by determining the hydrogen sulphide, 
formed on treatment w i t h l i t h i u m aluminium hydride i n e t h e r e a l 

, . 39,83-89 , . sol v e n t , by determining the amount of network-combined 
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sulphur t h a t i s exchangeable w i t h r a d i o a c t i v e molecular sulphur 
3 5 ( S 0) (exchange sulphur i n organic a c c e l e r a t o r also o 

occurs) , ^ and by determining the amount o f network-
combined sulphur, removable by treatment w i t h t r i p h e n y l -

• J ±. ars°^ 4 1 , 8 0 , 9 0 m , _p - i phosphme f o r four days at 8 0 C. The successful 
a p p l i c a t i o n o f triphenylphosphine demands the e l i m i n a t i o n of 
free-sulphur present i n vulcanisate p r i o r t o the treatment. 

The use of methyl iodide i s even less favourable, mainly 
because both d i - and polysulphides react to gi ve sulphon i urn 
s a l t s and, the a l l y l i c iodides formed are h i g h l y r e a c t i v e 
and may r e s u l t i n carbon-carbon c r o s s l i n k s i n subsequent 

9 6 , 1 0 1 - 1 0 3 

r e a c t i o n s . 
1 . 6 . 3 Main-chain m o d i f i c a t i o n s 

The background i n f o r m a t i o n of types of m o d i f i c a t i o n s 
t o the main chains, i n the l i t e r a t u r e , comes almost 
e x c l u s i v e l y from studies of the sulphuration of model 

3 1 

o l e f i n s . The problem i s associated w i t h the i d e n t i f i c a t i o n 
and e s t i m a t i o n of a l l various types o f mo d i f i c a t i o n s i n 
actual rubber vulcanisates. M o d i f i c a t i o n of the main chain 

9 0 

such as accelerator-pendent groups (Figure 1.7), o l e f i n i c 
J - * - 3 1 i U . J 3 1 , 1 0 4 , 1 0 5 , m o d i f i c a t i o n s and c y c l i c sulphide groups have 

so f a r been i d e n t i f i e d by a v a r i e t y of methods. 

Sx 
(CH )2N-C=S 

i g u re 1.7. Acre l e r a t o r - t o r m i n a t o d pendent groups atLached 
to rubber. 



Other p h y s i c a l methods such as i n f r a r e d and more r e c e n t l y 
nuclear magnetic resonance spectroscopy have been used t o 
study the s t r u c t u r a l features. 

1.7 S t r u c t u r a l Studies 
1.7.1 I n f r a r e d spectroscopy 

I n f r a r e d spectroscopy, as a very useful t o o l i n the 
f i e l d o f chemistry f o r analysing and i d e n t i f y i n g the 
compounds of s i m i l a r chemical and ph y s i c a l p r o p e r t i e s , has 
been widely a p p l i e d f o r c h a r a c t e r i s a t i o n of elastomers and 
ad d i t i v e s and the spectra have been w e l l documented over 

106 ,107 ' 
the years. I n most cases, the n a t u r a l elastomers 
have been st u d i e d i n microtomed s e c t i o n s , cut i n solvent 
(acetone or t o l u e n e ) , and i n cast and hot-pressed f i l m s , 
whereas the spectra of a d d i t i v e s i n the form of a powder 
have been obtained by means of the potassium c h l o r i d e or 
bromide disc technique . ' The a p p l i c a t i o n s of i n f r a r e d 

10 8 
spectroscopy discussed by Clark and the t h e o r e t i c a l 

109 
analysis of some polymers by Krimm lead t o the assignment 
of many of the bands i n the spectra of polymers. The 
absorption bands at 7.27 and 7.22 microns have been used f o r 
the determination o f r e l a t i v e p r o p o r t i o n of cis-1,4 and trans-
1,4 u n i t s of polyisoprene, r e s p e c t i v e l y . Corish 
determined the amount of cis-1,4 u n i t s i n a polyisoprene 
by measuring the i n t e n s i t y of the 2.46 micron band. The 
bands at 11.25 and 11.9 microns are a t t r i b u t e d t o 3,4 and 
1,4 u n i t s , r e s p e c t i v e l y . 

I t has been shown 1 1 3' 1' 1 4 t h a t the 7.64 and 7.4 micron 
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bands are due t o c i s - and trans u n i t s o f butadienes. The 
absorption band at 11.0 micron i s c h a r a c t e r i s t i c o f 1,2 u n i t . 

The d e t a i l e d i n f o r m a t i o n and the r e s u l t s of t h i s 
i n v e s t i g a t i o n are provided i n chanter three. 

1.7.2 Nuclear magnetic resonance 
The o v e r a l l contents of the isomeric s t r u c t u r a l u n i t s i n 

elastomers such as polybutadiene and oolyisoprene were 
determined by i n f r a r e d spectroscopy before 19 70, while a 
method o f determining the sequence d i s t r i b u t i o n o f these 
u n i t s by nuclear magnetic resonance spectroscopy has been 

11S — 12 7 
known i n the l a s t few years. Carbon-13 NMR has been 
applied t o study the sequence d i s t r i b u t i o n of the isomeri re

s t r u c t u r e s i n polyisoprenes. Proton decoupled II NMK 
spectroscopy has applied to the analysis o f c i s and trans 

12 3~12 5 
u n i t s i n butadiene. The successful a p p l i c a t i o n of 
these methods r e q u i r e d s w e l l i n g or s o l u t i o n of a polymer i n a 
s u i t a b l e solvent. I n c o n t r a s t t o these methods, n a t u r a l and 
s y n t h e t i c polymers are c u r r e n t l y s t udied e x t e n s i v e l y w i t h the 
a p p l i c a t i o n of cross p o l a r i s a t i o n combined w i t h magic angle 

- - — 12 8 • • - — - -

spinning (CP-MAS), although i t i s s t i l l i n i t s infancy. 
The d e t a i l e d r e s u l t s o f sulohur vulcanised, Natsyn 2200, 
elastomers are given i n chapter three. 
1 . 8 The Mechanism of Oxidation 

Almost, the e n t i r e fundamental knowledge of o x i d a t i o n of 
rubber has been derived from the o x i d a t i o n of the n a t u r a l 
(cis-1,4-polyisoprene) elastomer, the m o t i v a t i o n being the 
great t e c h n o l o g i c a l importance of rubbers. At present, the 



widely accepted mechanism of o x i d a t i o n i s based on work at 
2 75 285 30L 

the Natural Rubber Producers' Research Association. ' ' 
General Mechanism of Oxidation 

1.8.1 The i n i t i a t i o n r e a c t i o n 
A r a p i d o x i d a t i o n of elastomers r e s u l t s from the break

down of a hydrocarbon molecule i n t o two r a d i c a l s : 
RH > R° + H 0 ( 1 . 32) 

where RH i s the polymer and R° i s the 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 p h y s i c a l f a c t o r s 
(UV r a d i a t i o n s , i o n i s i n g r a d i a t i o n , temperature, u l t r a s o n i c s 
and mechanical shearing) and chemical agents ( c a t a l y s t , d i r e c t 
a c t i v i t y of oxygen, s i n g l e t oxygen and ozone). 

(a) Physical f a c t o r s 

The chemical s t r u c t u r e of the polymer has a great i n f l u e n c e 
on the type of macro-radicals formation. The d i s s o c i a t i o n 
energies of p a r t i c u l a r bonds between the atoms of the polymer 
w i l l , t hus, d i c t a t e the d i r e c t i o n of fragmentation t h a t i s 
l i k e l y t o occur i n r e l a t i o n t o the amount of energy being 
fed t o the system. This i s p a r t i c u l a r l y important f o r the 
m a s t i c a t i o n of raw elastomers, c a r r i e d out i n i n t e r n a l mixers 
or on r o l l m i l l at an elevated temperature. The m a s t i c a t i o n 
i n the presence of oxygen i s accompanied by a marked 
decrease i n the molecular weight and increased o x i d a t i v e 
degradation of the elastomer. 

Figure 1.8 shows the r e l a t i o n s h i p between the bond energy 
and the energy a v a i l a b l e from sunlicrht t o cause the photo-
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o x i d a t i v e degradation of the elastomer. 

3100 • * C-H 

-c-o-c-

2 00 ^00 

WAVELENGTH (nm) 

Figure 1.8. Bond st r e n g t h i n r e l a t i o n t o l i g h t eneroy. 

(b) Chemical agents 
( i ) I n i t i a t i o n induced by molecular oxygen 

3 

A molecule of oxygen ( E s t a t e ) , e l e c t r o n i c c o n f i g u r a t i o n 
[ KK (og2S) 2 (ou2S) 2 (ag2P) 2 ( T T U 2 P ) 4 (ng2P) 2 ] , has a b i r a d i c a l 
nature and can r a p i d l y combine 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 . The d i r e c t r e a c t i o n of molecular 

R° + 0 2 > ROO° (1 . 33) 

RH + 0 2 — R O O M (1.34) 
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oxygen w i t h a polymer i s not favoured, due t o the endothermic 
129 

nature of the process (30 - 45 k c a l ) . 
( 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 

E x t e r nal i n i t i a t o r s present as i m p u r i t i e s i n the form of 
c a t a l y s t s , peroxides, hydroperoxides, i n h i b i t o r s , solvents 
and other materials incorporated i n the synthesis o f polymers 
may induce the o x i d a t i o n process by decomposing i n t o free 
r a d i c a l s , which are then able t o react w i t h the polymer. 

( i i i ) I n i t i a t i o n induced by ozone 
Traces of ozone present i n the atmosphere (a few parts 

per hundred m i l l i o n ) are s u f f i c i e n t t o cause severe cracking 
i n elastomers, w i t h i n a few weeks t o months. The mechanism 
of ozonolysis proposed i n i t i a l l y by Criegee"^ 0 and a m p l i f i e d 
by B a i l y can e x p l a i n the i n i t i a l attack of the ozone, 
p a r t i c u l a r l y w i t h respect t o the o r i e n t a t i o n of a d d i t i o n t o 
an unsymmetrical carbon-carbon double bond. The primary step 

Scheme 1.8 

0-0 v 0 0 
- 1 +1 3 - 1 / \ 1 — 3- .. - - -. 

R\ ° yR » R\/^ l/ R (1-35) 

CrrfcrzC C -C. 
2/ \ 4 2/ \ 4 

R R R̂  R 
1 - 3 1 + R 0-0 R R 0 0-0 

C=0 + +C 4: ^C-C-R3 (1.36) 
2/ \ 4 2/ 14 R R R R 

R l 0 — 0 B 3 \ . R 3 ,0-0. R 3 

V V V V (1.37, ^ V R 4 / \ ~ 0 / V R 



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

t h e e l e c t r o n - d e f i c i e n t t e r m i n a l o x y g e n a t o m o f t h e o z o n e 

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

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

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

k e t o n e ( o z o n o l y s i s o f p o l y i s o p r e n e g i v e s w a t e r , f o r m i c a c i d , 

a c e t i c , l e v a l i n a l d e h y d e , 2 , 5 - h e x a n e d i o n e a n d p r o p i o n i c a c i d ) . 

1 . 8 . 2 The p r o p a g a t i o n r e a c t i o n 

P e r o x y r a d i c a l ( R 0 0 ° ) p r o d u c e d b y a r a p i d c o m b i n a t i o n o f 

h y d r o c a r b o n r a d i c a l s ( R ° ) w i t h o x y g e n i n e q u a t i o n ( 1 . 3 3 ) 

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

t h e f o r m a t i o n o f a h y d r o p e r o x i d e . 

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

i n p r e f e r e n c e t o s e c o n d a r y "and p r i m a r y h y d r o g e n . 

1 . 8 . 3 D e c o m p o s i t i o n o f p o l y m e r h y d r o p e r o x i d e s 

W h i l s t t h e r a d i c a l ( R ° ) a g a i n p a r t i c i p a t e s i n r e a c t i o n 

( 1 . 3 3 ) , t h e h y d r o p e r o x i d e may decompose b y t h e f o l l o w i n g 

m e c h a n i s m s : 

R00° + RH * ROOH + R' ( 1 . 3 8 ) 

ROOH ^ R0° + "OH ( 1 . 3 9 ) 

2 ROOH > R0° + R00* + H 2 0 ( 1 . 4 0 ) 

o r r e a c t as f o l l o w s : 

ROOH + RH •> R0 Q + R° + H 2 0 ( 1 . 4 1 ) 

E l e v a t e d t e m p e r a t u r e s , 
1 3 2 , 1 3 3 

m e t a l c a t a l y s t s 
134 ,135 and 
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s u n l i g h t can a l s o e n h a n c e t h e r a t e o f 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 . 8 . 4 F o r m a t i o n o f h y d r o x y l g r o u p s 

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

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

RO + RH -> ROH + R' ( 1 . 4 2 ; 

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

l a t t e r b e i n g r e l a t i v e l y r a r e . ^" '^ 

1 . 8 . 5 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 

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

137 138 
(a ) 3 - S c i s s i o n o f a l k o x y r a d i c a l s ' 

if 

136 

•CH„-C-CH -CH 
2 | 2 | 

R R 

-CH - C + S CH - C H -
2 | 2 | 

R R 

R 0 R 

-CH-CH CH -^ H 2 

R 0 
I / / 

-» -CH-C + 
\ 

R 

R 

' C H -

( 1 . 4 3 ) 

( 1 . 4 4 ; 

These r e a c t i o n s p a r t i c i p a t e i n t h e b a c k b o n e 

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

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

(b ) An i n t e r m e d i a t e f o r m e d f r o m a b s t r a c t i o n o f a l a b i l e 

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

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

c a r b o n y l g r o u p . 

H 
0 

R 0 R 
I I I 

-CH-CH-CH-CH -

R 0° R 
! I I 

- C H - C - C H - C H 2 -

.+ H 2 0 

" R O R 
I I I 

- C H - C H - C H - C H 2 " 

H0° 

R O R 

cage 

cage 
^ - C H - C - C H - C H 2 - + H 2 0 ( i . 45: 
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( c ) A b i r a d i c a l r e s u l t i n g f r o m t h e d e c o m p o s i t i o n o f a 

h y d r o p e r o x i d e , s u b s e q u e n t l y y i e l d s k e t o n e . 

H 
0 

R 0 R 
I ! I 

- C H - C H - C H - C H 2 -

R O R 

R 0 R 
I I 

- C H - C - C H - C H , + H 2 0 

cage 

-> - C H - C - C H - C H 2 " ( 1 . 4 6 ) 

(d ) A r e a c t i o n b e t w e e n t w o p o l y m e r a l k o x y r a d i c a l s , 

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

k e t o n e a n d a l c o h o l . 

R 0 R 
I I I 

- C H - C H - C H - C H 2 -

R O R 
I I I 

-CH CH-CH-CH -

R O R 
I II I 

- C H - C - C H - C H 2 -

I I 
R 0 R 
I I I 

-CH-CH-RH-CH, 

( 1 . 4 7 ) 

i Q c mu 4- • 4- • 4- • 2 7 5 , 2 8 5 , 3 0 1 1 . 8 . 6 The t e r m i n a t i o n r e a c t i o n ' 

The c h a i n r e a c t i o n t e r m i n a t e s b y t h e r e a c t i o n s : 

R 0 0 + R 0 0 

R 0 0 " + R° 

R° + R — 

e t c . 

-> N o n - r a d i c a l p r o d u c t s ( 1 . 4 4 ; 

-> ROOR 

-> R-R 

i n a c t i v e 
p r o d u c t s ( 1 . 4 5 : 

( 1 . 4 6 ) 

R e a c t i o n ( 1 . 4 4 ) p r e d o m i n a t e s i n h i g h p a r t i a l p r e s s u r e o f 

o x y g e n . 

1 . 8 . 7 P l a s m a a n d t h e r m a l t r e a t m e n t s 

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

h y d r o g e n p l a s m a s , a n d w i t h a i r a t 1 0 0 ° C a r e d i s c u s s e d 

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



1 . 8 . 8 A r e a s o f i n t e r e s t 

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

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

c h e m i s t r y o f e l a s t o m e r s h a v e been t h e s u b j e c t o f b u l k 

i n v e s t i g a t i o n s . S i n c e , t h e s o l i d s c o m m u n i c a t e w i t h t h e 

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

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

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

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 

1 3 9 

i n f r a r e d s p e c t r o s c o p y (MATR-IR) p r o v i d e s o n l y l i m i t e d 

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

100o8, 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 c h a n g e s o c c u r r i n g i n 

a s u r f a c e l a y e r o f t h i c k n e s s ^ 5 0 A \ O v e r t h e p a s t f e w y e a r s , 

C l a r k a n d c o - w o r k e r s have shown i n an e x t e n s i v e s e r i e s o f 

p u b l i c a t i o n s , how a m o s t p o w e r f u l 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) , can 

2 2 9 — 2 3 5 

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

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

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

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

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

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

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

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

t r e a t m e n t s . The f l o w - c h a r t i n F i g u r e 1 . 9 s u m m a r i s e s t h e 

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

c h r o m a t i c beam o f s o f t X - r a y s w i t h an a t o m i n a m o l e c u l e . 

I n common w i t h m o s t o t h e r s p e c t r o s c o p i c 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 o e d by 

p h y s i c i s t s a n d , i s now e x t e n s i v e l y u t i l i s e d b y c h e m i s t s , as 

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

. . . . 140 r e a c t i v i t y . 
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As e a r l y as 1 8 8 8 , H a l l w a c h s , w o r k i n g i n G e r m a n y , 

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

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

was i r r a d i a t e d w i t h u l t r a - v i o l e t l i g h t . I t was f u r t h e r 
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shown i n 1900 b y L e n a r d t h a t t h e i r r a d i a t i o n o f m e t a l 

r e s u l t e d i n 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 . T h i s 

p h e n o m e n a , u n e x n l a i n a b l e b y t h e c l a s s i c a l wave t h e o r y , was 

f o l l o w e d b y E i n s t e i n i n 1 9 0 5 , who i n t r o d u c e d t h e l i g h t 
14 3 

q u a n t u m c o n c e p t 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 s . He 

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

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

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

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 D h o t o e l e c t r o n , g i v e n 

b y t h e e q u a t i o n : 
hv = KE + W ( 2 . 1 ) 



w h e r e W i s t h e ' w o r k f u n c t i o n ' , t h e m i n i m u m e n e r g y r o q u i r c d t o 

r emove t h e e l e c t r o n f r o m t h e s u r f a c e o f m e t a l . H o w e v e r , i t was 
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n o t u n t i l much l a t e r , t h a t R o b i s o n and De B r o g l i e 

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

v a r i o u s e l e m e n t s b y t h e X - r a y i r r a d i a t i o n o f t h i n f o i l s . 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 o 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 a n d , 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 o 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 e n d . M e a s u r e m e n t 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 a n d , 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 r e c a l c u l a t e d . I t was n o t u n t i l t h e 1 9 5 0 ' s , 
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h o w e v e r , t h a t S i e g b a h n r e v i v e d t h e p r i n c i p l e o f 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 a n d , 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 3 - r a y e n e r g i e s . I n 1 9 5 4 , a t t e m p t s 

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

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

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

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

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

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

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

t h e y w e r e e j e c t e d ; a n d , c o u l d be m e a s u r e d t o a p r e c i s i o n o f a 
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f e w t e n t h s o f an e l e c t r o n v o l t . The r e a l i s a t i o n o f 
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c h e m i c a l s h i f t s f o r c o p p e r a n d i t s o x i d e s was a g r e a t s t e p 

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

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

i n 1 9 6 4 . 1 4 9 ' 1 5 0 

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 a n d c o - w o r k e r s was 

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

a n d 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 b y Means o f E l e c t r o n 

S p e c t r o s c o p y . " ' " " ' ^ L a t e r w o r k was p u b l i s h e d i n 1968 i n t h e 
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s t a n d a r d t e x t o f 'ESCA A p p l i e d t o F r e e M o l e c u l e s ' . 

I n a d d i t i o n , t h e 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 ( I E E S ) 

(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 s e v e r a l t e c h n i q u e s a v a i l a b l e , w h i c h 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 shows 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 , whose 

15 3 15 4 

d e t a i l e d f e a t u r e s a r e w e l l d o c u m e n t e d . ' An e n o r m o u s 

amoun t o f r e s e a r c h a c t i v i t y has b e e n d i r e c t e d , i n t h e l a s t 

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

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

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

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

d e s c r i b e d i n t h i s t h e s i s i s r e l a t e d t o ESCA, i t i s , t h e r e f o r e , 

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

i n v o l v e d a n d t h e a p p l i c a t i o n o f 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 . 



4 I 

T a b l e 2 . 1 

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 

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 

A u 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 P I S 

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 

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 

b y 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 v 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 b y 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 a toms 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 A u g e r 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 decay o f 

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

E l e c t r o n o r p h o t o n i m p a c t c a n b e 

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 . 

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 

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 . 



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 

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

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

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

1 5 1 
n a t u r e o f a t o m . The m o s t commonly e m p l o y e d X - r a y s o u r c e s 

a r e Mg a n d A l w i t h p h o t o n e n e r g i e s o f 125 3 . 7 eV 
k u l , 2 k a l , 2 

and 1 4 8 6 . 6 eV r e s p e c t i v e l y . The a d v e n t o f e l e c t r o n i c a l l y 

o p e r a t e d d u a l a n o d e s h a s l e d t o use t h e h a r d e r s o u r c e s s u c h 

as T i w i t h p h o t o n e n e r g y o f 4 5 1 0 eV f o r a n a l y t i c a l d e p t h 

p r o f i l e s . The p h o t o 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 , 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 
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u l t r a - v i o l e t p h o t o e l e c t r o n s p e c t r o s c o p y (UPS) w i t h H e ( I ) 

( 2 1 . 2 2 eV) o r H e ( I I ) ( 4 0 . 8 eV) r a d i a t i o n . The l i f e t i m e s o f 

- 1 3 - 1 5 155 
t h e c o r e h o l e s t a t e s a r e t y p i c a l l y 10 - 10 s e c o n d s , 

e m p h a s i z i n g 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 s i n v o l v e d i n ESCA, 

c o m p a r e d w i t h m o s t o t h e r s p e c t r o s c o p i c 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 , 

i n c l u d i n g 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 s , r o t a t i o n a l 

a n d t r a n s l a t i o n a l m o t i o n s , as w e l l as e l e c t r o n i c i s g i v e n b y 

e q u a t i o n ( .2 .2) : 

KE = hv - BE - E r ( 2 . 2 ) 

w h e r e 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 (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 a n d h i s P l a n c k ' s c o n s t a n t ) ; 

BE i s t h e b i n d i n g e n e r g y o f t h e p h o t o e j e c t e d e l e c t r o n -

d e f i n e d as t h e e n e r g y r e q u i r e d t o r e m o v e 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 a n d , E r i s t h e r e c o i l e n e r g y 



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

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

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

t h a n 0 . 1 eV h a s b e e n c o m p u t e d (H = 0 . 9 e V , L i = 0 . 1 e V , Na = 

0 . 0 4 eV a n d K = 0 . 0 2 e V ) . 1 5 1 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 o f s o l i d s y s t e m s , c o n t r i b u t i o n s f r o m 

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

o b s e r v e d a n d , t h u s , t h e e q u a t i o n ( 2 . 2 ) f o r a f r e e m o l e c u l e 

r e d u c e s t o : 

KE = hv - BE ( 2 . 3 ) 

An i m p o r t a n t r e l a t i o n s h i p 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 b y 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 c o m p a r e d 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 b y ' a b i n i t i o ' 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 m o s t 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 s a m p l 

i s t h e F e r m i l e v e l ^ " ^ ^ o r 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 , w h i c h 

i s g e n e r a l l y 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 , , for a s o l i d i s g i v e n by t h e e n e r g y 

d i f f e r e n c e b e t w e e n t h e f r e e e l e c t r o n (vacuum) l e v e l a n d t h e 

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

F i g u r e 2 . 1 . The v a c u u m l e v e l s f o r t h e s o l i d s a r r o l e a n d t h e 

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

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 <l> - i> , w h e r e <li i s t h e w o r k ^ J s s p e c . s n e c . 
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f u n c t i o n o f t h e s p e c t r o m e t e r . I n ESCA, i t i s t h e k i n e t i c 
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KE 

Vacuum 
7 Level (sample) 

B E 

core 
level 

SAMPLE 

KE 

^Vacuum 
Level (spect) 

spec 
.Fermi 
Level 

Energy 
A 

SPECTROMETER 

F i g u r e 2 . 1 . 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 a n d 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 . 

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

a n a l y s e r a n d , 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 s a m p l e . The f o l l o w i n g e q u a t i o n r e s u l t s : 

BE = hv - KE - <|> 
s p e c , 

( 2 . 4 ) 



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 

d e p e n d o n t h e w o r k f u n c t i o n o f t h e s a m p l e 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 a n d 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 J 1 

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 a n d s a m p l e c h a r g i n g 

e f f e c t s a r e d i s c u s s 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 accompany p h o t o i o n i s a t i o n a n d , t h e s e 

may be c l a s s e d i n t o t w o m a i n g r o u p 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 c o m p a r e d 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 

p r o c e s s e s s u c h as s h a k e - u p a n d s h a k e - o f f a r e r a p i d p r o c e s s e s 

a n d , 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 , r e s u l t i n g i n a 

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

e l e c t r o n s . A u g e r and X - r a y f l u o r e s c e n c e , on t h e o t h e r h a n d , 

a r e r e l a t i v e l y s l o w p r o c e s s e s a n d , have 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 . The b a s i c p r o c e s s e s 

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

d i a g r a m m e t i c a l l y i n F i g u r e 2 . 2 . 

2 . 2 . 3 E l e c t r o n i c r e l a x a t i o n 

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

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 e l e c t r o n s , 

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

- 1 7 

a p p r o x i m a t e l y 10 s e c o n d s . E x p e r i m e n t a l a n d t h e o r e t i c a l 

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

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

e n e r g y a n d t h e l i n e s h a p e s o f o b s e r v e d p e a k s by means o f 
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F i g u r e 2 . 2 . S c h e m a t i c r e p r e s e n t a t i o n o f d i r e c t p h o t o i o n i s a t i o n , 
A u g e r a n d X - r a y f l u o r e s c e n c e p r o c e s s e s . 

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 t h e c o r e i o n i s a t i o n s o f f i r s t r o w e l e m e n t s a r e 
165 

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

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

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

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

t h e t e n d e n c y o f K o o p m a n s ' t h e o r e m a n d s e l f - c o n s i s t e n t f i e l d 

(ASCF) c a l c u l a t i o n s t o g i v e t h e same e s t i m a t e s o f s h i f t s 

d e s p i t e t h e f a c t t h a t Koopmans ' t h e o r e m i g n o r e s t h e e f f e c t o f 

164 

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

i n v e s t i g a t i n g t h e r e l a x a t i o n e n e r g i e s . 

RE = BE (Koopmans) - BE (ASCF) ( 2 . 5 ) 

2 . 2 . 4 S h a k e - u p a n d s h a k e - o f f phenomena 

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

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

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

r e o r g a n i s a t i o n ( r e l a x a t i o n ) o f t h e v a l e n c e e l e c t r o n s i n 

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

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

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

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

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

l e v e l ( s h a k e - u p ) a n d , i n t h e l i m i t , l e a d s t o a d o u b l y i o n i s e d 

s t a t e ( s h a k e - o f f ) . S h a k e - u p a n d s h a k e - o f f p r o c e s s e s , t h e r e f o r e , 

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

o f t h e d i r e c t p h o t o i o n i s a t i o n p e a k , as shown i n F i g u r e 2 . 3 . 

S i n c e t h e e n e r g y f o r b o t h t h e s e p r o c e s s e s i s d e r i v e d f r o m 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 , an e q u a t i o n ( 2 . 3 ) i s a d j u s t e d 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 : 

KE = hv - BE + E ( 2 . 6 ) 

w h e r e E i s t h e e n e r g y o f t h e m u l t i e l e c t r o n p r o c e s s . 
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F i g u r e 2.3. S c h e m a t i c r e p r e s e n t a t i o n o f p h o t o i o n i s a t i o n , 
s h ake-up a n d s h a k e - o f f p r o c e s s e s . 

These e x c i t a t i o n s f o l l o w t h e monopole s e l e c t i o n r u l e s (AJ -

AL = AS = AM = AM = AM = 0 ) , as i n d i c a t e d i n e q u a t i o n s 

( 2 . 7 ) t o ( 2 . 9 ) . 

n 
>:Cui .|iu 
u = l 

( 2 . 7 ) 

n 
E k v f (f)' v 
v = l 

( 2 . 8 ) 
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P . = N | l k u f c y i < 4>' u | <$>u >| ( 2 . 9 ) 
u = l 

w h e r e , ^ i s t h e i n i t i a l s t a t e wave f u n c t i o n and i s t h e 

f i n a l s t a t e wave f u n c t i o n . 

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 s a r e d i r e c t l y 

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

t h e o c c u p i e d o r b i t a l s o f t h e i n i t i a l s y s t e m and t h e 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 ) o f t h e f i n a l s t a t e . These monopolc 

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

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

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

The s i t u a t i o n o f shake-up t r a n s i t i o n s can be f u r t h e r 

v i s u a l i s e d b 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 d e p i c t e d i n F i g u r e 2 . 4 . 

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

c o n f i g u r a t i o n , a s i n g l e t and t r i p l e t s t a t e can be q e n e r a t e d 

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

t h e v i r t u a l o r b i t a l have o p p o s i t e s p i n s ( s i n g l e t o r i g i n ) , o r 

b o t h may p o s s e s s t h e same " 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 l o w e r i n e n e r g y t h a n t h a t o f s i n g l e t o r i g i n . S i n c e 

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

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

a l l o w e d . I n p r i n c i p l e , one can e x p e c t e x p e r i m e n t a l l y t o o b s e r v e 

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

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

p r o c e s s e s and r e l a x a t i o n e n e r g i e s was e s t a b l i s h e d by Manne 
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F i g u r e 2 . 4 . S c h e m a t i c r e p r e s e n t a t i o n o f s i n g l e t - t r i p l e t 
s h a k e - u p . 
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and A b e r g . They showed t h a t t h e w e i g h t e d a v e r a g e o v e r 

t h e d i r e c t 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 peaks 

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

( g i v e n b y Koopmans' t h e o r e m ) . T h i s i s shown s c h e m a t i c a l l y i n 

F i g u r e 2.5. 
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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 e n e r g i e s , 
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 i r e c t p h o t o i o n i s a t i o n and s h a k e -

- - — — - up-and s h a k e - o f f ^ t r a n s i t i o n s . 

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 e n e r g y s h a k e - o f f 

p r o c e s s e s a r e r e l a t i v e l y s m a l l , compared t o the shake-up 

p r o c e s s e s (which a r e o f l o w e r e n e r g y ) and, t h e s e t r a n s i t i o n s 

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

g e n e r a l l y f e a s i b l e s i n c e the s m a l l e r s h a k e - o f f peaks a r e 

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

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

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

f o r o r g a n i c s y s t e m s a t a p p r o x i m a t e l y 20 eV b e l o w 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 s have been s t u d i e d i n 

o r g a n i c a n d 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 

t h e t r a n s i t i o n e l e m e n t s . The s h a k e - u p phenomenon has p r o v e d 

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

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

f r o 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 A u g e r 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 

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

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

and A u g e r e m i s s i o n , t h e l a t t e r b e i n g most p r o b a b l e f o r e l e m e n t s 

o f l o w a t o m i c number, w h i l e t h e f o r m e r becomes i m p o r t a n t f o r 

h e a v y e l e m e n t s ( F i g u r e 2 . 7 ) . These f u n d a m e n t a l p r o c e s s e s 

a r e i l l u s t r a t e d d i a g r a m m e t i c a l l y i n F i g u r e 2.6, w h i c h a r e 

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

t h e r e f o r e , do n o t have much 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 o r i g i n a l p h o t o e l e c t r o n . 

A u g e r e m i s s i o n may be v i e w e d as a t w o s t e p p r o c e s s , 

i n v o l v i n g t h e e j e c t i o n o f an e l e c t r o n f r o m an i n n e r s h e l l 

by a p h o t o n , f o l l o w e d by an e l e c t r o n d r o p p i n g down f r o m a 

h i g h e r o r b i t a l l e v e l t o t h e v a c a n c y i n t h e i n n e r s h e l l w i t h 
171-176 

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

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

i n n e r s h e l l v a c a n c y , t h e A u g e r s p e c t r u m 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 a n d c o r e o r b i t a l s . 
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F i g u r e 2,6 P h o t o i o n i s a t i o n , A u g e r e m i s s i o n a n d X - r a y 
F l u o r e s c e n c e . 

g 

F i g u r e 2.7. E f f i c i e n c y o f Auger and X - r a y F l u o r e s c e n c e 
— ~ p r o c e s s e s as a f u n c t i o n o f a t o m i c number. 
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When the e l e c t r o n i c v a c a n c y i n t h e i n n e r s h e l l i s f i l l e d by 

an e l e c t r o n from a n o t h e r i n n e r s h e l l ( C o s t e r - K r o n i g t r a n s i t i o n ) , 

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

s h o r t l i f e t i m e o f the p r o c e s s . The e n e r g y d i f f e r e n c e between 

t h e o r b i t a l s f o r t h e C o s t e r - K r o n i g p r o c e s s t o o c c u r 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 . T hese p r o c e s s e s o n l y o c c u r i n e l e m e n t s o f 
177 

a t o m i c number l e s s t h a n f o r t y . 
Auger e m i s s i o n s p e c t r o s c o p y (AES) has become 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 , i n p a r t i c u l a r , f o r s t u d y i n g the 

s u r f a c e s of m e t a l s and s e m i - c o n d u c t o r s . Commercial Auaer 

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 the s o u r c e of e x c i t a t i o n 

r a d i a t i o n . The f l u x o f t h e i n c i d e n t e l e c t r o n 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 o f magnitude l a r g e r than t y p i c a l ESCA photon 

beam and, t h e r a d i a t i o n damage t o o r g a n i c m a t e r i a l s i s , 
178 179 

t h e r e f o r e , a s e v e r e problem. ' 

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

h i n d e r s 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 -of -chemical- i n f o r m a t i o n 

as i n ESCA. However, i n the c a s e of m e t a l o x i d e s , f o r 

example, the Auger c h e m i c a l 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 c h e m i c a l s h i f t o b s e r v e d i n ESCA b e c a u s e of 

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 . The d i r e c t i o n o f the s h i f t 

i s s u ch t h a t t h e k i n e t i c e nergy o f Auger e l e c t r o n s from 

p o l a r i s a b l e atoms i s i n c r e a s e d more t h a n the energy o f 

p h o t o e l e c t r o n s i n ESCA. A r e l a t i o n s h i p between the s h i f t s 

i n Auger en e r g y 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 has been 
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e s t a b l i s h e d from t h e s t u d i e s o f copper, z i n c , l i t h i u m and 
180-185 

sodium s y s t e m s . 

The c o n c e p t o f the Auger p a r a m e t e r was d e v e l o p e d by 

Wagner"*"^ by t a k i n g as t h e k i n e t i c e n e r g y o f the s h a r p e s t 

and most i n t e n s e Auger l i n e s u b t r a c t e d from the most i n t e n s e 

p h o t o e l e c t r o n peak. T h i s q u a n t i t y 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 t o a n a l y t i c a l c h e m i s t s s i n c e t h e Auger p a r a m e t e r 
does h o t i n v o l v e sample c h a r g i n g e f f e c t s . C h e m i c a l s t a t e 

187 

s c a t t e r p l o t , on w h i c h p h o t o e l e c t r o n and Auger d a t a 

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

t h e ESCA d a t a f o r t h e i d e n t i f i c a t i o n o f c h e m i c a l s t a t e s . 

The Auger p a r a m e t e r s f o r z i n c s y s t e m s a r e d i s c u s s e d i n 

c h a p t e r t h r e e f o r t h e i d e n t i f i c a t i o n o f ZnO and ZnS s t a t e s . 

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

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

number g r e a t e r t h a n t e n . C o n c e n t r a t i o n s down to 0.1% f o r 
l i g h t e l e m e n t s and 0.01% f o r heavy e l e m e n t s ( F e , Co, Ni) have 

188 
been d e t e c t e d . 

2.3 C h e m i c a l S h i f t s - ,.. 

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

p a r t i c u l a r e l e m e n t ( T a b l e 2.2) and, a r e s e n s i t i v e t o the 

e l e c t r o n i c e n v i r o n m e n t o f t h a t atom ( F i g u r e 2 . 8 ) . The changes 

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

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

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

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



T a b l e 2.2 

A p p r o x i m a t e c o r e b i n d i n g e n e r g i e s (eV) 

L i Be B C N 0 F Ne 

I s 55 1 1 1 188 2 84 399 532 686 867 

Na Mg A l S i P S CI Ar 

I s 1072 1305 1560 1839 2149 2 4 72 2 82 3 320 3 

2s 53 89 118 149 189 229 2 70 320 

2 p l / 2 31 52 74 100 136 165 202 247 

31 52 73 99 135 164 200 245 

K. Siegbahn 

1973 

6 4 2 0 E =291 2 eV 

Chemical Shift (eV) 

" i q u r e 2.8. C-j s p e c t r u m o f t r i f 1 u o r o a o o l a I o 
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have been c a l c u l a t e d t h e o r e t i c a l l y b y s e v e r a l d i s t i n c t a p p r o a c h e s 
189 

( i ) Koopmans' t h e o r e m 
2 36 2 37 

( i i ) Core h o l e c a l c u l a t i o n s ' - l i n e a r c o m b i n a t i o n 

o f a t o m i c 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 m e t h o d (LCAO-MO-SCF) 
190 

( i i i ) E q u i v a l e n t c o r e s m o d e l 
152 

( i v ) Charge p o t e n t i a l m odel 
n 191-193 

(v) Quantum m e c h a n i c a l p o t e n t i a l m o d e l 

( v i ) Many body f o r m a l i s m . 

An a c c o u n t o f t h e p h y s i c a l p r o c e s s e s 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 r o m a t h e o r e t i c a l s t a n d -
115 

p o i n t has been p r o v i d e d by F a d l e y . 

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

i n t e r a c t i o n s b e t w e e n 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 

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

a f t e r p h o t o i o n i s a t i o n . Examples o f t h e c o r e l e v e l s p e c t r a 
195,196 

. f o r t r a n s i t i o n e l e m e n t compounds a r e w e l l known. ' 

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 s p l i t t i n g s i s 

r e l a t i v e l y s i m p l e o n l y f o r S - h o l e s t a t e s and, i s b a s e d on 
19 7 

Van V l e c k s 1 v e c t o r c o u p l i n g m o d e l . The s p l i t t i n g , AE, 

( t h e e n e r g y d i f f e r e n c e b e t w e e n t h e s t a t e s S + h and S - \) 

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

g i v e n by e q u a t i o n ( 2 . 1 0 ) : 
AE = (2S + 1)K (2- 10) 

where K i s t h e e x c h a n g e i n t e g r a l b e t w e e n t h e c o r e ( c ) and t h e 
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v a l e n c e ( v ) e l e c t r o n s u n d e r c o n s i d e r a t i o n a n d , i s d e f i n e d b y : 

K = < <[) (2)|-^-|<|> (2H> (1) - (2.1 .1.) r c r ^ 2 v c 

The i n t e n s i t i e s o f t h e peaks a r e p r o p o r t i o n a l t o t h e 

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

[ 2 ( S + h) + 1 1 / [ 2 ( S - h) + 1] = (S + 1) :S (2.12) 

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

s a m p l e c h a r g i n g e f f e c t s and r e f e r e n c e l e v e l . A d e t a i l e d 
198 

r e v i e w has been p r o v i d e d by F a d l e y . The m a g n i t u d e o f 

t h e s p l i t t i n g f o r a g i v e n i o n o r atom can 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 , 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 
151 199 

o f t h e u n p a i r e d v a l e n c e e l e c t r o n s i n compounds, ' s i n c e 

t h e s p l i t t i n g i n c r e a s e s w i t h i n c r e a s i n g s p i n d e n s i t y on an 

atom. The m u l t i p l e t s p l i t t i n g AE 1 on t h e i t h atom can be 

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

i * " * 1 atom; and, i s g i v e n by e q u a t i o n ( 2 . 1 3 ) : 
AE = f . ( 2 S + 1)K. ( 2 . 13) l l 

F o r e x a m p l e , s i m p l e m o l e c u l e s N„ , NO and 0~, s t u d i e d by 
152 

S i e g b a h n e t a l i n t h e gas p h a s e , r e v e a l e d t h a t t h e N 

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

l e v e l ( I S ) a f t e r p h o t o i o n a t i o n was d e g e n e r a t e w i t h r e s p e c t 

t o s p i n ; w h e r e a s , NO and 0^ c o r e l e v e l s were s p l i t bv t h e 

p r e s e n c e o f u n p a i r e d e l e c t r o n s . F i g u r e 2.9 d e s c r i b e s t h e 

o r b i t a l l e v e l s i n N , NO and 0 2 and F i g u r e 2.10 t h e ESCA I S 

l e v e l s o f t h e m o l e c u l e s . The NO m o l e c u l e has one u n p a i r e d 

e l e c t r o n i n t h e 2v o r b i t a l a n d , t h e r e f o r e , upon p h o t o e m i s s i o n 

2 
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N 0 NO 0 ? 

2Pirg O -O 2 i r ^ > O 2 p K ^ q . 

2 £ u 2 o . - ® - ^ 

2 s o j - © ~ W -®~ 2 5 ^ - ® -

N 1 s - ® - - ® - Wis - ® ~ 

F i g u r e 2.9. E l e c t r o n i c c o n f i g u r a t i o n s o f ^ » NO and 0 2 -

0 0 N N 
1s 1s 1s 1s 

0 NO N 

\ 
r 1 

540 545 415 410 415 410 540 545 
Binding Energies leV) 

F.i < | u r o 2.10 I'ISCA iKi.'ik 1 )h a.si f o r N NO and O < ,1 A A 
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o f e i t h e r an oxygen I S , o r n i t r o g e n I S , t h e m o l e c u l a r i o n 

(N0 +) i s l e f t i n e i t h e r a t r i p l e t , o r s i n g l e t s t a t e 

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

be a t t r i b u t e d t o the. exchange i n t e r a c t i o n between t h e c o r e 

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

e n e r g i e s . The 0^ m o l e c u l e has a s i m i l a r e l e c t r o n c o n f i g u r a t i o n 

t o NO but w i t h two u n p a i r e d e l e c t r o n s i n i t s o u t e r Tig o r b i t a l 

and, a g a i n , s p l i t t i n g o f t h e oxygen peak i s o b s e r v e d . 

2.4.2 S p i h - o r b i t s p l i t t i n g 

S p i n - o r b i t s p l i t t i n g r e s u l t s upon p h o t o i o n i s a t i o n o f an 

o r b i t a l , which h a s an o r b i t a l quantum number (?,) g r e a t e r 

t h a n one ( i . e . from p, d and f o r b i t a l s ) . The d o u b l e t 

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

o f t h e s p i n (S) and t h e o r b i t a l a n g u l a r momenta (L) o f t h e 
323 324 

e l e c t r o n t o y i e l d a t o t a l momentum ( J ) : ' 

J = S + L (2.14) 

When t h e s p i n - o r b i t c o u p l i n g i s weak, t h e o r b i t a l a n g u l a r 

momenta c o u p l e t o g i v e a r e s u l t a n t L i n s t e a d of c o u p l i n g t o 

t h e s p i n a n g u l a r momenta. 

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 i n the 

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

de g e n e r a c i e s 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 by ( 2 J + 1 ) . The r e l a t i v e s i g n a l i n t e n s i t i e s o f t h e 

J s t a t e s f o r t h e S, p, d and f l e v e l s a r e i n d i c a t e d i n T a b l e 

2.3 and i l l u s t r a t e d i n F i g u r e 2.11. 



s 

p 

d 

f 

T a b l e 2.3 

I n t e n s i t y r a t i o s f o r d i f f e r e n t l e v e l s 

O r b i t a l O r b i t a l q u a n t u m T o t a l q u a n t u m I n t e n s i t y r a t i o 
number ~* n u m b e r ' j = ( i + S) ( 2 J + 1 ) / ( 2 J + 1) 

0 ^/2 s i n g l e t 

1 1 / 2 , 3/2 1:2 

2 3/2 , 5 / 2 2 :3 

3 5 / 2 , 7 / 2 3:4 

A u 4 f 

/ 

» i » • • V 1 I ' - v s - i 1 r f -

Energy (eV) 

F i g u r e 2 . 1 1 . S p i n - o r b i t s p l i t t i n g s i n C l s, C l 2 p , A g 3 d and A u 4 f 

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

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 o f t h e 
32 5 32 6 

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 . ' E l e c t r o s t a t i c s p l i t t i n g s 

have been o b s e r v e d f o r a number o f s y s t e m s , f o r e x a m p l e , t h e 

5p^ l e v e l s o f u r a n i u m and t h o r i u m and i n some compounds o f 
/2 3 2 7 3 2 8 > •.-, g o l d . ' A d e f i n i t e c o r r e l a t i o n has been f o u n d b e t w e e n 

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 q u a d r u p o l e s p l i t t i n g s o b t a i n e d 
329 

f r o m M5ssbauer s p e c t r o s c o p y , w h i c h a r i s e f r o m t h e i n t e r a c t i o n 

o f t h e n u c l e a r q u a d r u p o l e moment w i t h an inhomogeneous 

e l e c t r i c f i e l d . 

The t y p e s o f f i n e s t r u c t u r e s , w h i c h may be e n c o u n t e r e d 

i n ESCA, a r e s u m m a r i s e d i n F i g u r e 2.12. 

Ql?lll9VllM@ 
wvws s>oj 

f 0 

m s 

B 

F i g u r e 2.12. S c h e m a t i c o f t h e t y p e s o f s p l i t t i n g e n c o u n t e r e d 
i n ESCA. 
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2 . 5 E n e r g y R e f e r e n c i n g 

As i t has been s t a t e d i n s e c t i o n 2.2.1 t h a t f o r s a m p l e s 

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

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

sample a r e o p e r a t i o n a l l y c o n v e n i e n t . However, f o r i n s u l a t i n g 

s a m p l e s such as p o l y m e r s , t h e F e r m i l e v e l i s n o t w e l l d e f i n e d 

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

v a l e n c e bands and p r e d o m i n a n t l y e mpty c o n d u c t i o n b a nds. 

C o n s e q u e n t l y , t h e sample c h a r g i n g must be d e t e c t e d f o r 

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

a r e r e q u i r e d . 

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

as s o l i d s i n t h e s p e c t r o m e t e r . I n t h e f i r s t , t h e sample i s 

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

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

i n t h e s p e c t r o m e t e r s o u r c e . S i n c e t h e mean f r e e p a t h f o r 
151 

t h e i n c i d e n t X - r a y beam i s v e r y l a r g e , d e p e n d i n g on t h e 

c o n d i t i o n s , f o r f i l m s o f t h e o r d e r o f lOOoX t o have s u f f i c i e n t 

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

s p e c t r o m e t e r . T h i s can m o s t r e a d i l y be t h e case by a p p l y i n g 
330 

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

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

e x a c t l y f o l l o w t h e a p p l i e d b i a s . I t i s , t h e r e f o r e , p o s s i b l e 

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

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

p r o v i d e s a d i r e c t e n e r g y r e f e r e n c e . I f t h e sample has been 

d e p o s i t e d on a s u b s t r a t e such as g o l d , i t i s p o s s i b l e t o 

measure t h e c o r e l e v e l s o f t h e sample w h i l s t m o n i t o r i n g t h e 



155 A u . r core l e v e l and , t h i s p r o v i d e s a c o n v e n i e n t means 4 f 
/2 

o f energy r e f e r e n c i n g . 

The second s i t u a t i o n a r i s e s f o r t h i c k i n s u l a t i n g samples . 

I t i s o f t e n c o n v e n i e n t t o s t u d y samples mounted on doub le 

s i d e d Sco tch t a pe e i t h e r as powder , o r as d i s c r e t e f i l m s . 

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

t h a t t h e samples w i l l be i n e l e c t r i c a l c o n t a c t w i t h the 

s p e c t r o m e t e r and , i n g e n e r a l , i t w i l l be f l o a t i n g a t some 

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

c h a r g i n g p roces s may be t i m e dependent . I f ca re i s t a k e n 

i n t h e measurements , t h e charge b u i l t up on a sample and i t s 

t i m e dependence may be used t o i n v e s t i g a t e the e l e c t r i c a l and 
331 332 

c h e m i c a l c h a r a c t e r i s t i c s o f samples . ' The most r e l i a b l e 

method o f energy r e f e r e n c i n g i s t o f o l l o w the s low b u i l d up 

o f h y d r o c a r b o n c o n t a m i n a t i o n a t t h e s u r f a c e . W i t h a base 
_ g 

p r e s s u r e o f % 10 t o r r , t h e p a r t i a l p r e s s u r e o f e x t r a n e o u s 

h y d r o c a r b o n m a t e r i a l i s such t h a t t aken i n c o n j u n c t i o n w i t h 

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

sys t ems , i t n o r m a l l y t ake s s e v e r a l hou r s b e f o r e any s i q n a l 

a r i s i n g f r o m h y d r o c a r b o n i s appa ren t ( b i n d i n g energy 2 85 eV 

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

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

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

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

t h e b u i l d up a t t h e s u r f a c e . Such m a t e r i a l a lmos t a lways 

goes down i n u n i f o r m coverage and , a t submonolayer coverage 

a c q u i r e s the same s u r f a c e p o t e n t i a l as t h e sample . T h i s i s 

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



on t h e s u r f a c e s i n c e t h e r e i s a marked t endency t o ' i s l a n d ' 

and as s u c h , d i f f e r e n t i a l c h a r g i n g may o c c u r . I n a d d i t i o n , 

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

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

s u b s t r a t e d u r i n g d e p o s i t i o n cannot be d i s c o u n t e d . The use o f 
333 

t h e s o - c a l l e d ' g o l d d e c o r a t i o n ' t e c h n i q u e i s , t h e r e f o r e , 

n o t recommended f o r o r g a n i c and p o l y m e r i c m a t e r i a l s . The 

i n s u l a t i n g samples p r o v i d e t h e m o t i v a t i o n f o r the use o f 
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e l e c t r o n ' f l o o d guns ' i n s p e c t r o m e t e r s e m p l o y i n g mono

c h r o m a t i c X - r a y s o u r c e s . The r emova l o f B r e m s s t r a h l u n g as a 

source o f secondary e l e c t r o n s can l e a d t o s h i f t s i n t he 

k i n e t i c ene rgy s c a l e i n t h e h u n d r e d e l e c t r o n v o l t range 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 he samples can 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 ach i eve an accuracy 

comparable w i t h t h a t f o r the o t h e r methods . An a l t e r n a t i v e 

source o f low ene rgy 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 u l t r a - v i o l e t r a d i a t i o n f r o m a low p r e s s u r e , low 

power mercu ry lamp v i a a q u a r t z v i e w i n g p o r t i n t h e source 

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

sample c h a r g i n g i s r educed t o a low l e v e l . 

The t h i r d s i t u a t i o n can a r i s e f o r f i l m s o f t h i c k n e s s 

g r e a t e r t h a n one m i c r o n , w h i c h have been b u i l t up by d e p o s i t i o n 

on a c o n d u c t i n g s u b s t r a t e . Such f i l m s behave as ' l e a k y ' 

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

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

b i a s p o t e n t i a l i n a p a r t i c u l a r manner. S ince t h e dynamic 



( 

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

i n v a r i a b l y , produces an o v e r a l l p o s i t i v e charge on the sample 

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

s h i f t i n t h e k i n e t i c ene rgy s c a l e t han the a p p l i e d v o l t a g e , 

whereas a n e g a t i v e b i a s v o l t a g e produces a l a r g e r s h i f t i n 

t he k i n e t i c energy s c a l e t h a n t h e a p p l i e d v o l t a g e . From a 

s t u d y o f t hese e f f e c t s and f r o m the secondary e l e c t r o n 

d i s t r i b u t i o n , t h e ene rgy r e f e r e n c e may r e a d i l y be e s t a b l i s h e d 

The i n v e s t i g a t i o n o f such e f f e c t s as a f u n c t i o n o f f i l m 

t h i c k n e s s i n t h e range 1 - 100 m i c r o n p r o v i d e s an i n t e r e s t i n g 

i n s i g h t i n t o t h e e l e c t r i c a l c h a r a c t e r i s t i c s o f po lymer 
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samoles ' and , t h e t y p i c a l b e h a v i o u r , w h i c h i s o b s e r v e d 

i s shown i n F i g u r e 2 . 1 3 . 

Sample charging 
polymer f i lms 

lOu. polymer f i lm 1 0 0 0 A 

7 x 

I O O J I . 

Au Au Au 

Au in e lec tr ica l contact with probe. 
B ias voltage character is t ics 
polymer core levels 

is T 1 
KE A A 

y 

V»0J 

F i g u r e 2 . 1 3 . T y p i c a l sample c h a r g i n g c h a r a c t e r i s t i c s f o r 
p o l y m e r f i l m s . 



The ene rgy r e f e r e n c e i n each case f o r t he measurements 

d e s c r i b e d above i s t he Fermi l e v e l . A l t h o u g h t he e x a c t 

l o c a t i o n o f t h i s l e v e l i n r e l a t i o n t o the va l ence and' 

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

p o s s i b l e f o r an ' i n s u l a t o r ' t o be i n e l e c t r i c a l c o n t a c t w i t h 

the s o e c t r o m e t e r ( i . e . t h e i r Fe rmi l e v e l s are t h e same). 

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

e x p r e s s i o n f o r t h e Fermi l e v e l o f an i n s u l a t o r , t h e use o f 

t he Fe rmi l e v e l as an energy r e f e r e n c e i s o p e r a t i o n a l l y 

c o n v e n i e n t . I f t h e work f u n c t i o n o f t he i n s u l a t o r i s known, 

one can c a l c u l a t e t h e b i n d i n g energy w i t h r e s p e c t t o t he 

vacuum l e v e l . 

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 

o f a n u i s a n c e , w h i c h must be c i r c u m v e n t e d , r e c e n t work has 
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shown ' 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 

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

f i l m 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 .14 i l l u s t r a t e s a s chema t i c r e p r e s e n t a t i o n o f the 

g e n e r a l geometry o f t h e ESCA e x p e r i m e n t , e m p l o y i n g a f i x e d 

a r rangement o f a n a l y s e r and X - r a y s o u r c e . hv r e p r e s e n t s t h e 

i n c i d e n t X - r a y s and e t h e f r a c t i o n o f 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 ang le between the X - r a y 

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 , o d e s c r i b e s t h e 

ang le o f t h e sample i n r e l a t i o n t o t he a n a l y s e r (1ow v a l u e s 

o f 0 a p p r o x i m a t e l y e q u a l t o ze ro c o r r e s p o n d t o g r a z i n g 

i n c i d e n c e o f t h e X - r a y s and , h i g h v a l u e s o f 0 a p p r o x i m a t e l y 
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F i g u r e 2 . 1 4 . Schemat ic r e p r e s e n t a t i o n o f t h e sample geometry 
r e l a t i v e t o the X - r a y gun and a n a l y s e r . 

e q u a l t o 9 0 ° c o r r e s p o n d t o g r a z i n g e x i t f r o m t h e sample o f 

t h e p h o t o e m i t t e d e l e c t r o n s , w h i c h are" a n a l y t ed) . The 

pa rame te r s a f f e c t i n g t h e s i g n a l i n t e n s i t i e s are d i s c u s s e d 

i n t h e p r o c e e d i n g s e c t i o n s . 

2 . 6 . 1 F i x e d angle s t u d i e s 

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 

(T) o f t he 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 
, . , 3 37,3 38 f r o m , i core l e v e l ( i ) i s exp re s sed as : 

- x 
d l . l''.t . N . K . e / A i ,lx ( 2 . IS) 

I i l l 



(><) 

where 1^ i s t h e i n t e n s i t y a r i s i n g f r o m the core l e v e l i , 

F i s t he e x c i t i n g p h o t o n f l u x , 

d. i s the number o f atoms p e r u n i t v o l u m e , on w h i c h 1 
t he core l e v e l 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 , and 
1 

A. i s t h e e l e c t r o n mean f r e e p a t h . 1 

I n t e g r a t i o n o f e q u a t i o n ( 2 . 1 5 ) g i v e s : 

a ~ X / A I . = / F a . N . K . e ' i dx ( 2 . 1 6 ) 
1 o 1 1 1 

I . = F a . N . K . A . ( 2 .17 ) 
l 1 1 1 1 

The v a r i o u s f a c t o r s and pa ramete r s g o v e r n i n g t h e i n t e n s i t y 

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

e n s u i n g d i s c u s s i o n . 

The X - r a y 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 o f the X - r a y gun . However , the 

ang le o f i n c i d e n c e <\> o f t h e X - r a y s and t h e a n a l y s e r and 0 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 ( a . ) f o r p h o t o i o n i s a t i o n o f core l e v e l 
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 he 

co re 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 pho ton o f 
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known energy and , i n c l u d e s o n l y t he 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 angle o f 

accep tance o f the 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 core l e v e l t o w h i c h , i t r e l a t e s and o f t he energy o f 

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

340 
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 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 

152 
f r o m gas phase ESCA e x p e r i m e n t s . The geometry o f the X - r a y 
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source 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 

a. v a l u e s b u t a. i s n o r m a l l y c o n s t a n t f o r a p a r t i c u l a r 1 1 

s p e c t r o m e t e r w i t h t h e same X - r a y source and a f i x e d v a l u e o f 

<{). I t has been w e l l e s t a b l i s h e d t h a t t he c r o s s - s e c t i o n , i n 

t h e d i p o l e a p p r o x i m a t i o n , f o r randomly o r i e n t e d p o l y a t o m i c 
341 342 

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

TOT 1 2 
a i = a j / / 4 i r [ l - ^ U c o s if - 1 ) ] ( 2 .18 ) 

34 3 
where B^ i s t h e asymmetry pa rame te r o f t h e core l e v e l 

TOT 
and a. i s t h e t o t a l c r o s s - s e c t i o n o f t he l e v e l . W i t h l 
Mg, and A l , 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 o f 

K a l , 2 k a l , 2 
co re l e v e l s o f most e l ements i n the p e r i o d i c t a b l e are w i t h i n 

two o r d e r s o f magni tude o f t h a t f o r t h e C l e v e l s ; and , 
I s 

t h e r e f o r e , t he ESCA has a c o n v e n i e n t s e n s i t i v i t y range 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 core l e v e l s are 

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

i n s t r u m e n t t o a n o t h e r , depends on the d e t e c t o r e f f i c i e n c y , 

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

dependent on t h e k i n e t i c energy o f t h e core 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 a r rangement o f t he sample chamber 

( i . e . ang l e o f acceptance by s o l i d ) t o 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 ( A ^ ) o f p h o t o e m i t t e d e l e c t r o n s 

( a l t e r n a t i v e l y r e f e r r e d t o as t h e escape dep th ) i s 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 energy l o s s t h r o u g h 

i n e l a s t i c c o l l i s i o n s . The v a l u e s o f e l e c t r o n mean f r e e p a t h 
34 4 

have c a l c u l a t e d t h e o r e t i c a l l y and d e t e r m i n e d 
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e x p e r i m e n t a l l y . ' The mean f r e e p a t h i s a f u n c t i o n o f 

k i n e t i c energy 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 and ranges f r o m 

^ 4& f o r e l e c t r o n s o f a p p r o x i m a t e l y 80 eV k i n e t i c energy t o 

^ 30a" f o r e l e c t r o n s o f a p p r o x i m a t e l y 1500 eV. 

The s a m p l i n g dep th i s d e f i n e d as t h e dep th f r o m wh ich 

95% o f t h e s i g n a l comes f r o m a g i v e n co re l e v e l and i s 

r e l a t e d t o X b y : 

S a m p l i n g dep th = - A £ n 0 . 0 5 - 3A ( 2 . 1 9 ) 

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 dep th (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 ( d ' ) w i l l b e : 

d ' = dcosQ ( 2 . 2 0 ) 

(see F i g u r e 2 . 1 4 ) . 

As an example , f o r the carbon I s l e v e l i n v e s t i g a t e d by a 

Mg, X - r a y s o u r c e , t h e k i n e t i c ene rgy o f the p h o t o e l e c t r o n s 
1,2 

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 i s ^ lOA*. 

50% o f t h e s i g n a l seen by ESCA i s d e r i v e d f r o m the o u t e r m o s t 

7% and 95% f r o m t h e t o p 30A\ T h i s , c l e a r l y , 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 t h e ESCA. 

ISL i s t he number o f atoms p e r u n i t voluiue on w h i c h t h e 

core l e v e l i s l o c a l i s e d . The most s i g n i f i c a n t p r o p e r t y o f N 

i s t h a t the r e l a t i v e s i g n a l i n t e n s i t i e s f o r core h o l e s i n a 

homogeneous sample are d i r e c t l y r e l a t e d t o the 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 i n t h e sample . T h i s i s due t o 

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

d i r e c t l y p r o p o r t i o n a l t o t he number pe r u n i t volume o f t h e 
• ^ n 1 6 6 

atom i n t h e sample , 
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I . F a . N . K . A . 
_ i = 1 1 1 1 (2 21) 
I . F u . N . K . A . 

3 J 3 3 J 

where I . and I . c o r r e s p o n d t o t he core l e v e l i n t e n s i t i e s , 
i 3 

I f i and j a re core l e v e l s o f t he same a tom, then the s t a t e 

o f e q u a t i o n ( 2 . 2 1 ) becomes: 

I . N . 
- i = — ( 2 . 2 2 ) 
I . N . 

3 3 

I f i and j are d i f f e r e n t core l e v e l s t hen K . u . A . f K . a . A . and 
J i - 1 3 3 3 

( 2 . 2 3 ) 
N . l I . _ l K 3 a 3 A j 
N . 

3 
I . 

3 
K . a • 

l l 
X i 

K . a • A . 
The r a t i o ~ — - — - i s known as the s e n s i t i v i t y f a c t o r , w h i c h can 

rv . a . A . i l l 

be d e t e r m i n e d f r o m known samples o f s i m p l e s t o i c h i o m e t r y . These 

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

must be d e t e r m i n e d f o r t he p a r t i c u l a r s p e c t r o m e t e r . 

2 . 6 . 2 A n a l y t i c a l dep th p r o f i l i n g 

I t i s o f t e n i m p o r t a n t t o i n v e s t i g a t e samples f o r w h i c h 

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

homogeneous component o f t h i c k n e s s (d) i s p r e s e n t on a 

homogeneous base , as i s i l l u s t r a t e d i n F i g u r e 2 . 1 5 . The 

i n t e n s i t y o f t h e s i g n a l a r i s i n g s o l e l y f r o m the o v e r l a y e r can 

be e x p r e s s e d by i n t e g r a t i n g e q u a t i o n (2 .16 ) between x = 0 and 

x = d . 

I O V e r * = F a . N . A . (1 - e d / A i ) ( 2 . 2 4 ) 
l i l l 

S i m i l a r l y , a s o l u t i o n f o r t he s i g n a l i n t e n s i t y a r i s i n g 

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



i i i i \ i i Id , overlayer 

}}}}]}] , 4 , 
i i i i i i i s u b s i r o t e 

F i gure 2 . 1 5 . S u b s t r a t e / o v e r l a y e r mode l . 

subs . - d 
/A 

j 
Fa .N . K . A .e 

J J J J 
( 2 . 2 5 ) 

F i g u r e 2.16 i l l u s t r a t e s a g e n e r a l c o r r e l a t i o n between t h e 

e l e c t r o n mean f r e e p a t h and i t s k i n e t i c e n e r g y . I n t h e ene rgy 

range o f i n t e r e s t t o ESCA ( g r e a t e r t h a n 300 eV) , t he mean 

f r e e p a t h i n c r e a s e s w i t h i n c r e a s i n g k i n e t i c e n e r g y . As a 

consequence o f t h i s i n c r e a s e i n mean f r e e p a t h and , hence , 

t h e e f f e c t o f on t h e i n t e n s i t y (1^) f r o m the s u b s t r a t e , the 

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

s u b s t r a t e by an o v e r l a y e r i s dependent s t r o n g l y on t h e 

k i n e t i c energy o f t h e p h o t o e r a i t t e d e l e c t r o n s . Thus a n o n -

f l u o r i n e c o n t a i n i n g o v e r l a y e r on a f l u o r i n e c o n t a i n i n g 

s u b s t r a t e w i l l r e s u l t i n a decrease o f F-, /F_ r a t i o s i n c e the 
i s 2 s 

k i n e t i c ene rgy and mean f r e e p a t h o f the F 2 & p h o t o e m i t t e d 

e l e c t r o n s are g r e a t e r t h a n those f o r t h e F p h o t o e l e c t r o n s . 

I n o r d e r t o a n a l y t i c a l l y dep th p r o f i l e a sample , i t i s , 
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F i g u r e 2 . 1 6 . Mean f r e e pa th s o f p h o t o e m i t t e d e l e c t r o n s . 

t h e r e f o r e , necessa ry t o o b t a i n a c c u r a t e l y t h e e l e c t r o n mean 

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

b e i n g i n v e s t i g a t e d . 

2 . 6 . 3 A n g u l a r dependence o f s i g n a l i n t e n s i t i e s 

The use o f a n g u l a r s t u d i e s t o d e l i n e a t e ';he s u r f a c e and 

s u b s u r f a c e i s a w e l l e s t a b l i s h e d t e c h n i q u e , and i s used 
347 

e x t e n s i v e l y i n t h i s l a b o r a t o r y . The F i g u r e 2 .17 draws 

a compar i son between a n a r r o w X - r a y beam and a beam, w h i c h i s 

b r o a d e r t h a n t h e w i d t h o f t h e sample ( w ) . For a na r row beam, 

t h e t o t a l f l u x h i t t i n g t h e sample i s n o t a f f e c t e d by v a r y i n g A. 

However , w i t h a b r o a d e r beam, t h e t o t a l f l u x h i t t i n g t h e sample 

v a r i e s msinO; and, t h e r e f o r e , t h i s e f f e c t t ends t o i n c r e a s e 

t h e s i g n a l i n t e n s i t y as t h e 0 i s i n c r e a s e d . For a g i v e n v a l u e 

o f 0 , t h e e n t r a n c e s l i t o f t h e a n a l y s e r a l l o w s t h e p h o t o e m i t t e d 
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F i g u r e 2 . 1 7 . Narrow and wide X - r a y beam. 

e l e c t r o n s f r o m a sample area p r o p o r t i o n a l t o mcosf j . As o i s 

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

The c o n v o l u t i o n o f t he se two o p p o s i n g e f f e c t s p roduces an 

o v e r a l l f u n c t i o n o f 0 ( f ^ e ) f o r a core l e v e l ( i ) ) , w h i c h 

e x h i b i t s a maximum v a l u e . E q u a t i o n ( 2 . 1 7 ) , t h e r e f o r e , t a k e s 

t h e f o r m o f : 

I . = f . ( G) Fci . N. K . X . ( 2 . 2 6 ) l l 1 1 1 1 

where f ^ ( 0 ) can be d e t e r m i n e d e m p i r i c a l l y . The a d d i t i o n o f 

a n g u l a r e f f e c t s i n t o e q u a t i o n s ( 2 . 2 4 ) and ( 2 . 2 5 ) g i v e s : 

I O V e r - = f . ( e ) F a . N . K . A. ( 1 - e 7 i cos'}) ( 2 . 2 7 ) l l 1 1 1 1 

j s u b s . „ f . ( o ) F 1 ( . N . K . A.e ^^i cosO ( 2 . 2 H ) 
3 3 3 3 1 1 
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F u r t h e r d e t a i l e d i n f o r m a t i o n o f these a n g u l a r phenomena 
331 347 can be f o u n d e l s e w h e r e . ' 

2 .7 L i n e Shape A n a l y s i s 

The l a r g e r i n h e r e n t w i d t h o f t h e core l e v e l t h a n t h e 

c h e m i c a l s h i f t o f t h a t l e v e l a r i s i n g i n ESCA measurements , has 

l e d t o t h e need f o r an a c c u r a t e l i n e shape a n a l y s i s f o r 
155 

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

The m a j o r c o n t r i b u t i o n t o b r o a d e n i n g l i n e - w i d t h s a r i s e s f r o m 

t h e l e s s e f f i c i e n t m o n o c h r o m a t i s a t i o n o f t h e X- ray p h o t o n 

s o u r c e , a l t h o u g h , w i t h e f f i c i e n t monochromat ion o f X - r a y 

r a d i a t i o n , t h e need f o r such a n a l y s i s may w e l l d i s a p p e a r . 

However, a p r e c i s e method o f a n a l y s i s remains a n e c e s s i t y w i t h 

p r e s e n t i n s t r u m e n t a t i o n t o make f u l l use o f t h e 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 f r o m ESCA. 

The measured l i n e - w i d t h s f o r core l e v e l s ( a f t e r t a k i n g 

i n t o account s p i n o r b i t s p l i t t i n g s , i f t hese are n o t r e s o l v e d ) 

may be e x p r e s s e d as : 

(AEm) 2 = ( A E x ) 2 + ( A E s ) 2 + ( A E c l ) 2 ( 2 . 29 ) 

w h e r e , AEm i s t h e measured w i d t h a t h a l f h e i g h t , s o - c a l l e d 

f u l l w i d t h a t h a l f maximum (FWHM) . 

AEx i s t h e FWHM o f t h e X - r a y p h o t o n source 

AEs i s t h e c o n t r i b u t i o n t o t h e FWHM due t o t h e s p e c t r o m e t e r 

( i . e . a n a l y s e r ) , and 

AEcl- i s t h e n a t u r a l w i d t h o f t h e core l e v e l under 

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

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

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

b i n d i n g e n e r g y , due t o d i f f e r e n c e s i n l a t t i c e env i ronmen 
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Mq, and A l , are t h e most u s e f u l p h o t o n sources 
k a l , 2 k a l , 2 

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

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

e l e c t r o s t a t i c a n a l y s e r s , t he c o n t r i b u t i o n AEs can be r educed 

t o n e g l i g i b l e p r o p o r t i o n s so t h a t t h e m a j o r l i m i t i n g f a c t o r s 

i n t e rms o f r e s o l u t i o n are p h o t o n l i n e - w i d t h (wh ich may be 

r educed by m o n o c h r o m a t i s a t i o n o f X - r a y r a d i a t i o n ) and t h e 

i n h e r e n t w i d t h o f the l e v e l i t s e l f . For s o l i d s i n w h i c h 

l o n g e r range i n t e r a c t i o n s are i m p o r t a n t ( e . g . i o n i c l a t t i c e s 

o r hyd rogen bonded c o v a l e n t s o l i d s ) , s o l i d s t a t e e f f e c t s 

can c o n t r i b u t e t o t he o v e r a l l l i n e - w i d t h s . Some examples 

o f n a t u r a l l i n e - w i d t h s (AEcl ) , 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 a re g i v e n i n Tab le 2 . 4 . The u n c e r t a i n t y p r i n c i p l e 

i n t h e f o r m AE A t > — shows t h a t f o r a core h o l e s t a t e w i t h 
4 71 

l i f e t i m e o f ^ 6 .6 x 10 ^ seconds ,^ t h e l i n e - w i d t h 

( u n c e r t a i n t y i n t h e energy o f t h e s t a t e ) i s ^ 1 eV. 

I t i s c l e a r l y e v i d e n t f r o m Tab le 2 .4 t h a t t h e r e are l a r g e 

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

o f t h e same e l emen t and f o r t h e same l e v e l s o f d i f f e r e n t 

e l e m e n t s . These r e f l e c t d i f f e r e n c e s i n l i f e t i m e s o f t h e h o l e 

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

and n o n - r a d i a t i v e (Auger) c o n t r i b u t i o n s , t h e i m p o r t a n c e o f 

t h e f o r m e r i n c r e a s i n g w i t h a t o m i c number. T h i s emphasises 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 t h e i n n e r 

most core l e v e l . For g o l d , as an example , t h e FWHM o f 54 f o r 

t h e I s w o u l d swamp any chemica l s h i f t . 

I t has been w e l l s u b s t a n t i a t e d t h a t t h e c o n t r i b u t i o n s t o 

t h e AEm f r o m AEs are e s s e n t i a l l y Gaussian l i n e shapes and are 
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p r i m a r i l y due t o a n a l y s e r , f o c u s s i n g and d e t e c t o r i m p e r f e c t i o n s ; 

whereas f o r t h e E e l , t he c o n t r i b u t i o n s are c o n s i d e r e d t o be 

L o r e n t z i a n , b e i n g dependent upon the Auger and X - r a y f l u o r e s c e n c e 

p r o c e s s e s , upon p h o t o i o n i s a t i o n o f a core l e v e l . The 

c o n v o l u t i o n o f these shapes produces a g e n e r a l l i n e - s h a p e w i t h 
152 

Gauss ian c h a r a c t e r i s t i c s and the 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 . I t i s b e l i e v e d t h a t t h e use o f pure Gaussian 

shapes i n t r o d u c e o n l y s m a l l e r r o r s and, t h e r e f o r e , t h i s fo rms 

t h e b a s i s o f most ana logue t e c h n i q u e 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 c l a s s e d i n t o two main 

c a t e g o r i e s : 
349 

( i ) D e c o n v o l u t i o n s by m a t h e m a t i c a l enhancement; 

( i i ) Curve 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 analogue 

o r d i g i t a l f a s h i o n . 

The curve f i t t i n g p r o c e d u r e demands a 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 such as b i n d i n g e n e r g y , l i n e - w i d t h and 

peak h e i g h t . These pa ramete r s are 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 analogue mode; and , t h e work i n t h i s t h e s i s i s 

p r e d o m i n a n t l y based on t h i s me thod , u s i n g a DuPont Curve 

R e s o l v e r (Model 310) . The b a s i c approach t o curve 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 . 5 . 

C a u t i o n i s r e q u i r e d , 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 m e t h o 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 complex l i n e - s h a p e s , a knowledge 

o f p r o t o t y p e systems i s i m p e r a t i v e such t h a t the s o l u t i o n i s 

o n e , based on t h e c h e m i c a l u n i q u e n e s s . 
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2 . 8 ESCA I n s t r u m e n t a t i o n 

T h e ESCA i n s t r u m e n t , e s s e n t i a l l y , c o n s i s t : - ; o f an 

e x c i t a t i o n s o u r c e , a n e l e c t r o n e n e r g y a n a l y s e r , a r i d an u l I r a -

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

e s s e n t i a l c o m p o n e n t s i s g i v e n i n F i g u r e 2 . 1 8 . I n a d d i t i o n t o 

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

a n c i l l a r y e x p e r i m e n t a l f a c i l i t i e s , w h i c h e n h a n c e t h e i r 

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

\ N 
V \ \ Energy / / / \ \ \ / / / Analyzer 

/ / / 
/ / / 

\ \ \ 

I i ' 
v 1 

V Lens Collector System Slit 
Multiplier 

Source 
Slit Target 

<] Sample A 
Amplifier & rate-meter 

x-y recorder 
Filament 

F i g u r e 2 . 1 8 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e ESCA 
i n s t r u m e n t a t i o n . 



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

T h e w o r k i n t h i s t h e s i s w a s c a r r i e d o u t o n a n A . E . I . E S 2 0 0 

A A / B s p e c t r o m e t e r , a l t h o u g h a c u s t o m - d e s i g n e d K r a t o s E S 3 0 0 

s p e c t r o m e t e r , f i t t e d w i t h a M g / T i d u a l a n o d e w a s a l s o u s e d 

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

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

u n d e r f o u r h e a d i n g s : 

( i ) X - r a y s o u r c e ; 

( i i ) S a m p l e c h a m b e r ; 

( i i i ) E l e c t r o n e n e r g y a n a l y s e r ; 

( i v ) E l e c t r o n d e t e c t i o n . 

2 . 8 . 1 X - r a y s o u r c e 

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

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

t u n g s t e n f i l a m e n t , r e s i s t i v e l y h e a t e d t o ^ 2 5 0 0 0 K ) a r e made 

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

w h i c h p r o d u c e s X - r a y s o f c h a r a c t e r i s t i c e n e r g i e 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 s h o w n i n F i g u r e 2 . 1 9 . 

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

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

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

p r o p o r t i o n a l t o t h e e l e c t r o n k i n e t i c e n e r g y (E) i n e q u a t i o n 

( 2 . 3 0 ) ; 

- E ( 2 . 3 0 ) 

w h e r e h i s P l a n c k ' s c o n s t a n t . T h e t o t a l X - r a y e n e r g y p e r 
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F i g u r e 2 . 1 9 . X - r a y s p e c t r u m o f a t u n g s t e n a n o d e . 

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

c o n t i n u u m a n d i s g i v e n b y : 

E T = K Z E 2 ( 2 . 31 ) 

w h e r e K - 0 . 7 x 1 0 ~ 4 , w h e n E a n d E^, a r e i n M e V , a n d Z i s t h e 

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

k i n e t i c e n e r g y c o n v e r t e d i n t o X - r a y e n e r g y i s : 

E T _ = K Z E ( 2 . 32 ) 
/ E 

E . - 3 D 

F o r a m a g n e s i u m a n o d e a n d v o l t a g e o f 12 k V , T y E i s o n l y 1 0 % 



-S4 

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

k a , 9 X - r a y e n e r g y o f 1 2 5 3 . 7 e V ) a n d a l u m i n i u m ( c h a r a c t e r i s t i c 
i , 2. 

k a „ X - r a y e n e r g y o f 14 8 6 . 6 e V ) , w h i c h p r o d u c e X - r a y l i n e -
i , 2. 

w i d t h s o f 0 . 7 e V a n d 0 . 8 5 e V r e s p e c t i v e l y . I t i s o f t e n 

d e s i r a b l e t o u s e t h e h a r d e r X - r a y s s u c h as C u ^ ( h v = 804 8 e V ) 

a n d a n 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 , ( h u = 4 5 1 0 e V ) f o r 
^ J krt 

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

T h e E S 2 0 0 i n s t r u m e n t e m p l o y s a M a r c o n i - E l l i o t t y p o GXS 

h i g h v o l t a g e g e n e r a t o r 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 -

6 0 k V ) a n d c u r r e n t o u t p u t ( 0 - 80 mA) . T h e X - r a y s o u r c e 

c o n s i s t s o f a n u n m o n o c h r o m a t i s e d m a g n e s i u m a n o d e o f t h e H e n k e 
3 5 1 

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

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

0 . 1 m i l l i r a d / s e c . , w h i c h 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 f o r 

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

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

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

b y o p e r a t i n g t h e f i l a m e n t a t s l i g h t l y p o s i t v e p o t e n t i a l ( + 1 0 V ) 

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

T h e E S 3 0 0 h a s a s m a l l e r s o l i d s t a t e h i g h v o l t a g e g e n e r a t o r 

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

k a l , 2 k a l , 2 
s l i t f i l t e r i n g a n d d i f f r a c t i o n t e c h n i q u e f r o m t h e ( 1 0 1 0 ) 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 7 8 . 3 ° t o e l i m i n a t e t h e 

s a t e l l i t e s a n d t h e c o n t i n u u m f o r t h e p r o d u c t i o n o f p u r e k n ^ 2 



r a d i a t i o n . 

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

a p p r o p r i a t e l a t t i c e s p a c i n g f o r m o n o C h r o m a t i s a t i o n o f M g ^ 

r a d i a t i o n h a v e p r e v e n t e d a m o r e w i d e s p r e a d u s e o f raono-

c h r o m a t i s e d X - r a y r a d i a t i o n . 

F i g u r e 2 . 2 0 , h o w e v e r , i l l u s t r a t e s t h r e e t e c h n i q u e s 

a v a i l a b l e f o r A l , m o n o c h r o m a t i s a t i o n . T h e s e a r e ( a ) s l i t 
k n 

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

f o c u s s i n g , a l l u s i n g c r y s t a l d i f f r a c t i o n o f t h e X - r a y r a d i a t i o n 
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F i g u r e 2 . 2 0 . M o n o c h r o m a t o r d e s i g n s f o r A l k a m o n o c h r o m a t i s a t i o n . 



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

l i n e - w i d t h s o f 0 . 2 e V . T h e f i n e - f o c u s s i n g t e c h n i q u e u s e s a 

h i g h p o w e r e l e c t r o n g u n a n d r e q u i r e s a r o t a t i n g a n o d e (5 -

1 0 , 0 0 0 r e v o l u t i o n s p e r m i n u t e ) . 

2 . 8 . 2 S a m p l e c h a m b e r 

F i g u r e 2 . 2 1 i s t h e g e n e r a l f o r m a t o f a n E S 2 0 0 B s p e c t r o m e t e r , 

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

X - r a y s o u r c e s 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 . 

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

i n t r o d u c t i o n a n d t r e a t m e n t s . F a s t - e n t r y i n s e r t i o n l o c k s a l l o w 

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

m o u n t e d o n a p r o b e t i p ( t y p i c a l l y 1 8 mm x 5 m m ) , u s i n g d o u b l e 

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

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

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

l o c k a n d , 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 ' i n s i t u ' t r e a t m e n t o f 

s a m p l e s . 
_ g 

T h e E S 2 0 0 B h a s a b a s e p r e s s u r e i n t h e r a n g e 1 0 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 p u m p s b a c k e d b y r o t a r y 

p u m p s . W h e r e a s , t h e E S 3 0 0 , p o s s e s s e s 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 s a m p l e c h a m b e r , p u m p e d b y a d i f f u s i o n p u m p , t h e 

s o u r c e a n d 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 p u m p e d b y a n 

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

3 5 0 l i t r e s p e r s e c o n d . T h e b a s e p r e s s u r e i s t y p i c a l l y o f t h e 

- 9 
o r d e r o f 1 0 t o r r . 
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F i g u r e 2 . 2 1 . G e n e r a l l a y o u t o f t h e A E I E S 2 0 0 B s p e c t r o m e t e r . 

2 . 8 . 3 E l e c t r o n e n e r g y a n a l y s e r 

T h e a n a l y s e r o n t h e E S 2 0 0 B 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 e l e c t r o s t a t i c a n a l y s e r , w h i c h w a s o r i g i n a l l y 

35 2 

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

f o r p r o t e c t i o n 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 . T h e 

r e s o l u t i o n o f t h e h e m i s p h e r i c a l a n a l y s e r d e p e n d s o n t h e : 
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( i ) m e a n r a d i u s o f t h e h e m i s p h e r e (R) 

( i i ) w i d t h o f t h e e n t r a n c e s l i t , a n d 

( i i i ) w i d t h o f t h e e x i t s l i t . 

T h e r e s o l u t i o n ( a E ^ e ) , w h e r e 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 s 

i s A E y E = w 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 t h e e n t r a n c e 

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

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

( i ) 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 d e c r e a s e s t h e 

s i g n a l i n t e n s i t y 

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

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

r e q u i r e m e n t s , a n d 

( i i i ) 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 . 

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

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

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

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

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

b e s i t u a t e d a t 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 

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

35 3 

h a n d l i n g . 

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

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

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

a n d k e e p 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 . 

T h e 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 ( F A T ) h a s 

a 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 ( l e s s t h a n 

5 0 0 e V ) , w h e r e a s 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) 

p o s s e s s e s 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 e l e c t r o n k i n e t i c 

e n e r g i e s . T h e FRR m o d e e m p l o y e d o n E S 2 0 0 B i s u s e d i n t h i s 

t h e s i s . 

2 . 8 . 4 E l e c t r o n d e t e c t i o n a n d d a t a a c q u i s i t i o n 

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

t h e e x i t s l i t o f 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 . 

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

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

g e n e r a t e d b y o n e o f t w o m e t h o d s : 

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

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

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

X - Y r e c o r d e r . 

( i i ) T h e 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 b y 

p r e s e t i n c r e m e n t s ( t y p i c a l l y 0 . 1 e V ) a n d a t e a c h 

i n c r e m e n t , ( a ) t h e c o u n t s m a y b e 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 n u m b e r o f c o u n t s 

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

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

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

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 t h e 

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

m u s t b e t a k e n t o a v o i d l o n g t e r m s a m p l e c h a n g e s . F o r e x a m p l e , 

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

( w h i c h t h e l a t t e r m a y a l t e r t h e p e a k 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 . 9 S a m p l e H a n d l i n g 

2 . 9 . 1 S o l i d s a m p l e s 

S o l i d s , a v a i l a b l e a s a p o w d e r , a r e o f t e n c o n v e n i e n t t o 

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

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

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

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

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

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

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

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

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

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

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 m a y b e h e l d i n a c h u c k a n d , 

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



m e t a l g a u g e 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 . T h e 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 m a y b e 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 . 9 . 2 L i q u i d s 

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

b y E S C A , b u t t h e l i m i t a t i o n s o f i n s t r u m e n t d e s i g n , u s u a l l y , 

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

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

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 ( 2 5 - 1 5 0 ° 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 b y 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 

a n d 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 s t r i p . S i n c e 

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

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

m i n i m i s e d . 

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

o n a w i r e l o o p p a s s i n g t h r o u g h t h e X - r a y b e a m p a r a l l e l t o t h e 
1 4- 1 - 4 . 3 5 0 

a n a l y s e r e n t r a n c e s l i t . 

A t y p i c a l ESCA p r o b e , o n t h e A E I E S 2 0 0 B a n d K r a t o s E S 3 0 0 

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

m e a n s 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 h e a t e r 

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

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



2 . 9 . 3 G a s e s 

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

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

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

s t a t e e f f e c t s , 

( 2 ) S a m p l e c h a r g i n g p r o b l e m s a r e r e m o v e d , 

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

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

( 5 ) B y m i x i n g w i t h s t a n d a r d g a s e s , p e a k s m a y b e 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 a n d s h a k e - u p a n d s h a k e - o f f p r o c e s s e s 

may b e d i s t i n g u i s h e d b y v a r y i n g t h e s a m p l e 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 . 1 0 G e n e r a l A s p e c t s o f ESCA 

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

b e s u m m a r i s e d a s f o l l o w s : 

( 1 ) T h e s a m p l e m a y b e s o l i d , l i q u i d o r g a s a n d s a m p l e 

s i z e s a r e s m a l l , e . g . i n s o l i d s , 1 0 g , 0 . 1 n 1 
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l i q u i d a n d 0 . 5 cm o f a g a s a t S T P ; 

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



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

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

a n d h e l i u m . T h e s e 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 ; 

( 4 ) M a t e r i a l s m a y b e s t u d i e d ' i n s i t u ' w i t h a m i n i m u m 

o f p r e p a r a t i o n ; 

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

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

T a b l e 2 . 6 ; 

( 6 ) ESCA h a s a h i g h e r s e n s i t i v i t y t h a n m a n y 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 s h o w n i n T a b l e 2 . 7 ; 

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

b y o t h e r t e c h n i q u e s ; 

( 8 ) F o r s o l i d s , ESCA h a s 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 a n d b u l k p h e n o m e n a , 

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 ) T h e 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 a n d 

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

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 b e m a d e ; 

( 1 0 ) T h e i n f o r m a t i o n l e v e l s a r e s u c h t h a t ' a b i n i t i o ' 

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

i s w e l l u n d e r s t o o d . 

T h e 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 e w : 

( 1 ) T h e o v e r a l l c o s t s a r e q u i t e h i g h ; 

( 2 ) W h i l e t h e t e c h n i q u e h a s s u p e r i o r d e p t h r e s o l u t i o n , 

^ 200A*, t h e s p a t i a l r e s o l u t i o n i s p o o r a n d an a r e a o f 



94 

O . 3 c m 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 s a y a n y t h i n g a b o u t t h e b u l k s t r u c t u r e 

b y m e a n s 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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T a b l e 2 . 6 

T h e h i e r a r c h y o f i n f o r m a t i o n o f l e v e l s a v a i l a b l e i n KSCA 

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

s h i f t s i n b i n d i n g e n e r g i e s . E l e m e n t 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 c 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 

a n d r e l a t i v e i n t e n s i t i e s o f c o m p o n e n t s o f ' s i n g l e t a n d 

t r i p l e t ' o r i g i n . S h o r t a n d l o n g e r r a n g e e f f e c t s 

d i r e c t l y . ( A n a l o g u e o f u v . ) 

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

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

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

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

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 a n d b u l k 

e f f e c t s . F o r g a s e s 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 a n d X - r a y s o u r c e , a n g u l a r d e p e n d e n c e o f 

34 3 

c r o s s - s e c t i o n s , a s y m m e t r y p a r a m e t e r B , s y m m e t r i e s 

o f l e v e l s . 
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T a b l e 2.7 

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

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 (g) 

I n f r a r e d a b s o r p t i o n 10~ 6 

A t o m i c a b s o r p t i o n 10~ 9 10~ 2 

Vapour phase c h r o m a t o g r a p h y 10" 3 10~ 7 

H i g h p r e s s u r e l i q u i d c h r o m a t o g r a p h y 10~ 6 10" 9 

Mass s p e c t r o s c o p y 10~ 9 10~ 15 

S u r f a c e T e c h n i q u e s 

ESCA I f f 10 

N e u t r o n 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 i o ~ 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 

A u g e r e m i s s i o n s p e c t r o s c o p y 10~ 14 

S e c o n d a r y i o n mass s p e c t r o m e t r y 10~ 13 



CHAPTER THREE 

AN ESCA INVESTIGATION OF A SERIEf 
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PART I 



3.1 I n t r o d u c t i o n 

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

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

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

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

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

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

a m b i e n t t o 200°C.^'^' ' ' ^ A c o n v e n t i o n a l h i g h s u l p h u r -

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

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

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

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

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

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

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

p r o p e r t i e s . ̂  ' 2 ' ̂ 7 ' ' ̂ 0"^ V u l c a n i s a t i o n i s u s u a l l y a f f e c t e d 

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

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

a c c e l e r a t o r s and m e t a l o x i d e s - p r e f e r a b l y z i n c o x i d e ) and by 

l o n g c h a i n f a t t y a c i d s ( s t e a r i c o r l a u r i c a c i d ) , o r t h e zinc-

s o aps o f t h e s e a c i d s . ( 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 a s t o m e r i c s a m p l e s k i n d l y p r o v i d e d by D u n l o p were v u l c a n i s e d 

by h e a t i n g t h e p r e m i x e d i n g r e d i e n t s on a c a l e n d e r i n g s y s t e m a t 

150°C i n a i r , w i t h a 2 mm n i p s e t t i n g t o d r a w i n t o s h e e t s . ) 

D e s p i t e t h e 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 o f 

e l a s t o m e r s and t h e numerous i n v e s t i g a t i o n s , w h i c h have been 

c o n d u c t e d i n a w i d e v a r i e t y o f a r e a s , s u c h as t h e e f f e c t o f 

s u l p h u r v u l c a n i s a t c s t r u c t u r e s on t h e mechan i c a l " 1 



p r o p e r t i e s , and c h a r a c t e r i s a t i o n o f 1 s u l p h u r - v u l c a n i s u t e s ' , 
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u s i n g c h e m i c a l r e a g e n t s ( c h a p t e r s one and n i n e ) , ' and 
p h y s i o - c h e m i c a l t e c h n i q u e s ( i n f r a r e d and NMR s p e c t r o s c o p i e s -

^ •, * \ 107,115-127 t h e l a t t e r e m p l o y e d o n l y m t h e l a s t few y e a r s ) , 

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

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

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

e m p h a s i s i n t h e l i t e r a t u r e has been b u l k a n a l y s i s by t h e u s u a l 
106 

c h e m i c a l and p h y s i c a l m e t h o d s , h o w e v e r , t h e r e has been 
v e r y l i t t l e o r no w o r k on s u r f a c e a n a l y s i s o f i n d u s t r i a l l y 

284 

i m p o r t a n t e l a s t o m e r s ; and, t h e r e f o r e ESCA o f f e r s t h e 

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

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

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

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

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

i n f o r m a t i o n a v a i l a b l e a t Durham make an i n v e s t i g a t i o n o f t h e 

changes i n s u r f a c e c h e m i s t r y , as a f u n c t i o n o f c u r e w o r t h w h i l e 

a t t h i s t i m e , i f o n l y f r o m an e m p i r i c a l b a s i s because o f t h e 

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

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

and 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 u n i v e r s e 

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 d e t a i l e d k n o w l e d g e 

o f s u r f a c e s t r u c t u r 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 any d e t a i l e d 

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

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

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



c h e m i c a l , m e c h a n i c a l and e l e c t r i c a l p r o p e r t i e s . A r e c e n t 
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e x a mple o f t h i s g e n r e i s t h e i m p o r t a n t w o r k o f Van O o i j 

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

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

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

C l a r k and c o w o r k e r s have shown i n an e x t e n s i v e s e r i e s o f 

p u b l i c a t i o n s , how ESCA may be a p p l i e d t o i n v e s t i g a t e t h e 
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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 a t p o l y m e r s u r f a c e s . 

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

s u r f a c e , s u b s u r f a c e and b u l k . T h i s and t h e s u b s e q u e n t c h a p t e r s 

( f o u r and f i v e ) a r e e x c l u s i v e l y c o n c e r n e d w i t h an ESCA 

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

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

( c h a p t e r s s i x and s e v e n ) t o t h e e l a b o r a t i o n o f c r o s s l i n k 

f u n c t i o n a l i t y . 

3.2 E x p e r i m e n t a l 

( i ) Samples o f raw N a t s y n 2200, and t h e N a t s y n p a r t i a l l y 

and f u l l y c u r e d s y s t e m s shown i n T a b l e 3.1 were 

p r e p a r e d by Dr. M. K i r k h a m , and were r e c e i v e d i n 

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

p o l y e t h y l e n e , ( c u r e d s a m p l e s ) o r p o l y e t h y l e n e -

t e r e p h t h a l a t e ( u n c u r e d N a t s y n 2 2 0 0 ) . 

( i i ) The s a m p l e s have been s t u d i e d by ESCA o v e r a p e r i o d 

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

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

e x p l o d e d t h e samp l e s on i n t r o d u c t i o n t o t h e h i g h 
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T a b l e 3.1 

(a) N a t s y n 2200 Sample F o r m u l a t i o n s 

N a t s y n 2200 
( c i s - p o l y i s o p r e n e ] 

Z i n c o x i d e 

S t e a r i c a c i d 

CBS 

S u l p h u r 

Permanax B 

TMTD 

D i c u p R 

Cures a t 150°C 

50% ( p a r t i a l ) 
m i n u t e s 

100% ( o p t i m u m ) 
m i n u t e s 

1 

/ 

/ 

/ 

/ 

/ 

/ 

2 

/ 

/ 

/ 

/ 

15 Sh 

2 5 2 5 20 120 

CBS 

Permanax B 

TMTD 

D i c u p R 

C y c l o h e x y l b e n z t h i a z y l s u l p h e n a m i d e 

A c e t o n e / d i p h e n y l a m i n e c o n d e n s a t e a n t i o x i d a n t 

T e t r a m e t h y l t h i u r a m d i s u l p h i d e 

D i c u m y l p e r o x i d e 

(b) Raw p o l y m e r 

C i s - p o l y i s o p r e n e ZnO S t e a r i c a c i d CBS S u l p h u r 

Permanax B TMTD D i c u p R 
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vacuum s y s t e m o f t h e s p e c t r o m e t e r , c a u s i n g on 

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

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

i n t r o d u c t i o n i n t o t h e s p e c t r o m e t e r h i g h vacuum 

s y s t e m ( t o ^ 1 7 0 K ) , d i d n o t p r o v e s u c c e s s f u l , and 

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

samp l e s c a n n o t r e a d i l y be removed. 

( i i i ) The o n l y s p e c t r a , w h i c h have been r e c o r d e d f o r t h e 

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

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

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

l a y e r . 

( i v ) I n a l l c a s e s , t h e samples have been h a n d l e d i n a i r . 

The c u r e d s y s t e m s were c u t t o a s i z e w i t h a p a i r 

o f s c i s s o r s , c a r e b e i n g t a k e n n o t t o c o n t a m i n a t e 

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

Samples were c u t t o a s i z e (20 mm x 6 mm x 2.5 mm) 

a p p r o p r i a t e f o r m o u n t i n g 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 . I n t h e case o f t h e u n c u r e d r u b b e r , t h e 

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

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

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

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

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

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

s i z e by means o f a p a i r o f s c i s s o r s . 

( v ) Samples f o r M u l t i p l e A t t e n u a t e d I n f r a r e d 

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

t h e a p p r o p r i a t e s i z e t o p l a c e a g a i n s t e i t h e r a 

Ge o r KRS5 c r y s t a l . 

( v i ) The IR d a t a and a l s o l i m i t e d s t u d i e s , w h i c h have 
13 

been made u s i n g s o l i d s t a t e C NMR s p e c t r o s c o p y , 

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

c h a p t e r . 

( v i i ) The ESCA e x a m i n a t i o n s have been c a r r i e d o u t , u s i n g 

e i t h e r a K r a t o s ES300, o r AEI ES200A/B e l e c t r o n 

s p e c t r o m e t e r i n each c a s e w i t h a Mg„ x - r a y 
K a l , 2 

s o u r c e . I n e i t h e r c a s e , s p e c t r a w e re r e c o r d e d i n 

t h e F i x e d R e t a r d a t i o n R a t i o (FRR) mode, and u n d e r 

t h e c o n d i t i o n s o f t h e s e e x p e r i m e n t s , t h e A u . f 

7 

l e v e l a t 84 eV, used f o r e n e r g y c a l i b r a t i o n had a 

FWHM o f ^ 1.2 eV. F o r s p e c t r a r e c o r d e d on t h e 

K r a t o s ES300, t a k e - o f f a n g l e s o f 30° and 50° 

were e m p l o y e d , w h i l s t f o r t h e ES200A/B, t a k e - o f f 

a n g l e s o f 30° and 70° were u s e d (a t a k e - o f f a n g l e 

6 = 0 c o r r e s p o n d s t o e x i t n o r m a l t o t h e s u r f a c e , 

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

f e a t u r e s ) . A c o m p a r i s o n o f t h e d a t a a t t h e t w o 

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

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

( v i i i ) L i n e shape a n a l y s i s , and a r e a r a t i o m e a s u r e m e n t s 

have been o b t a i n e d , u s i n g e i t h e r a Dupont 310 c u r v e 

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

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



( i x ) S w e l l i n g t e s t s were c a r r i e d o u t on t h e c u r e d 

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

E q u a l v o l u m e s o f a r a n g e o f s o l v e n t s o f known 

s o l u b i l i t y p a r a m e t e r s were added i n t o d i f f e r e n t 

s e t s o f t w o b o t t l e s , e a c h s e t c o n t a i n i n g known 

masses o f c u r e d e l a s t o m e r ( N a t s y n 2200, t y p e 1 ) . 

The s t o p p e r e d b o t t l e s were l e f t f o r two weeks t o 

e s t a b l i s h t h e e q u i l i b r i u m a t a m b i e n t t e m p e r a t u r e . 

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

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

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

p a r a m e t e r . 

(x) M i c r o a n a l y s i s 

(a) ' W e t - a s h i n g ' method 
3 

4 cm o f c o n c e n t r a t e d ^SO^ was added t o a 
b e a k e r c o n t a i n i n g an a c c u r a t e l y known mass ( c a . 

3 

0.3 g) o f e l a s t o m e r f o l l o w e d by 1 cm o f c o n c e n t r a t e d 

HNO-j a c i d . The c o n t e n t s w e r e m i x e d w i t h a g l a s s 

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

t h e o r g a n i c m a t t e r had been d e s t r o y e d by w e t -

a s h i n g w i t h E^SO^-HNO^ a c i d s . The p a l e y e l l o w 

s o l u t i o n o b t a i n e d a f t e r d e s t r o y i n g t h e o r g a n i c 
3 

m a t t e r was h e a t e d s t r o n g l y b e f o r e c o o l i n g . 25 cm 

o f w a t e r was added and b o i l e d f o r a b o u t t w o 

m i n u t e s . 

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

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

w a t e r f o r f i l t r a t i o n and t h e f i l t r a t e was t r a n s f e r r e d 
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3 t o a 50 cm and made up t o t h e mark w i t h w a t e r . 

The a b s o r p t i o n s p e c t r a o f element:; were 

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

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

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

s p e c t r a . 

(b) ' C o m b u s t i o n m e t h o d ' - i n v o l v e s t h e c o m b u s t i o n 

o f an a c c u r a t e l y known mass (2 mg) o f m a t e r i a l i n 

an o x y g e n a t o m o s p h e r e , u s i n g P e r k i n E l m e r 

E l e m e n t a l A n a l y s e r (Model 2 4 0 ) . The c o n c e n t r a t i o n 

o f an e l e m e n t i s d e t e r m i n e d f r o m s t a n d a r d e l e m e n t a l 

s p e c t r a . 

( x i ) ESCA s t u d i e s o f m o d e l s y s t e m s 

(a) Powders 

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

p o w d e r , s u c h as a c c e l e r a t o r s and a c t i v a t o r s , w e r e 

e x a m i n e d a t a p p r o x i m a t e l y 190K, by m o u n t i n g o n t o a 

d o u b l e s i d e d ' S c o t c h ' t a p e , and t h e n t a p p i n g o f f 

t h e e x c e s s powder t h a t has n o t a d h e r e d . 

Care was t a k e n t o a v o i d t h e i n c o m p l e t e c o v e r a g e 

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

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

S p e c t r a o b t a i n e d i n t h i s manner t e n d t o have h i g h e r 

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

s h e e t / f i l m , a nd, t h e r e f o r e , t h i s r e s u l t s i n b r o a d e r 

p h o t o i o n i s a t i o n p e a k s . 

(b) L i q u i d s 

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



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

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

s i x and s e v e n , 

( x i i ) B a c k g r o u n d i n f o r m a t i o n on t h e s a m p l e s 

The f u l l d e t a i l s o f t h e compound f o r i n u I a L i on:-; 

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

N a t s y n 2200 e l a s t o m e r s a r e shown i n T a b l e 3.12. 

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

a ba n b u r y " o r two r o l l m i l l s y s t e m i s f e d i n t o 3/ 

more r o l l c a l e n d e r i n g s y s t e m w i t h a 2 mm n i p s e t t i n g 

t o draw i n t o s h e e t s . 

L Roll Calender 4 

0 

Sheets 

The s h e e t p a s s e s t h r o u g h t h r e e s u c c e s s i v e n i p s 

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

gauge. The t r a n s f e r o f a s h e e t i r o m one r o l l t o 

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

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

and s u r f a c e - f i n i s h d i f f e r e n t i a l . The s h e e t i s 

s t r i p p e d by a h i g h e r - s p e e d r o l l , w h i c h can be a l s o 

used t o s t r e t c h t h e s h e e t and t o g i v e f u r t h e r 
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r e d u c t i o n i n t h e t h i c k n e s s . The s u r f a c e f i n i s h 
o f t h e s h e e t may be c o n t r o l l e d by t h e f i n i s h 
on t h e r o l l s . (The p l a s t i c i s e d r u b b e r i s 
v u l c a n i s e d by h e a t i n g on a c a l e n d e r i n g s y s t e m a t 
150°C i n a i r . ) 

The c u r e s y s t e m s as i n T a b l e s 3.1 and 3.12 

s u p p l i e d by D u n l o p a r e as f o l l o w s : 

Types 

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

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

2 - a s u l p h u r l e s s s y s t e m i n w h i c h s u l p h u r i s 

p r o v i d e d by an e l i m i n a t i o n f r o m a t h i u r a m 

d i s u l p h i d e 

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

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

2 

4 - a p e r o x i d e s y s t e m , w h i c h p r o d u c e s a s i m p l e 

n e t w o r k s t r u c t u r e o f c a r b o n - c a r b o n c r o s s 

l i n k s . 

3.3 R e s u l t s and D i s c u s s i o n 

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

The t e n d e n c y o f a p o l y m e r t o d i s s o l v e i n a g i v e n s o l v e n t 
64 

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

same s o l u b i l i t y p a r a m e t e r as t h a t o f s o l u t e a r e most l i k e l y t o 

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

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

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

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

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

e x p a n s i o n o f c h a i n s . Maximum s w e l l i n g s o f c r o s s - l i n k e d p oJymors 

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

a r e a p p r o x i m a t e l y e q u a l . As t h e s y s t e m i s s w o l l e n by t h e 

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

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

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

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

The p a r t i a l m o l a r h e a t o f m i x i n g AHm o f p o l y m e r and s o l v e n t , 

when t h e d i s p e r s i o n f o r c e s a r e i n o p e r a t i o n , i s g i v e n by an 
64 

e q u a t i o n : 

AHm - v (6 -6 ) 2cf> 2 ( 3 . 1 ) o s p p 

w h e r e v i s t h e m o l a r volume o f s o l v e n t and <|> i s t h e v o l u m e o v p 

f r a c t i o n o f p o l y m e r . 6 g and 6^ a r e t h e s o l u b i l i t y p a r a m e t e r s 

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

f r o m e q u a t i o n ( 3.1) t h a t AHm i s m i n i m a l when 6 and o a r e 
s p 

e q u a l . When AHm i s z e r o AGm (= AHm-TA <S ) must be n e g a t i v e , 

s i n c e A5m i s p o s i t i v e . Maximum s w e l l i n g o c c u r s i n t h i s 

s i t u a t i o n . 

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

a c c u r a t e l y known mass (0.2 gram) were c u t and p l a c e d i n a r a n g e 

o f s o l v e n t s f o r two weeks t o e s t a b l i s h t h e e q u i l i b r i u m a t 

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

c a l c u l a t e d u s i n g an e q u a t i o n : 
M-Mo 1 

s w e l l i n g c o e f f i c i e n t Q - • ~j (3.2) 



I OH 

h e r e M and Mo a r e t h e masses o f s w o l l e n and u n s w o l l e n pol.y-

i s o p r e n e , and d i s t h e d e n s i t y o f s o l v e n t . 

T a b l e 3.2 

I n t e r a c t i o n p a r a m e t e r s 
3 h (J/cm ) 2 

% v o l u m e f r a c t i o n 
o f s o l v e n t i n 
s w o l l e n a e l 

n - h e p t a n e 15.3 70 . 7 1 

m e t h y l c y c l o h e x a n e 15.9 80. 76 

c y c l o h e x a n e 16 .7 80. 6 

c a r b o n t e t r a c h l o r i d e 17.6 84 . 54 

t o l u e n e 18. 2 y i . 3 3 

benzene 18.7 79.7 

c h l o r o f o r m 19 84 . 35 

d i - i s o p r o p y I k e t o n e 16 . 3 73 

T a b l e 3.2 shows t h e r a n g e o f s o l v e n t s u s e d f o r an 

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

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

shown i n F i g u r e 3 . 1 . 

The d e t e r m i n a t i o n o f m o l e c u l a r w e i g h t b e t w e e n c r o s s l i n k s 
73-75 

makes t h e use o f t h e F l o r y - R e h n e r e q u a t i o n : 

Ve 
£n(1 - v ) + v + Mv r r r (3 . 3 ) 

7 3 -2-
7 f 

where Ve i s t h e number o f p o l y m e r c h a i n s p e r u n i t v o l u m e , f i s 

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

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

a t e q u i l i b r i u m . For an a c c u r a t e d e t e r m i n a t i o n o f p o l y m e r -
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Solubility parameter (J /cm 3 ) 

F i g u r e 3 . 1 . Volume f r a c t i o n o f s o l v e n t v e r s u s s o l u b i l i t y 
p a r a m e t e r f o r an o p t i m u m c u r e d t y p e 1 , N a t s y n 
2200 e l a s t o m e r a t room t e m p e r a t u r e . 

s o l v e n t i n t e r a c t i o n p a r a m e t e r ( y ) , one can use t h e s e m i -
356 

e m p i r i c a l e q u a t i o n , p r o p o s e d by B r i s t o w and Watson: 

" - B I + 5T <vy 2 i3-4) 

w h e r e B^ i s t h e l a t t i c e c o n s t a n t a p p r o x i m a t e l y e q u a l t o 0.34, 

R i s t h e u n i v e r s a l gas c o n s t a n t and T i s t h e a b s o l u t e 

t e m p e r a t u r e . 

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



I 10 

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

p o l y m e r b y : 

Ve = ; / S c ( 3 . 5 ) 

F u r t h e r m o r e , t h e Young's m o d u l u s E a t l o w e l o n g a t i o n s can 

be c a l c u l a t e d f r o m e q u a t i o n : 

E - (3.6) 
Mc 

The s w e l l i n g m e t h o d , l e a d i n g t o v a l u e s o f Vo, hence Mc, 

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

p o l y i s o p r e n e e l a s t o m e r s ( N a t s y n 2200 f o r m u l a t i o n ) as a 

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

shown i n T a b l e s 3,3 and 3.4. 

T a b l e 3.3 

Optimum c u r e d , N a t s y n 2200, e l a s t o m e r s 

Type C r o s s l i n k i n g _^ A v e r a g e m o l e c u l a r Young's mo d u l u s K 
d e n s i t y Ve (m ) w e i g h t b e t w e e n ( l o ^ N i n - 2 ) 

c r o s s l i n k s Mc 

1 135.3 6,725 . *J . 1 

2 110 8,272 8.0 

3 92.46 9,840 6.7 

4 115.7 7,865 8.4 

T a b l e 3.4 

P a r t i a l l y ( 5 0%) c u r e d , N a t s y n 2200, e l a s t o m e r 

Type C r o s s l i n k i n g _^ A v e r a g e m o l e c u l a r Young's modulus E 
d e n s i t y Ve (m ) w e i g h t b e t w e e n (.lo^Nm - 2) 

c r o s s l i n k s Mc 

1 136.4 6,670 ').') 

2 117.4 7,750 8.5 

3 110.9 8,210 8.0 
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3.3.2 ESCA d a t a on a d d i t i v e s 

I n o r d e r t o p r o v i d e a b a s i s f o r t h e i n t e r p r e t a t i o n on t h e 

c u r e d r u b b e r s y s t e m s , ESCA d a t a has been o b t a i n e d on each o f 

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

(a) Z i n c o x i d e 

The w i d e s c a n ESCA s p e c t r a o f z i n c o x i d e a r e shown i n 

F i g u r e 3.2a. The p h o t o e m i s s i o n f r o m t h e Z n
2 p ' °j_ s

 a n d Z n 3 p 

l e v e l s a r e as i n d i c a t e d and t h e s p e c t r a a l s o r e v e a l t h e 

i n t e n s e L 2 3 M 4 5 M 4 5 A u 9 e r P r o c e s s f ° r Z n / a n c * a l s o t h a t t h e 

sample i s e x t e n s i v e l y c o n t a m i n a t e d w i t h a h y d r o c a r b o n o v e r -

l a y e r . The r e l e v a n t b i n d i n g e n e r g i e s a r e d i s p l a y e d i n T a b l e 

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

s p e c t r a i n F i g u r e 3.2b. 

1 
ZnS 

ZnO y 

1000 800 600 400 200 0 
BINDING ENERGY |eV I 

F i g u r e 3.2a. A w i d e s c a n o f z i n c o x i d e and z i n c s u l p h i d e . 
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1050 1048 1046 1044 1042 
Zn2pv2 

1028 1026 1024 1022 1020 
Zri2p3) j 

536 534 532 530 526 
015 

96 94 92 90 88 86 84 
Zn3p BINDING ENERGY leVl 

High resolution spectra of ZnO 

993 991 . 999 987 985 983 98l 
Zn-^M^M^ Auger 

9 K I N E T I C ENERGY ( eV ) 

F i g u r e 3.2b. H i g h r e s o l u t i o n s p e c t r a o f ZnO. 

1050 1048 1046 1044 
Zn2pVj 

1028 1026 1024 1022 1020 
Zn2p*2 

995 993 991 989 987 985 
ZnZ. J 3 M«M t 5 

94 92 90 88 86 84 166 164 162 160 158 
Z n 3 P BINDING ENERGY leV) S2p 
High Resolution spectra of Zinc sulphide 

*- K 1NETIC ENERGY I eV I 

iLLUi11^- ..-l-JL H i g h r e s o l u t i o n s p e c t r a o f ZnS. 
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T a b l e 3.5 

Z i n c O x i d e 

C-, O, Zn„ Zn. Zn*, 
I s I s 2 p 3 3p L 2 3 M 4 5 M 4 ' , 

B i n d i n g e n e r g i e s /2 
(eV) 

285 531.1 1023.7 88.4 988.4 

C, Zn., C, 
/°ls P/°ls / Z n 3 P I n t e n s i t y R a t i o ^ 

2.7 2.7 0.3 

(* K i n e t i c e n e r g y i n eV) 

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

f o r z i n c s u l p h i d e and t h e s e a r e shown i n F i g u r e 3.3. The 

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

b i n d i n g e n e r g i e s and r e l a t i v e peak i n t e n s i t y r a t i o s a r e 

c o l l e c t e d i n T a b l e 3.6. A d i s t i n c t i v e f e a t u r e i s t h e v e r y 

l o w b i n d i n g e n e r g y f o r t h e S„ l e v e l s , a p p r o p r i a t e t o a n i o n i c 
-̂P 

s u l p h i d e (162 e V ) . ( I t may be added h e r e t h a t t h e l e v e l 

d i d n o t i n d i c a t e any t e n d e n c y f o r o x i d a t i o n on e x p o s u r e t o 

an o x y g e n p l a s m a a t a power l o a d i n g o f 10 w a t t s f o r 10 s e c o n d s 

and a t o t a l p r e s s u r e o f 0.2 t o r r . ) 

T a b l e 3.6 

Z i n c S u l p h i d e 

I s I s 2 p 3 3p 2p L 2 3 M 4 5 M 4 5 
B i n d i n g e n e r g i e s /2 

(eV) 
285 532.6 1023.7 88.6 162 989.5 

C, C. C. Zn. 
1 S / 0 n

 l 5 / Z n , l s
/ S „ 3P/S. 

T 4. 4. • ' I s 3p 2p 2p I n t e n s i t y r a t i o 
3.7 3.7 6.3 1.7 

( * , K i n e t i c e n e r g y i n eV) 
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(b) S t e a r i c a c i d 

The w i d e s c a n ESCA s p e c t r u m f o r t h e s t e a r i c a c i d i s shown 

i n F i g u r e 3.4a. and r e v e a l s j u s t c a r b o n and o x y g e n s i g n a l s . 

The h i g h r e s o l u t i o n and 0^ c o r e l e v e l s p e c t r a shown i n 

F i g u r e 3.4b a r e d i s t i n c t i v e f o r a l o n g c h a i n f a t t y a c i d . 

The C, - i n t e n s i t y r a t i o o f 6.4 w i t h t h e a p p r o p r i a t e 
I s 

s e n s i t i v i t y f a c t o r s s u g g e s t s a C/0 s t o i c h i o m 3 t r y o f 1 0 : 1 , 

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

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

a t t h e s u r f a c e ( v i z . c a r b o x y l a t e g r o u p s i n t o t h e b u l k g i v i n g 

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

Stearic acid 

i — i — i i \ i i \ i \ i i 
1000 800 600 i.00 20C 0 

BINDING ENERGY (eV) 

F i g u r e 3.4a. A w i d e s c a n o f s t e a r i c a c i d . 



294 292 290 288 286 284 282 
(b) Cte 

538 536 534 S32 530 528 

Id 01s 
BM5)*K5 ElvERGY 

CIS and OTs core tevsfc of siearic cctd cankiirmg onfy carbon, hydrogsn and axygsn 

F i g u r e 3.4b. H i g h r e s o l u t i o n s p e c t r a o f s t e a r i c a c i d , 

( c ) C y c l o h e x y l b e n z t h i a z y l s u l p h e n a m i d e (CBS]1 

H N 

The w i d e s c a n ESCA s p e c t r u m i n F i g u r e 3.5 r e v e a l s 

e v i d e n c e f o r t h e a n t i c i p a t e d C. , N, and S» c o r e l e v e l 
I s I s 2p 

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

0, and Si„ and Si„ l e v e l s . T h i s i n d i c a t e s e x t e n s i v e s u r f a c e I s 2s 2p 
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1000 800 600 400 

BINDING ENERGY (eV) 

200 

F i g u r e 3.5. A w i d e s c a n o f c y c l o h e x y l b e n z t h i a z y 1 s u l p h e n a m i d e . 

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

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

s a m p l e . The h i g h r e s o l u t i o n s p e c t r a have,, t h e r e f o r e , m e r e l y 

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

v a r i o u s s t r u c t u r a l f e a t u r e s and t h e s e a r e d i s p l a y e d i n T a b l e 3.7 

T a b l e 3.7 

C y c l o h e x y l b e n z t h i a z y 1 s u l p h e n a m i d c 

C, 0, N, S~ Sn o x i d i s e d Si„ I s I s I s 2p 2p 2p 
B i n d i n g e n e r g i e s 

( e V ) 285 533 399.7 164 168.4 101 

' I s C 
I n t e n s i t y r a t i o /O- I s 

I s 

6.0 i 

/N 'I s 
I s / S 

' I s 
2p / S i 2p 

11 4.0 11.0 



(d) S u l p h u r 

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

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

i n T a b l e 3.8. 

T a b l e 3.8 

S u l p h u r 

Compound B i n d i n g e n e r g i e s (eV) o f 

Sg 163.8 

S 164.0 
n 

(e) Permanax B 

Permanax B i s a c o n d e n s a t e o f a c e t o n e and d i p h e n y l a m i n e , 

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

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

shown i n F i g u r e 3.6b. The w i d e s c a n ESCA s p e c t r u m i n F i g u r e 

3.6a shows t h e i n t e n s e C. p h o t o e m i s s i o n , w i t h s m a l l e r 
I s ^ ' 

c o m p o n e n t s a r i s i n g f r o m t h e 0 ^ s and N l e v e l s . The h i g h 

r e s o l u t i o n s p e c t r a p r o v i d e t h e d a t a i n T a b l e 3.9. The C/N 

s t o i c h i o m e t r y i n d i c a t e d f r o m t h i s w o u l d c o r r e s p o n d w i t h a 1:1 

c o n d e n s a t e . The N^ s b i n d i n g e n e r g y i s c o n s i s t e n t w i t h an 

amine t y p e e n v i r o n m e n t . The s t r u c t u r e o f a c o n d e n s a t e i s 
H 
0 

CH--C-CH 
3 I 

N o a 



Permanax B 

1000 800 600 400 200 
BINDING ENERGY (eV) 

F i g u r e 3.6a. A w i d e s c a n o f permanax B. 

»33 

296284 292 290 286 268 2 8 4 2 8 2 2 8 0 i 540 538 536 534 532 530 
lb) CIs core bva Id 01s core tevei 

4O84O4 402 4 O 0 3 8 8 3 8 S 170 168 «6 64 162 
Id) NIs cerotewH BINDING ENERGY (eV) to) S2p core level 

CIs, Ob oral Nte core tsvofe o) RsrwcrawyS oonhaum only carbon, hydrogen and rihogsn, and Si 
ofi conSuHtmsnl 

F i g u r e 3.6b. H i g h r e s o l u t i o n s p e c t r a o f permanax 
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T a b l e 3.9 

C l s C l s 
I n t e n s i t y r a t i o / /°ls ^ N I s 

19.0 14.0 

( f ) T e t r a m e t h y l t h i u r a m d i s u l p h i d e (TMD) 

C H 3 / C H 3 
NN-C-S-S-C-N 

/ I I H \ 
CH S S CH 

TMTD 

i i i i i i i i i i i 1 

1000 800 600 400 200 0 

BINDING ENERGY (eV) 

F i g u r e 3.7^ A w i d e s c a n o f TMTD. 

The w i d e scan r e v e a l s a subs Lan I: l a 1 s i g n a l f r o m e x t r a n e o u 

o x y g e n . The r e l a t i v e i n t e n s i t i e s o f c o r e l e v e l s a r e g i v e n i n 



T a b l e 3.10, t o g e t h e r w i t h t h e b i n d i n g e n e r g i e s . The S 2 p 

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

T a b l e 3.10 

TMTD 

B i n d i n g e n e r g i e s 
(eV) 

C n 0, N n S I s I s I s 2p 

285 5 3 4 . 1 401.1 164.4 

C l s C l s C l s / 0 , /N, X S / S „ ' I s ' I s 2p 

1.7 10.0 0.31 

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

t y p e s o f s u l p h u r (C-S and C=S). The i n t e n s i t y r a t i o f o r t h e 

C-, l e v e l s i s c o n s i s t e n t w i t h s t a t i s t i c a l s a m p l i n g o f t h e 
1 S / S 2 P 

m o l e c u l a r f o r m u l a i n d i c a t e d a b o v e , h o w e v e r , t h e S„ 
P / N l s 

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

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

(g) 2 ( 4 - M o r p h o l i n y l m e r c a p t o ) b e n t h i a z o l e (MBS) 

The ESCA s p e c t r a f o r t h i s s a m p l e a r e shown i n F i g u r e s 

3.8a-b and t h e c o r r e s p o n d i n g i n t e n s i t y r a t i o s a r e g i v e n i n 

T a b l e 3 . 1 1 . The s p e c t r a a l s o r e v e a l e v i d e n c e o f s i l i c o n e 

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

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



MBS 

V 
WW* 

TOO ' 800 ' 600 ' 400 ' 200 ' 0 

BINDING ENERGY (eV) 

F i g u r e 3.8a. A w i d e s c a n o f MBS. 
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i 294 292 290 288 286 284 282 538 536 534 532 530 528 
lb C1s Ic 01s 

404 402 400 398 396 
Id) N1s 
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le) S2p If) Si2p 

BINDING ENERGY l«V) 
Cls, NIs.Ols and S2p core levels of 2-(4 rrorpholinyl msrcoptolbinzthiazol̂  and Si2p arising from contamination 

F i g u r e 3.8b. H i g h r e s o l u t i o n s p e c t r a o f MBS. 



T a b l e 3.11 

MBS 

C, C C C 
/ O , /N n

 ± S / S _ i S/S I n t e n s i t y r a t i o I s I s 2p 

4.7 13.5 8.2 59.0 

C o n c l u s i o n 

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

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

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

g r a d e . The s p e c t r a h a v e , t h e r e f o r e , been p r i m a r i l y used t o 

o b t a i n some i n d i c a t i o n o f b i n d i n g e n e r g y as a f u n c t i o n o f 

e l e c t r o n i c e n v i r o n m e n t . I n t h i s c o n n e c t i o n , one may n o t e 

t h e f o l l o w i n g : 

( i ) The N l s b i n d i n g e n e r g y f o r CBS, permanax B and TMTD 

f a l l i n t h e r a n g e ^ 400 - 401.0 eV; 

( i i ) The S 2 p l e v e l s f o r s u l p h u r d i r e c t l y bonded t o 

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

e n e r g y r a n g e ^ 164.4 eV, w h i l s t a n i o n , i . e . 

s u l p h u r ( s u l p h i d e ) i s a t a much l o w e r b i n d i n g 

e n e r g y ^ 161.8 eV; 

( i i i ) Oxygen i n an a n i o n i c e n v i r o n m e n t ( e . g . i n ZnO) 

a p p e a r s a t l o w b i n d i n g e n e r g y ^ 531.0 eV w h i l s t 

o x y g e n d i r e c t l y b o n d ed t o c a r b o n ( e . g . s t e a r a t e 

and MBS) i s a t a s u b s t a n t i a l l y h i g h e r b i n d i n g 

e n e r g y . 



3.3.3 ESCA a n a l y s e s o f c u r e d s a m p l e s 

(a) Type 1 , N a t s y n 2200, e l a s t o m e r 

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

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 ESCA d a t a i n d e t a i l 

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

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

o f t h e Type 1 N a t s y n 2200 s y s t e m i s i n d i c a t e d i n T a b l e 3 . 1 , 

and t h e d e t a i l s o f t h e c o m p o s i t i o n a r e g i v e n i n T a b l e 3.12 

i n t e r m s o f w e i g h t and n o r m a l i s e d m o le 'I t e r m s . On t h i s b a s i s , 

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

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

f r o m s t e a r i c a c i d , CBS and permanax B. The N^ g s i g n a l s 

w o u l d be e x p e c t e d f r o m b o t h CBS and permanax B, w h i l s t t h e 

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

s u l p h u r i t s e l f as op p o s e d t o t h e s u l p h u r o f CBS. Z i n c i s 

added t o t h e f o r m u l a t i o n as t h e o x i d e , and o r e o b j e c t i v e o f 

t h e ESCA i n v e s t i g a t i o n i s t o e f f e c t a c h e m i c a l spec i . a t i o n , 

i n p a r t i c u l a r o f z i n c and s u l p h u r . The 0^ s s i g n a l s can 

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

e n e r g y ) , f r o m c a r b o x y l a t e and o x y g e n i n s t e a r a t e and permanax 

B r e s p e c t i v e l y , and f r o m any 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 
2-

a r i s i n g f r o m s u l p h u r ( v i z . SO^ ) o r f r o m o x i d a t i o n o f t h e 

N a t s y n s u r f a c e d u r i n g c u r e . I n p r i n c i p l e , t h e ESCA e x p e r i m e n t 

p r o v i d e s f i v e m e a s u r a b l e l e v e l s t o d e f i n e a C:N:S:Zn:0 s u r f a c e 

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

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

measurement o f o n l y f i v e l e v e l s does n o t a l l o w an ambiguous 

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

be a f f e c t e d . The f i r s t o f t h e s e i s t h a t t h e r a t i o o f t h e 

m i n o r a d d i t i v e s CBS and permanax B ( o r t h e i r t r a n s f o r m a t i o n 

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

( i i ) Optimum c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r 

The c o r e l e v e l s p e c t r a f o r t h e optimum c u r e d , t y p e 1 , 

sample a r e shown i n F i g u r e 3.9 and t h e i n t e n s i t y r a t i o s 

f o r t h e components a r e s e t o u t i n T a b l e 3.13. 

T a b l e 3.13 

Optimum c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s C C C C Z n 0 

T a k e - o f f a n g l e /°ls / N l s / S 2 P ^ 3 P ^ 

30° 16 69 27 24 1.15 

70° 14 89 27 27 1.0 

The a n g u l a r d e p e n d e n t d a t a i n d i c a t e t h a t che s a m p l e s a r e 

r e a s o n a b l y homogeneous, i n t e r m s o f s t o i c h i o m e t r y , as a f u n c t i o n 

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

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

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

The C^ s l e v e l s show a b r o a d e n e d s i g n a l compared w i t h t h e 

u n c u r e d s y s t e m w i t h o u t a d d i t i v e s (FWHM 1.7 eV v s . 1.4 eV 

r e s p e c t i v e l y ) , and t h e TT-MI* s h a k e - u p s a t e l l i t e i s o f much l o w e r 

i n t e n s i t y . As f a r as t h e ESCA d e p t h s a m p l i n g s c a l e i s 

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

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

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

s u l p h u r , t h e l a t t e r (as t h e S,^ l e v e l s ) b e i n g b r o a d e n e d by t h e 
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p r e s e n c e o f a t l e a s t 2 components. Oxygen and z i n c a r e 

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

o f the type 1 s y s t e m p r o v i d e s a mole r a t i o o f permanax B to 

CBS o f 2:1. S i n c e t h e s e a r e the o n l y two a d d i t i v e s t o 

c o n t r i b u t e t o the N s p e c t r u m , one may p e r f o r m a crude 

s u r f a c e a n a l y s i s as f o l l o w s : -

The average i n t e n s i t y r a t i o s f o r the v a r i o u s c o r e 

l e v e l s may be t a k e n as 

l s/N, 1 S / S 9
 1 S/C. l s / Z n ^ 3 P / S , I s 2p I s 3p 2p 

79 27 15 25 1.1 

The s i g n a l i n t e n s i t y a r i s e s from t h e CBS and permanax B 

components, w h i l s t the C^ g s p e c t r u m d e r i v e s from t h e Nat s y n 

2200 ( p r e d o m i n a n t l y ) , and the s i g n a l a r i s i n g from the a d d i t i v e s 

( o t h e r t h a n s u l p h u r and z i n c o x i d e f o r whi c h the i n i t i a l 

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

o v e r l a y e r ) . The C, i n t e n s i t y r a t i o c o r r e c t e d f o r t h e 
/ " i s 

d i f f e r e n c e s i n c r o s s - s e c t i o n p r o v i d e s a means o f a s s e s s i n g 

the C:N s t o i c h i o m e t r y i n t h e depth s c a l e m o n i t o r e d by ESCA. 

T a k i n g t h e permanax B as a 1:1 adduct p r o v i d e s t h e f o l l o w i n g 

e q u a t i o n 

L e t y = mole % o f Nat s y n L e t x = mole % of c i s 

t h e n 

permanax = 2x mole % 
T o t a l C, s i g n a l = 5y + 2 ,x 15x + 13x + 18 x 5x I s 
T o t a l N, s i g n a l = (2x + 2x) I s 

5y + 133x 
4x 

5/X)= 243 x/ 

= 79 x 1.19 = 94 

24 3 
i ^ A = 50 



I 2H 

(The v a l u e of i s s t i l l t h e same o r d e r of magnitude ("• GG) 

r e g a r d l e s s of any c o n t r i b u t i o n from s t e a r a t c . ) 

T a b l e 3.14 

S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f a n g l e P o l y i s o p r e n e Permanax B CBS Zn 

30° 100 3.5 1.9 1.6 

70° 100 2.6 1.4 1.4 

The a v e r a q e v a l u e of — based on 30° and 70° t a k e - o f f 

a n g l e s i n T a b l e 3.14, t h e r e f o r e , g i v e s r a t i o s of 100:3.0:1.6 

i n moles f o r N a t s y n 2200, permanax B and CBS r e s p e c t i v e l y , 

i n d i c a t i n g h i g h e r l e v e l s of a n t i o x i d a n t and a c c e l e r a t o r by a 

f a c t o r of e i g h t t h a n i n t h e b u l k , w h i l s t t h e l e v e l of z i n c 

a t the s u r f a c e i s , a p p r o x i m a t e l y 1.5 mole %, l e s s compared t o 

t h a t i n the b u l k (^ 4.0 mole % ) . 

The ' s w e l l i n g ' d a t a ( s e c t i o n 3.3.1) t a k e n i n c o n j u n c t i o n 

w i t h t h e ESCA d a t a (C, i n t e n s i t y r a t i o ) p r o v i d e s a 
2p 

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

atoms i n v o l v e d i n c r o s s l i n k i n g two polymer c h a i n s , as 

r e p r e s e n t e d i n F i g u r e 3.10. Where Mc i s the number a v e r a g e 

m o l e c u l a r w e i g h t between two c r o s s l i n k e d p o i n t s and S i s 

the a v e r a g e number of s u l p h u r atoms i n v o l v e d i n fo r m i n g a 

l i n k a g e . 
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M c 

F i g u r e 3.10. S c h e m a t i c r e p r e s e n t a t i o n of c r o s s l i n k s of a 
s u l p h u r v u l c a n i s a t e . 

The peaks a r e broadened by t h e p r e s e n c e of a t l e a s t 

two components, namely o r g a n i c and i n o r g a n i c s u l p h i d e s , w h i c h , 

i n t u r n , c o n s t i t u t e numbers of o v e r l a p p i n g p e a k s , the h i g h e r 

b i n d i n g energy peaks a f t e r d e c o n v o l u t i o n a r e a t t r i b u t e d t o 

o r g a n i c s u l p h i d e ( i n c l u d i n g p o l y s u l p h i d e ) , and the lower 

b i n d i n g e n e r g i e s t o z i n c s u l p h i d e . A unique d e c o n v o l u t i o n 

was c a r r i e d out w i t h a f u l l - w i d t h a t h a l f maximum of 1.7 + 0.1 

eV by u s i n g an analogue c u r v e f i t t i n g p r o c e d u r e , w i t h G a u s s i a n 

c u r v e s p o s i t i o n e d a p p r o x i m a t e l y a t 164.4 eV, 163.1 eV, 162.8 

eV and 161.5 eV and t r e a t i n g t h e h e i g h t o n l y as a v a r i a b l e t o 

o b t a i n the b e s t f i t t i n g c u r v e s ( c h a p t e r s i x ) . 
73-79 

As has a l r e a d y been s t a t e d , the F l o r y - R e h n e r e q u a t i o n 

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

between the c r o s s l i n k p o i n t s of the polymer c h a i n s . The use 

of t h i s d a t a t o g e t h e r w i t h the a n a l y s i s of the S 9 peaks 



a l l o w f u r t h e r f o r an e s t i m a t e of t h e a v e r a g e number of 

s u l p h u r atoms between t h e c r o s s l i n k p o i n t s of two polymer 

c h a i n s ; t h e e s t i m a t e b e i n g made as f o l l o w s : -

t h e s t o i c h i o m e t r y of c a t i o n t o 
s u l p h u r (of h i g h e r b i n d i n g e n e r g y = 115:1 
approximate t o C-S e n v i r o n m e n t s ) 

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

CH. = 6 8 
I 3 

(-CH2-C=CH-CH -) 

number a v e r a g e m o l e c u l a r w e i g h t 
between t h e c r o s s l i n k e d p o i n t s = 6 , 725 

S i n c e one c r o s s l i n k p e r 99 monomer u n i t s o c c u r s , the number 

of carbon atoms between t h e two c r o s s l i n k p o i n t s a r e 495 ; 

and, t h e r e f o r e , t h e a v e r a g e s u l p h u r f u n c t i o n a l i t y i s f o u r 
495 

( 4 / 1 1 5 ) . 

I n c o n c l u s i o n , f o r an optimum c u r e d t y p e 1, Natsyn 2200, 

e l a s t o m e r , t h e s u r f a c e i s r i c h i n permanax B and CBS, by a 

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

z i n c , compared t o t he b u l k c o m p o s i t i o n , and the e l a s t o m e r 

p o s s e s s e s on a v e r a g e t e t r a s u l p h i d e l i n k a g e s ; and a l s o t h e 

s u r f a c e i s r e a s o n a b l y homogeneous, as f a r a s the ESCA depth 

p r o f i l e i s c o n c e r n e d . 

( i i i ) 50% c u r e d t y p e 1, Natsyn 2200, e l a s t o m e r 
F i g u r e 3.11 shows t h e C, , 0, t\L , S^ and Zn. l e v e l s ^ I s ' I s 2p 3p 

measured a t two d i f f e r e n t t a k e - o f f a n g l e s f c r a p a r t i a l l y 

c u r e d t y p e 1 sample, whose d e t a i l e d s u r f a c e c o m p o s i t i o n s , base 

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

d i f f e r e n t from t h o s e of an optimum c u r e d t y p e 1 sample. The 
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i n t e n s i t y r a t i o s and t h e s u r f a c e c o m p o s i t i o n s a t 30° and 70° 

t a k e - o f f a n g l e s a r e s e t out i n T a b l e 3.15. 

T a b l e 3.15 

50% c u r e d t y p e 1, Natsyn 2200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e C C C C Zn 
1 S / 0 1

 i S/N n
 1 S / S „ 1 /Zn_ J P / S „ I s I s 2p 3p 2p 

30° 13 57 11 11 1.0 

70° 11 47 15 15 7.0 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f a n g l e P o l y i s o p r e n e Permanax B CBS Zn 

30° 100 4.4 2.3 3.4 

70° 100 5.6 2.9 2.5 

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

homogeneous, i n terms of s t o i c h i o m e t r y , a s a f u n c t i o n of 

v e r t i c a l d e p t h i n t o t h e sample. The C^ g l e v e l s m o n i t o r e d a t 

30° and 70° t a k e - o f f a n g l e s r e v e a l l i t t l e e v i d e n c e f o r 

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 low i n t e n s i t y of IT-Mi* s h a k e -

up t r a n s i t i o n s , c e n t r e d a p p r o x i m a t e l y a t 6.5 eV from t h e main 

C ^ s p h o t o i o n i s a t i o n peak, and show broadened s i g n a l s compared 

w i t h t h e u n c u r e d s y s t e m w i t h o u t a d d i t i v e s (FWhM 1.8 eV f o r 

30° and 1.7 eV f o r 70° v s . 1.4 eV of uncured s y s t e m ) . 

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

z i n c s i g n a l s a r e a l s o o b s e r v e d a t r e a s o n a b l e l e v e l s , t h e S,. 
P 

peak b e i n g broadened (FWHM 4.0 eV of S„ i n type 1 s y s t e m v s . 
^P 

2.2 eV of S^p i n ZnS) by the p r e s e n c e of a t l e a s t two 
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components, namely o r g a n i c and i n o r g a n i c s u l p h i d e s . 

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

' s w e l l i n g ' d a t a and a r e a under t h e h i g h e r e n e r g i e s o v e r l a p p i n g 

peaks of S~ a g a i n i n d i c a t e s p o l y s u l p h i d i c l i n k a g e s , zp 
c o n t a i n i n g 10 s u l p h u r atoms p e r b r i d g e i n p a r t i a l l y c u r e d typo 

1 sample. 

(b) Type 2, Natsy n 2200, e l a s t o m e r 

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

I n v i e w of t h e r a t h e r e x t e n s i v e d e t a i l s c o n s i d e r e d f o r 

th e t y p e 1 e l a s t o m e r i n the p r e v i o u s s e c t i o n s , i t i s 

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

s e r i e s of e l a s t o m e r s , and a l s o t o p r e s e n t s p e c t r a p i c t o r i a l l y 

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

e x t r a c t e d from t h e raw s p e c t r a a r e t a b u l a t e d i n a p p r o p r i a t e 

s e c t i o n s . 

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

i n T a b l e 3.12 i n terms of w e i g h t and n o r m a l i s e d mole % t h a t 

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

c u r e d N a t s y n framework, w i t h s m a l l e r c o n t r i b u t i o n s from 

s t e a r i c a c i d , permanax B and TMTD. The N^ s s i g n a l s would be 

e x p e c t e d from both permanax B and TMTD, w h i l s t t h e s u l p h u r 

i n t e n s i t y s h o u l d a r i s e from TMTD, s i n c e t h i s i s t h e o n l y 

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

t h e f o r m u l a t i o n a s t h e o x i d e t o enhance the r a t e of c u r e . The 

0^ s s i g n a l s can c o n c e i v a b l y a r i s e from s t e a r a t e , permanax B 

and from t h e o x i d a t i o n of t h e Na t s y n s u r f a c e d u r i n g c u r e . 

I n p r i n c i p l e , t h e C. , 0, , N n , S„ and Zn_ l e v e l s m o n i t o r e d c I s ' I s ' I s ' 2p 3p 
a t two d i f f e r e n t t a k e - o f f a n g l e s a g a i n a l l o w an unambiguous 
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a s s i g n m e n t of s u r f a c e c o m p o s i t i o n , on t h e same a s s u m p t i o n s 

s t a t e d f o r type 1 system. 

( i i ) Optimum c u r e d type 2, N a t s y n 2200, e l a s t o m e r 

The i n t e n s i t y r a t i o s and s u r f a c e c o m p o s i t i o n of 

components, e x t r a c t e d from t h e raw s p e c t r a f o r t h e optimum 

c u r e d i n F i g u r e 3.12, a r e s e t out i n T a b l e 3.16. 

T a b l e 3.16 

Optimum c u r e d t y p e 2, N a t s y n 2200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e C C C C Zn 
/0, /N.. i S / S 9 /Zn- J p / S I s I s 2p 3p 

30° 6 2 4 12 10 1.2 

70° 5 21 10 11 0.9 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f a n g l e P o l y i s o p r e n e Permanax B TMT Zn 

30° 100 2.5 9.1 3.7 

70° 100 2.9 10.7 3.4 

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

r e a s o n a b l y homogeneous, as a f u n c t i o n of depth i n t o t h e 

sample. The C ^ s s p e c t r a a t both t a k e - o f f a n g l e s i n d i c a t e an 

e v i d e n c e f o 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 w i t h the a b s e n c e of 

t t - > 7 t * shake-up peak, and show broadened s i g n a l s compared w i t h 

the u n c u r e d s y s t e m w i t h o u t a d d i t i v e s (FWHM 1.9 eV f o r 30° 

and 1.7 eV f o r 70° v s . 1.4 eV o f u n c u r e d s y s t e m ) . 

The h i g h r e s o l u t i o n s p e c t r a a l s o r e v e a l oxygen, n i t r o g e n , 

s i l i c o n as c o n t a m i n a n t , z i n c and s u l p h u r a t r e a s o n a b l e l e v e l s , 
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t h e l a t t e r b e i n g broadened by t h e p r e s e n c e of a t l e a s t 2 

components (FWHM 2.6 eV f o r both t a k e - o f f a n g l e s v s . 2.2 eV 

of Z n S ) . The c o m p o s i t i o n r a t i o s of Natsy n 2200, permanax B 

and TMTD, i n T a b l e 3.16, c a l c u l a t e d i n t h e s i m i l a r manner as 

f o r type 1 sample, i n d i c a t e h i g h e r l e v e l s of a n t i o x i d a n t 

and a c c e l e r a t o r by a f a c t o r of a p p r o x i m a t e l y n i n e than i n 

the b u l k , w h i l s t the l e v e l of z i n c , l e s s t h a n i n the b u l k , 

i n c r e a s e s w i t h i n c r e a s i n g d epth i n t h e s u r f a c e . 

The s u l p h u r f u n c t i o n a l i t i e s of e i g h t and t e n a t 30° and 

70° t a k e - o f f a n g l e s r e s p e c t i v e l y , s u g g e s t t h a t a t l e a s t n i n e 

s u l p h u r atoms a r e i n v o l v e d i n c r o s s l i n k i n g two polymer c h a i n s . 

( i i i ) 50% c u r e d t y p e 2, Natsy n 2200, e l a s t o m e r 

The C ^ s s p e c t r a a t both t a k e - o f f a n g l e s i n d i c a t e d an 

e v i d e n c e f o 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 , w i t h t h e comple t e 

absence of i r - > 7 r * shake-up t r a n s i t i o n s f o r 70° t a k e - o f f a n g l e 

and w i t h v e r y l i t t l e shake-up t r a n s i t i o n f o r 30° t a k e - o f f 

a n g l e , and th e y a l s o showed broadened C ^ s s i g n a l s compared 

w i t h t h e u n c u r e d Natsyn 2200 w i t h o u t a d d i t i v e s (FWHM 1.8 eV 

f o r 30° and 1.6 eV f o r 70° t a k e - o f f a n g l e s v s . 1.4 eV of uncured 

s y s t e m ) . The e x t e n t of o x i d a t i o n i n the extreme s u r f a c e 

( t a k e - o f f a n g l e of 70°) was g r e a t e r t h a n i n the s u b - s u r f a c e 

( t a k e - o f f a n g l e of 30°). 

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

s u l p h u r , t h e l a t t e r b e i n g broadened by the p r e s e n c e of o r g a n i c 

and i n o r g a n i c s u l p h i d e s (FWHM 3.0 eV f o r both t a k e - o f f a n g l e s 

v s . 2.2 eV of Z n S ) . Oxygen and z i n c were a l s o d e t e c t e d a t 

r e a s o n a b l e l e v e l s . 
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The s u r f a c e c o m p o s i t i o n i n T a b l e 3.17 i n d i c a t e s t h e 

h i g h e r l e v e l s of a d d i t i v e s a t t h e s u r f a c e by a f a c t o r of 

a p p r o x i m a t e l y two than i n t h e b u l k , w h i c h i s s m a l l e r compared 

t o the s u r f a c e c o m p o s i t i o n f o r an optimum c u r e d t y p e 2 sample,, 

w h i l s t t h e l e v e l of Zn, l e s s t h a n i n the b u l k , i s n e a r l y 

t h e same a t both t a k e - o f f a n g l e s . 

T a b l e 3.17 

P a r t i a l l y (50%) c u r e d t y p e 2, Natsyn 2200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e C C C C Zn 
1 S / ° l s / N l s / S 2 p ^ 2 p '/ S2 

30° 13 73 33 23 1.4 

70° 11 86 46 20 2.3 

(b) S u r f a c e c o m p o s i t i o n s (mole %) 

T a k e - o f f a n g l e P o l y i s o p r e n e Permanax B TMTD Zn 

30° 100 0.7 2.7 1.7 

70° 100 0.6 2.3 1.9 

The s u l p h u r f u n c t i o n a l i t y of t h r e e on av e r a g e r e v e a l s 

t r i s u l p h i d e l i n k a g e s i n the ESCA depth p r o f i l e . 

(c) Type 3, Natsy n 2200, e l a s t o m e r 

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

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

a r i s e from t h e Na t s y n framework, w i t h s m a l l c o n t r i b u t i o n s 

a r i s i n g from s t e a r i c a c i d , CBS, permanax B and TMTD. The N^ 

s i g n a l s a r e e x p e c t e d from CBS, permanax B and TMTD, w h i l s t 

t h e s u l p h u r i n t e n s i t y s h o u l d p r e d o m i n a n t l y a r i s e from the added 



s u l p h u r i t s e l f , as opposed t o t he s u l p h u r o f CBS and TMTD. 

The 0 ^ s s i g n a l s can c o n c e i v a b l y a r i s e from r e s i d u a l z i n c 

o x i d e , s t e a r a t e , permanax B and from o x i d a t i o n of t h e Natsyn 

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

The C, , 0, , N, , S„ and Zn_ l e v e l s a g a i n a l l o w the I s ' I s I s ' 2p 3p ^ 
unambiguous a s s i g n m e n t s of s u r f a c e c o m p o s i t i o n on t h e same 

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

( i i ) Optimum c u r e d t y p e 3, Natsyn 2200, e l a s t o m e r 

I t i s c l e a r l y e v i d e n t from t h e d a t a s e t out i n T a b l e 3.18, 

e x t r a c t e d from t h e raw s p e c t r a i n F i g u r e 3.13 t h a t t h e 

s u r f a c e i s r e a s o n a b l y homogeneous, i n terms of s t o i c h i o m e t r y , 

as a f u n c t i o n of ESCA depth p r o f i l e i n t o t h e sample. The 

C ^ s l e v e l s m o n i t o r e d a t 30° and 70° t a k e - o f f a n g l e s show 

e v i d e n c e f o 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 w i t h components a t 

b i n d i n g e n e r g i e s of 286.6 eV and 288 eV ( c o r r e s p o n d i n g t o 

T a b l e 3.18 

Optimum c u r e d t y p e 3, Natsy n 2 200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e C, C, C. C, Zn^ I S / _ i s , , , i s , _ , ±s / r, 3p / r < /0, /Nn / S n /Zn_ / S 0 I s I s 2p 3p 2 p 

30° 8 24 15 17 0.9 

70° 8 21 20 20 1.0 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f P o l y i s o p r e n e Permanax B CBS TMTD S u l p h u r Zn 
a n g l e 

30° 100 4.6 G.O 3.4 11.6 2.2 

70° 100 5.7 7.3 4.3 11.4 2 . 0 
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C-0 and C=0 r e s p e c t i v e l y ) , w i t h a complete a b s e n c e of H - M I * 

shake-up t r a n s i t i o n s . The s i g n a l s a r e broadened, compared 

w i t h the uncured s y s t e m w i t h o u t a d d i t i v e s (FWHM 1.8 eV f o r 

both t a k e - o f f a n g l e s v s . 1.4 eV of uncured s y s t e m ) . 

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

l e v e l s , t h e l a t t e r b e i n g broadened by t h e p r e s e n c e of a t 

l e a s t two components (FWHM 3.2 eV f o r 30° and 3.4 eV f o r 70° 

t a k e - o f f a n g l e s v s . 2.2 eV of Z n S ) . The a v e r a g e number of 

s u l p h u r atoms between t h e c r o s s l i n k e d p o i n t s , based on the 

' s w e l l i n g ' d a t a and a n a l y s i s of the S~ l e v e l s , a r e e i g h t on 
z p 

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

( i i i ) 50% c u r e d t y p e 3, Natsy n 2 200, e l a s t o m e r 

The d a t a i n T a b l e 3.19 a r e f a i r l y s e l f - e x p l a n a t o r y . The 

s u r f a c e i s r e a s o n a b l y homogeneous as a f u n c t i o n of ESCA 

p r o f i l e depth i n t o t h e sample and i n d i c a t e h i g h e r l e v e l s o f 

permanax B, CBS, TMTD and s u l p h u r by a f a c t o r of a p p r o x i m a t e l y 

s i x a t t h e s u r f a c e t h a n i n t h e b u l k i n c o n t r a s t to the l e v e l 

of z i n c , t h e l a t t e r i n c r e a s e s w i t h i n c r e a s i n g ESCA depth 

T a b l e 3.19 

50% c u r e d t y p e 3, Natsy n 2200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s C. C, C. C, Zn_, 
1 S / 0 l s

 1 S / N l s 1 * / S 2 p ^ / Z n 3 p
 3 ? / S 2 

30° 9 49 17 16 1.1 

70° 9 54 22 20 1.1 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f Poly.i.soprene Permanax B CBS TMTD S u l p h u r V.w 
ang l e 

30° 100 1.9 2.5 1.4 5.0 2.4 

70° 100 1.8 2.3 1.3 4.5 1.9 
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p r o f i l e . The C s i g n a l s a t both t a k e - o f f a n g l e s had the same 

FWHM as t h o s e o f optimum c u r e d t y p e 3 s a m p l e s and i n d i c a t e 

o x i d a t i v e f u n c t i o n a l i t i e s w i t h the complete absence of s h a k e -

up p e a k s . The peaks d e t e c t e d a t r e a s o n a b l e l e v e l s were 

a l s o broadened by t h e p r e s e n c e of o r g a n i c and i n o r g a n i c 

s u l p h i d e s . The s u l p h u r f u n c t i o n a l i t i e s e s t i m a t e d a t 30° and 

70° t a k e - o f f a n g l e s were se v e n and f o u r on a v e r a g e r e s p e c t i v e l y , 

i n d i c a t i n g p o l y s u l p h i d e l i n k a g e s between the polymer c h a i n s , 

(d) Type 4, N a t s y n 2200, e l a s t o m e r 

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

The d e t a i l e d c o m p o s i t i o n of the b u l k f o r m u l a t i o n i n terms 

of w e i g h t and n o r m a l i s e d mole % f o r t y p e 4 s y s t e m i n T a b l e 

3.12 i n d i c a t e s t h a t C ^ s i n t e n s i t y s h o u l d p r e d o m i n a n t l y a r i s e 

from Nat s y n framework, w i t h s m a l l e r c o n t r i b u t i o n s from 

permanax B and d i c u m y l p e r o x i d e . The N, s i g n a l i s e x p e c t e d 

t o a r i s e o n l y from permanax B, s i n c e t h i s i s the o n l y a d d i t i v e 

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

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

t h e ESCA p r o v i d e s C. , 0 n and N, m e a s u r a b l e l e v e l s to d e f i n e 
I s I s I s 

t he s u r f a c e s t o i c h i o m e t r y on the same a s s u m p t i o n s as t h o s e 

have been s t a t e d p r e v i o u s l y . 

( i i ) Optimum c u r e d type 4, Natsyn 2200, e l a s t o m e r 

The d a t a i n T a b l e 3.20 c o r r e s p o n d i n g t o F i g u r e 3.14 i n d i c a t e 

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

s t o i c h i o m e t r y , as f a r as t h e ESCA depth p r o f i l e i s c o n c e r n e d . 

The C ^ s peaks show broadened s i g n a l s , compared w i t h the uncured 

s y s t e m w i t h o u t a d d i t i v e s (FWHM 1.7 eV v s . 1.4 eV r e s p e c t i v e l y ) , 

and the n M r * shake-up t r a n s i t i o n s a r e o f much lower i n t e n s i t y ; 
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and, t h e r e f o r e , t h e s u r f a c e u n s a t u r a t i o n i s l o w e r t h a n t h e 

u n c u r e d s y s t e m on t h e ESCA d e p t h p r o f i l e . The h i g h 

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

l a t t e r b e i n g r e l a t i v e l y o f a l o w l e v e l . 

T a b l e 3.20 

Optimum c u r e d t y p e 4, N a t s y n 2200, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e 

30^ 

70 o 

I s /0 

7 

5 

I s 
C I s /N I s 

70 

113 

[b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f a n g l e P o l y i s o p r e n e Permanax B d i c u m y l p e r o x i d e 
.o 30 

70^ 

100 

100 

18 

6 

37 

12 

The s u r f a c e c o m p o s i t i o n i n T a b l e 3.20 r e v e a l s h i g h e r l e v e l s 

o f a n t i o x i d a n t and a c c e l e r a t o r t h a n i n t h e b u l k . 

3.3.4 U n c u r e d N a t s y n 2200 s a m p l e s 

(a) I n t r o d u c t i o n 

T h r e e s a m p l e s o f u n c u r e d N a t s y n 2200 f o r m u l a t i o n have 

been r e c e i v e d , as f o l l o w s : 

( i ) C ompressed, e m u l s i o n p o l y m e r i s e d c i s - p o l y i s o p r e n e . 

Samples have been c u t d i r e c t l y f o r ESCA e x a m i n a t i o n 

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

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

s c a l p o 1 b l a d e . 
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( i i ) U n c u r e d f o r m u l a t i o n s w i t h a d d i t i v e s ( T a b i c 3.1.2). 

As has p r e v i o u s l y been n o t e d , t h e l a r r j o n u m b e r of" 

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

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

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

p o s s i b l e t o o b t a i n p a r t i a l s p e c t r a and, t h e r e f o r e , 

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

s y s t e m s w i t h a d d i t i v e s . 

( i i i ) The s p e c t r a f o r c i s - p o l y i s o p r e n e m i l l e d f o r t e n 

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

t e m p e r a t u r e (140°C) have n o t been y e t o b t a i n e d . 

(b) E m u l s i o n p o l y m e r i z e d c i s - p o l y i s o p r e n e 

( i ) As r e c e i v e d s u r f a c e 

The w i d e scan ESCA s p e c t r u m f o r t h e as r e c e i v e d sample 

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

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

l e v e l s i n F i g u r e 3.15 i n d i c a t e a s y m m e t r i c a l p e a k , due t o 

t h e c a r b o n f r a m e w o r k t o g e t h e r w i t h a l o w i n t e n s i t y (•>• 2%) 

o f TT-Mr* s h a k e - u p s t r u c t u r e a s s o c i a t e d w i t h t h e n s y s t e m , 

s e p a r a t e d by ^ 6.5 eV f r o m 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. 

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

o x y g e n , h o w e v e r , t h i s may n o t be a s s o c i a t e d w i t h o x i d a t i v e 

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

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

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

c o l l e c t e d i n T a b l e 3.21. 
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293 291 289 287 2 8 5 283 281 537 535 533 531 529 

BINDING ENERGY ( eV ) 

F i g u r e 3.15. C^s and 0 l g c o r e l e v e l s f o r t h e as r e c e i v e d 
97% c i s - p o l y i s o p r e n e ( e m u l s i o n p o l y m e r i z e d ) 

T a b l e 3.21 

I n t e n s i t y r a t i o s f o r 97% c i s - p o l y i s o p r e n e 

As r e c e i v e d 

F r e s h l y e x p o s e d 
s u r f a c e o f t h e as 
r e c e i v e d 

' I s /0 'Is 
I s / S i 2p 

19 

29 

67 

71 

' I s /N 'I s 
I s /Zn 2p 

400 500 

( i i ) F r e s h l y e x p o s e d s u r f a c e 

T h e t l . i l . i l o r I he: f r e s h l y e x p o s e d s u r f a c e . i r e s e l . o u t 

i n T . i h l e l . ^ ' l 1* > i t ' t .unpen: i s o n p u r p o s e s . T h e l e v e l o f o x y q 
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now somewhat l o w e r , and s i l i c o n , and n i t r o g e n a r e a b s e n t 

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

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

i n t e n s i t y o f n-MI * s i g n a l a r i s i n g f r o m t h e n s y s t e m o f t h e 

N a t s y n . The r e l a t i v e i n t e n s i t y o f t h e shak e - u p s a t e I. L i t e was 

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

ox y g e n and s i l i c o n i n t e n s i t i e s , t h e most l i k e l y e x p l a n a t i o n 

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

o r i g i n a l s u r f a c e ( t h i s w o u l d c o n t r i b u t e 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 b u t n o t t o t h e sh a k e - u p p e a k ) . 

These s p e c t r a , t h e r e f o r e , r e v e a l e d a s m a l l d e c r e e o f 

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

had been c o v e r e d w i t h p o l y e t h y l e n e t e r e p h t h a l a t e f i l m f o r 

t r a n s p o r t a t i o n p u r p o s e s ; t h i s b e i n g removed p r i o r t o sample 

p r e p a r a t i o n f o r t h e ESCA e x p e r i m e n t . ) 

3.3.5 C o v e r i n g s h e e t s u s e d f o r t r a n s p o r t a t i o n 

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

The w i d e s c a n s p e c t r a a t 30° and 70° t a k e - o f f a n g l e s f o r 

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

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

p eak. The h i g h r e s o l u t i o n s c a n s o f t h e C-̂ s l e v e l s i n F i g u r e 

3.16 r e v e a l a s y m m e t r i c a l peak as a r e s u l t o f t h e c a r b o n 

b ackbone and a l s o i n d i c a t e a l o w l e v e l o f o x y g e n a s s o c i a t e d 

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

i n t e n s i t y r a t i o s a r e s e t o u t i n T a b l e 3.22. The 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 t h e as r e c e i v e d p o l y e t h y l e n e i s f r e e 

f r o m n i t r o g e n , s u l p h u r and s i l i c o n c o n t a m i n a t i o n s , and no 

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

ESCA e x a m i n a t i o n . 



4 7 
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CIs Ols 

BINDING ENERGY teV) 
C1s and Ols core levels of as received polyethylene 

F i g u r e 3.16. H i g h r e s o l u t i o n s p e c t r a o f p i g m e n t e d p o l y e t h y l e n e 

T a b l e 3.22 

As r e c e i v e d p i g m e n t e d p o l y e t h y l e n e 

I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e s 

30° 

70° 

C I s /0 I s 

65 

34 
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(b) P e e l e d - o f f p i g m e n t e d p o l y e t h y l e n e f r o m an o p t i m u m c u r e d 
t y p e 1 , N a t s y n 2 200, e l a s t o m e r 

A c o m p a r i s o n o f t h e w i d e s c a n s p e c t r a a t 30° and 70° 

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

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

o t h e r t h a n t h e C-̂ s p h o t o i o n i z a t i o n peak. The h i g h r e s o l u t i o n 

s c a n s o f C-̂ s l e v e l s i n F i g u r e 3.17 a l s o r e v e a l a s y m m e t r i c a l 

p e a k, a r i s i n g f r o m t h e c a r b o n f r a m e w o r k . 

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

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

w i t h t h e e x p o s e d s u r f a c e o f t h e N a t s y n 2200 sample ( o p t i m u m 

c u r e d t y p e 1 ) . 

The r e l e v a n t a r e a r a t i o s c o l l e c t e d i n T a b l e 3.23 r e v e a l 

t h a t t h e r e was l i t t l e m e c h a n i c a l t r a n s f e r o f m a t e r i a l s b e t w e e n 

t h e s u r f a c e , s i n c e , a p a r t f r o m t h e C, r a t i o s w h i c h a r e 
/ " i s 

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

s u r f a c e s , t h e C-. and C, r a t i o s a r e v e r y s u b s t a n t i a l l y 
/ ° 1 B / S 2 p 

d i f f e r e n t on t h e N a t s y n 2200 and t h e p o l y e t h y l e n e s u r f a c e s . 

T h i s , t h e r e f o r e , p r o v i d e s e v i d e n c e t h a t t h e p e e l i n g i n v o l v e d 
357-359 

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

T a b l e 3.23 

(a) P e e l e d - o f f p i g m e n t e d p o l y e t h y l e n e 
I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e C C C C, 
i s / 0 , i S / N n /S_ / S i -I s I s 2p 2p 

30° 29 85 157 330 

70° 30 105 - -

(b) Optimum c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r 
I n t e n s i t y r a t i o s 
T a k e - o f f a n g l e C, C, C, 

/°ls / N l s / S 2 p 
30° 16 69 27 
70° 14 89 27 
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E3QEJ3J EKSRQV feV) 
Cts, Ote, Mto cnS SJp ceo tassSs c3 p K t e d oH po^o)f?teJo 

F i g u r e 3.17. H i g h r e s o l u t i o n s p e c t r a o f p e e l e d - o f f 
p o l y e t h y l e n e . 

( c ) As r e c e i v e d p o l y ( e t h y l e n e t e r e p h t h a l a t e ) 

The w i d e s c a n ESCA s p e c t r a a t t a k e - o f f a n g l e s o f 30° 

and 70° f o r t h e as r e c e i v e d PET r e v e a l e d l i t t l e e v i d e n c e f o r 

a n y t h i n g o t h e r t h a n C^ s and 0^ g p h o t o i o n i z a t i o n l e v e l s . The 

r e s o l u t i o n s c a n s o f t h e C. l e v e l s i n F i g u r e 3.18 i n d i c a t e 
i s 0 

c o m p o n e n t s , due t o C-H, C-0 and 6=0, and a l s o show e v i d e n c e 

f o r a low l e v e l o f -n ->n* t r a n s i t i o n s a t a p p r o x i m a t e l y 8.0 e V 

f r o m t i n : m a i n C peak. T h e d e r i v e d i n t o n : ; i I y r . i l i n : ; ,ir<; 

s e t o u t i n T a b l e 3.24. The h i g h r e s o l u t i o n s p e c t r a a l s o r e v e a l 

a v e r y l o w l e v e l o f s i l i c o n and a h i g h l e v e l o f o x y g e n , t h e 
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Oh Si2p 

BINDING ENERGY (eV) 

Cls and 01s core tsvets of os wceivad potysthyisrw terephmaicis, and Si 2^ core levrt as contaminant 

F i g u r e 3.18. H i g h r e s o l u t i o n s p e c t r a o f t h e as r e c e i v e d PET. 

T a b l e 3.24 

As r e c e i v e d p o l y ( e t h y l e n e t e r e p h t h a l a t e ] 

I n t e n s i t y r a t i o s 0 
I 

T a k e - o f f a n g l e s C=0 C-X C-0 C-H C-0 C=0 C I s 

30 

70^ 

o 8 1 15 76 45 55 

5 2 14 79 43 57 

/0 

3 

4 

I s 
' I s /S 

136 

9 
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l a t t e r b e i n g e s s e n t i a l l y t wo c o m p o n e n t s , c o r r e s p o n d i n g t o 
0 0 
C-0 and 0 0 e n v i r o n m e n t s , s e p a r a t e d by 1.6 eV. The v e r y 

i 

d i f f e r e n t i n t e n s i t y r a t i o s o f C=0, C-0 and C—II c omponents 

a t ^ 289 eV, ^ 286.6 eV and 285 eV r e s p e c t i v e l y f o r 30° and 

70° t a k e - o f f a n g l e s , compared t o t h e c o r r e s p o n d i n g t h e o r e t i c a l 

v a l u e s 1:1:3, may s u g g e s t a p a r t i a l o r i e n t a t i o n o f 

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

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

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

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

o f an o v e r l a y e r o f h y d r o c a r b o n c o n t a m i n a t i o n i s a l s o i n d i c a t e d , 
(d) P e e l e d - o f f p o l y ( e t h y l e n e t e r e p h t h a l a t e ) f r o m t y p e 1 , 

N a t s y n 2200 e l a s t o m e r a t l i q u i d n i t r o g e n t e m p e r a t u r e 

The h i g h r e s o l u t i o n s c a n s o f p e e l e d - o f f PET a t 77K 

r e v e a l e d no e v i d e n c e f o r t h e m e c h a n i c a l t r a n s f e r o f m a t e r i a l s 

f r o m t h e s u r f a c e o f an e l a s t o m e r o t h e r t h a n C, and O. 
I s I s 

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

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

c o r r e s p o n d i n g t o F i g u r e 3.19 i n T a b l e 3.25 a g a i n c l e a r l y 

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

T a b l e 3.25 

P e e l e d - o f f p o l y ( e t h y l e n e t e r e p h t h a l a t e ) 

I n t e n s i t y r a t i o s . 
J l 
"•=n r - v r~n n — u r , _ n r = n r I s 

-O I 
T a k e - o f f a n g l e C=0 C-X C-0 C-H C-0 C=0 C 

- 70 I s 

30° 8 2 19 70 47 53 3.2 

70° 5 1 16 78 46 54 4.0 
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BINDING ENERGY (sV) 
Cls and 01s cere tevefe of pasted off poSysthylsns terephthcSate. 

F i g u r e 3.19. H i g h r e s o l u t i o n s p e c t r a o f p e e l e d - o f f PET. 

o c h e m i c a l e n v i r o n m e n t s u n d e r t h e C, e n v e l o p e a t 30° and 70 
I s 

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

c a r b o x y l i c e s t e r g r o u p s d i r e c t e d ' i n w a r d ' may be p a r t i a l l y 

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

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

0-^s components a t a h i g h r e s o l u t i o n . 

3.3.6 A u g e r p a r a m e t e r 

(a) I n t r o d u c t i o n 
I t has been a l r e a d y s t a t e d i n c h a p t e r t w o t h a t i r r a d i a t i o n 

.1 77 
o f most atoms w i t h s o f t x - r a y s r e s u l t s i n e m i s s i o n o f a t 
i • , ,• T J _ 171-176 , . , , , r l e a s t I wo o n e r g o t i c e l e c t r o n s : t h e p h o t o o 1 . e c t r o n f rom 



11 :\ 

\ 
t h e c o r e l e v e l ( i o n ) and an Auger e l e c t r o n f r o m t h e d e c a y o f 

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

i n i t i a l i o n i c s t a t e , t h e i n n e r v a c a n c y ( c o r e l e v e l ) i s f i l l e d 

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

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

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

A u g e r e l e c t r o n . The p r o b a b i l i t y f o r s u c h Auger e x c i t a t i o n 

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

f o r t h e e l e m e n t s o f i n t e r e s t i n t h i s w o r k . 

The c o m b i n e d use o f b o t h p h o t o e l e c t r o n and x - r a y e x c i t e d 

A u g e r l i n e s , t h e r e f o r e , e nhances t h e u t i l i t y o f ESCA f o r 

i d e n t i f y i n g c h e m i c a l s t a t e s . The d i f f e r e n c e i n k i n e t i c 

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

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

c h e m i c a l s t a t e ; t h i s s p e c i a l p r o p e r t y i s more a c c u r a t e l y 

d e t e r m i n a b l e t h a n e i t h e r t h e p h o t o e l e c t r o n o r Auger e l e c t r o n 

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

o u t . The i n t e n s i t y o f t h e L_M.rM.r Auqer l i n e s o f z i n c a r e 
3 45 45 

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

p r o b a b i l i t y . The d e c a y scheme f o r z i n c i s shown i n F i g u r e 3.20. 

The 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 b e t w e e n t h e most i n t e n s e 

and s h a r p Z n n l i n e and t h e L-.M. rM. c A u g e r l i n e o f z i n c ^ 2p., 3 45 45 ^ 
J / 2 

i n F i g u r e 3.21 p r o v i d e s t h e Auge r p a r a m e t e r . 

The LMM l i n e s o f s u l p h u r o b s e r v e d u s i n g t h e FAT mode i n 

ESCA we r e b r o a d and d i f f u s e a n d , t h e r e f o r e , d i f f i c u l t t o 

d e t e c t ; no a t t e m p t was, t h e r e f o r e , made t o measure t h e Auger 

p a r a m e t e r o f s u l p h u r . 
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F i g u r e 3.20. The L 3 M
4 5

M 4 5 Auger p r o c e s s f o r z i n c . 

Auger Parameter 

22L 232 230 228 226 

/2 

Z n 2 P 3 / 7 

993 991 989 987 985 983 981 
Z n L 2 3 M 4 5 M 4 5 

KINETIC E N E R G Y ( eV ) 

F i g u r e 3 .21. 2p^ and L
3

M 4 5 M 4 5 l e v e l s o f z i n c o x i d e . 



The Auger p a r a m e t e r has f o u n d p a r t i c u l a r use f o r i o n i c 

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

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

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

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

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

The change i n Auger p a r a m e t e r , c h e m i c a l s h i f t , b e t w e e n two 

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

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

s t a t e s . 

(b) D a t a on ' s u l p h u r - v u l c a n i s e d ' , N a t s y n 2200, e l a s t o m e r s 

The A u g e r p a r a m e t e r s f o r d i f f e r e n t s t a t e s o f z i n c i n 
179 

T a b l e 3.26 r e f l e c t t h e p o l a r i s a b i l i t y o f t h e a n i o n . 

T a b l e 3.26 

A u g e r e n e r g i e s and t h e A u g e r p a r a m e t e r s ( k i n e t i c e n e r g i e s i n eV) 

T a k e - o f f a n g l e (30°) 

Optimum c u r e d t y p e 1 , N a t s y n 2 2 0 0 , 
e l a s t o m e r 

50% c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r 

Optimum c u r e d t y p e 2, N a t s y n 2 2 0 0 , 
e l a s t o m e r 

50% c u r e d t y p e 2, N a t s y n 2200, e l a s t o m e r 

Optimum c u r e d t y p e 3, N a t s y n 2200 
e l a s t o m e r 

50% c u r e d t y p e 3, N a t s y n 2200, e l a s t o m e r 

Z i n c o x i d e 

Z i n c s u l p h i d e 

A uger e n e r g y 
L M M 23 45 45 

. 988.6 

988.5 

987. 7 

9 8 8 . 1 

987 . 8 

988. 1 

988.4 

989 . 5 

Auger 
p a r a m e t e r 

494.8 

494 . 7 

4 9 5 .9 

494 . 9 

496 . 1 

495.9 

495 . 3 

494 . 2 
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The t e n d e n c y f o r t h e A u g e r p a r a m e t e r f o r z i n c i n t h e s u r f a c e 

r e g i o n o f t y p e 1 sample i s more t o w a r d z i n c o x i d e t h a n z i n c 

s u l p h i d e . The o p t i m u m c u r e d t y p e 2 e l a s t o m e r t e n d s t o have 

a s l i g h t l y s m a l l e r A u g e r p a r a m e t e r t h a n t y p e 1 , t h u s 

i n d i c a t i n g more z i n c o x i d e t h a n z i n c s u l p h i d e , w h e r e a s t h e 

A u g e r p a r a m e t e r f o r 50% c u r e d t y p e 2 i s h i g h e r t h a n o p t i m u m 

c u r e d t y p e 2 s y s t e m , r e v e a l i n g a g r e a t e r t e n d e n c y t o w a r d s 

z i n c s u l p h i d e e n v i r o n m e n t . The t y p e 3 sample i n d i c a t e s more 

z i n c o x i d e t h a n z i n c s u l p h i d e , h a v i n g e s s e n t i a l l y t h e same 

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

The c o m b i n e d use o f b o t h p h o t o e l e c t r o n and x - r a y e x c i t e d A u g e r 

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

z i n c s u l p h i d e a t t h e s u r f a c e o f p a r t i a l l y c u r e d t y p e 1 and 

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

l i k e l y t o be a s s o c i a t e d w i t h t h e amount o f z i n c c o m p l e x 

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

p r o l o n g e d e x p o s u r e t o h e a t a t 150°C f o r o p t i m u m c u r e d 

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

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

I n t h e l i g h t o f A u g e r d a t a , t h e Zn^ i n t e n s i t y r a t i o s , 
P / S 0 

p a r t i c u l a r l y o f l o w b i n d i n g e n e r g y c o m p o n e n t s o f S„ , o f a 
z p 

v a r i e t y o f e l a s t o m e r s a r e s e t o u t i n T a b l e 3.27 f o r a 

c o m p a r i s o n w i t h t h e t h e o r e t i c a l v a l u e ( 1 . 5 ) . I t i s c l e a r 

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

added i n t o t h e b u l k . C o n v e r s e l y , i t e q u a l l y i m p l i e s t h a t 

e x c e s s z i n c 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 t h a n i s needed 

f o r t h e N a t s y n 2200 f o r m u l a t i o n . 
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T a b l e 3.2 7 

R a t i o s o f Zn^ LBE ( l o w b i n d i n g e n e r g y components o f S~ 
3 p / s 0

 2 p 

2p 
l e v e l s f o r a v a r i e t y o f N a t s y n 2200 e l a s t o m e r s 

1 2 3 4 

Optimum c u r e 2.0 1.5 1.7 -

50% c u r e 2.0 2.9 1.7 -

3.3.7 Summary o f an ESCA i n v e s t i g a t i o n o f a s e r i e s o f 
N a t s y n 2200 e l a s t o m e r s 

F i g u r e 3.22 summar i s e s t h e ESCA i n v e s t i g a t i o n o f a 

v a r i e t y o f N a t s y n 2200 e l a s t o m e r s , c u r e d on a c a l e n d e r i n g 

s y s t e m a t 150°C i n a i r w i t h a 2 mm r i p s e t t i n g t o d r a w i n t o 

s h e e t s . The b u l k f o r m u l a t i o n o f N a t s y n 2200 e l a s t o m e r s i s 

i n d i c a t e d i n T a b l e 3 . 1 , and t h e d e t a i l s o f t h e c o m p o s i t i o n a r e 

g i v e n i n T a b l e 3.12 i n t e r m s o f w e i g h t and n o r m a l i s e d m o l e % 

t e r m s . 

The ESCA a n a l y s e s have c l e a r l y r e v e a l e d t h e s u r f a c e 

c o m p o s i t i o n o f t h i c k n e s s i n t h e r a n g e < 5o8 t h a t h i g h e r 

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

s u r f a c e t h a n i n t h e b u l k , w h i l s t t h e l e v e l o f z i n c i n c r e a s e s 

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

o p t i m u m c u r e d t y p e 2 and t y p e 3 s a m p l e s i n d i c a t e g r e a t e r 

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

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

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

t y p e 1 s a m p l e i s much s m a l l e r t h a n t h e f u n c t i o n a l i t y ( 10) 

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

h i g h e r l e v e l o f s u l p h u r p r e s e n t a t t h e s u r f a c e o f a p a r t i a l l y 
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(50%) c u r e d t y p e 1 e l a s t o m e r i s l o s t e i t h e r by e v a p o r a t i o n 

o r by b l o o m i n g on a p r o l o n g e d e x p o s u r e t o h e a t a t 150°C 

( c u r e t i m e o f a p a r t i a l l y c u r e d t y p e 1 sample i s f i f t e e n 

m i n u t e s compared t o t w e n t y f i v e m i n u t e s f o r t h e o p t i m u m c u r e d 

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

f o r t h e o p t i m u m c u r e d t y p e 2 and t y p e 3 e l a s t o m e r s , i n 

c o n t r a s t t o t h e s i t u a t i o n f o r t h e t y p e 1 s a m p l e , i s most 

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

b u l k t o t h e s u r f a c e . The l o s s r a t e o f s u l p h u r i s , t h e r e f o r e , 

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

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

The ' s w e l l i n g ' d a t a i n s e c t i o n 3 . 3 . 1 i n d i c a t e d t h a t t h e 

s u l p h u r c r o s s l i n k o c c u r s on a v e r a g e a f t e r 100 r e p e a t ( i s o p r e n e ) 

u n i t s i n N a t s y n 2 2 0 0 s y s t e m s . 

3 . 3 . 8 I n f r a - r e d s p e c t r a 

(a) I n t r o d u c t i o n 

O r g a n i c and i n o r g a n i c s u b s t a n c e s e x h i b i t a b s o r p t i o n s p e c t r a 

i n t h e e l e c t r o m a g n e t i c i n f r a - r e d r e g i o n , e x t e n d i n g i n t h e 

r a n g e 50 - 0 . 0 2 5 m i c r o n s . The s e c t i o n c u r r e n t l y o f m o s t 

u s e f u l v a l u e l i e s b e t w e e n 10 and 0 . 6 2 5 m i c r o n s . The i n f r a 

r e d s p e c t r a a r e p a r t i c u l a r l y u s e f u l i n q u a l i t a t i v e a n a l y s i s 
4r i ^ - 4 . . • • -i 1 0 6 , 1 0 7 o f p o l y m e r and c o m p o s i t i o n s c o n t a i n i n g p o l y m e r s , s i n c e 

t h e c h a r a c t e r i s a t i o n o f t h e s e m a t e r i a l s a r e o f t e n t e d i o u s 
9 1 9 5 - 9 7 

by t h e more u s u a l c h e m i c a l a n a l y s i s ' and p h y s i c a l 
, 6 9 - 7 2 , 7 6 - 8 0 m e t h o d s . ' 

The i n f r a - r e d s p e c t r o s c o p y i s r e l a t i v e l y e a s i e r t o o p e r a t e 

t h a n ESCA, b u t t h e s e n s i t i v i t y o f t h i s c o n v e n t i o n a l t e c h n i q u e 

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



1 60 

m a t e r i a l i s e x a m i n e d i n t h e u s u a l t r a n s m i s s i o n manner; a n d , 

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

s p e c t r o s c o p y , i s p r e f e r r e d , b a s e d on i n t e r n a l r e f l e c t i o n 
139 

( F i g u r e 3 . 2 3 ) . The i n c i d e n t r a d i a t i o n d i r e c t e d f i r s t i n t o 

a m a t e r i a l o f h i g h r e f r a c t i v e i n d e x ( n ^ ) a t an a n g l e (9) 

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

s u r f a c e o f t h e sample o f r e f r a c t i v e i n d e x ( n 2 ) l o w e r t h a n n^. 

The d e p t h o f p e n e t r a t i o n i s g i v e n by an e q u a t i o n : 
dp = — - ( 3 . 7 ) 

2 2 k n^2i r ( s i n 0-n 2^) 

where dp i s t h e p e n e t r a t i o n d e p t h i n medium 2 f o r t h e e l e c t r i c 
t 

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

medium, 

Penetration 

0 

/ 

Medium 1 Medium 2 

( m o r e dense) ( l e s s d e n s e ) 

/ 

F i g u r e 3 . 2 3 . T o t a l i n t e r n a l r e f l e c t i o n . 
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A i s t h e w a v e l e n g t h o f t h e r a d i a t i o n , 

i s t h e r e f r a c t i v e i n d e x o f medium 1 , 

6 i s t h e a n g l e o f r e f l e c t i o n , and 
n 2 

n ^ n = — , n„ i s t h e r e f r a c t i v e i n d e x o f t h e s a m p l e . 2 1 n^ ' 2 ^ 

E q u a t i o n ( 3 . 7 ) s t a t e s t h a t t h e p e n e t r a t i o n d e p t h d epends on 

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

medium one and t w o . I t i s p o s s i b l e t o enhance t h e amount o f 

a b s o r p t i o n by m u l t i p l y i n g t h e number o f r e f l e c t i o n s , as shown 

i n F i g u r e 3.24. An i n t e r n a l r e f l e c t o r p l a t e o f t h a l i u m bromo-

F i g u r e 3.24. MATR c r y s t a l and sa m p l e . 

i o d i d e (KRS5) w i t h r e f r a c t i v e i n d e x o f 2.4, o r germanium 

w i t h r e f r a c t i v e i n d e x o f 4.0, o f a p p r o p r i a t e s i z e (50 mm x 

20 mm x 2 mm) may be u s e d w i t h a 45° a n g l e o f i n c i d e n c e ( 6 ) , 

g i v i n g a p p r o x i m a t e l y 25 r e f l e c t i o n s ; b u t b o t h c r y s t a l s w e r e 

e m p l o y e d i n t h i s c h a p t e r . The a c t u a l MATR u n i t , made by Specac, 

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

s p e c t r o m e t e r ( P e r k i n - E l m e r 5 7 7 ) . However, t h e r e a r e many 

M A T R c r y s t a l Sample 
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d i f f e r e n t o p t i c a l s y s t e m s a v a i l a b l e , w h i c h may be u s e d i n MATR 

a t t a c h m e n t s . The use o f KRS5 c r y s t a l i s l i k e l y t o r e s u l t i n 

t w i c e t h e s a m p l i n g d e p t h compared t o t h a t o f a g ermanium 

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

r e f l e c t i o n a r e g i v e n i n T a b l e 3.28. 

A d d i t i v e s , i n t h e f o r m o f a p o w d e r , were a l s o s t u d i e d 

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

b r o m i d e . The KBr d i s c s were p r e p a r e d by g r i n d i n g t h e sample 

(2 mg) w i t h KBr (100 - 200 m g ) , and t h e n c o m p r e s s i n g t h e 

w h o l e c o n t e n t i n t o a t r a n s p a r e n t t a b l e t . The s p e c t r a w e re 

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

(b) A d d i t i v e s 

F i g u r e 3.25 r e p r e s e n t s t h e s p e c t r u m o f c y c l o h e x y l b e n z t h i a z y 1 

s u l p h e n a m i d e 

( C-S-N 

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

V i b r a t i o n s W a v e l e n g t h Remarks 
( m i c r o n s ) 

C-H s t r e t c h i n g 3.42 a s y m m e t r i c S t r o n g , s h a r p 

3.51 s y m m e t r i c 

N-H s t r e t c h i n g 3.10 S t r o n g , s h a r p 

C-N 8.08 S t r o n g , s h a r p 

C-S 1 4 . 8 1 Weak, s h a r p 

The 0-H s t r e t c h i n g a p p r o x i m a t e l y a t 2.9 m i c r o n s i s l i k e l y 

f r o m t h e c o n t a m i n a t i o n o f H 20 i n t h e KBr t a b l e t . 

F i g u r e 3.26 i s a s p e c t r u m o f t e t r a m e t h y l t h i u r a m d i s u l p h i d e 
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4-0 50 Microns 60 70 80 90 10 12 14 16 18 20 25 3035 

TMTD 

3S00 3000 2500 2000 1800 1600 1400 1200 1000 800 
Wavenumber (cm-') 

600 400 250 

F i g u r e 3.25. 

F i g u r e 3.26, 

I n f r a r e d s p e c t r u m o f c y c l o h e x y l b e n z t h i a z y 1 
s u l p h e n a m i d e (CBS). 

I n f r a r e d s p e c t r u m o f t e t r a m e t h y l t h i u r a m 
d i s u l p h i d e (TMTD) . 

4 0 5-0 Microns 6 0 7 .0 8.0 90 10 12 14 16 18 20 25 30 35 

Stearic acid 

Permanox B 

3500 3000 2500 2000 1800 1600 1400 1200 
Wavenumber Icrrr1) 

1000 800 600 400 250 

F i g u r e 3.2 7. I n f r a r e d s p e c t r u m o f s t e a r i c a c i d . 

F i g u r e 3.28. I n f r a r e d s p e c t r u m o f permanax B. 
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a c c e l e r a t o r w i t h d i s t i n g u i s h a b l e a b s o r p t i o n s a t : 

C-H a s y m m e t r i c a l 
d e f o r m a t i o n 

C-H s y m m e t r i c a l 
d e f o r m a t i o n 

C-N 

O S 

s-s 

W a v e l e n g t h 
( m i c r o n s ) 

6.69 

7.27 

8. 10 

8.7 

22.47 

S t r o n g , s h a r p 

S t r o n g , s h a r p 

S t r o n g , s h a r p 

Medium, s h a r p 

Weak, s h a r p 

The s t r u c t u r e i s 

s 
CH., / C H 3 

"N-C-S-S-C-N 
/ I I II \ 

CH 3 S S CH 3 

I n F i g u r e 3.27, t h e a b s o r p t i o n i n t h e r e g i o n n e a r 3.45 

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

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

C a r b o n y l a b s o r p t i o n i s e v i d e n t as a s t r o n g s i n g l e t a t 5.85 

m i c r o n s and t h e c o n v i n c i n g c h a r a c t e r i s t i c a b s o r p t i o n o f 
0 • " 

-CO-H bonds o c c u r s as a b r o a d peak a p p r o x i m a t e l y a t 2.94 m i c r o n s , 

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

enhance t h e r a t e o f c u r e . 

F i g u r e 3.2 8 shows t h e s p e c t r u m o f permanax B, a 

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

a b s o r p t i o n s a t : 

V i b r a t i o n s 

N-H s t r e t c h i n g 

C-H s t r e t c h i n g 

C=C 

W a v e l e n g t h Remarks 
( m i c r o n s ) 

S t r o n g , s h a r p 

S t r o n g , s h a r p 

S t r o n g , s h a r p 



The p r o m i n e n t f e a t u r e i n t h e ' f i n g e r - p r i n t ' r e g i o n i s a 

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

permanax B, as i t has been s u p p o r t e d by ESCA a n a l y s i s , i s 

F i g u r e 3.29 i s a s p e c t r u m o f z i n c o x i d e w i t h a s t r o n g / 

b r o a d a b s o r p t i o n band o c c u r r i n g i n t h e r e g i o n 18.2 - 25 

m i c r o n s , b e i n g c h a r a c t e r i s t i c o f Zn-0 bond v i b r a t i o n s . A 

r e l a t i v e l y b r oad/weak peak a p p r o x i m a t e l y a t 2.86 m i c r o n s i s 

f r o m t h e c o n t a m i n a t i o n o f 1^0. 

F i g u r e 3.30 i n d i c a t e s a s p e c t r u m o f d i c u m y l p e r o x i d e w i t h 

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

H 
0 c > f \ 
/ 

CH--C-N 
CH 

V i b r a t i o n s W a v e l e n g t h 
( m i c r o n s ) 

Remarks 

C-H s t r e t c h i n g 3.2 3-3.45 5 b a n d s , weak, s t r o n g and med 

C C s t r e t c h i n g 
( s k e l e t a l ) 

6.25 
6.69 
6.92 

Weak, s h a r p 
Weak, s h a r p 

C-H d e f o r m a t i o n 
( i n p l a n e ) 

8.0-10.52 S t r o n g and medium b u t s h a r p 

C-H d e f o r m a t i o n 
( o u t o f p l a n e ) 

m o n o s u b s t i t u t i o n 13.16 
14.29 5 a d j a c e n t H atoms 

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

u s u a l l y p r e s e n t s no d i f f i c u l t y , as t h e C~C s t r e t c h i n g 

v i b r a t i o n s o f t h i s s t r u c t u r e i n F i g u r e 3.30 d i s t i n g u i s h e s i t 
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f r o m o t h e r t y p e s o f u n s a t u r a t i o n . O n l y t w o o f t h e f o u r 

t h e o r e t i c a l l y p o s s i b l e b ands i n t h e 6.25 - 6.9 m i c r o n s 

r e g i o n a r e g e n e r a l l y u s e f u l , t h o s e a p p r o x i m a t e l y a t 6.25 and 

6.67 m i c r o n s . A t h i r d (6.33 m i c r o n s ) i s v e r y weak, as i s 

e v i d e n t f r o m t h e s p e c t r u m , w h i l e t h e f o u r t h a t % 6.9 m i c r o n s 

may be o b s c u r e d by a l k y l b a n d s . The r e l a t i v e i n t e n s i t i e s 

o f t h o s e bands a r e v a r i a b l e , b u t t h e i r s h a r p n e s s i s 

c h a r a c t e r i s t i c , and t h e p r e s e n c e o f a n e e d l e - l i k e peak 

a p p r o x i m a t e l y a t 6.67 m i c r o n s i s p a r t i c u l a r l y i n d i c a t i v e o f 

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

3100-3000 c m - ' 

H H 

i -s H H H H 

H H in-plane 

out-of-plane 

1600-1450 c m - ' 
C - C skeletal 

(a) Stretching (t>) Deformation 

F i g u r e 3.31. V i b r a t i o n s o f benzene r i n g . 

i s o f t e n c l e a r l y i n d i c a t e d by t h e C-H o u t - o f - p l a n e d e f o r m a t i o n 

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

' f i n g e r - p r i n t ' r e g i o n . The s t r u c t u r e i s : 

CH GH I 3 
c-o-o-c 

<5, / CH CH 
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( c ) E l a s t o m e r s 

The m a i n o b j e c t i v e i n t h i s p a r t o f t h e s t u d y has been t o , 

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

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

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

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

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

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

The f e a t u r e s a r i s i n g f r o m v a r i o u s t y p e s o f N a t s y n 22QO 

e l a s t o m e r s a r e shown i n F i g u r e s 3.32 and 3.33. S i n c e t h e 

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

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

r e p r e s e n t a t i v e e x a m p l e s . A b s o r p t i o n s o c c u r r i n g b e l o w 11.8 

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

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

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

p a r t i a l l y c u r e d and u n c u r e d e l a s t o m e r s i n F i g u r e s 3.32 and 

3.33 r e v e a l e d t h e f o l l o w i n g : (a) t h e r a t i o o f peak 
3 3 8 

i n t e n s i t i e s a t w a v e l e n g t h ( m i c r o n s ) ' / ( 3 . 4 2 and 3.51) 

c o r r e s p o n d i n g t o t h e t o t a l s t r e t c h i n g v i b r a t i o n s o f -CH^ 

and -CE^- g r o u p s , r e m a i n s v e r y n e a r l y c o n s t a n t ( 1 . 0 ) , e v e n 

b e f o r e and a f t e r v u l c a n i s a t i o n a t 150°C, (b) t h e r a t i o o f 
6 02 

peak i n t e n s i t i e s a t w a v e l e n g t h ( m i c r o n s ) ' / ( 3 . 4 2 and 3.51) 

c o r r e s p o n d i n g t o c a r b o n - c a r b o n d o u b l e bond (C=C) a b s o r b a n c e 

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

c i s - 1 , 4 p o l y i s o p r e n e s t r u c t u r e , ( c ) t h e r a t i o o f peak 

i n t e n s i t i e s a t w a v e l e n g t h ( m i c r o n s ) ' / ( 3 . 4 2 and 3.51) f o r 

t h e u n c u r e d , 50% c u r e d and o p t i m u m c u r e d s a m p l e s s u g g e s t v e r y 
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F i g u r e 3.32. I n f r a r e d s p e c t r a o f a t y p e 1 , N a t s y n 2200, e l a s t o m e r 

30 40 50 Microns 50 70 80 90 10 12 30 
i 
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3.33. I n f r a r e d s p e c t r a o f a t y p e 2, N a t s y n 2200, e l a s t o m e r . 
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l i t t l e change i n t h e c i s - 1 , 4 p o l y i s o p r e n e s t r u c t u r e , and t h i s 

i s a l s o t r u e f o r t h e r a t i o o f i n t e n s i t i e s o b s e r v e d a t 
8 8 5 

w a v e l e n g t h ( m i c r o n s ) ' / ( 3 . 4 2 and 3 . 5 1 ) ; a n d , ( d ) , t h e 

o c c u r r e n c e o f peaks a p p r o x i m a t e l y a t w a v e l e n g t h s 8.13, 9.26 

and 9.62 m i c r o n s a r e , w i t h o u t c e r t a i n t y , a t t r i b u t e d t o 

c y c l i s e d s t r u c t u r e s , w h i c h f u r t h e r s u g g e s t s t h a t t h e 

c y c l i s e d s t r u c t u r e w o u l d decompose on t h e r m a l t r e a t m e n t . The 
11 23 

r a t i o o f peak i n t e n s i t y a t w a v e l e n g t h s ( m i c r o n s ) ' / l l . 9 0 

was n o t o b s e r v e d , as a r e s u l t o f s t r o n g a b s o r b a n c e b e l o w 

11.90 m i c r o n s by t h e germanium c r y s t a l , w h i c h p r o b a b l y w o u l d 

have a c c o u n t e d f o r t h e t r a n s f o r m a t i o n o f c i s - 1 , 4 - p o l y i s o p r e n e 

i n t o s t r u c t u r e s r e s e m b l i n g 3 , 4 - p o l y i s o p r e n e 
(-CH-CH„-) I 2 n 

C 
H 2C / / N SCH 3 

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

I t was 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 e f f e c t o f o x y g e n 

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

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

b e f o r e , and a f t e r p l a s m a t r e a t m e n t s a t d i f f e r e n t power 

l o a d i n g s ; a n d , t h e r e f o r e , i t i s c o n v e n i e n t t o p r e s e n t one 

e x a m p l e o f an o x y g e n p l a s m a t r e a t e d sample t o a v o i d 

r e p e t i t i o n . 

F i g u r e 3.34 shows t h e s p e c t r u m o f o x y g e n p l a s m a t r e a t e d 

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

a power l o a d i n g o f 10 w a t t s f o r 20 s e c o n d s and a t o t a l p r e s s u r e 

o f 0.2 t o r r . A c o m p a r i s o n w i t h t h e u n t r e a t e d s ample i n 

F i g u r e 3.26 r e v e a l s s p e c t r a , w h i c h a r e i n d i s t i n g u i s h a b l e . T h i s 



ML 

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

c o n v e n t i o n a l I R s p e c t r o s c o p y i n i n v e s t i g a t i n g t h e v e r y t h i n 

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

( c h a p t e r s s i x and s e v e n ) . 

3_0 4_0 5-0Microns 6,0 7,0 ftO 9 0 10 12 U 16 1620 25 30 35 

r 

Oxygen plasma treated 
TMTD 

—• .—i 1 1 1 1 1 1 1 i : i i i 
3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 250 

Wavenumber (cm- 1! 

F i g u r e 3.34. I n f r a r e d s p e c t r u m o f t e t r a m e t h y l t h i u r a m 
d i s u l p h i d e a f t e r e x p o s u r e t o an o x y g e n plasma 
(10 w a t t s , *2,0 s e c o n d s , 0 . 2 t o r r ) . 

The f a c t t h a t I R s p e c t r o s c o p y f a i l s t o r e v e a l t h e 

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

t o t h e e x t e n t p e n e t r a t i o n d e p t h o f IR r a d i a t i o n i n t h a t i t 

s a m p l e s t h e s u r f a c e l a y e r t o a d e p t h o f t h e o r d e r 10^8, 

compared t o t h e m o d i f i e d s u r f a c e o f t h i c k n e s s < 10^8; a n d , 

t h e r e f o r e , t h e I R s p e c t r u m has a v e r y s t r o n g a b s o r p t i o n 

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

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

b e f o r e , and a f t e r p l a s m a t r e a t m e n t s . 

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

(a) I n t r o d u c t i o n 

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

r e s o n a n c e (NMR), and i t s a p p l i c a t i o n s t o c h e m i c a l p r o b l e m s , 
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have been a m a z i n g l y r a p i d i n t h e l a s t d e c a d e . T h i s 

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

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

w h i c h , i n t u r n , r e f l e c t s t h e s m a l l d i f f e r e n c e s i n m o l e c u l a r 
116-119,123-125 _ . . , 1 s t r u c t u r e and c o n f o r m a t i o n . ' I n h i g h r e s o l u t i o n 

NMR s p e c t r a , l i n e s e p a r a t i o n s o f l e s s t h a n 0.1 Hz a r e m e a s u r e d , 
-12 

c o r r e s p o n d i n g t o an e n e r g y d i f f e r e n c e o f a p p r o x i m a t e l y 10 
128 

J o u l e / m o l e . I n a d d i t i o n t o t h e s e d e t a i l e d i n v e s t i g a t i o n s 

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

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

m o l e c u l a r m o t i o n and k i n e t i c s . U n t i l r e c e n t l y , l i q u i d 

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

p o l y i s o p r e n e , a n d , t h e r e f o r e , a l l s o l i d s had t o be 

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

NMR). The r e q u i r e m e n t o f s a m p l e s b e i n g i n s o l u t i o n has been 

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

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

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

h i g h l y b r o a d e n e d by a n i s t r o p i c d i p o l e - d i p o l e (DD) and q u a d -

r u p o l e - f i e l d g r a d i e n t (QF) i n t e r a c t i o n s , l e a d i n g t o l i n e -

w i d t h s i n t h e KHz r a n g e , (b) t h e phenomenon o f c h e m i c a l s h i f t 

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

even when t h e d i p o l a r b r o a d e n i n g i s a b s e n t . These a n i s o t r o p i c 

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

f o r t u n a t e l y a r e a v e r a g e d t o z e r o by t h e r a p i d B r o w n i a n m o t i o n 
13 

o f t h e m o l e c u l e s , a n d , ( c ) C n u c l e i i n s o l i d s show 

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

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

and hence l o w s e n s i t i v i t y . However, t h e r e c e n t d e v e l o p m e n t 

o f s o p h i s t i c a t e d t e c h n i q u e s , c a l l e d H i g h Power D e c o u p l i n g , 
128 

M a g i c A n g l e S p i n (MAS) and C r o s s P o l a r i s a t i o n ( C P ) , has 

o pened t h e way t o h i g h r e s o l u t i o n NMR i n s o l i d s . I n a 

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

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

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

s o - c a l l e d 'magic a n g l e s p i n n i n g ' (MAS). The p r i n c i p l e o f MAS 

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

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

I t i s w e l l known t h a t a l l n u c l e a r w i t h n u c l e a r s p i n 

q u a n t u m number 1^0 p o s s e s s a n u c l e a r d i p o l e moment ( p ) and 

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

h, = + ( 3 c o s 2 0 - l ) ( 3 . 8 ) l o c . — 2 
W l , 2 

w h e r e ^ ^ s t n e d i s t a n c e b e t w e e n t w o n u c l e i , 0 i s t h e a n g l e 

o f r o t a t i o n a b o u t Z-component (see F i g u r e 3.25) a n d , t h e s i g n 

+ and - d e s c r i b e t h e o r i e n t a t i o n s o f n e i g h b o u r s p i n t o be 

p a r a l l e l o r a n t i p a r a l l e l . The Z-component o f t h e m a g n e t i c 

f i e l d o f a d i p o l e may be p o s i t i v e o r n e g a t i v e d e p e n d i n g on t h e 

a n g l e 0. The change o f s p i n o r i e n t a t i o n s o c c u r , when t h e 

v a l u e o f 0 i s 54°44' a n d , a t t h i s i n s t a n c e , t h e r e i s no 

c o n t r i b u t i o n t o t h e f i e l d i n Z - d i r e c t i o n . F i g u r e 3.36 shows 



z.Ho 

\ 

/ 

H 0 

/ 

12 x 

F i g u r e 3.35. L o c a l magnetic f i e l d ( h l o c ) a t a n u c l e u s 1, 
produced by a n u c l e a r magnetic d i p o l e moment o f 
a n u c l e u s 2 a t a d i s t a n c e ^ 
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F i g u r e 3.36. Magnetic f i e l d l i n e o f a magnetic d i p o l e 
i n d i c a t i n g p o s i t i v e and n e g a t i v e Z-components. 
The Z-component i s zero a t an angle o f 54 44'. 
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t h e magnetic f i e l d o f magnetic d i p o l e a t angle o f 54°44*. 

I n a s o l i d sample, many p a i r s o f s p i n s w i t h d i f f i c u l t 

v and 6 may be p r e s e n t and, hence, h and t h e resonance 
IOC • 

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

broad resonance l i n e . S i m i l a r l y , d i f f e r e n t i n t e r n a l 

e l e c t r i c a l g r a d i e n t s may a l s o broaden t h e resonance l i n e 

o f t h e n u c l e i w i t h a n u c l e a r s p i n quantum number g r e a t e r 
2 

t h a n h a l f , f o r which a t e r m (3cos 6-1) ag a i n a p p l i e s . I n a 

powdered or amorphous sample, each molecule or m o l e c u l a r 

group may be o r i e n t e d i n a l l p o s s i b l e d i r e c t i o n s and t h e 

spread o f chemical s h i f t r e s u l t s i n b r o a d e n i n g o f a resonance 

l i n e . The e x t e r n a l magnetic f i e l d induces e l e c t r o n i c 

c i r c u l a t i o n s about a n u c l e u s i n a plane p e r p e n d i c u l a r t o t h e 

a p p l i e d f i e l d and i n a d i r e c t i o n such t h a t t h e a s s o c i a t e d 

secondary magnetic f i e l d opposes the main f i e l d and g i v e r i s e 

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

The h i n d r a n c e o f c i r c u l a t i o n s i s a l s o dependent upon t h e 

o r i e n t a t i o n o f a g i v e n bond a x i s ( f o r example C-C bond) 

r e l a t i v e t o t h e e x t e r n a l f i e l d . The c h e m i c a l s h i f t c o n t r i b u t i o n 
2 

i s a g a i n p r o p o r t i o n a l t o t h e t e r m (3cos 6-1). 
I t i s c l e a r l y e v i d e n t from an e q u a t i o n (3.8) t h a t a l l t h e 

2 
above f a c t o r s d i s a p p e a r , when t h e t e r m (3cos 6-1) becomes z e r o , 

and t h i s s i t u a t i o n o b t a i n s when t h e v a l u e of o i s 54°44'. The 

e f f e c t o f t h i s magic angle s p i n n i n g can be seen i n F i g u r e 

3.37. The d i f f e r e n t c o n n e c t i n g v e c t o r s w i t h d i f f e r e n t (K^ 

are r o t a t e d on d i f f e r e n t cones i l l u s t r a t i n g t h a t t h e t i m e 

averaged d i r e c t i o n o f a l l v e c t o r s be on t h e same s p i n n i n g 

a x i s , when t h e r o t a t i o n i s f a s t a t an angle o f 54°44'. The 
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F i g u r e 3.37. E f f e c t o f magic angle s p i n n i n g . 

d i p o l a r i n t e r a c t i o n s , quadrupole f i e l d g r a d i e n t i n t e r a c t i o n s 

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

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

d i f f e r e n c e s p r e s e n t i n t h e sample ( t h e s p i n n i n g f r e q u e n c y 

i s o f t h e o r d e r o f a few KHz). 

The problems a s s o c i a t e d w i t h low s e n s i t i v i t y o f race s p i n s 

and t h e i r l o n g r e l a x a t i o n t i m e are c i r c u m v e n t e d by t h e 
360 

development o f c r o s s p o l a r i s a t i o n ; t h e method i s based 

on t a p p i n g t h e abundant p r o t o n s p i n system t o p r o v i d e 

s u f f i c i e n t carbon p o l a r i s a t i o n , which i s more c o n v e n i e n t t h a n 

by t h e r m a l i s a t i o n w i t h t h e l a t t i c e . The r e s u l t i s a h i g h e r 
13 

s i g n a l i n t e n s i t y f o r C and, moreover, t h e r e l a x a t i o n t i m e 

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



1.78 

t h e e x p e r i m e n t t o be d e t e r m i n e d by t h e p r o t o n l o n g i t u d i n a l 

r e l a x a t i o n t i m e r a t h e r t h a n by t h a t f o r t h e carbons. The 

two main approaches o f many v a r i a n t s o f c r o s s p o l a r i s a t i o n 

e x p e r i m e n t are mentioned he r e . 

I n s p i n l o c k c r o s s p o l a r i s a t i o n , t h e p r o t o n s are f i r s t 

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

H,u and, t h e n f o l l o w e d by r a d i o f r e q u e n c y f i e l d , a p p l i e d near 
I n 

361 
t h e carbon resonance, such t h a t t h e c o n d i t i o n (Hartmann-Hann) 

i n e q u a t i o n (3.9) i s f u l f i l l e d . The carbon s i g n a l i s enhanced 
^CH1C = YH H1H ( 3 ' 9 ) 

by a f a c t o r o f f o u r ( H, ) , compared t o t h e carbon 
/ d e 

m a g n e t i s a t i o n which would a r i s e by t h e r m a l i s a t i o n w i t h t h e 
l a t t i c e . 

The second method, i n i t i a l l y , b r i n g s t h e system i n a 
13 

s t a t e o f d i p o l a r o r d e r t o c r o s s p o l a r i s e t h e C s p i n s . T h i s 
13 

i s a c h i e v e d by b r i n g i n g t h e C system a t t h e ' s p i n t e m p e r a t u r e 1 

13 1 o f C i n t h e r m a l c o n t a c t w i t h t h e l a r g e r H s p i n system a t 

t h e s p i n t e m p e r a t u r e o f "'"H. As a r e s u l t o f t h e r m a l c o n t a c t , 
13 

a l a r g e t e m p e r a t u r e decrease i n t h e C system o c c u r s , 
13 

a s s o c i a t e d w i t h a marked i n c r e a s e o f C s p i n s , whereas t h e 

t e m p e r a t u r e o f t h e "*"H system, due t o t h e h i g h heat c a p a c i t y , 

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

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

F i g u r e 3.38 summarises t h e e x p e r i m e n t a l d e t a i l s o f c r o s s 

p o l a r i s a t i o n , p erformed i n f o u r s t e p s : (a) t h e p r o t o n s p i n s 

are p o l a r i s e d i n a h i g h f i e l d (H ) - t h e p o p u l a t i o n i s 

d e t e r m i n e d by the energy d i f f e r e n c e between the two l e v e l s i n 
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F i g u r e 3.38. Cross p o l a r i s a t i o n i l l u s t r a t i n g t i m i n g diagram. 

t h e H q f i e l d ; (b) t h e p o l a r i s e d p r o t o n s p i n s are th e n p l a c e d 

i n t h e r o t a t i n g frame by a 90° p u l s e , f o l l o w e d by a 90° phase 

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

H,TI - s o - c a l l e d ' s p i n - l o c k i n g ' f i e l d ; (c) a t h e r m a l c o n t a c t 
I n 

13 1 
between t h e two s p i n systems ( C- H) i s e s t a b l i s h e d f o r 13 . v a r i a b l e t i m e ( t ) by p l a c i n g t h e C s p i n s i n t o t h e r o t a t i n g 
frame as w e l l . A Hartmann-Hann c o n d i t i o n i s f u l f i l l e d . The 
13 

C m a g n e t i s a t i o n i n c r e a s e s r a p i d l y , whereas a s m a l l decrease 
i n "̂H m a g n e t i s a t i o n o c c u r s ; and, (d) t h e l a s t s t e p i n v o l v e s 

13 
t h e sampling o f t h e p r o t o n enhanced C f r e e i n d u c t i o n decay 

13 

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

"'"H r a d i o f requency i s s t i l l i n o p e r a t i o n . The t h i r d and f o u r t h 
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steps a re r e p e a t e d s e v e r a l t i m e s f o r f a v o u r a b l e cases d u r i n g 

which t h e ''"H p o l a r i s a t i o n i s d e p l e t e d and t h e 1 3C s i g n a l i s 

accumulated. 

The a p p l i c a t i o n o f c r o s s p o l a r i s a t i o n combined w i t h 

magic angle s p i n n i n g (CP-MAS) i s s t i l l i n i t s i n f a n c y ; 

n e v e r t h e l e s s , n a t u r a l and s y n t h e t i c polymers are c u r r e n t l y 

t h e most i n v e s t i g a t e d m a t e r i a l s . I n t h i s c o n t e x t , a l i m i t e d 

s t u d y has been c a r r i e d o u t on 1 s u l p h u r - v u l c a n i s e d ' Natsyn 

2200 e l a s t o m e r s , 

(b) 13C-NMR s p e c t r a 

The s p e c t r a o f t h e v a r i o u s c i s - 1 , 4 - p o l y i r , o p r e n e samples, 

p r e s e n t e d i n F i g u r e s 3.39 and 3.40, r e v e a l f i v e c l e a r 

d i s t i n g u i s h a b l e s i n g l e t resonance peaks, wh i c h are a t t r i b u t e d 

t p t h e m e t h y l , two met h y l e n e , and two e t h y l e n i c carbon atoms 

of t h e polymer, a l l o f d i f f e r e n t i n t e n s i t y . Thus, t h e s p e c t r a 

o f t h e s e Natsyn 2 200 systems w i t h and w i t h o u t a d d i t i v e s 

(Table 3.12) can be i n t e r p r e t e d i n terms o f a s i n g l e r e p e a t i n g 
i 3 u n i t , (-CH„-C=CH-CH„-) , as i s i n d i c a t e d w i t h t h e s t r u c t u r e s ' 2 2 n 

superimposed on t h e s p e c t r a i n F i g u r e s 3.39 and 3.40. The 

s t r u c t u r a l u n i t s a r e l a b e l l e d a r b i t r a r i l y as i l l u s t r a t e d i n 

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

t h e assignment o f resonance peaks. 

The resonance peaks o f t h e two e t h y l e n i c carbon atoms 

occur a t a low f i e l d s t r e n g t h , whereas those o f t h e m e t h y l and 

methylene carbon atoms occur i n t h e h i g h f i e l d r e g i o n . 

Assignment o f t h e resonance peaks t o s p e c i f i c carbon atoms 
12 6 

was o r i g i n a l l y made by Duch and Gran t , i n which t h e y used . 

t h e t e c h n i q u e o f s e l e c t i v e d e c o u p l i n g . The r e s u l t s o f p r o t o n 
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Natsyn 2200, Typel, Elastomer 
£ CH 3 

^ CH.-C = C- C H 2 ~ 
H 

Raw polymer without additives 

(a! 

e Optimum 
cured 

(b) 

Uneured 

ic) 

1 • j (juro '3. 3'K C NMR spe 3 c t r a o f a type 1, Natsyn 2200, o las lorn, • r. 
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Natsyn 2 2 0 0 , Type 2 . E lastomer 

' C H . 
i 3 i 

• C H , - C = C - C H , ~ 

C r o s s polarised £ Optimum 
cured 

Optimum 
cured 

5 0 % 
cured 

Uncured 

13 
F i g u r e 3.40. C NMR s p e c t r a o f a type 2, Natsyn 2200, elastome 



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

c i s and t r a n s - 1 , 4 - p o l y i s o p r e n e s were p a r t i c u l a r l y u s e f u l i n 

t h i s r e s p e c t . 3 6 3 - 3 6 5 The resonance peak o f t h e -a-carbon 

atom, f o r which t h e l a r g e p r o t o n c o u p l i n g s are a b s e n t , was 

a s s i g n e d t o t h e l o w e s t f i e l d peak, because i t enhanced t o a 

sharp s i n g l e t over a wide range o f d e c o u p l i n g f r e q u e n c i e s , and, 

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

The resonance o f t h e p-carbon, however, c o l l a p s e d t o a sharp 

s i n g l e t o n l y when t h e s i n g l e t d i r e c t l y bonded e t h y l e n i c 

hydrogen was s e l e c t i v e l y decoupled. The assignment f o r t h e 
126 

m e t h y l carbon atom was made by Duch and Grant, i n a s i m i l a r 

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

p r o t o n s . The y-<5-methylene resonance peaks were n o t 

s e p a r a t e d from one a n o t h e r i n t h e p r o t o n n u c l e a r magnetic 

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

assignments i n t h e carbon-13 n u c l e a r magnetic resonance were 

n o t p o s s i b l e by t h e s e l e c t i v e d e c o u p l i n g t e c h n i q u e ; and, 

t h e r e f o r e , Duch and Grant a s s i g n e d t h e resonance peaks on an 

i n s p e c t i o n o f s i m p l e c i s - and t r a n s - 1 , 4 p o l y i s o p r e n e models. 

I t i s c l e a r l y e v i d e n t from t h e i n d i c a t e d s p e c t r a t h a t t h e 

s i m p l i c i t y o f t h e p r o t o n - d e c o u p l e d carbon-13 n u c l e a r magnetic 

resonance s p e c t r a o f a v a r i e t y o f Natsyn 2200 e l a s t o m e r s , r u n 

u s i n g magic angle s p i n n i n g and a l s o i n one case w i t h c r o s s 

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

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

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

r e s u l t i n g from c r o s s l i n k i n g s t r u c t u r e s or a d d i t i v e s , t h a t was 

o r i g i n a l l y a n t i c i p a t e d f o r . ( I t s h o u l d be n o t e d t h a t one c r o s s -



1*4 

l i n k o c curs on average per 100 i s o p r e n e u n i t s . ) The i n h e r e n t 

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

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

' s u l p h u r - v u l c a n i s a t i o n ' . 



CHAPTER FOUR 

AN ESCA INVESTIGATION OF A SERIES OF SOLPRENE 

1204 CURED ELASTOMERS 

PART I I 



4.1 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 i n chapter three revealed t h a t , i n 

p a r t i c u l a r rubber, higher l e v e l s of a d d i t i v e s are present 

at the s u r f a c e than i n the bulk i n c o n t r a s t to the l e v e l of 

z i n c , where the l a t t e r i n c r e a s e d with i n c r e a s i n g ESCA depth 

p r o f i l e i n t o the bulk. The ' s w e l l i n g ' data taken i n conjunction 

with the ESCA data i n d i c a t e d on average one sulphur c r o s s l i n k 

a f t e r 100 repeat u n i t s of isoprene i n Natsyn 2200 cured 

elastomers. 

T h i s chapter, as a c o n t i n u a t i o n to the s y s t e m a t i c study 

of elastomers, d e a l s with a v a r i e t y of Solprene 1204 

elastomers, cured on a c a l e n d e r i n g system at 150°C i n a i r 

with a 2 mm nip s e t t i n g to draw i n t o sheets for an ESCA study. 

The d e t a i l e d compositions of the bulk formulation are 

i n d i c a t e d i n Table 4.1. The v a r i o u s i n g r e d i e n t s i n the 

d i f f e r e n t types of elastomers are added to obtain the d e s i r e d 
1,2 ,47 ,48,301 „ .. , u- u 

mechanical p r o p e r t i e s . ' ' ' A conventional high 

sulphur-low a c c e l e r a t o r system produces a high percentage of 

polysulphide c r o s s l i n k s and high a c c e l e r a t o r •'low sulphur 

systems produce mainly mono- or d i s u l p h i d e c r o s s l i n k s with a 

grea t e r r e s i s t a n c e to r e v e r s i o n and aging, but i n f e r i o r i n 

mechanical p r o p e r t i e s than the elastomers containing high 
1 2 

proportion of polysulphide c r o s s l i n k s . ' 

As noted p r e v i o u s l y , 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 importance of elastomers and the l a r g e number 

of i n v e s t i g a t i o n s , which have been made, these p r i m a r i l y 

p e r t a i n to bulk a n a l y s i s by the usual chemical and p h y s i c a l 
95-97 115 123-125 methods. ' ' There has been very l i t t l e or no 
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Table 4.1 

Solprene 1204 Formulation 

(a) Type 1 2 3 4 
weight mole weight mole weight mole weight molo 

o 
Xf 

o o % o. <> <y 

Solprene 90. 1 94.7 97. 8 94. 4 90.0 94. 7 89 . 8 94.5 

Zinc oxide 4. 5 3.9 - - 4.5 3.9 4. 5 3.9 

S t e a r i c a c i d 1. 8 0. 44 - - 1.8 0.44 1. 8 0. 44 

CBS 0. 9 0.24 - - - - -
Sulphur 1. 8 0. 49 - - 0.63 0.17 - -
Di cup R - - 1. 3 0. 32 - - -
TBTD - - - - 0.63 0.11 - -
MBS - - - - 1.53 0.47 0. 9 0. 25 

DTDM - - - - - 1. 8 0.55 

TMTD - - - - - - 0. 36 0. 11 

Perm an ax B 0. 9 0. 28 0. 98 0. 29 0.90 O. 28 0. 9 0. 28 

Cure time (minutes) at 150°C 

50% ( p a r t i a l ) 42 - 22 27 

100% (optimum) 60 120 60 60 

CBS C y c l o h e x y l b e n z t h i a z y l sulphenamide 

Dicup R Dicumyl peroxide 

TBTD Tetrab u t y l t h i u r a m d i s u l p h i d e 

MBS 2-(4-morpholinylmercapto)benzthiazole 

DTDM Dimorpholine d i s u l p h i d e 

TMTD Tetramethylthiuram dis u l p h i d e 

(b) Raw polymer: Solprene ZnO S t e a r i c a c i d CBS Sulphur 

Dicumyl peroxide TBTD MBS DTDM TMTD 

Perm an ax B 
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work r e c o r d e d i n the l i t e r a t u r e on the s u r f a c e study of 
284 

i n d u s t r i a l l y important elastomers; and, ESCA o f f e r s an 

e x c e l l e n t p o s s i b i l i t y for undertaking such study. 

The raw Solprene, k i n d l y supplied by Dunlop, i s a butadiene 

styrene random copolymer (75% butadiene and 25% styrene by 

weight) polymerised i n s o l u t i o n . T h i s chapter i s , again, 

e x c l u s i v e l y concerned with the ESCA i n v e s t i g a t i o n of the as 

r e c e i v e d elastomers before applying the plasma techniques to 

elaborate the c r o s s l i n k f u n c t i o n a l i t y . 

4.2 Experimental 

The experimental procedure i s e s s e n t i a l l y the same as i n 

chapter three and the d e t a i l s a re, t h e r e f o r e , not repeated here 

( i ) Samples of raw Solprene 1204 and the cured 

Solprene, p a r t i a l l y and f u l l y cured systems i n 

Table 4.1, prepared at Dunlop, were r e c e i v e d with 

p r o t e c t i v e sheets of e i t h e r pigmented polyethylene 

(cured samples) or p o l y e t h y l e n e t e r e p h t h a l a t e 

(uncured Solprene 1204). 

( i i ) The samples have been studied by ESCA over a 

period of time, however, i n the l i g h t of 

d i f f i c u l t i e s experienced with the uncured Natsyn 

2200, the s p e c t r a for the uncured Solprene with 

a d d i t i v e s have not yet been obtained. The s p e c t r a , 

which have been recorded of the uncured system, 

are those of a r e s i d u a l f i l m adhering to the PET 

f i l m s i n c e the removal of t h i s f i l m r e s u l t s i n 

cohesive f a i l u r e i n the rubber l a y e r . 
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( i i i ) The samples have been handled i n a i r . The cured 

e l a s t o m e r s were c u t t o a s i z e (20 mm x 6 mm x 

2.5 mm) a p p r o p r i a t e f o r mounting o n t o the 

spe c t r o m e t e r probe t i p . I n a l l cases, the samples 

were c u t t o a s i z e w i t h a p a i r o f s c i s s o r s , care 

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

sample, d u r i n g t h i s p r o c e d u r e . 

( i v ) Samples f o r M u l t i p l e A t t e n u a t e d I n f r a r e d 

s p e c t r o s c o p i c examination were a l s o p r e p a r e d by 

c u t t i n g from t h e o r i g i n a l sample, a s e c t i o n o f t h e 

a p p r o p r i a t e s i z e t o p l a c e a g a i n s t e i t h e r a Ge o r 

KRS5 c r y s t a l . 

(v) The ESCA stu d y has been c a r r i e d o u t on an AEI 

ES200B s p e c t r o m e t e r , u s i n g Mg^ r a d i a t i o n o f 
K " l , 2 

energy 1253.7 eV and Au. f l e v e l a t 84 eV 
7 
'/2 

b i n d i n g energy f o r c a l i b r a t i o n purposes, and under 

these c o n d i t i o n s had a f u l l w i d t h a t h a l f maximum 

(FWHM) o f ̂  1.2 eV. 

( v i ) I n a l l -cases, t h e d e c o n v o l u t i o n s o f t h e s p e c t r a 

were c a r r i e d o u t on a Dupont (model 310) Curve 

Resolver w i t h t h e p o s s i b l e e r r o r s o f + 0 . 2 eV i n 

b i n d i n g e n e r g i e s and t h e area r a t i o s i n the range 

o f + 5%. 

( v i i ) The ' s w e l l i n g ' procedure was performed i n t h e 

manner o u t l i n e d i n c h a p t e r t h r e e . A t h e o r e t i c a l 

i n t e r a c t i o n parameter (0.360) between the Solprene 

1204 and t h e cyclohexane s o l v e n t has been used i n 

the Flory-Rehner e q u a t i o n f o r t h e e v a l u a t i o n o f 



1 89 

e f f e c t i v e c r o s s l i n k i n g d e n s i t y and, hence, the 

average molecular weight between t h e c r o s s l i n k 

p o i n t s . 

( v i i i ) M i c r o a n a l y s i s has been c a r r i e d out as i n chapter 

three. 

( i x ) Background information on the samples 

The d e t a i l e d bulk composition of Solprene 

1204 formulations together with curing times for 

a v a r i e t y of elastomers i s i n d i c a t e d i n Table 4.1. 

V u l c a n i s a t i o n i s a f f e c t e d by heating the premix 

of rubber on a c a l e n d e r i n g system at 150°C i n 

a i r , with a 2 mm nip s e t t i n g to draw i n t o sheets 

(chapter t h r e e ) . 

4.3 R e s u l t s and D i s c u s s i o n 

4.3.1 'Swelling' data 

The main o b j e c t i v e i n t h i s p a r t of study has been to use 

the ' s w e l l i n g ' data i n conjunction with the ESCA data for the 

e s t i m a t i o n of the average number of sulphur atoms, involved 

i n c r o s s l i n k i n g two polymer c h a i n s . The d e t a i l e d ' s w e l l i n g ' 

behaviour of elastomers i n s o l v e n t s with d i f f e r e n t s o l u b i l i t y 

parameters i s elaborated i n chapter three and, i t i s convenient 

to provide only the r e s u l t s f o r Solprene 1204 systems, 

immersed i n cyclohexane s o l v e n t . A t h e o r e t i c a l value of 

Solprene 1204-cyclohexane i n t e r a c t i o n parameter (0.360) i n 
73-75 

the Flory-Rehner equation (3.3) i s used for the 

determination o f average molecular weight between c r o s s l i n k s . 

The r e s u l t s are i n d i c a t e d i n Tables 4.2 and 4.3. The modulus 

at low elongations can be c a l c u l a t e d from equation ( 3 . 6 ) , 
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Table 4.2 

Optimum c u r e d , Solprene 1204, e l a s t o m e r s 

Type C r o s s l i n k i n g d e n s i t y Average m o l e c u l a r Young's modulus 
-3 5 - 2 Ve (m ) w e i g h t between (10 Nm ) 

c r o s s l i n k s Mc 

1 198 4,950 14.3 

2 548 1,790 39.6 

3 193 5,090 14.0 

4 229 4,280 16.6 

Table 4.3 

P a r t i a l l y (50%) c u r e d , Solprene 1204, e l a s t o m e r s 

Type 1 C r o s s l i n k i n g d e n s i t y Average m o l e c u l a r Young's modulus 
-3 5 - 2 Ve (m ) w e i g h t between (10 Nm ) 

c r o s s l i n k s 

1 214 4,580 15.5 

3 210 4,670 15.2 

4 186 5,270 13.5 

-3 
assuming t h a t t h e d e n s i t y o f v u l c a n i s e d Solprene i s 980 kg m 

4.3.2 M i c r o a n a l y s i s d a t a 

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

t h e b u l k v a l u e s used i n t h e Solprene 1204 f o r m u l a t i o n b e f o r e 

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

The r e s u l t s i n Tables 4.4 and 4.5, o b t a i n e d u s i n g t h e 

•wet-ashing* and 'combustion' methods ( c h a p t e r t h r e e ) , i n d i c a t e 

t h a t t h e r e s u l t s f o r t h e optimum and uncured samples a r e , i n 

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

Table 4.6. 
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Table 4.4. 

Optimum cured Solprene 1204 (% by w e i g h t ) 

Type Carbon Hydrogen N i t r o g e n Oxygen Sulphur Zinc 

1 83.4 11.9 - 2.0 3.7 

2 89.3 11.0 - - -
3 84.1 11.7 0.9 1.3 3.8 

4 83.7 11.8 1.2 

Table 4.5 

1.0 3.8 

Uncured Solprene 1204 (% by w e i g h t ) 

Type Carbon Hydrogen N i t r o g e n Oxygen Sulphur Z i n c 

1 83.7 11.7 0.6 1.8 3.8 

2 89.2 10.8 -• -
3 83.5 10.8 - 2.1 3.8 

4 83.2 11.2 1.1 

Table 4.6 

1.0 3.7 

T h e o r e t i c a l v a l u e s f o r Solprene 1204 f o r m u l a t i o n 
(% by w e i g h t ) 

Type Carbon Hydrogen N i t r o g e n Oxygen Sulphur Z i n c 

1 84 9.2 0.14 1.1 2.0 3.60 

2 90 9.8 0.2 - -
3 85 9.2 0.27 1.3 0.64 3.6 

4 84.6 9.2 0.37 1.5 0.73 3.6 
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4.3.3 ESCA analyses o f cu r e d samples 

(a) Type 1 , Solprene 1204, e l a s t o m e r 

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

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

Tables 4.4 and 4.5 and t h e d e t a i l s o f t h e b u l k c o m p o s i t i o n g i v e n 

i n Table 4.1 and Table 4.6 i n terms o f w e i g h t and n o r m a l i s e d 

mole % terms t h a t t h e C^g s i g n a l s h o u l d p r e d o m i n a n t l y a r i s e 

f rom t h e Solprene 1204 carbon c h a i n s , w i t h s m a l l e r c o n t r i b u t i o n s 

f rom s t e a r i c a c i d , CBS and permanax B. The N^ g s i g n a l s would 

be expected from b o t h CBS and permanax B, w h i l s t t h e s u l p h u r 

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

i t s e l f as opposed t o t h e s u l p h u r o f CBS. Zinc i s added t o 

t h e f o r m u l a t i o n as t h e o x i d e t o enhance t h e r a t e o f c u r e , 

and one o b j e c t i v e o f t h e ESCA i n v e s t i g a t i o n i s t o a f f e c t a 

che m i c a l s p e c i a t i o n , i n p a r t i c u l a r o f z i n c and s u l p h u r . The 

0^ g s i g n a l s can c o n c e i v a b l y a r i s e from r e s i d u a l m e t a l o x i d e 

(low b i n d i n g e n e r g y ) , from c a r b o x y l a t e and oxygen i n s t e a r a t e 

and permanax B r e s p e c t i v e l y , , and f r o m any o x i d a t i v e 
2-

f u n c t i o n a l i s a t i o n from s u l p h u r ( v i z . SO^ ) o r fro m o x i d a t i o n 

o f t h e Solprene s u r f a c e d u r i n g c u r e oh a c a l e n d e r i n g system 

a t lSO^C i n a i r . I n p r i n c i p l e , t h e ESCA ex p e r i m e n t p r o v i d e s 

f i v e measurable l e v e l s t o d e f i n e t h e C:N:S:Zn:0 s u r f a c e 

s t o i c h i o m e t r y . A p a r t from any d e t a i l o f f i n e s t r u c t u r e such 

as T T - + 1 T * t r a n s i t i o n s m a i n l y f r o m TT system o f ph e n y l and t h e 

r e m a i n i n g , i f any, f r o m t h e IT bonding i n b u t a d i e n e , w h i c h 

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

measurement o f o n l y f i v e l e v e l s does n o t a l l o w an ambiguous 

assignment q f s u r f a c e c o m p o s i t i o n . The s t r a i g h t f o r w a r d crude 
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a n a l y s i s assumes t h a t the r a t i o o f the minor a d d i t i v e s CBS 

and permanax B (.on t h e i r t r a n s f o r m a t i o n p r o d u c t s ) remain the 

same i n t h e s u r f a c e as i n t h e b u l k . 

I t i s c o n v e n i e n t t o p r e s e n t t h e s p e c t r a f o r t h e optimum 

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

a p p r o p r i a t e t a b l e s . 

( i i ) Optimum cured t y p e 1 , Solprene 1204, e l a s t o m e r 

The core l e v e l s p e c t r a a t e l e c t r o n t a k e - o f f angles o f 

30° and 70° f o r t h e optimum c u r e d type 1 , Solprene 1204, 

e l a s t o m e r are p r e s e n t e d i n F i g u r e 4.1 and the r e l e v a n t 

i n t e n s i t y r a t i o s f o r the components are s e t o u t i n Table 4.7. 

Table 4.7 

Optimum cured t y p e 1 , Solprene 1204, e l a s t o m e r 

I n t e n s i t y r a t i o s 

T a k e - o f f angle C C C C Zn 
1 S/°ls ^ i s 1 S / S 2 p 1 / Z n 3 P

 P / S 2 p 

30° 5 61 25 13 2.0 

70° 4.6 96 34 15 2.2 

The a n g u l a r dependent d a t a r e v e a l t h a t t h e sample i s 

r e a s o n a b l y homogeneous, i n terms o f s t o i c h i o m e t r y , as a 

f u n c t i o n o f p r o f i l e depth i n t o t h e sample. The C l g l e v e l s 

i n d i c a t e a broadened s i g n a l compared w i t h the raw s o l p r e n e 

w i t h o u t a d d i t i v e s (.FWHM 1.8 eV vs. 1.5 eV r e s p e c t i v e l y ) , and 

t h e a n t i c i p a t e d TT-^-TT* t r a n s i t i o n s f r o m t h e IT system o f p h e n y l 

are a b s e n t , compared w i t h t h e raw s o l p r e n e , s u g g e s t i n g t h a t t h e 

s u r f a c e covered w i t h a l a y e r o f p o l y b u t a d i e n e ; and the 
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absence o f u n s a t u r a t i o n i n the s u r f a c e r e g i o n , as f a r as 

the ESCA depth s a m p l i n g i s concerned, i s a s s o c i a t e d w i t h t h e 

o x i d a t i v e f u n c t i o n a l i t i e s , as i s e v i d e n c e d by the h i g h 

b i n d i n g energy t a i l o f C^g envelope. 

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

s u l p h u r , t h e l a t t e r ( S 9 l e v e l s ) b e i n g broadened by the 

presence o f a t l e a s t two components, the h i g h e r b i n d i n g 

energy peaks a f t e r d e c o n v o l u t i o n are a t t r i b u t e d t o o r g a n i c 

s u l p h i d e ( i n c l u d i n g p o l y s u l p h i d e ) , and the l o w e r b i n d i n g 

e n e r g i e s t o z i n c s u l p h i d e (FWHM 3.6 eV o f f o r the ' s u l p h u r -

v u l c a n i s e d ' Solprene v s . 2.2 eV o f S ^ f o r ZnS) . Oxygen 

and z i n c are a l s o d e t e c t e d a t reasonable l e v e l s . 

The b u l k f o r m u l a t i o n o f th e t y p e 1 e l a s t o m e r g i v e s a mole 

r a t i o o f permanax B t o CBS o f 1.2:.l. The N^ g s i g n a l i n t e n s i t y 

a r i s e s f r o m t h e CBS and permanax B, w h i l s t t h e C^g spectrum 

d e r i v e s p r e d o m i n a n t l y from t h e Solprene 1204 framework 

(Solprene 1204 i s a b u t a d i e n e - s t y r e n e random polymer o f 

c o m p o s i t i o n , 75% b u t a d i e n e and 25% s t y r e n e by w e i g h t , p o l y m e r i s e d 

i n s o l u t i o n ) , and the r e m a i n i n g C, s i g n a l a r i s e s f r o m the 

a d d i t i v e s ( o t h e r than s u l p h u r and z i n c o x i d e f o r which the 

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

t o t h e o v e r l a y e r o f hydrocarbon c o n t a m i n a t i o n ) . The C, 
/ " i s 

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

p r o v i d e s a means o f a s s e s s i n g the C;N s t o i c h i o m e t r y i n the 

p r o f i l e d e p t h , m o n i t o r e d by ESCA. Since these are the o n l y 

two a d d i t i v e s i n t h e t y p e 1 system t o c o n t r i b u t e t o t h e N^ g 

s i g n a l , one may accomplish a s t r a i g h t f o r w a r d crude s u r f a c e 

a n a l y s i s , as f o l l o w s : -



I 96 

L e t x = moles % o f Solprene 

L e t Y = moles o f CBS, then permanax B = 1.2Y 

T o t a l C l s s i g n a l = 5x + 13Y + 1.5 x 1.2V 

T o t a l N. s i g n a l = 2Y + 1.2Y I s 

•'. 5 X
3

+ 2 Y l Y = 6 1 X 1 , 1 9 = 7 3 

- = 40. 
y 
( I f one c o n s i d e r s any c o n t r i b u t i o n from s t e a r a t e , the 

v a l u e o f y i s s t i l l t h e same o r d e r o f magnitude ( i - 34).) 

The r e s u l t s f o r the optimum c u r e d t y p e 1 , Solprene 1204, 

e l a s t o m e r a t 30° and 70° t a k e - o f f angles are g i v e n i n Table 

4.8, i n d i c a t i n g h i g h e r l e v e l s o f a d d i t i v e s by a f a c t o r o f 

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

l e v e l o f z i n c a t t h e s u r f a c e i s l e s s compared t o t h e b u l k 

3.8 mole 1 ) . 

The ' s w e l l i n g ' d a t a ( s e c t i o n 4.3.1) ta k e n i n c o n j u n c t i o n 

w i t h t h e ESCA d a t a (C i n t e n s i t y r a t i o ) p r o v i d e s a 
/ S 2 P 

b a s i s f o r t h e e s t i m a t i o n o f t h e average number o f s u l p h u r 

atoms, i n v o l v e d i n c r o s s l i n k i n g two polymer c h a i n s . 

As has a l r e a d y been r e i t e r a t e d i n c h a p t e r s one and t h r e e , 
73-79 

t h e Flory-Rehner e q u a t i o n a l l o w s the e v a l u a t i o n o f t h e 
number average m o l e c u l a r w e i g h t between the c r o s s l i n k p o i n t s 
o f t h e polymer c h a i n s . The use o f t h i s d a t a • t o g e t h e r w i t h 
t h e C i n t e n s i t y r a t i o , p a r t i c u l a r l y o f h i g h b i n d i n g 

/ S 2 P 

energy components a f t e r d e c o n v o l u t i o n o f peak, a l l o w 

f u r t h e r f o r an e s t i m a t e o f t h e average,number of s u l p h u r 

atoms between t h e c r o s s l i n k p o i n t s o f two polymer c h a i n s ; and 
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the estimate i s c a r r i e d out i n the same procedure adopted 

f o r the Natsyn 2200 systems i n chapter three. The sulphur 

f u n c t i o n a l i t y on average i s two, i n d i c a t i n g d i s u l p h i d e 

l i n k a g e s and the sulphide c r o s s l i n k age occurs a f t e r - 70 

Solprene repeat u n i t s . 

Table 4.8 

Optimum cured type 1, Solprene 1204, elastomer 

Surface composition (mole %) 

Take-off angle Solprene CBS Permanax B Zn 

30° 100 2.5 3 2.9 

70° 100 1.5 . ,' 1.8- 2.5 

( i i i ) 50% cured type 1, Solprene 12Q4, elastomer 

The r e l e v a n t data f o r a p a r t i a l l y cured tyoc 1 sample 

a t 30° and 70° t a k e - o f f angles are s e t out i n Table 4.9. The 

angular dependent data r e v e a l t h a t the s u r f a c e i s homogeneous* 

Table 4.9 

50* c^re^cf £yf!£ }t f g ^ y e n e 1204, elastomer 

(a) I n t e n s i t y r a t i o s 

Take-off C C C C Z n i „ 
angle l s / ° l s

 U / S 2 p
 1 S * 3 „ 3"' S2,> 

30° 6 127 29 19 1.5 

70° 5 135 43 19 2.3 

(b) Surface composition (mole %) 

Take-off angle Solprene CBS Permanax B Zn 

30° 100 1.1 1*3 2.0 

70° 100 1.0 1.2 2.0 
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i n terms of st o i c h i o m e t r y , as a function o f denth i n t o the 

sample. 

The high r e s o l u t i o n s p e c t r a at b o t h t a k e - o f f nntjl.es 

d i d not r e v e a l any evidence f o r the n->-ir* shake-up t r a n s i t i o n s 

and, t h i s i s a s s o c i a t e d with 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 at 

high binding energy t a i l of envelope; and, a l s o , showed 

broadened s i g n a l s compared with the raw Solprene without 

a d d i t i v e s (FWHM 1.8 eV f o r both t a k e - o f f angles v s . 1.5 eV 

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

The high r e s o l u t i o n s p e c t r a a l s o r e v e a l e d nitrogen 

and sulphur, the l a t t e r being broadened by the presence of a t 

l e a s t two components, organic sulphide and z i n c sulphide 

(FWHM 3.7 eV f o r both t a k e - o f f angles vs. 2.2 eV of S 2 p i n 

ZnS) . Oxygen and z i n c were a l s o monitored at reasonable 

l e v e l s . 

The s u r f a c e composition i n Table 4.9, based on the 

previous c a l c u l a t i o n s , i n d i c a t e s h igher l e v e l s of a d d i t i v e s 

at the s u r f a c e than i n the bulk, being s m a l l e r compared to 

the s u r f a c e composition f o r an optimum cured type 1 sample, 

w h i l s t the l e v e l of z i n c , being l e s s than i n the bulk, i s 

the same a t both t a k e - o f f angles f o r the p a r t i a l l y cured 

tample. 

The p a r t i a l l y cured elastomer possesses on average 

t r i s u l p h i d e l i n k a g e s , 

(b) Type 2; Solprene 1204, elastomer 

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

The bulk composition of type 2 system i n Table 4.1 

suggests that the C. i n t e n s i t y should predominantly d e r i v e 

http://nntjl.es
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from Solprene framework, w i t h s m a l l c o n t r i b u t i o n s from 

permanax B and d i c u m y l p e r o x i d e . The s i g n a l would be 

exp e c t e d o n l y f r o m permanax B, s i n c e t h i s i s the o n l y 

a d d i t i v e c o n t a i n i n g n i t r o g e n i n the system. The b u l k 

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

s e r i e s . I n p r i n c i p l e , t h e ESCA m o n i t o r s C, , 0, and N, 
I s I s I s 

l e v e l s t o d e f i n e t h e s u r f a c e s t o i c h i o m e t r y on the same 

assumptions, w h i c h have been s t a t e d f o r t y p e 1 sample. 

( i i ) Optimum c u r e d t y p e 2, Solprene 1204, e l a s t o m e r 

The C^s l e v e l s i n F i g u r e 4.2 r e v e a l a broadened s i g n a l 

compared w i t h t h e raw Solprene w i t h o u t a d d i t i v e s (FWHM 1.8 eV 

vs. 1.5 eV r e s p e c t i v e l y ) , and t h e TT->-IT* t r a n s i t i o n s are 

absent as f a r as the ESCA depth p r o f i l e i s concerned, w h i c h , 

o t h e r w i s e , w o u l d have accounted f o r t he u n s a t u r a t i o n i n t h e 

s u r f a c e r e g i o n . The o x i d a t i o n o f t h e s u r f a c e d u r i n g cure 

on a c a l e n d e r i n g system a t 150°C f o r 120 minutes i n t h e 

presence o f p e r o x i d e as a c u r i n g agent accounts f o r the 

absence o f carbon-carbon double bonds. The r e l e v a n t d a t a 

are s e t o u t i n Table 4.10. The h i g h r e s o l u t i o n s p e c t r a a l s o 

showed oxygen and n i t r o g e n , t h e l a t t e r b e i n g r e l a t i v e l y o f 

low l e v e l , and, i n a d d i t i o n , z i n c and s i l i c o n o f h i g h 

i n t e n s i t y are d e t e c t e d as c o n t a m i n a n t , which t he s i l i c o n i n 

the form o f s i l i c a accounts p a r t l y f o r a h i g h r a t i o o f C, 
/ 0 l ; 

i n the s u r f a c e r e g i o n . 

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

a d d i t i v e s t h a n i n t h e b u l k by a f a c t o r o f t w e n t y f i v e . 
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Figure 4.2. High r e s o l u t i o n s p e c t r a of an optimum cured ^type 2, 
Solprene 1204 ? elastomer,; 
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Table 4.10 

Optimum cured t y p e 2, Solprene 1204, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f angle C, C C C 
/°ls ^ I s / S i 2 p / Z n 3 p 

30° 1.6 89 1-9 19 

70° 1.4 - 1.7 15 

(b) Surface c o m p o s i t i o n (mole %) 

T a k e - o f f angle Solprene Dicumyl p e r o x i d e Permanax B ' Zn 

30° 100 8.0 7 2.0 

70° - - - 2.5 

(c) Type 3, Solprene 1204, e l a s t o m e r 

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

The b u l k f o r m u l a t i o n f o r the ty p e 3 sample i n Table 4.1 

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

d e r i v e from t h e Solprene framework, w i t h s m a l l c o n t r i b u t i o n s 

f r o m s t e a r i c a c i d , TBTD, MBS and permanax B. The s i g n a l s 

are e x p e c t e d from TBTD, MBS and permanax B, w h i l s t t h e 

s u l p h u r i n t e n s i t y s h o u l d a r i s e by h a l f from the added s u l p h u r 

i t s e l f as opposed t o t h e s u l p h u r o f CBS. The 0^ g s i g n a l s 

can c o n c e i v a b l y a r i s e from r e s i d u a l m e t a l o x i d e (low b i n d i n g 

energy) , f r o m c a r b o x y l a t e and oxygen i n s t e a r a t e , permanax B 

and MBS r e s p e c t i v e l y , and from t he o x i d a t i o n o f the Solprene 

d u r i n g cure. I n p r i n c i p l e , t h e C l g, ° l s * N
l s > s

2 p
 3 1 1 ( 3 Z n 3 p 

l e v e l s again a l l o w an unambiguous assignment o f t h e s u r f a c e 

c o m p o s i t i o n , on t h e same assumptions s t a t e d p r e v i o u s l y . 
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t i i ) Optimum c u r e d type 3, Solprene 1204, e l a s t o m e r 

The core l e v e l s p e c t r a a t 30° and 70° e l e c t r o n t a k e - o f f 

angles are p r e s e n t e d i n F i g u r e 4.3 and the r e l e v a n t i n t e n s i t y 

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

Table 4.11. 

Table 4.11 

Optimum c u r e d t y p e 3, Solprene 1204, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f C C r C Zn 
angles l s / 0 . i s / N 1

 1 S / S 0
 1 S / Z n . ? P/S, 3 ' I s ' I s 2p 3p 2P 

30° 5 22 7 9 0. 8 

70° 5 27 8 10.5 0.8 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f Solprene TBTD MBS Permanax B Zn 
angles 

30° 100 0.3 12 0.7 4.0 

70° 100 0.2 9 0.6 3.6 

The a n g u l a r dependent d a t a i n d i c a t e t h a t t he s u r f a c e 

i s homogeneous, as a f u n c t i o n o f ESCA depth p r o f i l e i n t o t h e 

sample and h i g h e r l e v e l s o f a c c e l e r a t o r s and a n t i o x i d a n t are 

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

The C, s p e c t r a a t b o t h t a k e - o f f angles r e v e a l o x i d a t i v e I s - 3 

f u n c t i o n a l i s a t i o n , as i s e v i d e n c e d by t h e h i g h energy t a i l o f 

C^s envelope w i t h t h e absence o f T T + T T * shake-up t r a n s i t i o n s , 

and a l s o show broadened s i g n a l s compared w i t h raw Solprene 

w i t h o u t a d d i t i v e s (.FWHM 1.9 eV f o r b o t h t a k e - o f f angles vs. 

1.5 eV r e s p e c t i v e l y ) . 
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The h i g h r e s o l u t i o n s p e c t r a a l s o r e v e a l oxygen, n i t r o g e n , 

s i l i c o n as contaminant, z i n c and s u l p h u r a t reasonable l e v e l s , 

the l a t t e r i s broadened by t h e presence o f a t l e a s t two 

components (FWHM 3.8 eV f o r b o t h t a k e - o f f angles vs. 2.2 eV 

o f S_ i n ZnS). 2p 
The s u l p h u r f u n c t i o n a l i t i e s o f e l e v e n and e i g h t on average 

a t 30° and 70° t a k e - o f f angles r e s p e c t i v e l y suggest t h a t a t 

l e a s t t e n s u l p h u r atoms are i n v o l v e d i n cross l i n k i n g two 
polymer c h a i n s . 

( i i i ) 50% c u r e d type 3, S o l p r e n e , e l a s t o m e r 

The C. s o e c t r a showed 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 I s -
30° and 70° t a k e - o f f a n g l e s , w i t h t h e complete absence o f 

T T - ^ T T * shake-up t r a n s i t i o n s , and a l s o broadened s i g n a l s 

compared w i t h t h e raw s o l p r e n e w i t h o u t a d d i t i v e s (FWHM 2.0 eV 

vs. 1.5 eV r e s p e c t i v e l y ) . 

The h i g h r e s o l u t i o n a l s o r e v e a l e d oxygen, n i t r o g e n , z i n c 

and s u l p h u r a t reasonable l e v e l s , the S 2 s i g n a l i s broadened 

compared w i t h the ZnS (FWHM 4.0 eV f o r b o t h t a k e - o f f angles 

vs. 2.2 eV r e s p e c t i v e l y ) . S i l i c o n was a l s o d e t e c t e d as 

con t a m i n a n t . 

The d a t a i n Table 4.12 i n d i c a t e h i g h e r l e v e l s o f 

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

l e v e l o f z i n c , w h i c h i n c r e a s e s o n l y s l i g h t l y on the ESCA 

de p t h p r o f i l e i n t o t h e sample; and, th e s u r f a c e i s inhomo-

geneous, i n terms o f s t o i c h i o m e t r y , as a f u n c t i o n o f depth 

i n t o t h e sample. 

The s u l p h u r f u n c t i o n a l i t i e s o f e i g h t and s i x on average 

a t 30° and 70° t a k e - o f f angles r e s p e c t i v e l y i n d i c a t e a t l e a s t 

seven s u l p h u r atoms i n t h e p o l y s u l p h i d e l i n k a g e . 
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Table 4.12 

50% cured type 3, Solprene 1204, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f C C C C Zn 
angle l s / 0 l s

 I s / N l s
 l 3 / S 2 p

 I s / Z n 3 p
 3 P / S 2 p 

30° 4 27 12 12 1.0 

70° 4 42 16 15 1.1 

(b) Su r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f Solprene TBTD MBS Permanax B Zn 
angle 

30° 100 0.2 9 0.6 3.0 

70° 100 0.1 5.4 0.3 2.5 

(d) Type 4, Solprene 1204, e l a s t o m e r 

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

I t i s c l e a r from t he p r e c e d i n g d i s c u s s i o n t h a t t h e C^s 

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

c o n t r i b u t i o n s f r o m t he a d d i t i v e s . The N n s i g n a l s are 
I s 3 

e x p e c t e d from MBS, DTDM, TMTD and permanax B, w h i l s t t h e 

s u l p h u r i n t e n s i t y s h o u l d a r i s e from the s u l p h u r o f MBS, DTDM 

and TMTD, s i n c e t h e system does n o t c o n t a i n f r e e s u l p h u r 

(Table 4.1). The 0^ g s i g n a l s can c o n c e i v a b l y a r i s e from 

oxygen i n z i n c o x i d e , s t e a r a t e , MBS, permanax B and fro m 

o x i d a t i o n o f the Solprene d u r i n g cure on a c a l e n d e r i n g system 

a t 150°C i n a i r . 
The C. , 0, , N n , S„ and Zn~ l e v e l s m o n i t o r e d by ESGA I s I s ' I s ' 2p 3p 

agai n a l l o w unambiguous assignments o f s u r f a c e c o m p o s i t i o n on 

t h e same assumptions s t a t e d p r e v i o u s l y . 
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( i i ) O p t i m u m c u r e d t y p e 4 , S o l p r e n e , e l a s t o m e r 

The d a t a i n T a b l e 4 . 1 3 , e x t r a c t e d f r o m t h e r a w s p e c t r a i n 

F i g u r e 4 . 4 , i n d i c a t e t h a t t h e s u r f a c e i s r e a s o n a b l y 

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

d e p t h p r o f i l e i n t o t h e s a m p l e . The C l e v e l s a t b o t h t a k e 

o f f a n g l e s i n d i c a t 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 , as i s 

T a b l e 4 . 1 3 

O p t i m u m c u r e d t y p e 4 , S o l p r e n e 1 2 0 4 , e l a s t o m e r 

(a ) I n t e n s i t y r a t i o s 

T a k e - o f f C C. C C Zn 
a n g l e l s / 0 l s

 I s / N l s

 I s / S 2 p

 I s / Z n 3 p

 3 P / S 2 p 

3 0 ° 6 26 11 10 1 . 1 

7 0 ° 7 3 1 14 12 1 .2 

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

T a k e - o f f S o l p r e n e TMTD MBS Pe rmanax B DTDM Zn 
a n g l e 

3 0 ° 100 1 .0 2 . 4 2 . 5 5 . 2 3 . 7 

7 0 ° 100 0 . 8 1.9 2 . 0 4 . 2 3 . 1 

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

a l s o , show b r o a d e n e d s i g n a l s c o m p a r e d w i t h t h e r a w S o l p r e n e 

w i t h o u t a d d i t i v e s (FWHM 1.9 eV f o r b o t h t a k e - o f f a n g l e s v s . 

1.5 e V r e s p e c t i v e l y ) . 

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

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

l a t t e r i s b r o a d e n e d c o m p a r e d w i t h z i n c s u l p h i d e (FWHM 3 . 8 eV 

v s . 2 . 2 eV r e s p e c t i v e l y ) . 
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The s u l p h u r f u n c t i o n a l i t i e s o f s e v e n a n d f o u r on a v e r a g e 

a t 3 0 ° a n d 7 0 ° t a k e - o f f a n g l e s r e s p e c t i v e l y , i n d i c a t e a t 

l e a s t s i x s u l p h u r a toms i n t h e p o l y s u l p h i d e l i n k a g e . 

( i i i ) 50% c u r e d t y p e 4 , S o l p r e n e 1 2 0 4 , e l a s t o m e r 

The d a t a i n T a b l e 4 . 1 4 a r e f a i r l y s e l f e x p l a n a t o r y . The 

s u r f a c e i s r e a s o n a b l y homogeneous as a f u n c t i o n o f ESCA 

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

a n t i o x i d a n t a n d a c c e l e r a t o r s , w h e r e a s t h e l e v e l o f z i n c i n 

t h e s u r f a c e r e g i o n i s a p p r o x i m a t e l y t h e same as i n t h e b u l k . 

T a b l e 4 . 1 4 

50% c u r e d t y p e 4 , S o l p r e n e 1 2 0 4 , e l a s t o m e r 

(a ) I n t e n s i t y r a t i o s 

T a k e - o f f C C C C, Zn 
a n g l e l s / 0 l s

 l s / N l s

 l s / S 2 p

 l s / Z n 3 p

 3 P / S 2 p 

3 0 ° 4 26 9 10 0 . 9 

7 0 ° 4 32 14 14 1 . 0 

(b ) S u r f a c e c o m p o s i t i o n (mo le %) 

T a k e - o f f S o l p r e n e TMTD MBS P e r m a n a x B DTDM Zn 
a n g l e 

3 0 ° 100 1 .0 2 . 4 2 . 5 5 . 2 3 . 7 

7 0 ° 100 0 . 8 1.9 2 . 0 4 . 1 2 . 7 

The C l g s i g n a l s a t b o t h t a k e - o f f a n g l e s h a d t h e same FWHM as 

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

f u n c t i o n a l i t i e s w i t h t h e c o m p l e t e a b s e n c e o f T T - > - T T * t r a n s i t i o n s . 

The S „ s i g n a l s d e t e c t e d a t r e a s o n a b l e l e v e l s w e r e a l s o 
2p 

b r o a d e n e d , c o m p a r e d w i t h t h e z i n c s u l p h i d e (FWHM 3 . 8 eV v s . 
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2 . 2 eV r e s p e c t i v e l y ) . The s u l p h u r f u n c t i o n a l i t i e s a t 30 

a n d 7 0 ° t a k e - o f f a n g l e s a r e e i g h t a n d s e v e n on a v e r a g e 

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

4 . 3 . 4 U n c u r e d S o l p r e n e 1204 s a m p l e s 

(a) I n t r o d u c t i o n 

T h r e e s a m p l e s o f u n c u r e d S o l p r e n e 1204 f o r m u l a t i o n h a v e 

b e e n r e c e i v e d , a r e as f o l l o w s : 

( i ) C o m p r e s s e d , s o l u t i o n p o l y m e r i s e d o u t a d i e n e - s t y r e n e 

r a n d o m p o l y m e r o f c o m p o s i t i o n , 75% b u t a d i e n e a n d 

25% s t y r e n e b y w e i g h t . Sample s h a v e b e e n c u t 

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

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

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

( i i ) Raw S o l p r e n e 1204 m i l l e d f o r t e n m i n u t e s a n d 

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

( 1 0 0 ° C ) . A s a m p l e o f a p p r o p r i a t e s i z e (20 mm x 

7 mm x 3 mm) was p r e p a r e d b y c u t t i n g w i t h a p a i r 

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

( i i i ) U n c u r e d S o l p r e n e 1204 f o r m u l a t i o n s w i t h a d d i t i v e s 

( T a b l e 4 . 1 ) . As t h e d i f f i c u l t i e s h a v e p r e v i o u s l y 

b e e n e x p e r i e n c e d w i t h t h e u n c u r e d N a t s y n 2200 

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

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

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

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

o c c a s i o n s c o n t a m i n a t i o n o f t h e w i n d o w ; a n d , 

t h e r e f o r e , n o f u r t h e r a t t e m p t h a s b e e n made t o 

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

a d d i t i v e s . 

i 
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(b) S o l u t i o n p o l y m e r i s e d b u t a d i e n e - s t y r e n e r a n d o m p o l y m e r 

( j ) As r e c e i v e d s u r f a c e 

'Hi'; wJ fU.: m:nn for fcho (in mcbi vor l ^ o l o r o r u . - 1204 9amp J<:' 

r e v e a l e d C, and 0.. l e v e l s , t o g e t h e r l i t t l e e v i d e n c e f o r I s I s ' 3 

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

p r e s e n t e d i n F i g u r e 4 . 5 a n d t h e r e l e v a n t d a t a a r e s e t o u t 

i n T a b l e 4 . 1 5 . The C. s p e c t r u m i n d i c a t e s a s y m m e t r i c a l 

S O L U T I O N POLYMERISED SOLPRENE 120A 

293 291 289 287 285 28? 261" 537 535 533 531 529" 

Gis Ois 
BINDING ENERGY ( @ V ) 

F i g u r e 4 . 5 . C. a n d O l e v e l s f o r t h e as r e c e i v e d S o l p r e n e 

1204 ( s o l u t i o n p o l y m e r i s e d ) . 

p e a k , w i t h a l o w i n t e n s i t y (.1.9%) o f T T - * T T * t r a n s i t i o n s , 

a s s o c i a t e d w i t h t h e n s y s t e m , s e p a r a t e d b y ^ 7 . 0 eV f r o m t h e 

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

may n o t , h o w e v e r , b e a s s o c i a t e d w i t h 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 t h e p o l y m e r s u r f a c e s i n c e s i l i c o n was a l s o d e t e c t e d a t a 
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T a b l e 4 . 1 5 

I n t e n s i t y r a t i o s f o r t h e s o l u t i o n p o l y m e r i s e d 
( b u t a d i e n e - s t y r e n e ) S o l p r e n e 1204 

/ 0 / S i I s 

As r e c e i v e d 6 13 

F r e s h l y e x p o s e d s u r f a c e 
o f t h e as r e c e i v e d 

9 14 

r e a s o n a b l e l e v e l . 

( i i ) F r e s h l y e x p o s e d s u r f a c e 

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

T a b l e 4 . 1 5 f o r c o m p a r i s o n p u r p o s e s . The l e v e l o f o x y g e n i s 

now s o m e w h a t l o w e r t h a n t h e as r e c e i v e d S o l p r e n e 1 2 0 4 . The 

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

i n t e n s i t y K 2 .4%) o f I T ^ - T T * t r a n s i t i o n s a r i s i n g f r o m t h e TT 

s y s t e m o f S o l p r e n e a n d , t h i s i n d i c a t e s t h a t t h e T T - > T T * s i g n a l 

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

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

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

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

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

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 b u t n o t t o t h e T T - ^ T T * t r a n s i t i o n s ) , 

( c ) Raw S o l p r e n e 1204 

The w i d e s c a n s a t 3 0 ° a n d 7 0 ° t a k e - o f f a n g l e s i n d i c a t e d 

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

The d a t a o b t a i n e d f r o m h i g h r e s o l u t i o n s p e c t r a i n F i g u r e 4 . 6 

a r e s e t o u t i n T a b l e 4 . 1 6 . 
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RAW SOLPRENE 1204 

F i g u r e 4 . 6 . 

70 

xio X10 

AT 
30 X33 

X10 

537 535 5 33 531 52 9 293 291 289 287 285 283 281 

c is is 
BINDING ENERGY ( @ V ) 

l e v e l s f o r t h e as r e c e i v e d , raw a n d O 

S o l p r e n e 1 2 0 4 , m i l l e d f o r 10 m i n u t e s a n d p r e s s e d 
f o r 5 m i n u t e s a t 1 0 0 ° C . 

T a b l e 4 . 1 6 

I n t e n s i t y r a t i o s f o r r a w S o l p r e n e , m i l l e d f o r 10 
m i n u t e s a n d p r e s s e d f o r 5 m i n u t e s a t 1 0 0 ° C 

I n t e n s i t y r a t i o s C, C 
/O / S i 

T a k e - o f f a n g l e 7 I s 7 2p 

3 0 ° 13 25 

7 0 ° 6 9 
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The C ^ g s p e c t r u m r e v e a l s a s y m m e t r i c a l p e a k , a r i s i n g 

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

1.5%) o f t t - > t t * t r a n s i t i o n s , s e p a r a t e d b y ^ 7 . 0 e V f r o m 

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

s h a k e - u p s a t e l l i t e a t 3 0 ° t a k e - o f f a n g l e i s s l i g h t l y h i g h e r 

t h a n f o r 7 0 ° t a k e - o f f a n g l e ; a n d , t h e r e f o r e , a l o w l e v e l o f 

o x y g e n may n o t be a s s o c i a t e d w i t h o x i d a t i v e d e g r a d a t i o n o f 

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

r e a s o n a b l e l e v e l . The s h a k e - u p i n t e n s i t y f c r 3 0 ° e l e c t r o n 

t a k e - o f f a n g l e i s s l i g h t l y l o w e r t h a n t h a t r e q u i r e d f o r 

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

4 . 3 . 5 Summary o f an ESCA i n v e s t i g a t i o n o f a s e r i e s o f 
S o l p r e n e 1204 e l a s t o m e r s 

The s c h e m a t i c r e p r e s e n t a t i o n i n F i g u r e 4 . 7 s u m m a r i s e s 

t h e ESCA i n v e s t i g a t i o n o f a v a r i e t y o f S o l p r e n e 1204 e l a s t o m e r s 

( c u r e d on a c a l e n d e r i n g s y s t e m a t 1 5 0 ° C i n a i r w i t h a 2 mm n i p 

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

t o N a t s y n 2200 s y s t e m s i n c h a p t e r t h r e e . The l e v e l s o f 

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

i n t h e b u l k , w h i l s t t h e l e v e l o f z i n c i n c r e a s e s w i t h 

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

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

m o l e % a r e i n d i c a t e d i n T a b l e 4 . 1 . 

The o p t i m u m c u r e d t y p e 1 a n d t y p e 4 e l a s t o m e r s i n d i c a t e 

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

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

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

s u r f a c e o f p a r t i a l l y c u r e d t y p e 1 a n d t y p e 4 i s l o s t e i t h e r 

b y e v a p o r a t i o n o r b y b l o o m i n g o n a p r o l o n g e d e x p o s u r e t o h e a t 
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o n a c a l e n d e r i n g s y s t e m a t 1 5 0 ° C , w h e r e a s t h e i n c r e a s e i n 

s u l p h u r f u n c t i o n a l i t y f o r t h e o p t i m u m c u r e d t y p e 3 , i n c o n t r a s t 

t o t h e t y p e 1 a n d t y p e 4 s y s t e m s , i s m o s t l i k e l y t o be 

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

t h e s u r f a c e . The r a t e o f l o s s o f s u l p h u r i s , t h e r e f o r e , 

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

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

I t i s a l s o o f i n t e r e s t t o compare t h e Zn_ r a t i o s , 
/ S 2 p 

p a r t i c u l a r l y o f l o w b i n d i n g e n e r g y c o m p o n e n t s o f S 2 p ' ° ^ a 

v a r i e t y o f e l a s t o m e r s w i t h t h e t h e o r e t i c a l v a l u e ( 1 . 5 ) , a n d 

t h e r e l e v a n t d a t a a r e i n d i c a t e d i n T a b l e 4 . 1 7 . 

T a b l e 4 . 1 7 

R a t i o s o f Zn_ LBE ( l o w b i n d i n g e n e r g y c o m p o n e n t s 
p /S 

7 2p 
o f S l e v e l s ) f o r a v a r i e t y o f S o l p r e n e 1204 

e l a s t o m e r s 

T y p e 1 2 3 4 

O p t i m u m c u r e 3 . 2 - . 1 - 3 1.9 

50% c u r e 3 . 7 - 2 . 1 1.6 

A c o m p a r i s o n o f d a t a w i t h t h e t h e o r e t i c a l v a l u e ( 1 . 5 ) 

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

t h a n i s a d d e d i n t o t h e b u l k . C o n v e r s e l y , i t e q u a l l y i m p l i e s 

t h a t e x c e s s z i n c 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 t h a n i s 

r e q u i r e d f o r t h e S o l p r e n e 1204 f o r m u l a t i o n . 

4 . 3 . 6 I n f r a r e d s p e c t r a 

The MATR s p e c t r a f o r a v a r i e t y o f S o l p r e n e 1204 e l a s t o m e r s -

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

w i t h a r e f r a c t i v e i n d e x o f 2 . 4 a n d w i t h a 4 5 ° a n g l e o f 

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

c h a p t e r (:.h r e e . I t i s c o n v e n i e n t to d o a l v/i t h t h o r eo re . ' i en t -

a t l v e (jxampLou s i n c e t h e MATR s p e c t r o s c o p i c oxa rn i n;j t L o n 

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

F i g u r e 4 . 8 i l l u s t r a t e s t h e s p e c t r a o f t y p e 1 , S o l p r e n e 

1 2 0 4 , e l a s t o m e r as a f u n c t i o n o f c u r e t i m e (on a c a l e n d e r i n g 

s y s t e m a t 1 5 0 ° C i n a i r ) , whose d e t a i l e d b u l k c o m p o s i t i o n i s 

i n d i c a t e d i n T a b l e 4 . 1 . The I R b a n d s a t 1 1 . 0 , 1 0 . 1 , 7 . 1 and 

MICBOMS 
m *o ^—<4_ 

TYPE 1 SOL PRE K£ 1204 

OPTIMUM CURED 

ft 

50 % CURED 

r V 
UMCURED 

JIBS i 
too 600 J SO 3500 • 600 1800 1400 1200 1000 3000 3300 1000 WAVENUMBSR ( C M " ' ) 

I n f r a r e d s p e c t r a o f t y p e 1 S o l p r e n e F i g u r e 4 . 8 



6 . 1 m i c r o n s a r e a t t r i b u t e d t o -CH=CH,, u n i t s , w h i l e t h e 

s t r o n g a b s o r p t i o n a t 6 . 9 m i c r o n s i g n i f i e s t h e s a t u r a t i o n o f 

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

a t 1 0 . 3 5 m i c r o n c a n be i d e n t i f i e d as 1 , 4 - p o l y b u t a d i e n e , w i t h 

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

u n i t s . 

The s t r o n g a b s o r p t i o n s a t 1 3 . 2 a n d 1 4 . 3 m i c r o n s a r e 

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

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

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

< 50A. H o w e v e r , i t i s n o t p o s s i b l e t o o b t a i n i n f o r m a t i o n o f 

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

a d d i t i v e s . F u r t h e r d e t a i l s o f I R a s s i g n m e n t s can be f o u n d 

, , 1 0 6 , 1 0 7 e l s e w h e r e . ' 



CHAPTER F I V E 

AN ESCA INVESTIGATION OF A SERIES OF 

KRYNAC 3 4 / 5 0 CURED ELASTOMERS 

PART I I I 



5 . 1 I n t r o d u c t i o n 

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

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

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

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

K r y n a c ( n i t r i l e ) 3 4 / 5 4 e l a s t o m e r s a r e g i v e n i n T a b l e 5 . 2 . 

The i n g r e d i e n t s a r e a d d e d t o o b t a i n t h e d e s i r e d 

1 , 2 , 3 6 6 - 3 6 8 , p r o p e r t i e s . The e l a s t o m e r s w e r e c u r e d on a 

c a l e n d e r i n g s y s t e m a t 1 5 0 ° C i n a i r w i t h a 2 mm n i p s e t t i n g 

t o d r a w i n t o s h e e t s f o r t h e ESCA s t u d y . 

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

o f b u t a d i e n e a n d a c r y l o n i t r i l e (66% b u t a d i e n e a n d 34% 

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

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

( c h a p t e r o n e ) ; a n d , t h e so f o r m e d v u l c a n i s a t e s a r e r e s i s t a n t 

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

The n i t r i l e r u b b e r s a r e p r e p a r e d i n e m u l s i o n s y s t e m s 

s i m i l a r t o t h o s e u s e d f o r s t y r e n e - b u t a d i e n e (SBR) r u b b e r s . A 

t y p i c a l p o l y m e r i s a t i o n r e c i p e i s shown i n T a b l e 5 . 1 . I n 

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

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

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

A f t e r t h e d e s i r e d d e g r e e o f p o l y m e r i s a t i o n , i. s h o r t - s t o p i s 

added t o i n a c t i v a t e the c a t a l y s t . The r e s i d u a l monomers a r e 

removed f r o m the e m u l s i o n s y s t e m by d e g a s s i n g and vacuum 

d i s t i l l a t i o n a n d , t h e n , a s t a b i l i s e r o r a n t i o x i d a n t i s added 

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

The e m u l s i f i e r s a r e u s u a l l y a l k a l i s a l t s o f s u l p h o n a t e d a l k y l 
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T a b l e 5 . 1 

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

B u t a d i e n e 6 7 . 0 

A e r y l o n i t r i l e 3 3 . 0 

W a t e r 2 0 0 . 0 

E m u l s i f i e r 3 . 5 

M o d i f i e r 0 . 5 

E l e c t r o l y t e s 0 . 3 

C a t a l y s t 0 . 1 

A c t i v a t o r 0 . 05 

S h o r t - s t o p 0 . 1 

S t a b i l i s e r 1 . 25 

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

p o l y m e r i s a t i o n o f SBR. The ' h o t ' p o l y m e r i s a t i o n s y s t e m 

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

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

d e c o m p o s i t i o n . The ' c o l d ' p o l y m e r i s a t i o n s y s t e m e m p l o y s an 

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

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

The ' r e d o x ' a c t i v a t o r c o n t a i n s a c h e l a t e d f e r r o u s s a l t a n d a 

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

s u c h as cumene h y d r o p e r o x i d e . An a l k y l m e r c a p t a n i s e m p l o y e d 

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

h e n c e , t h e Mooney v i s c o s i t y o f t h e n i t r i l e r u b b e r s . I t i s 

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

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

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

5 . 2 E x p e r i m e n t a l 

The e x p e r i m e n t a l p r o c e d u r e has a l r e a d y b e e n d e s c r i b e d i n 

t h e p r e c e d i n g c h a p t e r s . 

S a m p l e s o f r a w K r y n a c 3 4 / 5 0 a n d t h e c u r e d K r y n a c , p a r t i a l l y 

a n d f u l l y c u r e d s y s t e m s i n T a b l e 5 . 2 , w e r e r e c e i v e d w i t h 

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

s a m p l e s ) o r p o l y e t h y l e n e t e r e p h t h a l a t e ( u n c u r e d K r y n a c 3 4 / 5 0 ) . 

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

a s i z e ( 2 0 mm x 6 mm x 2 . 5 m m ) , w i t h a p a i r o f s c i s s o r s , 

a p p r o p r i a t e f o r m o u n t i n g 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 . 

S p e c t r a w e r e r e c o r d e d w i t h an A E I ES200B s p e c t r o m e t e r u s i n g 

Mgv r a d i a t i o n a n d A u . l e v e l a t 84 eV b i n d i n g e n e r g y 

f o r c a l i b r a t i o n p u r p o s e s h a d a FWHM o f ^ 1 .2 e V . The s p e c t r a 

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

5 . 3 R e s u l t s a n d D i s c u s s i o n 

5 . 3 . 1 ESCA a n a l y s i s o f c u r e d s a m p l e s 

(a ) T y p e 1 , K r y n a c 3 4 / 5 0 , e l a s t o m e r 

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

The b u l k f o r m u l a t i o n o f t y p e 1 , K r y n a c 3 4 / 5 0 , e l a s t o m e r 

i n t e r m s o f w e i g h t a n d n o r m a l i s e d m o l e % t e r m s i n T a b l e 5 . 2 

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

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

f r o m CBS, s t e a r i c a c i d a n d p e r m a n a x B , w h i l s t t h e s i g n a l 

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

o p p o s e d t o t h e n i t r o g e n o f CBS a n d p e r m a n a x B . The S s i g n a l 
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T a b l e 5.2 

Kr y n a c 3 4/50 F o r m u l a t i o n s 

(a) Type 1 2 3 4 
w e i g h t mole w e i g h t mole w e i g h t mole w e i g h t mole 

(%) 

99 . 5 

(%) (%) (%) (%) (%) (%) (%) 

K r y n a c 34/50 90. 5 95. 7 90. 7 95. 8 85.8 90. 7 97. 6 
Z i n c o x i d e 4. 5 3. 2 4. 5 3. 2 - - -

Cadmium o x i d e - - - 4.3 1. 9 -

S u l p h u r 4 0. 31 0. 2 0. 04 0.4 0. 1 -

CBS 0. 9 0. 21 - - - - -
S t e a r i c a c i d 1. 8 0. 36 0. 9 0. 18 1.3 0. 26 -
Permanax B 0. 9 0. 23 0. 9 0. 23 0.9 0. 22 1. 0 
D i c u p R - - - - - - 1. 4 
M a g l i t e D - - - - 4.3 6. 1 -
E t h y l Cadmate - - - - 2.1 0. 5 -
MBT - - - - 0.9 0. 3 -
TMTD — — 2. 7 0. 65 _ — -

0.24 
0. 30 

Cure time (minutes) a t 150°C 

50% ( p a r t i a l ) 15 14 3 

100% (optimum) 45 40 20 120 

E t h y l Cadmade Cadmium d i e t h y l d i t h i o c a r b a m a t e 

MBT Mercapto b e n z t h i a z o l e 

M a g l i t e D Magnesium o x i d e 

CBS C y c l o h e x y l b e n z t h i a z y 1 sulphenamide 

Permanax B A c e t o n e / d i p h e n y l a m i n e c o n d e n s a t e a n t i o x i d a n t 

TMTD T e t r a m e t h y l t h i u r a m d i s u l p h i d e 

(b) Raw polymer:- c o n t a i n s o n l y K r y n a c 34/50. 
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s h o u l d p r e d o m i n a n t l y a r i s e from the added s u l p h u r i t s e l f as 

opposed to the s u l p h u r o f CBS. Z i n c i s added to the 

f o r m u l a t i o n as the o x i d e , w h i c h complexes w i t h a c c e l e r a t o r s 

to form a s u l p h u r a t i n g agent ( c h a p t e r one) , and one o b j e c t i v e 

o f the ESCA i n v e s t i g a t i o n i s t o a f f e c t a c h e m i c a l s p e c i a t i o n , 

i n p a r t i c u l a r o f z i n c and s u r o h u r . The 0. s i g n a l s c a n 
I s 

c o n c e i v a b l y a r i s e from the r e s i d u a l m e t a l o x i d e (low b i n d i n g 

e n e r g y ) , from c a r b o x y l a t e and oxygen i n s t e a r a t e and permanax 

B r e s p e c t i v e l y , and from any 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 from 
s u l p h u r ( s u l p h a t e a d d i t i v e s used i n the p o l y m e r i s a t i o n r e c i p e 

o f K r y n a c 34/50) o r from o x i d a t i o n o f the Kry.nac s u r f a c e 

d u r i n g c u r e . I n p r i n c i p l e , the ESCA p r o v i d e s f i v e m e a s u r a b l e 

l e v e l s t o d e f i n e a C:0:N:S:Zn s u r f a c e s t o i c h i o m e t r y . A p a r t 

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

p r o v i d e a d d i t i o n a l i n f o r m a t i o n , the measurement o f o n l y f i v e 

l e v e l s does n o t a l l o w an ambiguous a s s i g n m e n t o f s u r f a c e 

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

r e q u i r e d t o e n a b l e an a n a l y s i s to be a f f e c t e d . The f i r s t o f 

t h e s e i s t h a t the r a t i o s o f minor a d d i t i v e s are the same a t 

t h e s u r f a c e as i n the b u l k and, s e c o n d l y , the C:N s u r f a c e 

s t o i c h i o m e t r y f o r t h e c u r e d samples i s the same as raw K r y n a c 

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

C, i n t e n s i t y r a t i o o f 26 o r o v i d e s 9 molos o f b u t a d i e n e 
/ " i s 

and 1 mole o f a e r y l o n i t r i l e a t the s u r f a c e o f the as r e c e i v e d 

raw K r y n a c w i t h o u t a d d i t i v e s ( s e c t i o n 5 . 3 . 2 b ) . 



223 

( i i ) Optimum c u r e d , type 1, K r y n a c 34/50 e l a s t o m e r 

The a n g u l a r dependent d a t a i n T a b l e 5.3, e x t r a c t e d from 

the raw s p e c t r a i n F i g u r e 5.1, i n d i c a t e t h a t the optimum 

c u r e d type 1, K r y n a c 34/50, sample i s inhomogeneous, i n 

terms o f s t o i c h i o m e t r y , as a f u n c t i o n o f ESCA p r o f i l e depth 

i n t o the sample. The C, l e v e l a t 30° e l e c t r o n t a k e - o f f c I s 
a n g l e r e v e a l s a broadened s i g n a l compared w i t h the l e v e l 

a t 70° t a k e - o f f a n g l e (FWHM 2.0 v s . 1.7 eV r e s p e c t i v e l y ) , 

and the TT + T T * t r a n s i t i o n s from t h e TT s y s t e m o f b u t a d i e n e are 

a b s e n t . The s u r f a c e i s c o n s i d e r a b l y o x i d i s e d , as i s 

e v i d e n c e d by t h e h i g h energy t a i l o f en v e l o p e and by the 

development o f a b r o a d band, c e n t r e d a t a b i n d i n g energy o f 

^ 168.0 eV i n the S„ r e g i o n . 
2p 3 

T a b l e 5.3 

Optimum c u r e d type 1, K r y n a c 34/50, e l a s t o m e r 

I n t e n s i t y r a t i o s 

T a k e - o f f C., C. C. C, Zn, S„ o x i d i s e d 
a n g l e /0 /Nn /S„ /Zn_ - /S„ ' 

I s I s 2p 3p 2p 

30° 7 19 22 14 1.6 5 

70° 7 111 36 19 1.9 20 

The h i g h r e s o l u t i o n s p e c t r a a l s o r e v e a l z i n c n i t r o g e n , a 

low l e v e l o f s i l i c o n ( a s contaminant) and s u l p h u r , the l a t t e r 

(S„ l e v e l s ) b e i n g broadened by the P r e s e n c e o f a t l e a s t two 2p 3 u 

components, the h i g h e r b i n d i n g e n e r g y peaks a f t e r d e c o n v o l u t i o n 

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

and t h e lower b i n d i n g e n e r g i e s to z i n c s u l p h i d e (FWHM 3.8 eV 

i 
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o f S„ f o r the 1 s u l p h u r - v u l c a n i s e d ' v s . 2.2 eV o f S • f o r Z n S ) . 2p ^ 2p 
The b u l k f o r m u l a t i o n o f the t y p e 1 e l a s t o m e r i n T a b l e 

5.2 g i v e s a mole r a t i o o f CBS t o permanax B o f 1:1.1. The 

C^ s s i g n a l i n t e n s i t y d e r i v e s p r e d o m i n a n t l y from the K r y n a c 

34/50 framework w i t h s m a l l e r c o n t r i b u t i o n s from CBS, s t e a r i c 

a c i d and permanax B, w h i l s t t h e N^ g s i g n a l a r i s e s p r e d o m i n a n t l y 

from the K r y n a c i t s e l f as opposed t o the n i t r o g e n o f CBS 

and permanax B. The b u l k c o m p o s i t i o n o f bu':adiene and a c r y l o -

n i t r i l e i n T a b l e 5.2 (66% and 34% by w e i g h t r e s p e c t i v e l y ) 

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

C, i n t e n s i t y r a t i o o f 26 f o r the as r e c e i v e d raw K r y n a c 
'"is 

34/50 w i t h o u t a d d i t i v e s , c o r r e c t e d f o r the d i f f e r e n c e s i n 

c r o s s - s e c t i o n , g i v e s a mole r a t i o o f b u t a d i e n e to a c r y l o -

n i t r i l e o f 9:1 a t the s u r f a c e compared t o the b u l k v a l u e s 

(2:1 r e s p e c t i v e l y ) , and p r o v i d e s a means o f a s s e s s i n g the 

s u r f a c e s t o i c h i o m e t r y unambiguously as a f u n c t i o n o f depth, 

m o n i t o r e d by ESCA. A crude s u r f a c e a n a l y s i s may be p e r f o r m e d , 

as f o l l o w s :-

L e t x = moles % o f K r y n a c 

L e t y = moles o f CBS, then permanax B = l . l y 

T o t a l C l s s i g n a l = 39x + 13y + 15 x 1. l y 

T o t a l N s i g n a l = x + 2y l . l y 
. 39x + 29y = 19 _ 

• * x + 3.1y 0.84 6 

- - 2.6 
y 

The v a l u e o f - f o r 30° t a k e - o f f a n g l e i n T a b l e 5.4, 
y 

t h e r e f o r e g i v e s r a t i o s o f 100:3.8:4.2 i n moles f o r K r y n a c , 
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T a b l e 5.4 

Optimum c u r e d t y p e 1, K r y n a c 34/50, e l a s t o m e r 

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

T a k e - o f f a n g l e K r y n a c CBS Permanax B Zn 

30° 100 3.8 4.2 2.7 

70° 100 -2.5 -2.7 2.0 

CBS and permanax B r e s p e c t i v e l y , i n d i c a t i n g h i g h e r l e v e l s of 

a d d i t i v e s (by a f a c t o r o f e i g h t e e n ) than i n the b u l k , w h i l s t 

t h e l e v e l of z i n c i s a p p r o x i m a t e l y the same as i n t h e b u l k 

(^ 3.1 mole % ) . The d a t a f o r 70° t a k e - o f f a n g l e s u g g e s t t h a t 

t h e r e i s i n s u f f i c i e n t n i t r o g e n p r e s e n t i n the extreme s u r f a c e 

r e g i o n (of t h i c k n e s s < loR) f o r t h i s t o be s i b s t a n t i a t e d . 

However, t h e C, i n t e n s i t y r a t i o , c o r r e c t e d f o r the 
2p 

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

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

from the added s u l p h u r i t s e l f . 

( i i i ) 50% c u r e d type 1, K r y n a c 34/50, e l a s t o m e r 

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

the a s r e c e i v e d e l a s t o m e r i s c o n s i d e r a b l y o x i d i s e d , as i s 

e v i d e n c e d by t h e h i g h energy t a i l s of C.̂  e n v e l o p e s and by the 

a p p e a r a n c e of broad bands a t h i g h b i n d i n g e n e r g i e s o f S 2 p 

l e v e l s . I t i s n o t p o s s i b l e t o s t a t e w i t h c e r t a i n t y t h a t t h e 

a p p e a r a n c e of o x i d i s e d S 2 ^ l e v e l i s due t o t h e o x i d a t i o n d u r i n g 

c u r e or a r i s e s from the s u l p h a t e groups of t h e i n g r e d i e n t s 

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

n i t r i l e ( T a b l e 5 . 1 ) . T h i s i n t e r p r e t a t i o n seems l e s s l i k e l y , 
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however, s i n c e i t would r e q u i r e c o n s i d e r a b l e r e t e n t i o n o f the 

s u l p h u r c o n t a i n i n g s p e c i e s , added i n low amount i n t h e 

p o l y m e r i s a t i o n p r o c e s s . The l e v e l s a t 30° t a k e - o f f a n g l e 

a r e broadened, compared w i t h the l e v e l s a t 70° t a k e - o f f 

a n g l e (FWHM 2.1 eV v s . 1.5 eV r e s p e c t i v e l y ) . The S^^ s i g n a l s 

show the same e x t e n t o f b r o a d e n i n g a t bo t h t a k e - o f f a n g l e s 

by t h e p r e s e n c e o f a t l e a s t two components; o r g a n i c s u l p h i d e 

and z i n c s u l p h i d e (FWHM 4.0 eV f o r both t a k e - o f f a n g l e s v s . 

2.2 eV of S„ f o r Z n S ) . 2p 
The a n g u l a r dependent d a t a i n T a b l e 5.5 i n d i c a t e t h a t t h e 

s u r f a c e i s inhomogeneous, i n terms o f s t o i c h i o m e t r y , a s a 

T a b l e 5.5 

50% c u r e d t y p e 1, K r y n a c 34/50, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 
T a k e - o f f C, C, C, C, Zn„ S 0 o x i d i s e d , I s ,~ I s I s ,„ I s / f 7 3p ,„ 2d 0 a n g l e / 0 l g /N l g / S 2 p /1n^ - / S 2 p - « 

30° 6 61 21 15 1.4 26 

70° 6 38 49 18 2.7 50 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f K r y n a c CBS Permanax B Zn 
a n g l e 

30° 100 -1.7 -1.9 2.5 

70° 100 -0.5 -0.6 2.1 

f u n c t i o n of depth i n t o t h e sample and, t h e r e i s i n s u f f i c i e n t 

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

t r u e . A l t e r n a t i v e l y , t h e s u r f a c e a n a l y s i s may be c a r r i e d o u t 
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unambiguously by r e c o n s i d e r i n g t h e b u l k c o m p o s i t i o n of K r y n a c 

34/50 i n T a b l e 5.2 (19 moles o f b u t a d i e n e and 1 mole of a c r y l o -

n i t r i l e ) and t h e r e s u l t s a r e g i v e n i n T a b l e 5.6. T h i s t y p e 

of a n a l y s i s a g a i n i n d i c a t e s inhomogeneous s u i f a c e and h i g h e r 

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

b y l k . The l e v e l o f z i n c i n c r e a s e s o n l y s l i g h t l y w i t h 

i n c r e a s i n g ESCA depth i n t o t h e sample. 

T a b l e 5.6 

50% c u r e d t y p e 1, K r y n a c 34/50, e l a s t o m e r 

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

T a k e - o f f a n g l e K r y n a c CBS Permanax B 

30° 100 0.15 0.17 

70° 100 1.5 1.7 

I n a d d i t i o n t o t h e C, , 0 , , S„ , N, and Z n 0 s i g n a l s , 
I s ' I s 2p I s 3p 

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

a t a r e a s o n a b l e l e v e l (C, i n t e n s i t y r a t i o o f 2 5 ) . 
/ S 0 2p 

(b) Type 2, K r y n a c 34/50, e l a s t o m e r 

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

The b u l k c o m p o s i t i o n of t y p e 2 e l a s t o m e r i n T a b l e 5.2 

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

from t h e K r y n a c framework w i t h s m a l l e r c o n t r i b u t i o n s from 

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

t h e K r y n a c i t s e l f a s opposed t o t h e n i t r o g e n of permanax B and 

TMTD. The S 2 s i g n a l s h o u l d a r i s e p r e d o m i n a n t l y from t h e 

s u l p h u r of TMTD as opposed t o t h e added s u l p h u r . The 0^s 
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s i g n a l s can c o n c e i v a b l y a r i s e from r e s i d u a l ; i n c o x i d e , from 

c a r b o x y l a t e and oxygen i n s t e a r a t e and permanax B r e s p e c t i v e l y , 

and from t h e o x i d a t i o n o f K r y n a c d u r i n g c u r e . I n p r i n c i p l e , 

the t y p e 2 sample p r o v i d e s C^s, ° l s # N i s ' S 2 p a n d Z n 3 p l e v e l s 

as a means of a s s e s s i n g t h e s u r f a c e c o m p o s i t i o n unambiguously, 

on t h e same a s s u m p t i o n s s t a t e d p r e v i o u s l y (9 moles of b u t a d i e n e : 

1 mole of a c r y l o n i t r i l e ) . 

( i i ) Optimum c u r e d t y p e 2, K r y n a c 34/50, e l a s t o m e r 

The r e l e v a n t i n t e n s i t y r a t i o s o f c o r e l e v e l s p e c t r a i n 

F i g u r e 5.2 t o g e t h e r w i t h t h e s u r f a c e c o m p o s i t i o n a r e s e t o u t 

i n T a b l e 5.7. The a n g u l a r dependent s t u d y r e v e a l s t h a t t h e 

s u r f a c e i s r e a s o n a b l y homogeneous, as a f u n c t i o n of ESCA depth 

T a b l e 5.7 

Optimum c u r e d t y p e 2, K r y n a c 34/50 e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 
T a k e - o f f C. C. C. C. Zn_ S_ o x i d i s e d 

i I s I s / X 7 I s ,„ I s .„ i p / c ^p o a n g l e / 0 n „ /N l e j /S0^ / Z n 3 p ' S 2 p 15 / 0 l s 
l s / « l s 

l s / s , 
2p 

l s / Z n 

8 6 2.2 6 

7 6.6 2.3 6 

30° 8 6 2.2 6 0.4 

70° 7 6.6 2.3 6 0.4 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f K r y n a c Permanax B TMTD Zn 
a n g l e 

30° 100 21 60 6.1 

70° 100 16 44 6.1 

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

p r e s e n t a t t h e s u r f a c e compared t o t h e b u l k . The i n c r e a s e i n 
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the l e v e l o f z i n c by a f a c t o r o f two a t the s u r f a c e , compared 

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

to t h e polymer or t o the TMTD. The t y p e s of i n t e r a c t i o n o f 

the z i n c a r e thought t o be: 

Kr y n a c (polymer) 

I I I I 
c=o o=c c=o c=o 1 I I ' 
Zn O-Zn-0 0 
I I 
OH Zn 

H l 
o ? 
c=o c=o 
! j 
TMTD 

S S S S 
2+ 2- H II 2+ I' - " 

Zn 0 - C — S — S - C > Zn 0-C + SS-C 
I I I I 
N ( C H 3 ) 2 N ( C H 3 ) 2 N ( C H 3 ) 2 N ( C H 3 ) 2 

S 
2+ - H Zn 0 -C + S . C S . N ( C H 0 ) 0 > (CH,)„N.CS.SZn.0.CS.N 

| J Z 5 2. 
N ( C H 3 ) 2 (CH 3) 2 

I t h a s been s t a t e d i n c h a p t e r one t h a t , i n t h e TMTD-ZnO 

sy s t e m , TMTD r e a c t s e x o t h e r m i c a l l y w i t h ZnO it ^ 150°C t o 

form z i n c p e r t h i o l a t e complex and t h i s a c t s a s a s u l p h u r a t i n g 

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

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

The e f f e c t of t h e i n t e r a c t i o n of m e t a l o x i d e and t h e 

polymer i s t o produce a v u l c a n i s a t e w i t h u n u s u a l c h a r a c t e r i s t i c s , 

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

r e s i s t a n c e . 
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The C, s p e c t r a a t 30° and 70° t a k e - o f f a n g l e s r e v e a l J. s 
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 i s e v i d e n c e d by t h e h i g h 

e n e r g y t a i l o f en v e l o p e w i t h FWHM o f 2.6 eV and 2.3 eV 

r e s p e c t i v e l y ; whereas t h e S 2 p s i g n a l d i d not show any tendency 

of o x i d a t i o n a t b i n d i n g e n e r g y ^ 168 and the S 2 d u n o x i d i s e d 

peaks a t b i n d i n g energy ^ 162.0 w i t h FWHM o f 2.4 eV f o r 

both t a k e - o f f a n g l e s , compared t o t h e FWHM of S 2 p f o r ZnS 

(2.2 e V ) , s u g g e s t s t h a t t h e s u l p h u r i s p r e d o m i n a n t l y i n the 

form of ZnS. 

The h i g h r e s o l u t i o n s p e c t r a a l s o r e v e a l oxygen and z i n c a t 

r e a s o n a b l e l e v e l s , and a low l e v e l o f s i l i c o n i s p r e s e n t a s 

con t a m i n a n t . 

( i i i ) 50% c u r e d t y p e 2, K r y n a c 34/50, e l a s t o m e r 

The d a t a i n T a b l e 5.8 i n d i c a t e t h a t the s u r f a c e o f t h e as 

r e c e i v e d sample i s r e a s o n a b l y homogeneous as f a r as t h e ESCA 

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

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

T a b l e 5.8 

50% c u r e d t y p e 2, K r y n a c 34/50, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f C. C. C, C. Zn. S o x i d i s e , I s / r. I s ,.. I s / c I s ,„ 3P/o 2 P a n g l e s A> l g /N l f l / S 2 p / Z n 3 p * / s 2 p 

30° 12 8 2.8 7.4 0.4 -

70° 9 8 3.2 9 0.4 

(b) S u r f a c e c o m p o s i t i o n 

T a k e - o f f K r y n a c Permanax B TMTD Zn 
a n g l e 

30° 100 10 27 5.0 

70° 100 10 27 4.1 
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o f z i n c a t t h e s u r f a c e a g a i n s u g g e s t s t h a t z i n c i s c h e m i c a l l y 

bonded e i t h e r t o t h e polymer o r t o the TMTD, b u t t h e l a t t e r 

seems more p r o b a b l e as i s s u p p o r t e d by t h e appea r a n c e of S^^ 

a t low b i n d i n g energy 162 e V ) , compared t o t he b i n d i n g 

energy of f r e e s u l p h u r 164.0 e V ) . The FWHM of S 2 peak i s 

th e same o r d e r of magnitude f o r S 2 i n ZnS (FWHM 2.5 eV f o r 

30° and 2.3 eV f o r 70° t a k e - o f f a n g l e s v s . 2.2 eV of S 2 p f o r 

Z n S ) , and t he S 2 l e v e l does n o t i n d i c a t e any tendency f o 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 , w h i c h , i n t u r n , may s u g g e s t 

t h a t t h e s u l p h u r i s p r e d o m i n a n t l y i n t h e form of ZnS. 

The s u r f a c e i s c o n s i d e r a b l y o x i d i s e d , as i s i n d i c a t e d by 

th e development 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 c n a t h i g h b i n d i n g 

energy t a i l of C-^s e n v e l o p e . 

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

and r e l a t i v e l y a low l e v e l of s i l i c o n a s co n t a m i n a n t , 

(c ) Type 3, K r y n a c 34/50, e l a s t o m e r 

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

I t i s c l e a r from t h e b u l k f o r m u l a t i o n of type 3 e l a s t o m e r 

i n T a b l e 5.2 t h a t t h e i n t e n s i t y s h o u l d p r e d o m i n a n t l y a r i s e 

from t h e K r y n a c s y s t e m , w i t h s m a l l e r c o n t r i b u t i o n s from 

s t e a r i c a c i d , permanax B, e t h y l cadmate and MBT, w h i l s t t h e 
N l s si (=f n a-'- would be e x p e c t e d p r e d o m i n a n t l y from t h e K r y n a c 

i t s e l f as opposed t o t h e n i t r o g e n of permanax B and MBT. The 

S 2 s i g n a l s h o u l d p r e d o m i n a n t l y a r i s e from t h e added s u l p h u r 

i t s e l f and from t h e s u l p h u r of e t h y l cadmate as opposed t o t h e 

s u l p h u r of MBT. Cadmium i s added as cadmium o x i d e and e t h y l 

cadmate t o r e p l a c e t h e ZnO as a c u r e a c t i v a t o r . Magnesium 

o x i d e i s added to t he compound as an a c i d a c c e p t o r . E t h y l 
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cadmate a c c e l e r a t o r i n t e r a c t s w i t h t h e cadmium o x i d e and o t h e r 

s u l p h u r d o n a t i n g a c c e l e r a t o r s (MBT); and, one o b j e c t i v e of 

the ESCA i n v e s t i g a t i o n i s t o a f f e c t a c h e m i c a l s p e c i a t i o n , 

i n p a r t i c u l a r of cadmium and s u l p h u r . The 0^ s i g n a l s c a n 

c o n c e i v a b l y a r i s e from t h e r e s i d u a l m e t a l o x i d e s (CdO and 

MgO), from c a r b o x y l a t e and oxygen i n s t e a r a t e and permanax B 

r e s p e c t i v e l y , and from any 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 from 

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

K r y n a c 3 4 / 5 0 ) , o r from o x i d a t i o n of t h e polymer s u r f a c e 

d u r i n g c u r e on a c a l e n d e r i n g s y s t e m a t 150°C i n a i r . I n 

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

a C:0:N:S:Cd:Mg s u r f a c e s t o i c h i o m e t r y unambiguously, assuming 

9 moles of b u t a d i e n e t o 1 mole of a c r y l o n i t r i l e . 

( i i ) Optimum c u r e d t y p e 3, K r y n a c 34/50, e l a s t o m e r 

The c o r e l e v e l s p e c t r a a t 30° and 70° e l e c t r o n t a k e - o f f 

a n g l e s a r e i n d i c a t e d i n F i g u r e 5.3 and t h e r e l e v a n t i n t e n s i t y 

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

T a b l e 5.9. The a n g u l a r dependent d a t a i n d i c a t e t h a t t h e 

s u r f a c e i s r e a s o n a b l y homogeneous, as f a r as the ESCA depth 

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

a c c e l e r a t o r a r e p r e s e n t a t t h e s u r f a c e (by a f a c t o r of s i x t y ) 

t h a n i n t h e b u l k i n c o n t r a s t t o t h e l e v e l o f cadmium (^ 2.4 

mole % i n t h e b u l k ) , w h i c h t h e l a t t e r d e c r e a s e s w i t h i n c r e a s i n g 

ESCA depth p r o f i l e i n t o t h e sample. 

The C l s s p e c t r a a t both t a k e - o f f a n g l e s r e v e a l 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 i s e v i d e n c e d by t h e hit,h b i n d i n g e n e r g y 

t a i l o f C 1 e n v e l o p e w i t h FWHM of 2.3 eV and 2.0 eV r e s p e c t i v e l y ; 

w hereas t h e S_ peaks do n o t i n d i c a t e any tendency f o r o x i d a t i o n 
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T a b l e 5.9 

Optimum c u r e d t y p e 3, K r y n a c 34/50, e l a r t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f C, C, C, e C Cd S„ , I s / r s I s / M I s / c I s J D ^p a n g l e /0 /N l f l / S 2 p / C d 3 5 Q x i d i s 

5 / 2 / S 2 p 

30° 3.6 14 3 2.0 1.5 

70° 3.4 15 3.4 2.7 1.3 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f K r y n a c Permanax B MBT Cd 
a n g l e 

30° 100 15 21 4.0 

70° 100 12 16 3.0 

a t b i n d i n g e n e r g y ^ 168.0 eV and t h e a p p e a r a n c e o f 

( u n o x i d i s e d ) peaks a t b i n d i n g e n e r g y ^ 162 eV w i t h FWHM of 

2.6 eV f o r 30° and 2.4 eV f o r 70° t a k e - o f f a n g l e s compared 

t o t h e FWHM o f f o r ZnS (2.2 eV) s u g g e s t s t h a t t h e s u l p h u r 

i s p r e d o m i n a n t l y i n th e form of CdS. 

The h i g h r e s o l u t i o n s p e c t r a a l s o r e v e a l jxygen and z i n c 

a t r e a s o n a b l e l e v e l s , and a low l e v e l o f s i l i c o n i s p r e s e n t 

as c o n t a m i n a n t . 

( i i i ) 50% c u r e d t y p e 3, K r y n a c 34/50, e l a s t o m e r 

The d a t a f o r t h e p a r t i a l l y c u r e d sample a t 30° and 70° 

t a k e - o f f a n g l e s i n T a b l e 5.10 i n d i c a t e t h a t t h e s u r f a c e i s 

inhomogeneous i n terms of s t o i c h i o m e t r y , a s a f u n c t i o n o f ESCA 

depth p r o f i l e i n t o t h e sample; and h i g h e r l e v e l s of permanax 

B and MBT a r e p r e s e n t a t th e s u r f a c e t h a n i n the b u l k . The 
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T a b l e 5.10 

50% c u r e d t y p e 3, K r y n a c 34/50, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f C. C, C C Cd S 
, I s / r. I s I s / c l s / p , JUj- zp a n g l e / 0 l g / N l g /S^ / C d 3 5 y o x i d i s e d 

b/2 / b 2 p % 

30° 6.0 13 2.5 1.6 1.6 

70° 6.0 10 2.4 1.8 1.3 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f K r y n a c Permanax B MBT Cd 
a n g l e 

30° 100 20 2 7 5.0 

70° 100 65 9 1 4.5 

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

The FWHM o f S 2 p peak i s t h e same o r d e r o f m a g n i t u d e f o r 

i n ZnS (FWHM 2.4 f o r 30° and 70° t a k e - o f f a n g l e s v s . 2.2 eV 

o f S 0 f o r Z n S ) . and t h e S„ l e v e l does n o t i n d i c a t e any 2p ' 2p 
t e n d e n c y f o 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 , w h i c h s u g g e s t s t h a t 

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

The s u r f a c e i s c o n s i d e r a b l y o x i d i s e d , as i s e v i d e n c e d by 

t h e d e v e l o p m 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 a t h i g h b i n d i n g 

e n e r g y t a i l o f C^ s e n v e l o p e . 

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

s i l i c o n as c o n t a m i n a n t , 

(d) Type 4, K r y n a c 34/50, e l a s t o m e r 

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

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

5.2 s u g g e s t s t h a t t h e C 1 i n t e n s i t y s h o u l d p r e d o m i n a n t l y a r i s e 
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f r o m t h e K r y n a c f r a m e w o r k , w i t h s m a l l e r c o n t r i b u t i o n s f r o m 

permanax B and d i c u m y l p e r o x i d e , w h i l s t t h e N s i g n a l 
J - w 

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

opposed t o t h e n i t r o g e n o f permanax B. The 0 s i g n a l can 

c o n c e i v a b l y a r i s e f r o m permanax B, d i c u m y l p e r o x i d e and f r o m 

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

t h e ESCA p r o v i d e s C, , 0 and N m e a s u r a b l e l e v e l s as a 

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

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

n i t r i l e i s 2 : 1 . 

( i i ) Optimum c u r e d t y p e 4, K r y n a c 34/50, e l a s t o m e r 

The d a t a i n T a b l e 5 . 1 1 , e x t r a c t e d f r o m t h e raw s p e c t r a i n 

F i g u r e 5.4, i n d i c a t e t h a t t h e s u r f a c e i s homogeneous, i n t e r m s 

T a b l e 5.11 

Optimum c u r e d t y p e 4, K r y n a c 34/50, e l a s t o m e r 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f a n g l e C C 

/°ls / N l s 

30° 5 12 

70° 4 18 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f a n g l e Permanax B D i c u m y l p e r o x i d e 

30° 4.7 6.5 

70° 2 1 27 

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

sample and t h e l e v e l o f a n t i o x i d a n t i n c r e a s e s w i t h d e c r e a s i n g 
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l e v e l of: n i t r o g e n i n t h e s u r f a c e r e g i o n s ( t h i s i n t e r p r e t a t i o n 

i s n o t v a l i d and can be s t a t e d u n a m b i g u o u s l y b y c o n s i d e r i n g 

t h e C, s i g n a l s o n l v f r o m K r y n a c and a n t i o x i d a n t ) . The C, I s ^ " . J I s 

s p e c t r a i n d i c a t 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 , as i s e v i d e n c e d 

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

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

70° 

~^~J f 
v / / 

30° \ I 
X10 / J 

• i i i i 

OPTIMUM Cl 

TYPE A 

KRYNAC 3U50 

295 293 291 289 287 285 283 281 

ClS 

402 400 3 9B 39b KI7 535 533 531 W9" 

0,S 

BINDING ENERGY ( e v ) 

F i g u r e 5.4. H i g h r e s o l u t i o n o f an o p t i m u m c u r e d t y p e 4, 
K r y n a c 34/50, e l a s t o m e r . 

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

lo w i n t e n s i t y (< 1 % ) . The h i g h r e s o l u t i o n s p e c t r a a l s o 

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

low l e v e l as c o n t a m i n a n t . 
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5.3.2 U n c u r e d K r y n a c 34/50 sa m p l e s 

(a) I n t r o d u c t i o n 

Two s a m p l e s o f u n c u r e d K r y n a c 34/50 f o r m u l a t i o n h a ve been 

r e c e i v e d , as f o l l o w s : 

( i ) Compressed, e m u l s i o n p o l y m e r i s e d K r y n a c 34/50 ( 6 6 % 

b u t a d i e n e and 34% a c r y l o n i t r i l e b y w e i g h t ) . Samples 

have been c u t d i r e c t l y f o r ESCA e x a m i n a t i o n e i t h e r 

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

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

b l a d e . 

( i i ) U n c u r e d f o r m u l a t i o n w i t h a d d i t i v e s ( T a b l e 5 . 2 ) . As 

has a l r e a d y been s t a t e d i n t h e p r e c e d i n g c h a p t e r s , 

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

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

vacuum, c a u s i n g on s e v e r a l o c c a s i o n s c o n t a m i n a t i o n 

o f t h e window. A t t e m p t s a t c o o l i n g t h e s a m p l e s , 

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

p r o v e s u c c e s s f u l , a n d , i n o n l y one c a s e , have 

p a r t i a l s p e c t r a o f t h e u n c u r e d t y p e 1 , K r y n a c 3 4/50, 

s y s t e m been o b t a i n e d . 

(b) E m u l s i o n p o l y m e r i s e d , K r y n a c 34/50, sample 

( i ) As r e c e i v e d s u r f a c e 

The w i d e s c a n ESCA s p e c t r u m f o r t h e as r e c e i v e d K r y n a c 

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

C^ s and 0 ^ s p h o t o e m i s s i o n l e v e l s . The h i g h r e s o l u t i o n s p e c t r a 

a r e p r e s e n t e d i n F i g u r e 5.5 and t h e r e l e v a n t i n t e n s i t y r a t i o s 

a r e s e t o u t i n T a b l e 5.12. 

The C, l e v e l s i n d i c a t e an a s y m m e t r i c a l p e a k , a s s o c i a t e d 
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1 • 

EMULSION POLYMERISED KRYNAC 34/50 

xi 

• 

293 291 28« 287 285 28$ 581 404 402 400 398 396 537 535 533 531 529 
ClS Ol S Nts BINDING ENERGY ( 6 V ) 

F i g u r e 5.5. H i g h r e s o l u t i o n s p e c t r a o f e m u l s i o n p o l y m e r i s e d 
K r y n a c 34/50. 

w i t h 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 t h e h i g h b i n d i n g e n e r g y 

t a i l o f C l s e n v e l o p e and 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 , 

as i s e v i d e n c e d b y t h e l a r g e d e v e l o p m 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 t i e s a t ^ 286.6 eV and ^ 288.0 eV b i n d i n g e n e r g i e s . 

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

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

c o n t a m i n a n t . The C, i n t e n s i t y r a t i o a f t e r c o r r e c t i o n 
/N, 
' I s 

f o r t h e d i f f e r e n c e i n c r o s s - s e c t i o n g i v e s a mole r a t i o o f 

b u t a d i e n e t o a c r y l o n i t r i l e o f 9 : 1 , compared t o t h e b u l k 

c o m p o s i t i o n (mole r a t i o o f 2:1 r e s p e c t i v e l y ) . The d a t a 
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T a b l e 5.12 

I n t e n s i t y r a t i o s f o r raw K r y n a c 34/50 

/0 /N / S i I s I s 2p 

As r e c e i v e d 3.0 26 115 

11 11 100 

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

t h e b u l k . 

( i i ) F r e s h l y e x p o s e d s u r f a c e 

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

i n T a b l e 5.12 f o r c o m p a r i s o n p u r p o s e s . The l e v e l o f o x y g e n i s 

now s u b s t a n t i a l l y l o w e r and t h e l e v e l o f n i t r o g e n i s 

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

g i v e s a m o l e r a t i o o f b u t a d i e n e t o a c r y l o n i t r i l e o f 2.5:1 

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

r e p r e s e n t a t i v e o f t h e bul'k. The s l i g h t d e v i a t i o n i n t h e f r e s h l y 

e x p o s e d s u r f a c e c o m p o s i t i o n f r o m t h e b u l k v a l u e s (2 m o l e s o f 

b u t a d i e n e and 1 m o l e o f a c r y l o n i t r i l e ) may s u g g e s t a p a r t i a l 

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

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

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

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

a r i s i n g f r o m t h e C-N and C-0 and C=0 components a t b i n d i n g 

e n e r g i e s o f 285.4 eV, 286.6 eV and 288.0 eV r e s p e c t i v e l y . 

( c ) U n c u r e d t y p e 1 , K r y n a c 34/50, s a m p l e 

F i g u r e 5.6 shows t h e s p e c t r a o f an u n c u r e d K r y n a c 34/50, 

s a m p l e w i t h a d d i t i v e s (whose d e t a i l e d b u l k c o m p o s i t i o n s a r e 
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i n d i c a t e d i n T a b l e 5 . 2 ) , and t h e r e l e v a n t i n t e n s i t y r a t i o s 

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

5.13. The d a t a a t 30° e l e c t r o n t a k e - o f f a n g l e i n d i c a t e t h a t 

T a b l e 5.13 

U n c u r e d t y p e 1 , K r y n a c 34/50, sample 

(a) I n t e n s i t y r a t i o s 

T a k e - o f f C1 C. C. C. Z n 0 S_ o x i d i s e d , I s I s ,„ I s ,„ I s /„ 3p /„ 2p a n g l e /o l f l /N l s / S 2 p / Z n 3 p / S 2 p 

30° 9.0 25 25 66 0.4 14 

70° 12 - 29 - 12 

(b) S u r f a c e c o m p o s i t i o n (mole %) 

T a k e - o f f K r y n a c CBS Permanax B Zn 
a n g l e 

100 1.4 1.5 . 0.6 

h i g h e r l e v e l s o f CBS and permanax B a r e p r e s e n t a t t h e s u r f a c e 

(by a f a c t o r o f sev e n ) t h a n i n t h e b u l k , w h i l s t t h e l e v e l o f 

z i n c , l e s s t h a n i n t h e b u l k , i n c r e a s e s w i t h i n c r e a s i n g ESCA 

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

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

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

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

t h r e e i n d i c a t e d v e r y l i t t l e o r no m e c h a n i c a l t r a n s f e r o f 

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

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

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

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

The l e v e l s show v e r y l i t t l e t e n d e n c y f o r o x i d a t i o n 

and t h e h i g h l e v e l o f o x y g e n a t 30° and 70° t a k e - o f f a n g l e s i s 

f r o m 1^0 as c o n t a m i n a n t d u r i n g t h e c o o l i n g p r o c e s s , as i s 

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

b i n d i n g e n e r g y o f e n v e l o p e . The l e v e l s r e v e a l v e r y 

l i t t l e o x i d a t i o n a t a b i n d i n g e n e r g y ^ 168.0 eV, and t h e 

a p p e a r a n c e o f pea k s a t b i n d i n g e n e r g y ^ 164.0 w i t h FWHM 

o f 2.5 f o r b o t h t a k e - o f f a n g l e s , compared t o t h e FWHM o f f r e e 

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

s u l p h i d e (Sg and S-C). 

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

s i l i c o n as c o n t a m i n a n t . 

5.3.3 Summary o f ESCA i n v e s t i g a t i o n o f a s e r i e s o f 
K r y n a c 34/50 e l a s t o m e r s 

The ESCA i n v e s t i g a t i o n o f a v a r i e t y o f K r y n a c 34/50 

e l a s t o m e r s ( c u r e d on a c a l e n d e r i n g s y s t e m a t 150°C i n a i r w i t h 

a 2 mm n i p s e t t i n g t o draw i n t o s h e e t s ) r e v e a l e d t h a t h i g h e r 

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

t h a n i n t h e b u l k . The t y p e 2 and t y p e 3 samp l e s i n d i c a t e d 

h i g h e r l e v e l s o f z i n c and cadmium i n t h e s u r f a c e r e g i o n s , 

w h i l s t t h e l e v e l o f z i n c i n t y p e 1 s y s t e m i n c r e a s e s o n l y 

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

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

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

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

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

c o v e r e d w i t h a l a y e r o f p o l y b u t a d i e n e . 
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6.1 I n t r o d u c t i o n 

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

have been known f o r o v e r a h u n d r e d y e a r s . 2 0 0 A r e a s o f 

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

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

h o w e v e r , o n l y become t h e s u b j e c t o f d e t a i l e d r e s e a r c h i n t e r e s t 

i n t h e l a s t t w o d e c a d e s . The p r i m a r y f o c u s o f i n t e r e s t has 

b een i n t e r m s o f b o t h t h e i m p r o v e m e n t o f s u r f a c e f r e e e n e r g y 
201-213 

o r t h e w e t t a b i l i t y o f m a t e r i a l s and i n t h e u n d e r s t a n d i n g 

o f o x i d a t i v e d e g r a d a t i o n , i n g e n e r a l . T h i s i n t e r e s t has been 

m o t i v a t e d p a r t i a l l y b y t h e a b i l i t y o f p l a s m a s t o p r o d u c e u n i q u e 

m o d i f i c a t i o n a n d , t h e e a s e , b y w h i c h , t h e e x t e n t o f s u r f a c e 

m o d i f i c a t i o n can be c o n t r o l l e d . The p l a s m a t r e a t m e n t t e c h n i q u e 
214 

has many v i r t u e s o v e r c h e m i c a l and p h y s i c a l m e t h o d s i n t h a t 

t h e r e a c t i o n s a r e i n h e r e n t l y ' c l e a n 1 , and t a k e o n l y s e c o n d s t o 

a c h i e v e t h e d e s i r e d r e s u l t s , p r o d u c i n g p r o f o u n d changes i n 
215 

t h e s u r f a c e p r o p e r t i e s o f t h e m a t e r i a l ( p e r m e a b i l i t y , bond 

a b i l i t y , p r i n t a b i l i t y , e t c . ) , w h i l s t t h e o v e r a l l b u l k 

p r o p e r t i e s o f t h e m a t e r i a l r e a m i n u n c h a n g e d ( e l e c t r i c a l 

c h a r a c t e r i s t i c s , t e n s i l e s t r e n g t h , e t c . ) . The t e c h n i q u e i s , 

t h e r e f o r e , i d e a l l y s u i t e d t o a f l o w s y s t e m . However, t h e 

s u r f a c e p r o p e r t i e s o f t h e m a t e r i a l a r e s o l e l y d e t e r m i n e d by t h e 

c o m p o s i t i o n o f t h e o u t e r m o s t f e w m o n o l a y e r s ; and t h e t h i c k n e s s 

o f t h e m o d i f i e d l a y e r i s t y p i c a l l y i n t h e r a n g e o f 50 -

1 0 ^ S , ' d e p e n d i n g upon t h e c o n d i t i o n s o f t h e d i s c h a r g e s 

( p r e s s u r e , power l o a d i n g , g a s , f l o w r a t e ) . 

The p r i n c i p a l t e c h n i q u e e m p l o y e d i n t h i s c h a p t e r t o 

i n v e s t i g a t e t h e s u r f a c e m o d i f i c a t i o n o f s u l p h u r - v u l c a n i s e d 
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r u b b e r s and m o d e l s y s t e m s a f f e c t e d by o x y g e n p l a s m a , i s t h a t 

o f ESCA, w h i l s t c h a p t e r s e v e n i s c o n c e r n e d w i t h m o d i f i c a t i o n s 

a f f e c t e d by h y d r o g e n p l a s m a s . 

Due t o t h e t h i n n e s s o f s u c h a m o d i f i e d l a y e r , i t was n o t 

p o s s i b l e t o use o t h e r c o n v e n t i o n a l t e c h n i q u 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 r e g i o n s . The c o n v e n t i o n a l t e c h n i q u e , 

e m p l o y e d i n t h i s f i e l d f o r a n a l y s i s o f t h e s u r f a c e , i s 

m u l t i p l e a t t e n u a t e d t o t a l i n t e r n a l r e f l e c t i o n (MATR) i n f r a r e d 

s p e c t r o s c o p y . T h i s t e c h n i q u e l i k e ESCA i s n o n - d e s t r u c t i v e 

a n d , i t s c a n s t h e s u r f a c e l a y e r t o a d e p t h i n t h e o r d e r o f 
219 

m i c r o n s , b e i n g much g r e a t e r t h a n t h e d e p t h o f t h e p l a s m a 

m o d i f i e d l a y e r ; w h i c h , i n t u r n , i m p l i e s t h a t t h e i n f r a r e d 

s p e c t r u m has a v e r y s t r o n g a b s o r p t i o n f r o m t h e u n m o d i f i e d 

s u b s t r a t e a n d , t h e r e f o r e , t h e s p e c t r u m o b s e r v e d b e f o r e and 

a f t e r p l a s m a t r e a t m e n t i s e s s e n t i a l l y t h e same ( c h a p t e r t h r e e ) . 

The t e r m ' c o o l ' p l a s m a , i n t h e f i e l d o f c h e m i s t r y , may be 

d e f i n e d as a p a r t i a l l y i o n i s e d gas composed o f m o l e c u l e s , 

a t o m s , . a n d i o n s i n b o t h g r o u n d and e x c i t e d s t a t e s and e l e c t r o n s , 

i n w h i c h , t h e numbers o f p o s i t i v e l y and n e g a t i v e l y c h a r g e d 

s p e c i e s a r e a p p r o x i m a t e l y e q u a l . I n a g l o w d i s c h a r g e , f r e e 

e l e c t r o n s g a i n e n e r g y f r o m an a p p l i e d e l e c t r i c f i e l d and 

t r a n s f e r t h i s e n e r g y t o m o l e c u l e s t h r o u g h i n e l a s t i c c o l l i s i o n s 

r e s u l t i n g i n t h e f o r m a t i o n o f a v a r i e t y o f new s p e c i e s s u c h 

as m e t a s t a b l e s , a t o m s , f r e e r a d i c a l s , and i o n s , e n e r g e t i c 

enough t o cause c h e m i c a l r e a c t i o n s . A w i d e f r e q u e n c y r a n g e o f 

e l e c t r o m a g n e t i c r a d i a t i o n i s a l s o p r o d u c e d f r o m t h e 
220 

d e e x c i t a t i o n o f e x c i t e d s t a t e s ( e l e c t r o n i c , v i b r a t i o n a l and 

r o t a t i o n a l ) . 
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F o r t h e i o n i s e d g a s , p r o d u c e d i n a d i s c h a r g e t o be 

p r o p e r l y t e r m e d a p l a s m a , i t m u s t s a t i s f y t h e c o n d i t i o n o f 

a p p r o x i m a t e e l e c t r i c a l n e u t r a l i t y ; a c r i t e r i o n s a t i s f i e d , 

when t h e d i m e n s i o n s o f t h e d i s c h a r g e gas v o l u m e a r e 

s i g n i f i c a n t l y l a r g e r t h a n t h e Debye l e n g t h ( A D ) , b e i n g a 

f u n c t i o n o f t h e s q u a r e r o o t o f t h e e l e c t r o n e n e r g y t o d e n s i t y 
2 2 1 

r a t i o . I n ( 6 . 1 ) , E q i s t h e p e r m i t t i v i t y o f f r e e s p a c e , k 

XD = ( e o k T e / n e 2 ) ^ ( 6 . 1 ) 

i s t h e B o l t z m a n n c o n s t a n t , Te i s t h e e l e c t r o n t e m p e r a t u r e , 

n i s t h e e l e c t r o n d e n s i t y , and e i s t h e c h a r g e on t h e e l e c t r o n . 

F i g u r e 6.1 s u m m a r i s e s t h e c h a r a c t e r i s t i c s o f v a r i o u s p l a s m a s 

o c c u r r i n g n a t u r a l l y and p r o d u c e d i n l a b o r a t o r i e s , d e f i n e d i n 

t e r m s o f t h e i r e l e c t r o n d e n s i t y and a v e r a g e e l e c t r o n e n e r g y . 

The r e g i o n o f p a r t i c u l a r i n t e r e s t t o o r g a n i c c h e m i s t s i s 

t h a t l a b e l l e d ' g l o w - d i s c h a r g e s ' , w here t h e B o l t z m a n n t e m p e r a t u r e 

o f t h e m a s s i v e s p e c i e s i s n e a r a m b i e n t , w h i l s t t h e a v e r a g e 

e l e c t r o n e n e r g y i s s e v e r a l o r d e r s o f m a g n i t u d e g r e a t e r . These 

p l a s m a s a r e t e r m e d n o n - e q u i l i b r i u m , i n a d d i t i o n t o ' c o l d 

p l a s m a s ' . By c o n t r a s t , ' h o t p l a s m a s ' a r e v e r y h o t i o n i s e d 

g a s , i n w h i c h , t h e e l e c t r o n and gas t e m p e r a t u r e s a r e n e a r l y 

i d e n t i c a l and a r e u s u a l l y e m p l o y e d as a h i g h t e m p e r a t u r e s o u r c e . 

The n o n - e q u i l i b r i u m p l a s m a may be p r o d u c e d i n many ways 

d e p e n d i n g on t h e c o s t , ease o f c o n s t r u c t i o n and c o n v e n i e n c e . 

The ease o f p e r f o r m a n c e and c l o s e c o n t r o l o v e r o p e r a t i n g 

p a r a m e t e r s s u c h as t h e s o u r c e o f e l e c t r i c a l power t o s u s t a i n 

t h e p l a s m a , t h e c o u p l i n g mechanism and l o o s e l y t e r m e d p l a s m a 

e n v i r o n m e n t , has d r a w n t h e a t t e n t i o n t o w a r d s t h e use o f 
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i n d u c t i v e l y c o u p l e d r a d i o - f r e q u e n c y and m i c r o w a v e p l a s m a s , 

w h i l s t m ost o f t h e e a r l y w o r k was b a s e d on AC and DC 

e l e c t r o d e d d i s c h a r g e s . A good b a c k g r o u n d on r a d i o - f r e q u e n c y 
2 0 1 207 222 

d i s c h a r g e s i s w e l l d o c u m e n t e d e l s e w h e r e . ' ' 

The c r i t e r i o n f o r t h e s e l e c t i o n o f e l e c t r o d e l e s s i n d u c t i v e l y 

c o u p l e d r a d i o - f r e q u e n c y d i s c h a r g e s , e x c i t e d i n p u r e o x y g e n 

f o r t h e i n v e s t i g a t i o n o f s u r f a c e o x i d a t i o n o f e l a s t o m e r s , i n 

t h i s c h a p t e r , e n a b l e s c l o s e e x a m i n a t i o n o f a l l o f t h e v a r i a b l e s , 

w h i c h a r e l i k e l y t o be e n c o u n t e r e d a n d , i n a d d i t i o n , a l l o w s 

c o n s i d e r a b l e f l e x i b i l i t y i n t e r m s o f r e a c t o r d e s i g n and 

c o n f i g u r a t i o n f o r i n t r o d u c i n g and r e m o v i n g s a m p l e s . F u r t h e r m o r e , 

t h e n a t u r e o f t h e t e c h n i q u e a l l o w s a w i d e r a n g e o f p r e s s u r e s 

and f l o w r a t e s t o be i n v e s t i g a t e d and p r o v i d e s a c o n v e n i e n t 

means o f p e r f o r m i n g k i n e t i c s t u d i e s as a f u n c t i o n o f power 

l o a d i n g o r t i m e . T h i s c h a p t e r i s e x c l u s i v e l y c o n c e r n e d w i t h 

r a d i o - f r e q u e n c y p l a s m a s e x c i t e d i n p u r e o x y g e n . 

A l t h o u g h , t h e p l a s m a t r e a t m e n t o f p o l y m e r s and s o l i d s , 

i n g e n e r a l , has been an a c t i v e a r e a o f r e s e a r c h i n t e r e s t f o r 

some c o n s i d e r a b l e t i m e , i n b o t h i n d u s t r i a l and academic c i r c l e s , 

t h e r e i s v e r y l i t t l e i n f o r m a t i o n a v a i l a b l e on t h e 

c h a r a c t e r i s a t i o n o f p l a s m a s , i n t e r m s o f t h e e n e r g y d i s t r i b u t i o n 

o f e l e c t r o n s , i o n s and m e t a s t a b l e s . Such i n f o r m a t i o n i s , 

i n d e e d , o n l y s e m i - q u a n t i t a t i v e f o r v e r y s i m p l e s y s t e m s , d e s p i t e 

t h e f a c t t h a t t h e b r o a d t h e o r e t i c a l f r a m e w o r k has been w e l l 
2 2 1 223 

do c u m e n t e d o v e r t h e y e a r s . ' F o r an i d e a l g a s , w h i c h i s 

n o t o f d i r e c t c o n c e r n h e r e , t h e s o l u t i o n t o t h e B o l t z m a n n 

e q u a t i o n l e a d s t o a M a x w e l l i a n 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 . The a v e r a g e e l e c t r o n e n e r g i e s f o r c o m p l e x s y s t e m s 
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may be a n a l y s e d b y e l e c t r i c a l p r o b e measurements ' and 
226 

d i r e c t e l e c t r o n s a m p l i n g . F i g u r e 6.2 shows t h e f o r m o f 

t h e M a x w e l l i a n e n e r g y d i s t r i b u t i o n f o r a v e r a g e e l e c t r o n 
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F i g u r e 6.2. E n e r g y d i s t r i b u t i o n o f e l e c t r o n s f o r an i d e a l gas 
p l a s m a . 

e n e r g i e s o f 1.0, 2.0 and 3.0 eV. The a v e r a g e e n e r g y e x p r e s s e d 

i n t h e B o l t z m a n n e q u a t i o n i s a f u n c t i o n o f b o t h t h e power 

l o a d i n g and t h e p r e s s u r e . S i n c e , e l e c t r o n s p l a y a d o m i n a n t 
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r o l e i n t h e plasma i t s e l f , i t seems l i k e l y t h a t t h e i r r o l e i s 

secondary i n i n t e r a c t i o n s w i t h polymers. 

For plasma e x c i t e d i n oxygen, a v e r y l a r g e number o f 

processes appear t o t a k e p l a c e , t h e i m p o r t a n t r e a c t i o n s b e i n g 

between e l e c t r o n s and m o l e c u l e s , i o n s and m o l e c u l e s , i o n s and 

i o n s , and e l e c t r o n s and i o n s . F i g u r e 6.3 i l l u s t r a t e s t h e 

d i s s o c i a t i o n o f some h i g h e r energy oxygen s t a t e s i n t o t h e i r 
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ground s t a t e s . The i m p o r t a n t s p e c i e s capable o f u n d e r g o i n g 

energy t r a n s f e r t o a s u r f a c e , are t h e p a r t i c u l a r l y l o n g -

l i v e d m e t a s t a b l e a^Ag s t a t e , w h i c h may w e l l f u r t h e r p a r t i c i p a t e 

i n a number o f c h e m i c a l r e a c t i o n s i n oxygen d i s c h a r g e s . As 

i s c l e a r l y e v i d e n t from t h e p o t e n t i a l energy p r o f i l e , f u r t h e r 

e x c i t a t i o n s o f t h e n e x t h i g h e r s t a t e leads t o t h e i o n i s a t i o n 
+ 2 

o f t h e oxygen molecules and t h e f o r m a t i o n o f 0^ i n t h e x ng 

s t a t e . I n view o f t h e c o m p l e x i t i e s i n v o l v e d i n glow d i s c h a r g e s , 

i t i s n o t p o s s i b l e t o s t a t e w i t h c e r t a i n t y , which o f t h e 

v a r i o u s components are r e s p o n s i b l e f o r t h e s u r f a c e m o d i f i c a t i o n . 

However, t h e mean f r e e paths o f oxygen i o n s and m e t a s t a b l e s 

i n t h e energy range 0 - 10 eV suggest t h a t t h e y are l i k e l y t o 

dominate t h e d i r e c t energy t r a n s f e r t o t h e o u t e r m o s t s u r f a c e 

o f few monolayers t h i c k n e s s and, a t a g r e a t e r depth u l t r a 

v i o l e t r a d i a t i o n may become a more i m p o r t a n t f a c t o r , i n c o n t r a s t 
22 7 2 28 

t o t h e s i t u a t i o n f o r e l e c t r o n s . ' The r e a c t i o n s i n t h e 
outermost few monolayers are p r i m a r i l y due t o i o n n e u t r a l -

247 249 i s a t i o n and Penning i o n i s a t i o n o f t h e polymer as t h e 

i o n s and m e t a s t a b l e s i n t e r a c t w i t h t h e s u r f a c e . The p o s s i b l e 

energy v a l u e s f o r these s p e c i e s t o g e t h e r w i t h some t y p i c a l 

bond e n e r g i e s f o r o r g a n i c systems are as f o l l o w s : 

Table 6.1 
Plasma (eV) 

e l e c t r o n s 0 - 2 0 
i o n s 0 - 2 
m e t a s t a b l e 0 - 2 0 
U V / v i s i b l e 3 - 4 0 

Chemical bonds 
(eV) 

C-H 4.3 
C-N 2.9 
C=0 8.0 
C-G 3.4; 

(eV) 
C=C 6.1 
C=C 8. 4 
C-S 3.2 
S-S 3.7 
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C l a r k and co-workers have shown i n an e x t e n s i v e s e r i e s 

o f p u b l i c a t i o n s , how ESCA may be a p p l i e d t o i n v e s t i g a t e t h e 
229-235 

s t r u c t u r e , bonding and r e a c t i v i t y a t polymer s u r f a c e s . 

The s t r o n g dependence o f mean f r e e p a t h on the k i n e t i c energy 

o f p h o t o e m i t t e d e l e c t r o n s , enables d i f f e r e n t i a t i o n o f t h e 

s u r f a c e , s u b s u r f a c e and b u l k . T h i s , and t h e f o l l o w i n g c h a p t e r s 

are e x c l u s i v e l y concerned w i t h t h e s t u d y o f plasma t r e a t e d 

model compounds ( d i - , t r i - , and t e t r a s u l p h i d e s , e t c . ) and, 

hence t o use t h i s knowledge t o e l u c i d a t e t h e s u r f a c e aspects 

o f s u l p h u r - v u l c a n i s e d e l a s t o m e r s a f t e r exposure t o plasmas. 

6.2 E x p e r i m e n t a l 

6.2.1 Samples 

The main emphasis 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 r e a c t i o n s a t t h e s o l i d / p l a s m a i n t e r f a c e o f model compounds 

and o f some i n d u s t r i a l l y i m p o r t a n t e l a s t o m e r s , w i t h p a r t i c u l a r 

r e f e r e n c e t o s u l p h u r v u l c a n i s e d systems. The model compounds 

( d i n o n y l t r i s u l p h i d e and d i t e r t i o d o d e c y l t e t r a s u l p h i d e e t c . ) 

i n t h e f o r m o f l i q u i d s have been c o o l e d t o ̂  200K i n t h e 

plasma r e a c t o r A i n F i g u r e 6.4, d i r e c t l y a t t a c h e d t o t h e 

s p e c t r o m e t e r , t o a v o i d t h e d i f f u s i o n o f o x i d i s e d f u n c t i o n a l i t i e s 

i n t o t h e b u l k o f t h e compound under i n v e s t i g a t i o n a f t e r 

t r e a t m e n t . To f a c i l i t a t e these s t u d i e s , t h e l i q u i d samples 

were spread over a g o l d s t r i p s u b s t r a t e , c u t t o a s i z e o f a 

sample probe t i p and f i x e d by s m a l l screws, u s i n g a c l e a n s m a l l 

s p a t u l a . 
\ 

Model compounds i n c l u d i n g L . c y s t i n e , i n t h e fo r m o f a 

powder, and Natsyn 2200 e l a s t o m e r s , were a l s o mounted on a probe 
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t i p ( s i z e o f 20 mm x 6 mm and 2.5 mm), and were s t u d i e d by 

ESCA, w i t h o u t any p r e t r e a t m e n t . D i r e c t h a n d l i n g o f t h e 

a c t u a l samples was avoided t o p r e v e n t c o n t a m i n a t i o n , w h i c h 

c o u l d c o n c e i v a b l y g i v e r i s e t o ex t r a n e o u s s i g n a l s . 

Oxygen (commercial-grade c y l i n d e r gas) was used w i t h o u t 

f u r t h e r p u r i f i c a t i o n . 

6.2.2 I n s t r u m e n t a t i o n 

The s p e c t r a o f plasma t r e a t e d samples were o b t a i n e d on 

AEI ES200B s p e c t r o m e t e r , u s i n g Mg r a d i a t i o n o f energy 
K a l , 2 

1253.7 eV and Au. l e v e l a t 84 eV b i n d i n g energy f o r 
7 
V 2 

c a l i b r a t i o n purposes, and under these c o n d i t i o n s had a f u l l 

w i d t h a t h a l f maximum (FWHM) o f 1.15 eV. I n a l l cases, t h e 

d e c o n v o l u t i o n o f t h e s p e c t r a were c a r r i e d o u t on a Dupont 

(model 310) Curve Resolver w i t h t h e p o s s i b l e e r r o r s o f + 

0.2 eV i n b i n d i n g e n e r g i e s and t h e area r a t i o s i n t h e range 

of + 5%. 

A Tegal C o r p o r a t i o n R a d i o - f r e q u e n c y Generator, capable o f 

p r o d u c i n g a power o f up t o 100 w a t t s a t a fr e q u e n c y o f 13.56 

MHz was o p e r a t e d i n b o t h a c o n t i n u o u s and p u l s e mode, as a 

m a t t e r o f convenience, a l t h o u g h , depending on t h e average 

power l o a d i n g r e q u i r e d . The system, which i n c l u d e s a p u l s i n g 

f a c i l i t y on a microsecond t i m e s c a l e g i v e s a g r e a t e r s t a b i l i t y 

t o t h e plasma a t low power l o a d i n g s . A r a d i o - f r e q u e n c y impendence 

ma t c h i n g network c o n s i s t i n g o f a vacuum pump w i t h a c a p a c i t y o f 

50 l i t r e s p e r m i n u t e , and a p p r o p r i a t e meters and gauges f o r 

m o n i t o r i n g power o u t p u t and gas f l o w s a t t h e r e q u i r e d p r e s s u r e 

complete t h e system. 
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6.2.3 Plasma c o n f i g u r a t i o n s 

F i g u r e 6.4 shows a schematic r e p r e s e n t a t i o n o f r e a c t o r s 

A and B, used f o r t h e s u r f a c e m o d i f i c a t i o n o f model systems 

and Natsyn 2200 e l a s t o m e r s and, mounted i n a g r e a s e l e s s 

vacuum system, were pumped by a r o t a r y pump a t r a t e o f 50 l min. 

Pressures were m o n i t o r e d u s i n g P i r a n i gauges and the oxygen 

was i n t r o d u c e d i n t o t h e system v i a a l e a k v a l u e a t t h e 

r e q u i r e d p r e s s u r e (0.2 t o r r ) . Reactor A, p a r t i c u l a r l y d e s i g n e d 

f o r s t u d y i n g t h e model systems, c o n s i s t e d o f a p y r e x tube 

16 cm l o n g and 5 cm i n d i a m e t e r , sandwiched between s t a i n l e s s 

s t e e l f l a n g e s by v i t o n '0' r i n g s , and was e n c l o s e d i n a copper 

cage screen t o p r e v e n t r a d i o - f r e q u e n c y i n t e r f e r e n c e w i t h the 

e l e c t r o n i c s o f t h e s p e c t r o m e t e r . Reactor A d i r e c t l y coupled 

t o a s p e c t r o m e t e r enables c o n s i d e r a b l e f l e x i b i l i t y i n terms 

o f d e a l i n g w i t h l i q u i d samples and t h e i n v e s t i g a t i o n s o f 

p r e s s u r e and power dependence o f t h e s u r f a c e m o d i f i c a t i o n s , 

w i t h o u t exposure t o atmosphere. A sample' probe, 60 cm l o n g 

and V in d i a m e t e r , capable o f p a s s i n g t h r o u g h t h e r e a c t o r , 

on v i t o n '0' r i n g s e a l s and i n t o t h e s p e c t r o m e t e r was used t o 

o b t a i n t h e s p e c t r a o f samples w i t h o u t e x p o s i n g t o the 

atmosphere. 

Reactor B i s an i n v e r t e d 'T' shaped c o n f i g u r a t i o n w i t h 

dimensions o f 40 cm l o n g , 35 cm h i g h , 6 cm i n d i a m e t e r and, an 

i n l e t and o u t l e t d i a m e t e r o f V . The oxygen d i s c h a r g e s are 

e x c i t e d i n t h e v e r t i c a l l i m b by a copper c o i l , wound 20 cm 

from t h e i n l e t t u b e . 

The s i n g l e i n l e t t o t h e r e a c t o r s A and B p e r m i t s an 

i n t r o d u c t i o n o f gas downstream f r o m t h e e x t e r n a l c o i l . The 
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F i a u r e 6.4. Reactor designs A and B. 



258 

t y p i c a l procedure f o r plasma t r e a t m e n t c o n s i s t e d o f i n i t i a l l y 

e v a c u a t i n g t h e whole system f o r 20 m i n u t e s , f o l l o w e d by 

l e a k i n g t h e gas i n t o t h e system a t a r e q u i r e d p r e s s u r e f o r a 

f u r t h e r 20 minutes b e f o r e t h e r a d i o f r e q u e n c y g e n e r a t o r was 

s e t f o r a known power l o a d i n g p r i o r t o t h e i n t r o d u c t i o n o f 

t h e sample i n the r e a c t o r . A f t e r t h e p r e - s e t t i n g o f c o n d i t i o n s , 

t h e p r e s s u r e i n t h e system was b r o u g h t t o atmosphere f o r 

p l a c i n g t h e sample i n t h e r e a c t o r . 

The system w i t h a c e n t r a l l y l o c a t e d sample i n the r e a c t o r 
-2 

was a g a i n evacuated t o a p p r o x i m a t e l y 4 x 10 t o r r , b e f o r e t h e 

s e l e c t e d gas (oxygen) a l l o w e d t o f l o w a t a p r e s s u r e o f 0.2 

t o r r t o purge t h e whole system f o r 20 minutes and then t h e 

radio"-frequency g e n e r a t o r was s w i t c h e d on t o t h e p r e - s e t 

c o n d i t i o n s . 
6.2.4 Plasma o x i d a t i o n o f model systems as a f u n c t i o n 

o f t i m e 
The e f f e c t s o f oxygen glow d i s c h a r g e on t h e f u n c t i o n a l i t i e s 

o f model compounds were i n v e s t i g a t e d by m o n i t o r i n g t h e C^g, 

0^ s and l e v e l s , as a f u n c t i o n o f plasma exposure t i m e . 

The procedure f o r k i n e t i c s t u d i e s c o n s i s t e d o f f i r s t 

i n s e r t i n g t h e probe i n t o t h e r e a c t o r w i t h o u t a sample such 

t h a t t h e probe t i p was a t a f i x e d geometry w i t h r e s p e c t t o 

t h e r e a c t o r . The whole system was purged w i t h oxygen f o r 

a p p r o x i m a t e l y 20 minutes a t t h e r e q u i r e d p r e s s u r e (0.2 t o r r ) 

b e f o r e s e t t i n g t he r a d i o - f r e q u e n c y g e n e r a t o r t o a known power 

l o a d i n g . The probe was t h e n w i t h d r a w n and t h e l i q u i d sample 

was spread over t h e g o l d s t r i p s u b s t r a t e , f i x e d on t h e probe 

t i p u s i n g s m a l l screws, by means o f a s m a l l s p a t u l a e n s u r i n g 
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t h a t t h e g o l d s u r f a c e was c o m p l e t e l y covered. ( T h i s c o u l d be 

r e a d i l y checked by m o n i t o r i n g the 4 f l e v e l of t h e g o l d 

s u b s t r a t e , w h i l s t t h e sample was under i n v e s t i g a t i o n . ) The 

system was evacuated on r e p l a c i n g t h e probe w i t h a mounted 

sample and, t h e n t h e p r e s s u r e was r e a d j u s t e d t o f l u s h t h e 

r e a c t o r f o r 20 minutes b e f o r e c o o l i n g t h e probe t i p t o 

a p p r o x i m a t e l y 200K and, t h e n s t r i k i n g t h e g l o w - d i s c h a r g e . 

The probe t i p was f u r t h e r c o o l e d t o 160K i n t h e i n s e r t i o n 

l o c k o f t h e s p e c t r o m e t e r b e f o r e advancing i n t o t h e sample 

chamber, v i a t h e '0" r i n g s e a l s and a g a t e v a l v e , f o r measure

ment o f core l e v e l s p e c t r a a t an e l e c t r o n t a k e - o f f angle o f 

30°. The s p e c t r a were r e c o r d e d as r a p i d l y as p o s s i b l e t o 

m i n i m i s e t h e h y d r o c a r b o n c o n t a m i n a t i o n and, a check on t h i s 

was made by r u n n i n g t h e l e v e l a t t h e s t a r t and t h e f i n i s h 

o f t h e e x p e r i m e n t over a p e r i o d o f a p p r o x i m a t e l y 1.5 h o u r s . 

The c y c l e o f each k i n e t i c r u n was t h e same, and, t h e r e f o r e , 

t h e i n v e s t i g a t i o n s were c a r r i e d o u t i n t h e u s u a l manner. The 

c h o i c e o f t i m e i n t e r v a l s o f plasma t r e a t m e n t , i n c r e a s e d i n 

t h e o r d e r o f 5 sees., 10 sees., 20 sees., gave a c o n v e n i e n t 

s p a c i n g o f p o i n t s on t h e g r a p h . 

L . c y s t i n e , i n t h e f o r m o f a powder, was mounted on a probe 

t i p by means o f Scotch t a p e , e n s u r i n g complete coverage o f 

t a p e s u r f a c e . The probe t i p c e n t r a l l y l o c a t e d i n t h e r e a c t o r 

B was s u b j e c t e d t o oxygen plasma t r e a t m e n t a t room t e m p e r a t u r e , 

b e f o r e r e c o r d i n g t h e s p e c t r a a t a p p r o x i m a t e l y 200K. 
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6.3 R e s u l t s and D i s c u s s i o n 

6.3.1 I n t r o d u c t i o n 

The main emphasis o f t h i s c h a p t e r , w i t h the a p p l i c a t i o n o f 

ESCA, has been t o determine t h e n a t u r e and e x t e n t o f 

f u n c t i o n a l groups, as a f u n c t i o n o f oxygen plasma t r e a t m e n t 

t i m e , developed i n the s u r f a c e r e g i o n s o f models and Natsyn 

2200 e l a s t o m e r s , u s i n g low t e m p e r a t u r e oxygen plasma t e c h n i q u e . 

The backgfound i n f o r m a t i o n , i n the l i t e r a t u r e , p e r t a i n s 

p r i m a r i l y t o t h e o x i d a t i o n o f o r g a n i c monosulphides, and t o a 

l e s s e r e x t e n t d i s u l p h i d e s w i t h r e l a t i v e l y few s t u d i e s on 

p o l y s u l p h i d e s . T h i s i n f o r m a t i o n a r i s e s p r e d o m i n a n t l y from 

s t u d i e s o f r e a c t i o n s o f a v a r i e t y o f reag e n t s i n a s o l u t i o n 

phase, i n w h i c h , d i f f e r e n t i n t e r m e d i a t e s , as i l l u s t r a t e d i n 

scheme 1 , are o b t a i n e d depending upon the r e a c t i o n 
242-245 

c o n d i t i o n s . Most i n t e r m e d i a t e s i n a s o l u t i o n phase 

Scheme 1 

RSOH > RS02H 
S u l p h e n i c S u l p h i n i c 
a c i d a c i d 

RSH RSSR RS03H 
S u l p h o n i c 
a c i d 

0 0 0 0 0 0 
II II II II II II 

R-S-S-R — R-S-S-R — R-S-S-R — R-S-S-R 
II II ll II 
0 0 0 0 

T h i o s u l p h - T h i o s u l p h - S u l p h i n y l Disulphone 
i n a t e onate sulphone 

are r e v e r s i b l e t h r o u g h a p p r o p r i a t e d e r i v a t i v e s ; however, t h e i r 
t r u e e q u i l i b r i a are q u i t e r a r e . 
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The l a c k o f i n f o r m a t i o n on t h e o x i d a t i o n o f h i g h e r 
s u l p h i d e s i n s o l u t i o n and, v i r t u a l l y none on t h e use o f 
plasma, has been m a i n l y due t o t h e t h e r m a l i n s t a b i l i t y , 
a s s o c i a t e d w i t h t h e p r e p a r a t i o n o f d e r i v a t i v e s ; and, t h e r e f o r e , 
i t i s t o t h i s problem t h a t ESCA work, c o u p l e d w i t h oxygen 
plasma i s addressed. I n d i s c u s s i n g these 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 i n v e s t i g a t i o n s f i r s t and 
t h e n t o compare these d a t a w i t h those o f t h e e l a s t o m e r s . 

The i m p o r t a n t s t r u c t u r a l f e a t u r e s o f carbon (C-̂  ) and 

s u l p h u r (S 2p) i n t h e p r e s e n t s t u d y are g i v e n i n Table 6.2. 

Table 6.2 

B i n d i n g e n e r g i e s f o r d i f f e r e n t carbon and s u l p h u r 
s t r u c t u r a l f e a t u r e s 

B i n d i n g e n e r g i e s (eV) 

285 

285.4 

286.6 

287.9 

289.1 

290.4 

161.5 

^ 164.0 

165.8 

168 

168.4 

169.2 

S t r u c t u r e 

C-H 

C-S 

C-0 

C=0 

0-C=0 

o ^ ° 

c-s 
S 8 
s=o 
o=s=o 
so3 

S 0 4 " 



For t h e carbon (C. ) spectrum, a unique d e c o n v o l u t i o n 

was p e r f o r m e d w i t h a f u l l - w i d t h a t h a l f maximum o f 1.7 + 0.1 

eV by u s i n g an analogue curve f i t t i n g p r o c e d u r e , w i t h 

Gaussian curves p o s i t i o n e d a t 285, 286.6, 287.9, and 290.4 eV, 

and t r e a t i n g t h e h e i g h t o n l y as a v a r i a b l e . T h i s curve 

f i t t i n g p rocedure a l s o adapted f o r t h e d e c o n v o l u t i o n o f 

s u l p h u r (S 2p) s p e c t r a w i t h Gaussian curves p o s i t i o n e d 

a p p r o x i m a t e l y a t 163.8, 164, 165.8 and 168 eV ( t a k e n w i t h 

t h e c o r r e s p o n d i n g 2 d . , _ s p i n o r b i t s p l i t component) 
X/2 /2 

produces a unique d e c o n v o l u t i o n f o r t h e S 2 s p e c t r a . 

The allowances f o r C-0N02 and C-NH2 were n o t made d u r i n g 

t h e course o f d e c o n v o l u t i o n , w h i c h would appear a p p r o x i m a t e l y 

a t 287.1 eV and 285.4 eV r e s p e c t i v e l y . The oxygen s p e c t r a 

c o n s i s t e d o f a number o f c l o s e l y o v e r l a p p i n g , peaks, b u t t h e 

at t e m p t s were n o t made t o d e c o n v o l u t e them by t h e method 

adopted f o r t h e spectrum. However, i n some s p e c t r a , 

r e a s o n a b l e d e c o n v o l u t i o n s were ach i e v e d f o r t h e d o u b l y and 

s i n g l y bonded oxygen. The peroxy s t r u c t u r a l f e a t u r e s , p o s s i b l y 

a r i s i n g i n g l o w - d i s c h a r g e , may t h e n s u b s e q u e n t l y undergo 

t r a n s f o r m a t i o n t o o t h e r f u n c t i o n a l i t i e s . 

A c u r s o r y e x a m i n a t i o n o f t h e v a r i o u s r e s u l t s o b t a i n e d f o r 

model systems and Natsyn 2 200 e l a s t o m e r s r e v e a l s t h a t t h e glow-

d i s c h a r g e i s a v e r y r a p i d p r o c e s s , r e s u l t i n g i n an i n c r e a s e 

o f f u n c t i o n a l i t i e s , even f o r a v e r y s h o r t p e r i o d o f t r e a t m e n t . 

6.3.2 R e a c t i o n s o f models i n oxygen plasma 

(a) L . c y s t i n e i n an oxygen plasma as a f u n c t i o n o f t i m e 

F i g u r e 6.5 r e v e a l s f o u r d i s t i n c t r e a d i l y d e t e c t a b l e 

c a r b o n , n i t r o g e n , oxygen and s u l p h u r l e v e l s , whose s t o i c h i o m e t r i e s 
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F i g u r e 6.5. c
l s ' ° l s > N ] _ s

 s
2 n

 s n e c t r a o f L- c y s t i n e vs. 
t i m e o f exDosure t o an oxygen olasma (0.4 t o r r , 
0.2 t o r r ) . 
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f o r an u n t r e a t e d sample, d e r i v e d from t h e r e l e v a n t i n t e n s i t y 

r a t i o s i n F i g u r e 6.6a, are n o t comparable t o those o f L . c y s t i n e 

i t s e l f , i n d i c a t i n g t h a t t h e s u r f a c e i s n o t e n t i r e l y r e p r e s e n t 

a t i v e o f t h e b u l k . The d e r i v e d C:0:N:S s t o i c h i o m e t r i e s o f 

6:2:1:1 compared t o t h e t h e o r e t i c a l v a l u e s o f 3:2:1:1 suggest 

t h a t t h e powdered sample must have a s u r f a c e l a y e r o f h y d r o 

carbon c o n t a m i n a t i o n and, in d e e d , t h e components o f the C^s 

s p e c t r a c o n f i r m t h i s , t h e i n t e n s i t y r a t i o s f o r t h e components 
n 

b e i n g (CH) 65 t o h i g h e r b i n d i n g energy components (C-N, C-0 

e t c . ) 35 ve r s u s t h e t h e o r e t i c a l r a t i o o f 33.3:66.6. Since 

t h e sample i s t y p i c a l o f t h a t which have been r o u t i n e l y h a n d l e d 

i n t h e l a b o r a t o r y , an i n v e s t i g a t i o n o f t h e plasma o x i d a t i o n 

perhaps m i r r o r s t h e comparable p r o c e s s i n g o f t h e s u l p h u r -

v u l c a n i s e d r u b b e r s t o be d e s c r i b e d i n s e c t i o n 6.3.5. 

The oxygen l e v e l f o r t h e u n t r e a t e d sample i s a s s o c i a t e d 

w i t h a s i n g l y bonded C-0 group, b i n d i n g energy 286.1 eV, 

a do u b l y bonded C=0 c a r b o n y l group, C^ b i n d i n g energy 288 eV 

and a c a r b o x y l group a p p e a r i n g a t 2 89.2 eV. The presence o f 

a s i n g l y bonded C-0 group a t a r a t h e r low b i n d i n g energy 

2 86.1 eV compared t o 2 86.6 eV o f C-0 bond suggests t h a t a 

s i g n i f i c a n t c o n t r i b u t i o n a t t h i s p o s i t i o n i s made from C-NI^ 

group d u r i n g t h e course o f d e c o n v o l u t i o n o f C^g peak i n t o 

C-0, C=0 and 0-C=0 components. The presence o f a h i g h 

c o n c e n t r a t i o n o f C-NH^ components adds more c o m p l i c a t i o n s i n t o 

t h e method o f C^g d e c o n v o l u t i o n , s i n c e t h e b i n d i n g e n e r g i e s o f 

C-0 and C-Nf^ groups are a p p r o x i m a t e l y a t t h e same p o s i t i o n 

under t h e C, envelope; and, t h e r e f o r e , an a t t e m p t was n o t 
_L S 

made t o add t h i s p a r t i c u l a r component. The method o f 
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F i g u r e 6.6a. I n t e n s i t y r a t i o s o f t h e , / N ^ s
 a n ^ 

l e v e l s i n the ESCA s p e c t r a o f L. c y s t i n e v s . 
ti m e o f exposure t o t h e oxygen plasma (0.4 w a t t 
and 0.2 t o r r ) . 

d e c o n v o l u t i o n was p e r f o r m e d , as p r e v i o u s l y s t a t e d , f o r a l l 

t h e C s p e c t r a by s e t t i n g the curve r e s o l v e r w i t h a number 

o f curves a t t h e r e q u i r e d b i n d i n g e n e r g i e s and f i x e d f u l l 

w i d t h s a t h a l f maxima; and then b e g i n n i n g a t t h e h i g h e s t 

b i n d i n g e n ergy, t h e curves were added t o o b t a i n the b e s t f i t 

f o r t h e C, peak. The t o t a l area o f t h e C. spectrum i s t a k e n I s r I s 
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as 100 p e r c e n t . I t i s c l e a r l y a p p a r e n t t h a t oxygen 

s u b s t i t u e n t e f f e c t s can be t r e a t e d i n terms o f an a d d i t i v e 
o T /* 0 "3 *7 

model. ' C o n c e i v a b l y , some i n f o r m a t i o n can be deduced 

as t o how t h e carbon and oxygen are bonded i n d i f f e r e n t 

c h e m i c a l e n v i r o n m e n t s , p r o v i d e d t h a t t h e area r a t i o s o f 

carbon and oxygen, and t h e i r s t o i c h i o m e t r i c s are known i n 

the d i f f e r e n t c h e m ical e n v i r o n m e n t s . For i n s t a n c e , t h e oxygen 

s i n g l y bonded w i t h carbon, C 1 b i n d i n g energy 286.6 eV, f o r 

Natsyn 2200 e l a s t o m e r , c o u l d be a h y d r o x y l group, e i t h e r e t h e r 

C-O-C, p e r o x i d e C-O-O-C or a c o n t r i b u t i o n from a l l o f these 

groups. The h y d r o x y l and p e r o x i d e groups are expected t o 

g i v e t h e same carbon t o oxygen r a t i o , i n c o n t r a s t t o e t h e r 

l i n k a g e C-O-C, t h e l a t t e r b e i n g lower t h a n t h e fo r m e r ; 

and, t h e r e f o r e , i t s h o u l d , t h e o r e t i c a l l y , be p o s s i b l e t o 

d i f f e r e n t i a t e . t h e m . Owing t o t h e d i f f i c u l t i e s , a s s o c i a t e d 

w i t h d e c o n v o l u t i n g t h e 0^ g s p e c t r a i n t o t h e i r i n d i v i d u a l 

components, i t i s n o t always f e a s i b l e , b u t one can draw 

g e n e r a l c o n c l u s i o n s as t o how t h e component f o r C-0 bond 

a p p r o x i m a t e l y a t 2 86.6 eV i s be h a v i n g . N e v e r t h e l e s s , t h e C^s 

component a t 289.2 eV, c o r r e s p o n d i n g t o c a r b o x y l f u n c t i o n s 

and t h e d e c o n v o l u t e d 0^ peak a p p r o x i m a t e l y a t 534.0 eV 

can p r o v i d e l i m i t e d i n f o r m a t i o n on t h e e x i s t e n c e o f h y d r o 

p e r o x i d e s . However, i t has been shown t h a t d i r e c t i n f o r m a t i o n 

f o r p e r o x i d e s can be a t t a i n e d by s e l e c t i v e c h e mical t r a n s 

f o r m a t i o n t o a l k y l hydrogen s u l p h a t e (ROSO2H) by r e a c t i o n w i t h 

2 38 
S0„. An e x a m i n a t i o n o f t h e 0., s p e c t r a a t ̂ 534 eV i n 2 I s L 

F i g u r e 6.5 suggests t h a t a s i g n i f i c a n t amount o f h y d r o p e r o x i d e 

i s formed a f t e r plasma t r e a t m e n t . 
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The n i t r o g e n peaks suggest more tha n one t y p e o f 

env i r o n m e n t , as i s evidenced by t h e s l i g h t l y broadened 

s h o u l d e r a t a h i g h e r b i n d i n g energy o f a p p r o x i m a t e l y 402.0 eV. 

The components a t h i g h and low b i n d i n g e n e r g i e s are a t t r i b u t e d 

t o p r o t o n a t e d amine and amine C-NH2 f u n c t i o n a l i t i e s r e s p e c t i v e l y . 

The d i s u l p h i d e l i n k a g e i n L . c y s t i n e shows a tendency f o r 

an i n c r e a s e o f oxygen f u n c t i o n a l i t y a t one o f i t s s u l p h u r 

atoms, w h i l s t t h e o t h e r remains e s s e n t i a l l y unchanged i n t h e 

oxygen plasma, even f o r p r o l o n g e d t r e a t m e n t , l e v e l l i n g o f f 

a t 20 seconds as i n F i g u r e 6.6b, under a power l o a d i n g o f 0.4 

w a t t and a t o t a l p r e s s u r e o f 0.2 t o r r . The sequence o f r e a c t i o n s 

i n t h e oxygen plasma i n f e r r e d from t h i s d a t a i s as f o l l o w s : 

Scheme 2 

© e © G © e 
NH -CH-C00 NHo-CH-C00 NHo-CH-C00 3 | 3 | 3 | 

CH„ CH_ CH. | 2 , 2 j 2 
S S=0 0=S=0 
s s -£L* i 
i i I 
CH • /-s ^ CH„ rr\ CH, © T O ® i 2 0 © | 2 G 

NH3-CH-C00 NH3-CH-C00 NH3~CH-C00 

(A) (B) (C) 

The major p r o d u c t , o x i d i s e d 2p l e v e l a t b i n d i n g energy 

a p p r o x i m a t e l y 168.3 eV, i s (C) compared t o ( B ) , w h i c h t h e 

l a t t e r o c c u r r i n g a t b i n d i n g energy 166.5 eV i s n o t observed. 

The developments o f v a r i o u s carbon-oxygen, c a r b o n - s u l p h u r 

and s u l p h u r - o x y g e n f e a t u r e s as a f u n c t i o n o f t i m e are shown 

i n F i g u r e s 6.6a-c. The d a t a were accumulated a t an e l e c t r o n 

t a k e - o f f a ngle o f 30° w i t h samples b e i n g c o o l e d t o a p p r o x i m a t e l y 

210K, a f t e r h a v i n g been t r e a t e d i n t h e oxygen plasma w i t h a t o t a l 
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c y s t i n e r e l a t i v e t o S 2 ( t o t a l ) spectrum o f L. 

vs. t i m e o f exposure t o t h e oxygen plasma (0.4 
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o - o o 

0 

F i g u r e 6.6c. 
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I n t e n s i t y o f the v a r i o u s comnonents o f t h e C 
spectrum o f L. c y s t i n e r e l a t i v e t o the C 

I s 
( t o t a l ) vs. t i m e o f exposure t o the oxygen plasma 
(0.4 w a t t , 0.2 t o r r ) . 

I s 
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p r e s s u r e o f 0.2 t o r r and power l o a d i n g o f 0.4 w a t t a t room 

t e m o e r a t u r e . The s t r u c t u r a l f e a t u r e s a s s o c i a t e d w i t h 0-C=0 " 0 -H and S show a c l e a r tendency f o r r e a c h i n g a maximum soon 
ii 

a f t e r t h e s t a r t o f t h e r e a c t i o n and t h e n decrease or l e v e l o f f 

t o a c o n s t a n t v a l u e , whereas, t h e g e n e r a l t r e n d f o r C, , 
/N, 

I s 
C, and C i n t e n s i t y r a t i o s i n d i c a t e s t h a t t h e C/N 

/ S 2 P /°ls 
and C/S s t o i c h i o m e t r i e s remain e s s e n t i a l l y t h e same as a 

f u n c t i o n o f r e a c t i o n t i m e . T h i s suggests t h a t o x i d a t i o n o f t h e 

s u l p h u r f u n c t i o n a l i t i e s occurs s u b s t a n t i a l l y f a s t e r t h a n f o r 

t h e hyd r o c a r b o n o v e r l a y e r . 

An i m p o r t a n t c o n c l u s i o n a f t e r t h e t r e a t m e n t o f L - c y s t i h e 

w i t h oxygen plasma under t h e s t a t e d c o n d i t i o n s f o l l o w s t h a t t h e 

l e v e l o f s u l p h u r i s e s s e n t i a l l y t h e same and t h e s u l p h u r 

o x i d i s e s w i t h o u t i n v o l v i n g t h e cleavage o f the d i s u l p h i d e 

l i n k a g e . 
(b) D i n o n y l t r i s u l p h i d e i n an oxygen plasma as a f u n c t i o n o f 

t i m e 

The main emphasis i n t h i s and p r o c e e d i n g s t u d i e s o f models 

as a f u n c t i o n o f exposure t i m e t o plasma, e x c i t e d i n pure 

oxygen i s t o g a i n an o v e r a l l gross p i c t u r e o f t h e c h e m i s t r y o f 

o x i d a t i o n o f n o l y s u l p h i d e l i n k a g e s r a t h e r t h a n t o make a 

d e t a i l e d s t u d y o f t h e o x i d a t i o n o f t h e a l k y l c h a i n s . 

F i g u r e 6.7 r e v e a l s t h e t h r e e r e a d i l y d e t e c t a b l e , 0^ s 

and l e v e l s , m o n i t o r e d a t an e l e c t r o n t a k e - o f f a ngle o f 30° 

and t h e c o r r e s p o n d i n g p l o t s o f / £ , 
I S ,~ JLS /Q 

/ 0 l s / b 2 p 
r a t i o s are i n d i c a t e d i n F i g u r e 6.8a. A l s o shown i n F i g u r e 6.8b 
are t h e o x i d i s e d l e v e l s expressed as a p e r c e n t o f t h e t o t a l 
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F i g u r e 6.7. C, , 0, and S„ s p e c t r a o f d i n o n y l t r i s u l p h i d e 
1 J_ S _L S lp 

v e r s u s t i m e o f exposure t o an oxygen plasma 
(1 w a t t , 0.2 t o r r ) . 
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$2p k a n < 3 i n t e n s i t y . The d a t a c l e a r l y i l l u s t r a t e t h a t t h e 

i n i t i a l r a t e o f o x i d a t i o n i s v e r y f a s t i n d e e d , w i t h a tendency 

t o l e v e l o f f a f t e r 20 seconds i n p a r t i c u l a r f o r t h e $2p s^c3na^--

B e f o r e examining these d a t a i n g r e a t e r d e t a i l , i t i s 

c o n v e n i e n t t o e s t i m a t e t h e e x t e n t o f t h e S„ s i g n a l d e r i v e d 
2p 

from o x i d i s e d and u n o x i d i s e d s u l p h u r under the c o n d i t i o n s used 

i n t h i s i n v e s t i g a t i o n . The e s s e n t i a l f e a t u r e s c o n t r i b u t i n g t o 

s i g n a l i n t e n s i t y are embodied i n e q u a t i o n ( 6 . 2 ) : 

I • = f(e)FoNKX(1-e / X C ° S 9 ) (6.2) 

where F i s t h e x - r a y f l u x , a i s t h e c r o s s - s e c t i o n f o r p h o t o -

i o n i s a t i o n , N i s t h e number o f atoms (on which t h e core l e v e l i s 

l o c a l i s e d ) per u n i t volume, K i s a s p e c t r o m e t e r dependent 

f a c t o r , X i s the mean f r e e p a t h o f t h e p h o t o e m i t t e d e l e c t r o n s 

^ 15$ f o r S l e v e l u s i n g Mg, r a d i a t i o n , d i s t h e t h i c k n e s s 
2. p K ot 2 

o f t h e s u r f a c e l a y e r , and f ( 9 ) i s a f u n c t i o n o f 6 t h a t d e s c r i b e s 

t h e a n g u l a r dependence o f a s i g n a l a r i s i n g from a homogeneous 

sample. A more d e t a i l e d d e s c r i p t i o n o f e q u a t i o n (6.2) can be 
227 

found elsewhere. 

W i t h a knowledge of t h e mean f r e e p a t h f o r S„ , an e l e c t r o n 

t a k e - o f f a ngle o f 30° and t h e t h i c k n e s s o f t h e m o d i f i e d l a y e r , 

w h i c h i s i n t h e range 5 - loR a f t e r p r o l o n g e d exposure t o plasma, 

i t f o l l o w s t h a t a p p r o x i m a t e l y 40% o f s i g n a l i n t e n s i t y i s d e r i v e d 

from t h e o x i d i s e d s u r f a c e and t h e r e m a i n i n g from b u l k , as f a r 

as t h e ESCA dept h p r o f i l e i s concerned. I n comparison of these 

e s t i m a t e d v a l u e s w i t h those o f an e x t e n t o f S„ o x i d a t i o n i n 
2p 

F i g u r e 6.8b, i t i s c l e a r l y e v i d e n t t h a t t h e o x i d i s e d peak, 

s e p a r a t e d by a p p r o x i m a t e l y 5.6 eV from the main p h o t o -
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i o n i s a t i o n peak, i s much s m a l l e r t h a n one w o u l d a n t i c i p a t e 

w i t h o u t t h e knowledge o f an e q u a t i o n ( 6 . 2 ) . T his t y p e o f 

a n a l y s i s made on s u l p h u r a l l o w s w i t h c e r t a i n t y t h a t t h e 

t r i s u l p h i d i c b r i d g e i n d i n o n y l t r i s u l p h i d e i s i n t h e form o f 
0 0 
II II 

-S-S-S-, and, t h e r e f o r e , t h e o v e r a l l o x i d a t i v e r e a c t i o n i n the II II 0 0 
oxygen plasma can be w r i t t e n as: 

Scheme 3 
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Su l p h o x i d e i n t e r m e d i a t e s shown i n t h e r e a c t i o n sequences 

l e a d i n g u l t i m a t e l y t o t h i o s u l p h o n a t e were n o t observed under 

t h e c o n d i t i o n s employed i n t h i s i n v e s t i g a t i o n , and, i f 

p r e s e n t , r e p r e s e n t l e s s t h a n 1 % , i m m e d i a t e l y r e a c t e d w i t h 

oxygen plasma s p e c i e s , as a r e s u l t o f t h e i r h i g h r e a c t i v i t y . 

The s u l p h u r s e p a r a t i n g t h e two s u l p h a t e groups was n o t c l e a v e d , 

as i t i s c l e a r l y e v i d e n t from t h e C. r a t i o v e rsus as a 
/S„ / 2p 

f u n c t i o n o f t i m e i n F i g u r e 6.8a. The d a t a i n Table 6.3, o b t a i n e d 

by e x p o s i n g t o d r a s t i c oxygen plasma c o n d i t i o n s (10 w a t t s , 

0.2T) f o r 10 seconds i n ' s i t u ' a l s o c l e a r l y r e v e a l t h a t 

s u l p h u r i s n o t l o s t w i t h i n t h e range o f employed c o n d i t i o n s ; 

and t h e o x i d a t i o n s t o p s a t t h i o l s u l p h o n a t e . 

The e x p e r i m e n t a l s t o i c h i o m e t r y r a t i o o f atoms, d e r i v e d 

f r o m t h e i n t e n s i t y r a t i o f o r an u n t r e a t e d sample, were i n good 

agreement w i t h t h e t h e o r e t i c a l v a l u e s r e v e a l i n g t h a t t h e s u r f a c e 

i s r e p r e s e n t a t i v e o f t h e b u l k . 

Table 6.3 

The r a t i o o f i n t e n s i t i e s o f t h e C, , 0, and S~ bands 
I s I s 2p 

i n t h e ESCA s p e c t r a o f as r e c e i v e d and plasma o x i d i s e d 
d i n o n y l t r i s u l p h i d e (CgH ^-S^-Cgli ) 

C o n d i t i o n s : t i m e = 10 seconds, p r e s s u r e = 0 . 2 t o r r and 
t e m p e r a t u r e o f a sample = 200K. A f t e r plasma t r e a t m e n t , 
t h e sample was f u r t h e r c o o l e d t o 170K b e f o r e i n t r o d u c i n g 
i n t o t h e s p e c t r o m e t e r f o r an a n a l y s i s a t an e l e c t r o n take
o f f angle o f 30°. 

Power ( w a t t s ) C, C, 
' I s 2p 

As r e c e i v e d 0 12.3 3.6 

1 2.6 2.7 

10 2.5 2.8 
j 
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(c) B i s - n - p r o p y l - y - t r i e t h o x y s i l y l t e t r a s u l p h i d e i n an oxygen 
plasma as a f u n c t i o n o f t i m e 

The main o b j e c t i v e i n t h i s phase o f t h e work has been t o 

i n v e s t i g a t e t h e o x i d a t i o n o f s u l p h u r i n b i s - n - p r o p y 1 - y - t r i e t h o x y -

s i l y l t e t r a s u l p h i d e , as a f u n c t i o n o f plasma t r e a t m e n t t i m e 

under t h e same c o n d i t i o n s as those employed f o r d i n o n y l 

t r i s u l p h i d e . 

The r e s u l t s f o r the u n t r e a t e d b i s - n - p r o p y l - y - t r i e t h o x y -

s i l y l t e t r a s u l p h i d e w i t h f o u r d i s t i n c t measurable , 0-^/ 

and Si2p l e v e l s i n F i g u r e 6.9, and the c o r r e s p o n d i n g 

i n t e n s i t y r a t i o s i n F i g u r e 6.10 r e v e a l e x p e r i m e n t a l s t o i c h -

i o m e t r y o f atoms, i n good agreement w i t h t h e t h e o r e t i c a l 

v a l u e s , i n d i c a t i n g a v e r y pure sample. The d i s t i n c t i v e 

d i f f e r e n c e s i n r e l a t i v e i n t e n s i t i e s o f t h e s p e c t r a a t an 

e l e c t r o n t a k e - o f f angle o f 30° i n F i g u r e 6.9 c l e a r l y demonstrates 

by t h e d r a m a t i c change i n component a t 286.6 eV t h a t t h e 

r e a c t i v e e n t i t i e s i n t h e oxygen plasma are s e l e c t i v e l y 

r e a c t i n g i n i t i a l l y w i t h t h e t r i e t h o x y f u n c t i o n a l g r o ups, 

a t t a c h e d d i r e c t l y t o s i l i c o n and, reach a l i m i t i n g r e a c t i o n 

a f t e r a r e l a t i v e l y s h o r t p e r i o d (5 seconds) o f exposure t o the 

oxygen plasma, b e f o r e t h e o x i d a t i o n commences a t t h e t e t r a 

s u l p h i d e b r i d g e . Whereas, t h e o x i d a t i o n o f s u l p h u r p r o c e e d i n g 

a f t e r 5 seconds o f plasma exposure t i m e , as i s most r e a d i l y 

a p p r e c i a t e d from F i g u r e 6.10b, e s t a b l i s h e s a maximum change 

i n s u r f a c e c h e m i s t r y a t °» 20 seconds r e a c t i o n t i m e , b e f o r e 

l e v e l l i n g o f f , under the c o n d i t i o n s employed i n t h i s work. 

The C, i n t e n s i t y r a t i o as a f u n c t i o n o f t i m e i n F i g u r e 
l s/S / S 2 p 

6.10a c l e a r l y i n d i c a t e t h a t t h e o x i d a t i o n o f t e t r a s u l p h i d e 
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F i g u r e 6.10b, I n t e n s i t y r a t i o o f t h e ( o x i d i s e d ) component o f 
t h e S 2^ spectrum o f b i s - n - p r o p y 1 - y - t r i e t h o x y s i l y 1 
t e t r a s u l p h i d e r e l a t i v e t o S 2 p ( t o t a l ) v s. t i m e o f 
exposure t o the oxygen plasma ( 1 w a t t , 0.2 t o r r ) . 
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l i n k a g e i s accompanied by t h e l o s s o f s u l p h u r and t h e t e t r a -

s u l p h i d e l i n k a g e l o s e s two s u l p h u r atoms a f t e r 20 seconds 

r e a c t i o n t i m e , i n c o n t r a s t t o lower rank s u l p h i d e s . I t can 

be s t a t e d t h a t , w i t h a knowledge o f t h e mean f r e e p a t h o f 

S„ , 15&, an e l e c t r o n t a k e - o f f angle o f 30° and the t h i c k n e s s 2p' ' ^ 
o f t h e m o d i f i e d l a y e r , w h i c h i s o f the o r d e r one monolayer 

or so (assuming t h a t t h e d i f f u s i o n o f oxygen atoms i n t o t h e 

b u l k i s n o t s i g n i f i c a n t under t h e employed c o n d i t i o n s ) , f o r 

th e e s t i m a t i o n o f t h e s i g n a l c o n t r i b u t e d from t h e m o d i f i e d 

s u r f a c e t h a t t h e o x i d i s e d s u l p h u r a f t e r p r o l o n g e d exposure 

t i m e (20 - 40 seconds) i s i n t h e form o f -S-S-, c o n c e i v a b l y 
II II 
0 0 

p r o c e e d i n g t h r o u g h t h e same sequences as those as i l l u s t r a t e d 

f o r d i n o n y l t r i s u l p h i d e i n r e a c t i o n scheme 4 ( i t m i g h t be 
Scheme 4 

S 
I 
S 
I S I s 

[0] 

o=s=o I 
s I 
s I o=s=o 

[0] 

0=S=0 
I 

o=s=o 
I 

o=s=o 
I 

o=s=o 
I 

t o ] o=s=o 
o 4 = 0 + S°2 

added here t h a t t h e d e v i a t i o n s seen i n t h e s e p a r a t i o n o f 

o x i d i s e d and u n o x i d i s e d l e v e l s f ° r d i n o n y l t r i s u l p h i d e , 

5.6 eV, and b i s - n - p r o p y l - y - t r i e t h o x y s i l y l t e t r a s u l p h i d e , 5.0 eV, 
2 39 

c o u l d p o s s i b l y be p a r t l y due t o t h e h y b r i d i s a t i o n e f f e c t 

r e q u i r i n g a h i g h e r e l e c t r o n e g a t i v i t y f o r t h e o x i d i s e d d i s u l p h i d e 
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b r i d g e i n scheme 4) . 

The d a t a i n Table 6.4, o b t a i n e d a t a power l o a d i n g o f 

10 w a t t s f o r 10 seconds and a t o t a l p r e s s u r e of 0.2 t o r r , 

i n d i c a t e v e r y l i t t l e change i n t h e l e v e l o f s u l p h u r , w h i c h , 

i n t u r n , may suggest t h a t t h e t r e a t m e n t a t a s u b s t a n t i a l l y 

h i g h e r power l o a d i n g r e s u l t e d i n t h e a b l a t i o n o f t h e s u r f a c e 

o f b i s - n - p r o p y 1 - y - t r i e t h o x y s i l y l t e t r a s u l p h i d e . 

Table 6.4 

The i n t e n s i t y r a t i o s o f t h e C, , 0 n , S„ and Si„ bands 1 I s I s 2p 2p 
i n t h e ESCA s p e c t r a o f as r e c e i v e d and plasma o x i d i s e d 
b i s - n - p r o p y l - y - t r i e t h o x y s i l y l t e t r a s u l p h i d e ( ( E t O ) ^ S i -

( C H 2 ) 3 - S 4 - ( C H 2 ) 3 - S i ( E t O ) 3 

C o n d i t i o n s : t i m e = 10 seconds, p r e s s u r e = 0.2 t o r r and 
t e m p e r a t u r e o f a sample = 200K. A f t e r plasma t r e a t m e n t , 
t h e sample was f u r t h e r c o o l e d t o 170K b e f o r e i n t r o d u c i n g 
i n t o t h e s p e c t r o m e t e r f o r an a n a l y s i s a t an e l e c t r o n 
t a k e - o f f angle o f 30 . 

Power ( w a t t s ) C, C C 
i S / 0 1

 i S/S„ /Si„ I s 2p 2p 

As r e c e i v e d 0 1.9 2.5 6.3 

1 0.7 3.3 9.0 

10 0.4 3.2 21.0 

(d) D i t e r t i o d o d e c y l p e n t a s u l p h i d e i n an oxygen plasma 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 l y e v i d e n t from t h e d a t a i n F i g u r e 6.12, 

p e r t a i n i n g t o F i g u r e 6.11 t h a t t h e e f f e c t o f i o d i n e s u b s t i t 

u t i o n d i s t o r t s t h e o v e r a l l r e a c t i v i t y such t h a t t he p e n t a 

s u l p h i d e i s no l o n g e r an adequate model f o r s u l p h u r b r i d g e s 

i n v u l c a n i s e d r u b b e r s . The most l i k e l y i n t e r p r e t a t i o n o f these 
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d a t a i s t h a t i o d i n e e f f e c t i v e l y quenches t h e oxygen atoms (by 

r e c o m b i n a t i o n e i t h e r d i r e c t l y o r v i a i o d o s o and/or i o d o x y 

d e r i v a t i v e s ) such t h a t t h e l e v e l i s reduced s u f f i c i e n t l y 

f o r subsequent a t t a c k o f r e a c t i v e oxygen e n t i t i e s a t t h e 

s u l p h i d e b r i d g e s t o be r e l a t i v e l y slow; and, t h e r e f o r e , 

t h e p e n t a s u l p h i d e d i d n o t i n d i c a t e any tendency f o r o x i d a t i o n 

or d e s u l p h u r i s a t i o n , ^ ^ ' u n d e r t h e c o n d i t i o n s employed i n 

t h i s work. 

6.3.3 R e a c t i o n s o f a c c e l e r a t o r s i n an oxygen plasma 

(a) I n t r o d u c t i o n 

Since t h e l e v e l s o f a d d i t i v e s , employed i n th e f o r m u l a t i o n 

o f e l a s t o m e r s , a re s u b s t a n t i a l l y h i g h e r a t the s u r f a c e than 

i n t h e b u l k ( c h a p t e r t h r e e ) , i t i s o f g r e a t i n t e r e s t t o 

i n v e s t i g a t e t h e ease and e x t e n t o f o x i d a t i o n by exposure t o 

plasmas, e x c i t e d i n pure oxygen, b e f o r e c o n s i d e r i n g t h e 

ESCA d a t a p e r t a i n i n g t o e l a s t o m e r s t r e a t e d i n th e oxygen 

plasma. A c c e l e r a t o r s such as c y c l o h e x y l b e n z t h i a z y 1 

sulphenamide (CBS) and t e t r a m e t h y l t h i u r a m d i s u l p h i d e (TMTD) 

used i n Natsyn 2200 sample f o r m u l a t i o n s have, t h e r e f o r e , been 

s u b j e c t e d t o i n t e r r o g a t i o n i n ' s i t u ' , u s i n g ESCA, c o u p l e d w i t h 

glow d i s c h a r g e t e c h n i q u e s a t a t o t a l p r e s s u r e o f 0.2 t o r r and 

a power l o a d i n g o f 1 w a t t f o r 10 seconds. 

I t s h o u l d be no t e d t h a t under comparable c o n d i t i o n s , t h e 

e x t e n t o f o x i d a t i o n as evidenced by th e h i g h e r b i n d i n g S„ 
P 

component was <v> 8%, 21 % and ̂  35% f o r t h e d i - , t r i - and 

t e t r a s u l p h i d e model systems r e s p e c t i v e l y . 

(b) C y c l o h e x y l b e n z t h i a z y l sulphenamide i n an oxygen plasma 

A comparison o f th e d a t a i n Table 6.5, e x t r a c t e d from t h e 
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Table 6.5 

C y c l o h e x y l b e n z t h i a z y l sulphenamide i n an oxygen plasma 
(1 watt, 0.2 t o r r ) 

Comparison of i n t e n s i t y r a t i o s 

Time (seconds) C I s /0 'Is 
I s /N I s 

:, S» o x i d i s e d 
/ S 2 p ( % ) 

As r e c e i v e d 

10 

6.1 

1.5 

11 

31 

4.0 

2.6 15 

Comparison of C^ s components 

0 
T o t a l C, i s C-H C-0 C=0 0-C=0 O-C-0 

As r e c e i v e d 100 82 16 2 - -
10 100 71 21 2 5 1 

raw s p e c t r a of as r e c e i v e d and oxygen plasma t r e a t e d CBS 

i n ' s i t u ' i n F i g u r e 6.13, c l e a r l y i l l u s t r a t e s the dramatic 

e f f e c t on i n t e n s i t y r a t i o s of d i f f e r e n t chemical environments, 

under the C. and S n envelopes and a l s o on the N, and S~ I s 2p - I s 2p 
l e v e l s w i t h r e s p e c t to the C^ g s i g n a l s . 

A high l e v e l of t o t a l oxygen s i g n a l i s a s s o c i a t e d with 

the development of v a r i o u s C l s and S 2 p components i n an oxygen 

plasma a t a power loading of 1 watt for 10 seconds and a t o t a l 

p r e s s u r e of 0.2 t o r r . The unexpected i n c r e a s e i n the S 2 

l e v e l on exposure to the plasma may be explained by c o n s i d e r i n g 

the cleavage of S-N bond i n sulphenamide and then d i m e r i s a t i o n 

of b e n z t h i a z y l , g i v i n g 2 , 2 1 - d i t h i o - b i s ( b e n z o t h i a z o l e ) ; the 

p o s s i b l e o v e r a l l r e a c t i o n i s as f o l l o w s : 
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Scheme 5 

a N ) H N H 
C-S + N S-N 

X) N N or N a \ / 

N 0 N ̂
 iff to] > Acid e s t e r s C-S-S-C 

\\ \ / a l c o h o l s e t c ketones 0 
and carbonates. 

I t i s known from the r e l a t e d s t u d i e s i n these l a b o r a t o r i e s 

t h a t the aromatic systems are p a r t i c u l a r l y prone to o x i d a t i o n 

compared w i t h the a l i p h a t i c systems. The competition between 

the production of o x i d i s e d sulphur and carbon f u n c t i o n a l i t i e s , 

which the data r e v e a l , i s , t h e r e f o r e , e n t i r e l y reasonable. 

A knowledge of an e l e c t r o n mean f r e e path for S 2 p and an 

extent of S„ oxi d a t i o n bv 15% suggests the o x i d i s e d product 2p 0 
II 

i s thiosulphonate -S-S- ( i t should be noted that an e l e c t r o n 
II 0 

take-off angle of 30° i n the equation 6.2 has been considered 

as zero, due to the s u r f a c e topography of a powdered CBS 

sample). 

(c) Tetramethylthiuram d i s u l p h i d e i n an oxygen plasma 

The ESCA data f o r TMTD are shown i n Table 6.6, w h i l s t the 

core l e v e l s p e c t r a are i n d i c a t e d i n F i g u r e 6.14 (oxygen plasma 

treatment:- a power loading of 1 watt f o r 10 seconds and a 
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t o t a l p r essure of 0.2 t o r r ) . The data c l e a r l y r e v e a l d i s t i n c t 

d i f f e r e n c e s i n the regions of the C 1 and s p e c t r a , 

corresponding to the oxygen-containing s t r u c t u r a l f e a t u r e s . 

Table 6.6 

Tetramethylthiuram d i s u l p h i d e i n an oxygen plasma 
(1 watt, 6.2 t o r r ) 

Comparison of i n t e n s i t y r a t i o s 

Time (seconds) C. C. C, S o x i d i s e d 
1 S / ° 1 S ^ / " X s 1 S / S 2 „ 2 P<^» 

As r e c e i v e d 1.7 10 0.31 

10 0.9 5.2 2.1 26 

Comparison of C, components 
i s 0 

T o t a l C. C-H C-0 C=0 0-C=0 O-C-0 I s 

As r e c e i v e d 100 7 5 21 4 

10 100 46 26 8 13 7 

The data r e v e a l t h a t sulphur i s very r e a d i l y l o s t , w h i l s t 

the s t o i c h i o m e t r y with r e s p e c t to nitrogen i n c r e a s e . The 

l e v e l of oxygen f u n c t i o n a l i t y i n c r e a s e s a l s o and the degree of 

charge asymmetry i n the parent molecule (scheme 6) perhaps 
239 

provides a b a s i s for r a t i o n a l i s i n g the f a c i l e l o s s of sulphur. 

Scheme 6 

C V / ~ \ / C H 3 ^ C H 3 \ © / A © / » 3 

C H / S S NCH^ C H / S S 7 CH 0 

3 3 3 0 0 3 

(A) (B) 
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The overlap between the C„ o r b i t a l and S-, i s not favourable c 2p op 
on both an energy or s i z e b a s i s , the C=S bond i s r a t h e r u n s t a b l e , 

and, i n consequence, the net r e s u l t i s t h a t TMTD can r e a d i l y be 

ox i d i s e d . A larg e d i s t r i b u t i o n of C components and the 

appearance of S 2 p l e v e l as a s u b s t a n t i a l l y broadened s t r u c t u r e 

a t a r a t h e r low binding (FWHM 4.0 eV compared with FWHM 2.3 eV 

for the as r e c e i v e d m a t e r i a l ) provide some evidence f o r the 

very l a r g e c o n t r i b u t i o n of mesomeric s t r u c t u r e - ( B ) to the 

ground s t a t e valence bond d e s c r i p t i o n . 

The d i f f e r e n c e i n C, i n t e n s i t y r a t i o s i s a t t r i b u t e d 
l s / S 7 2p 

to the l o s s of sulphur as S 0 2 from the two doubly bonded sulphur 

to carbon on e i t h e r s i d e of a di s u l p h i d e l i n k a g e ; and, the 

di s u l p h i d e linkage i s o x i d i s e d a t one of i t s sulphur atoms, 

w h i l s t the other remains unaffected i n the oxygen plasma, under 

the employed c o n d i t i o n s . Thus, the o v e r a l l o x i d a t i o n of TMTD, 

analogous to the known procedures for the pre p a r a t i o n of 
257 

C-sulphonylformamides, can be represented as f o l l o w s : 

Scheme 7 

CH_v S S CH- CH-v 0 0 0 CH_ 
3 X II II / 3 o x v a e n n l a q m a 3 \ I " II / 3 N-C-S-S-C-N oxygen plasma N _ C _ S _ S _ C _ N 

CH^ CH 3 CH^ 0 CH 

6.3.4 O v e r a l l f e a t u r e s of organic s u l p h i d e s 

I t i s now p o s s i b l e to e s t a b l i s h , with c e r t a i n t y , the o v e r a l l 

gross p i c t u r e of the chemistry of ox i d a t i o n of d i f f e r e n t 

s u l p h i d e s , which m i r r o r the sulphide l i n k a g e s i n v u l c a n i s e d 

rubbers, before a v a r i e t y of Natsyn 2200 elastomers are exposed 
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s e q u e n t i a l l y to the oxygen plasma. 

I t has been s t a t e d i n chapter one t h a t the v u l c a n i s a t i o n 

of n a t u r a l and s y n t h e t i c rubbers i n the presence of sulphur 

and a c c e l e r a t o r s produces a mixed network s t r u c t u r e of mono-, 

d i - and p o l y s u l p h i d e s ; and, these s u l p h i d e s are a n t i c i p a t e d 

to give the same products as models on exposure to the oxygen 

plasma, under the comparable c o n d i t i o n s . 

The o v e r a l l f e a t u r e s of ox i d a t i o n for d i f f e r e n t s u l p h i d e s , 

i n f e r r e d from the models, as a fu n c t i o n of time i n the oxygen 

plasma, are as f o l l o w s : 

( i ) A p l o t of i n i t i a l r a t e of o x i d a t i o n versus the 

number of sulphur atoms i n the sulphur l i n k a g e , i n 

Figure 6.15, c l e a r l y r e v e a l s t h a t the r e l a t i v e 

r e a c t i v i t y f o r d i f f e r e n t s u l p h i d e s f a l l s i n the order 

mono-, < d i - , < t r i - , < t e t r a s u l p h i d e , i n d i c a t i n g 

t h a t the monosulphide i s l e a s t r e a c t i v e and the 

t e t r a s u l p h i d e i s most r e a c t i v e , under the employed 

conditions i n t h i s work. 

( i i ) The u l t i m a t e products r e s u l t i n g from the oxi d a t i o n 

of s u l p h i d e s i n the oxygen plasma are as f o l l o w s : 

Monosulphide 

R R 
S [0] > 0=S=0 Sulphone 
R R 

Disul p h i d e 

R R 

I to]. 
S 

o=s=o Thiosulphonate 

R R 
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o 

<y3 CO 

<M 2 

1 

0 
Number of SulPur Atoms Number of SulPur Atoms 

F i g u r e 6.15. I n i t i a l r a t e of S 2 o o x i d a t i o n versus number of 
sulphur atoms i n the sulphur l i n k a g e . 

T r i s u l p h i d e 

R R 
I I 
s o=s=o 
I [ 0 ] v I 
S > S Thiosulphonate 
I I S 0=S=0 A A 
T e t r a s u l p h i d e 
R 
I 
S R 
I I 

s A 
I R a Disulphone Sulphur dioxide 
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( i i i ) Mono-, d i - and t r i s u l p h i d e s o x i d i s e without 

i n v o l v i n g the cleavage of sulphur c r o s s l i n k s , 

whereas the t e t r a s u l p h i d e i n d i c a t e d a-disulphone 

s t r u c t u r e with the l o s s of sulphur as sulphur 

dioxide. 

( i v ) L . C y s t i n e and dinonyl t r i s u l p h i d e i n d i c a t e t h a t 

o x i d a t i o n of the sulphur f u n c t i o n a l i t i e s occurs 

s u b s t a n t i a l l y f a s t e r than for the hydrocarbon 

o v e r l a y e r . 

I t i s c l e a r from the study of bis-n-propyl-y-

t r i e t h o x y s i l y l t e t r a s u l p h i d e i n an oxygen plasma 

t h a t the r e a c t i v e oxygen e n t i t i e s are s e l e c t i v e l y 

r e a c t i n g i n i t i a l l y w i th the t r i e t h o x y f u n c t i o n a l 

groups, attached d i r e c t l y to s i l i c o n , before the 

ox i d a t i o n proceeds a t the t e t r a s u l p h i d e bridge. 

The e f f e c t of iodine s u b s t i t u t i o n d i s t o r t s the 

o v e r a l l r e a c t i v i t y of d i t e r t i o d o d e c y l pentansulphide 

such t h a t the pentasulphide i s no longer an adequate 

model for sulphur bridges i n 'sulphur-vulcanised' 

rubbers. 

(v) The t h i c k n e s s of modified s u r f a c e i n an oxygen plasma 

depends on the p h y s i c a l form of the sample. The 

l i q u i d samples i n d i c a t e d g r e a t e r depth of m o d i f i c a t i o n 

than L . c y s t i n e ( s o l i d ) 
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6.3.5 Surface m o d i f i c a t i o n of Natsyn 2200 elastomers i n an 
oxygen plasma 

(a) I n t r o d u c t i o n 

The d i s c u s s i o n to date i n both t h i s chapter and those 

p r e v i o u s l y presented h i g h l i g h t s the complex nature of the 

elastomer s u r f a c e s , and t h e i r dependence on the i n i t i a l bulk 

formulation and sample h i s t o r y . The r e a c t i o n of the model 

systems with oxygen plasmas i s a l s o , by no means, s t r a i g h t 

forward; nonetheless, i t i s worthwhile now, c o n s i d e r i n g the 

ESCA examination of plasma processed s u r f a c e s of the elastomers 

themselves. 

The d e t a i l e d composition of the bulk formulation i n terms 

of weight and normalised mole % f o r type 1, Natsyn 2200, system 

i n chapter three, c l e a r l y i n d i c a t e s t h at the s i g n a l should 

predominantly a r i s e from the Natsyn (polyisoprene) framework, 

with s m a l l e r c o n t r i b u t i o n s from s t e a r i c a c i d , CBS and permanax 

B. N^ s s i g n a l s would be expected from both CBS and permanax 

B, w h i l s t the sulphur s i g n a l should predominantly d e r i v e from 

the added sulphur i t s e l f as opposed to the sulphur of CBS. 

Zinc i s added to the formulation as the oxide to enhance the 

cure r a t e . Oxygen s i g n a l s can conceivably a r i s e from r e s i d u a l 

metal oxide (low binding energy), from carboxylate and oxygen 

i n s t e a r a t e and permanax B r e s p e c t i v e l y , and from 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 of sulphur and the Natsyn s u r f a c e , a r i s i n g 

from ox i d a t i o n i n the oxygen plasma. I n p r i n c i p l e , the ESCA 

experiment provides C. , Nn , 0, , S_ and Zn~ core l e v e l s to 
I s ' I s I s ' 2p 3p 

define a s u r f a c e s t o i c h i o m e t r y . 
On the b a s i s of the c o m p l e x i t i e s of the s u r f a c e for the 
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as r e c e i v e d samples, i t i s t h e r e f o r e , convenient to consider 

the proceeding ESCA data i n d e t a i l for one p a r t i c u l a r case, 

and then provide a somewhat l e s s d e t a i l e d a n a l y s i s for the 

other systems. 

(b) Type 1, Natsyn 2200, elastomer i n an oxygen plasma 

I n the l i g h t of the models i n v e s t i g a t e d i n the previous 

s e c t i o n s , an optimum cured type 1, Natsyn 2200, sample 

containing a n t i o x i d a n t has been st u d i e d a t two d i f f e r e n t take

of f angles f o r d i f f e r e n t periods of time exposed to an oxygen 

plasma, i n r e a c t o r B, with a power loading of 2 watts and a t o t a l 

p r e s s u r e of 0.2 t o r r a t room temperature. The r e s u l t s of 

r e l a t i v e i n t e n s i t y r a t i o s , together with the deconvoluted 

components of the and envelopes, corresponding to 

Figur e 6.16 are shown i n Table 6.7, c l e a r l y r e v e a l i n g the 

s i m i l a r i t i e s and d i f f e r e n c e s between them. I n both cases 

of d i f f e r e n t times and angles, coupled with oxygen plasma, 

the r e a c t i o n i s very r a p i d and e s s e n t i a l l y complete a f t e r 

5 seconds as f a r as the change i n the s u r f a c e composition i s 

concerned. The extreme s u r f a c e , an e l e c t r o n t a k e - o f f angle of 

70°, shows a g r e a t e r tendency f o r ox i d a t i o n than that of 

sub-surface, an e l e c t r o n t a k e - o f f angle of 30°, together with 

very l i t t l e or no l o s s of sulphur under the experimental 

c o n d i t i o n s ; and, t h e r e f o r e , t h i s i s manifested i n the 

Zn_, r a t i o s . 
3 p / s 0 

The r e l a t i v e i n t e n s i t y of the carbon and oxygen peaks 

exposed to oxygen plasma f o r 20 seconds i s e s s e n t i a l l y the 

same a t both e l e c t r o n t a k e - o f f angles, i n d i c a t i n g homogeneous 

sample on the ESCA depth s c a l e ; but t h i s does not mean t h a t 
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the s u r f a c e m o d i f i c a t i o n has extended more than i n t o 

the sample during plasma treatment. T h i s statement can be 

e a s i l y s u b s t a n t i a t e d by r e c o n s i d e r i n g the ESCA data of as 

r e c e i v e d optimum cured type 1, Natsyn 2200, elastomer i n 

chapter three, together with the plasma t r e a t e d samples. 

The ESCA a n a l y s i s of an optimum cured type 1 elastomer i n 

chapter three gave r a t i o s of 100:2.3 and 1.2 i n moles % f o r 

Natsyn 2200 ( p o l y i s o p r e n e ) , permanax B and CBS r e s p e c t i v e l y , 

i n d i c a t i n g higher l e v e l s of a n t i o x i d a n t and a c c e l e r a t o r by a 

f a c t o r of approximately e i g h t than i n the bulk, w h i l s t the 

l e v e l of z i n c , a r i s i n g from z i n c oxide and sulphide, a t the 

s u r f a c e i s approximately 1.5 mole %, l e s s compared to t h a t i n 

the bulk (4.0 mole % ) ; and, t h e r e f o r e , r e v e a l i n g t h a t the 

l e v e l of z i n c i n c r e a s e s with i n c r e a s i n g ESCA depth p r o f i l e . 

Furthermore, an estimate of a number of sulphur atoms between 

the c r o s s - l i n k e d points of two polymer c h a i n s , c a l c u l a t e d 

from the use of ' s w e l l i n g ' data and a n a l y s i s of S„ envelope, 
^ - 2p -

i s on average t e t r a s u l p h i d i c linkage f o r t h i s optimum cured 

type 1, Natsyn 2200, system. 

I n view of the c o m p l e x i t i e s of the s u r f a c e of as r e c e i v e d 

optimum cured type 1 elastomer, the ESCA data of such a 

sample, coupled with oxygen plasma i s examined i n g r e a t e r 

d e t a i l by c o n s i d e r i n g the C l g and S 2 s p e c t r a . The t o t a l 

f r a c t i o n of the C. and S„ envelopes a s s o c i a t e d with oxygen 
J. S '2. ]p 

environment i s g r e a t e r for the 70° e l e c t r o n t a k e - o f f angle 

compared to t h a t of 30° and, a g r e a t e r proportion of s i n g l y 

bonded oxygen i s produced i n the very i n i t i a l stages of 

r e a c t i o n , under the C envelope, as i s evidenced by the data 
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i n Tables 6.7a and b; and a l s o , t h i s i s even c l e a r from a 

d i s t i n c t broadening of 0 1 peak a t a higher binding energy, 

as the r e a c t i o n proceeds at an e l e c t r o n t a k e - o f f angle of 

70° i n Figure 6.16. The enhancement of the r e l a t i v e 

i n t e n s i t i e s of oxygen f u n c t i o n a l i t i e s under the C^ s and S 2 

envelopes a t near grazing e l e c t r o n t a k e - o f f angle (70°), 

t h e r e f o r e , demonstrates the s u r f a c e nature of the m o d i f i c a t i o n 

and, the s t r u c t u r a l f e a t u r e s a s s o c i a t e d with oxygen are 

contained i n a l a y e r of t h i c k n e s s of the order of a monolayer 

or so, one monolayer being % 5 8 . ( I t should be noted t h a t 

the a d d i t i o n a l 0 n s i g n a l a r i s i n g from the a d d i t i v e s i s 
I s ^ ^ 

opposed to the oxygen of plasma incorporated during treatment. 

The s u r f a c e r i c h i n permanax B by a f a c t o r of approximately 8 

and s t e a r a t e , i n c o n t r a s t to the l e v e l of z i n c , p a r t i a l l y 

a r i s i n g from z i n c oxide with the remaining c o n t r i b u t i o n from 

zinc sulphide as r e v e a l e d by Auger parameters i n chapter three, 

compared to the bulk composition, conceals the c o n t r i b u t i o n 

from plasma on the b a s i s of t o t a l s i g n a l i n t e n s i t y r a t i o s of 

carbon to oxygen. Thus, the net e f f e c t of oxygen c o n t r i b u t i n g 

a d d i t i v e s i s t h a t the C, i n t e n s i t v r a t i o remains the same 
1 S/°ls 

at both e l e c t r o n take-off angles.) Indeed, t h i s s i t u a t i o n can 
be f u r t h e r envisaged on the b a s i s of C, and S„ components 

^ I s 2p 
a s s o c i a t e d with oxygen a t both e l e c t r o n t a k e - o f f angles. I t 

i s c l e a r l y e vident from data i n Table 6.7, a g r e a t e r proportion 

of C^ s and S 2 envelopes i s o x i d i s e d a t an e l e c t r o n t a k e - o f f 

angle of 70° than at 30°, and the o x i d a t i o n of these envelopes 

i s complete w i t h i n 5 seconds of exposure to the oxygen plasma, 

w h i l s t these envelopes at an e l e c t r o n t a k e - o f f angle of 30° 
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Table 6.7 

The r a t i o of i n t e n s i t i e s of the C , 0 , N , S and Zn 
-LS XS .X-S -̂1? 

bands i n the ESCA s p e c t r a of optimum cured type 1, Natsyn 
2200, elastomer co n t a i n i n g a n t i o x i d a n t and plasma o x i d i s e d 

Natsyn 2200 elastomer 

(.2 watts, 0.2 t o r r ) 

La) E l e c t r o n t a k e - o f f angle (70°) 

Time (seconds) C, C. C_ C. % S„ o x i d i s e d 
l s / 0 n

 l s / S , l s/N. l s / Z n , 2 d 

' I s 2p ' I s 3p 

As r e c e i v e d 14 2 7 89 2 7 

5 2.9 31 21 18 . 34 

20 3.2 31 16 17 33 

C, Components I s 

C-H C-0 C=0 0-C=0 

As r e c e i v e d 96 4 -

5 71 20 2 7 

20 71 17 6 6 

(b) E l e c t r o n t a k e - o f f (30°) 

Time (seconds) C. C. C n C % S„ o x i d i s e d I s I s / c I s / M I s , 2p /0, / S n /N, /Zn_ 7 I s 2p 7 I s ' 3p 

As r e c e i v e d 16 27 69 24 — 

5 3.2 28 22 15 16 

20 3.3 23 19 13 27 

C- ŝ Components 

C-H C-0 C=0 0-C=0 

As r e c e i v e d 95 5 -

5 80 14 2 4 

20 77 16 2 5 
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are s t i l l i n a process of o x i d a t i o n , even a f t e r long plasma 

exposure time (20 seconds). A comparison of the 

envelopes, o x i d i s e d to the same extent a t the extreme 

s u r f a c e , an e l e c t r o n t a k e - o f f angle 70° and, the d i f f e r e n t 

extent of o x i d a t i o n a t the sub-surface, t a k e - o f f angle of 30°, 

for the d i f f e r e n t periods of time, t h e r e f o r e , c l e a r l y 

demonstrate the t h i c k n e s s of the modified l a y e r being of the 

order of one monolayer or so. A d d i t i o n a l evidence to support 
246 

t h i s argument can be found elsewhere. The e f f e c t of 

oxygen plasmas a t a s u b s t a n t i a l l y higher power loading (20 

watts, 0.2 t o r r ) with samples being exposed f o r 10 seconds 

i s very s i m i l a r to t h a t of a lower power loading t r e a t e d f o r 

longer time (20 seconds), as i s evidenced by the d i s t r i b u t i o n 

of C^ s components p e r t a i n i n g to oxygen as shown i n Table 6.8. 

However, the envelope, monitored a t an e l e c t r o n t a k e - o f f 

angle of 70 , shows a g r e a t e r tendency f o r o x i d a t i o n a t a 

higher binding (̂  168.0 eV) separated by approximately 5.7 eV 

from the unoxidised S 2 p peak; and t h i s , i n conjunction with 

the o x i d a t i o n of S 2 p l e v e l s a t a lower power loading exposed 

for longer time and, a l s o together with the knowledge of 

model compounds, unambiguously^reveals the nature of sulphur 

o x i d a t i o n , being of the form -S-S-S-S-. 
II II 
0 0 

The nitrogen s p e c t r a , corresponding to the glow-discharge 

t r e a t e d sample were broadened by the presence of at l e a s t 

two components but overlapping components approximately 

a t 399 and 402 eV, i n d i c a t i n g amine and protonated amine 

f u n c t i o n a l i t i e s , r e s p e c t i v e l y . The sharp decrease i n C, 
/ " i s 
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Table 6.8 

The r a t i o of i n t e n s i t i e s of the Cl£., ° l s» N
l s

 a n d % n
3 p bonds 

i n the ESCA s p e c t r a of optimum cured type 1, Natsyn 2200, 
elastomer co n t a i n i n g a n t i o x i d a n t and plasma o x i d i s e d Natsyn 

2200 elastomer 

(20 watts, 0.2 t o r r ) 

(a) E l e c t r o n t a k e - o f f angle (70°) 

Time (seconds) C, C, / S 0 C C, % S„ o x i d i s e d 
l a / 0 i s 2p l s / N l s / Z n 2p 

' I s I s 7 3p 

As r e c e i v e d 14 27 89 27 0 

10 3.4 31 19 19 42 
C, Components I s i 

C-H C-0 C=0 0-C=0 

As r e c e i v e d 96 4 - -

10 75 18 4 3 

(b) E l e c t r o n t a k e - o f f angle (30°) 

Time (seconds) C n „ C. C n C, % S„ o x i d i s e d 
^/O, 1 5 / S 0 /N1

 l s / Z n , 2 P 

I s 2p ' I s 3p 
As r e c e i v e d 16 27 69 24 

10 3.1 25 15 14 26 

C Components I s 

C-H C-0 C=0 0-C=0 

As r e c e i v e d 95 5 

10 77 18 3 2 
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r a t i o s i n Table 6.7 w i t h respect t o as r ece ived samples 

suggests t h a t n i t r o g e n i s e i t h e r i nco rpo ra t ed f rom the 

atmosphere a f t e r b r i n g i n g the whole vacuum system t o an 

atmospheric pressure f o r t r a n s f e r i n t o the spectometer (very 

u n l i k e l y ) , or more p robab ly , the a n t i o x i d a n t has d i f f u s e d 

t o the sur face a f t e r plasma t r ea tmen t , or due t o the 

continuous renewal o f the sur face by the e v o l u t i o n o f sma l l 

v o l a t i l e molecules ( e . g . CO, C 0 2 , H 2 0 e t c . ) , which can not 

be de tec ted d i r e c t l y by ESCA. I t i s , t h e r e f o r e , q u i t e 

conceivable t h a t the deconvoluted component f o r s i n g l y bonded 

oxygen under the C^ s envelope i s s l i g h t l y over -es t imated as 

a r e s u l t of the s i m i l a r i t y i n C-N bonding energy, however, 

t h i s does not a l t e r the o v e r a l l argument. 

The increase i n Zn LBE r a t i o s , (LBE: low b i n d i n g 
2p 

energy, components under the S~ enve lopes) , by a f a c t o r o f 
P 

approximate ly two a t bo th e l e c t r o n t a k e - o f f angles a f t e r 

oxygen plasma t r ea tmen t , as i s evidenced i n Table 6 .9 , 

suggests t h a t these r a t i o s are mani fes ted e i t h e r by the 

increase i n l e v e l o f z inc a f t e r a b l a t i o n o f sur face ( i t has 

been a l ready mentioned i n chapter th ree t h a t the l e v e l o f z inc 

a t the sur face i s 1.5 mole % compared to t h a t i n the b u l k , 

4.0 mole % ) , or the sulphur c o n t r i b u t i n g t o low energy 

components has been l o s t under the c o n d i t i o n s employed; the 

l a t t e r p o s s i b i l i t y seems improbable , as i t has been i n d i c a t e d 

by the approximate constant l e v e l o f su lphur , whereas the 

s l i g h t increase i n r a t i o s o f z inc t o t o t a l sulphur i s most 

l i k e l y due t o the removal o f smal l v o l a t i l e molecules 

c o n t a i n i n g carbon, thus i n c r e a s i n g the l e v e l o f z inc w i t h ESCA 
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depth i n t o the sample. 

Table 6.9 

Comparison of Zn_. LBE, b e f o r e and a f t e r plasma 
' 2p 

t reatments (2 w a t t s , 0.2 t o r r ) 

Time (seconds) 

0 As rece ived 

5 

20 

A d d i t i o n a l experiments have a lso been c a r r i e d out on the 

optimum cured type 1 , Natsyn 2200, elastomers as a f u n c t i o n o f 

the t i m e , the samples being l e f t i n the da rk , be fo re ana lys ing 

the sur face a f t e r oxygen plasma t rea tment a t a power l oad ing o f 

2 wat t s f o r 20 seconds and a t o t a l pressure o f 0.2 t o r r t o 

i n t e r r o g a t e the ex t en t o f C, and S„ o x i d a t i o n i n the presence ^ I s 2p 

and absence of a n t i o x i d a n t . The e f f e c t o f a n t i o x i d a n t , a 

condensate o f acetone and d ipheny l amine, on the sur face 

m o d i f i c a t i o n i s f a i r l y exp lana to ry by the data set out i n 

Table 6.10 i n t h a t the elastomer w i t h o u t a n t i o x i d a n t i n d i c a t e s 

a g rea te r tendency f o r sur face o x i d a t i o n than t h a t w i t h 

a n t i o x i d a n t a f t e r long exposure t o the atmosphere. The ESCA 

ana lys i s immediate ly a f t e r oxygen plasma t rea tment revealed 

very l i t t l e or no e f f e c t o f a n t i o x i d a n t on the. sur face o x i d a t i o n , 

which d i s t i n g u i s h e s the oxygen plasma t rea tment f rom the 

thermal o x i d a t i o n descr ibed i n chapter e i g h t . 

I n the l i g h t o f these r e s u l t s f o r the optimum cured type 1 

30° 70° 

2 . 1 2.0 

3.8 5.3 

4.2 4.5 
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elastomer s tud ied under d i f f e r e n t c o n d i t i o n s , a p a r t i a l l y 

(50%) cured type 1 , Natsyn 2200, elastomer c o n t a i n i n g 

a n t i o x i d a n t , which d i f f e r s on ly i n t ime of cure (15 minutes) 

compared t o an optimum cured sample (2 5 minutes) has been 

i n v e s t i g a t e d a t 70° and 30° e l e c t r o n t a k e - o f f angles , coupled 

w i t h oxygen plasma at a power load ing o f 20 wat t s f o r 10 

seconds and a t o t a l pressure o f 0.2 t o r r i n r eac to r B. The 

e f f e c t o f an oxygen plasma on the r e l a t i v e i n t e n s i t y r a t i o s , 

toge ther w i t h the deconvoluted components o f C l s

 a n d S.^ 

peaks, corresponding t o F igure 6.17 i n Table 6 .11 can be 

envisaged by r e c o n s i d e r i n g the ESCA data o f the as r ece ived 

sample, discussed i n chapter t h r e e . The ESCA ana lys i s of a 

p a r t i a l l y cured type 1 elastomer gave on average r a t i o s o f 

100:5:3 i n mole % f o r Natsyn 2200 (poly isoprene) permanax B 

and CBS r e s p e c t i v e l y , i n d i c a t i n g h igher l e v e l s of a n t i o x i d a n t 

and acce l e ra to r by a f a c t o r approximate ly e ighteen times 

g rea te r than i n the b u l k , w h i l s t the l e v e l of z inc a r i s i n g 

l a r g e l y f rom ZnO and the remaining f rom ZnS, (as revealed by 

Auger data i n chapter t h r e e ) , a t the sur face i s on average 3.0 

mole %, s l i g h t l y less compared to t h a t i n the b u l k (4 .0 mole % ) , 

r e v e a l i n g very l i t t l e increase o f z inc l e v e l w i t h i n c r e a s i n g 

ESCA depth p r o f i l e . An es t imate o f the number o f sulphur atoms 

between the c r o s s - l i n k e d p o i n t s of two polymer cha ins , 

c a l c u l a t e d f rom the use o f ' s w e l l i n g ' data and ana lys i s o f 

envelope, i s on average ten per su lph ide l i n k a g e . 

The d i f f e r e n c i n i n t e n s i t y r a t i o s and the development o f 

va r ious s t r u c t u r a l f e a tu r e s under the C, and S~ envelooes 
I s 2p 

p e r t a i n i n g to oxygen are f a i r l y s e l f exp lana tory i n the l i g h t 
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Table 6.11 

The r a t i o o f i n t e n s i t i e s o f the C, , 0 , N , S„ and Zn_ 
Is Is Is 2p 3p 

band i n the ESCA spec t ra o f as r ece ived p a r t i a l l y (50'?0 cured 
type 1, Natsyn 2200, elastomer c o n t a i n i n g a n t i o x i d a n t and 

plasma o x i d i s e d Natsyn 2200 elastomer 

(20 w a t t s , 0.2 t o r r ) 

(a) E l e c t r o n t a k e - o f f angle (70°) 

Time (seconds) C C_ C C. Zn_ LBE % S„ 
l s / 0 1

 1 3 / S 0

 l s / N n

 l s / Z n , 3 ? / S 0 .J? 
' Is 2p ' I s 3p 2p o x i d i 

sed 

As rece ived 11 15 4 7 15 1.7 

10 3.5 26 11 14 4.4 21 

C^ s Components 

T o t a l C, C-H C-0 C=0 0-C=0 Is 
As r ece ived 100 9b 4 

10 100 69 22 5 4 

(b) E l e c t r o n t a k e - o f f angle (30°) 

Time (seconds) Cn C_ C, C. Zn o LBE % S 
l s /O l s /S l s /N l s /7n 3 p /S 2 p 

/ 0 l s / S 2 p / N l s / Z n 3 p / b 2 p o x i d i -
sed 

As r ece ived 13 11 57 11 2.0 

10 1.3 19.4 13 10 4.0 14 

C, Comoonents l s 

T o t a l C-, C-H C-0 C=0 0-C=0 l s 
100 9 6 4 

100 72 21 4 3 
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of d i scuss ion f o r the optimum cured elastomer w i t h the excep t ion 

o f Zn, LBE r a t i o s , as i s evidenced by the data i n 
P / S 0 2p 

Table 6 . 1 1 . The increase i n Zn LBE r a t i o s by a f a c t o r 
P / S 0 2p 

o f approximate ly two a t bo th t a k e - o f f angles , a l so c o n s i s t e n t 

w i t h the optimum cured sample, suggests t h a t these r a t i o s 

f o r the p a r t i a l l y . c u r e d elastomer are d i c t a t e d only by the 

loss o f sulphur a t the s u r f a c e . Indeed, the loss o f sulphur 

by a f a c t o r o f approximate ly two as evidenced by the increase 

o f C, r a t i o s i n Table 6.11 accounts f o r such an inc rease , 
l s / s 9 

2p 

which the l a t t e r a f t e r oxygen plasma t rea tment i s c o n t r a d i c t o r y 

to the s i t u a t i o n observed f o r the optimum cured sample. 

For an optimum cured sample, the r a t i o s o f Zn., LBE were, 
2p 

merely mani fes ted by the increase o f z inc l e v e l w i t h i n c r e a s i n g 

ESCA depth p r o f i l e i n t o the sample. 
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SURFACE MODIFICATION OF MODELS AND ELASTOMERS 
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PART I I 
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7 .1 I n t r o d u c t i o n 

This chapter , as a l o g i c a l ex tens ion o f chapter s i x , 

describes txhe e f f e c t o f hydrogen plasma on models (taken f o r 

the es tab l i shment o f sur face chemistry) and 1 s u l p h u r - v u l c a n i s e d ' 

elastomers by exposure t o glow discharges , e x c i t e d i n pure 

hydrogen, as a f u n c t i o n o f r e a c t i o n t i m e . I n a d d i t i o n , the 

surface m o d i f i c a t i o n a f f e c t e d by hydrogen plasmas, f o l l o w e d 

by f u r t h e r oxygen plasma treatment i n r eac to r A (Figure 6 . 4 

o f chapter s i x ) , d i r e c t l y a t tached to the spectrometer , has 

a lso been i n v e s t i g a t e d . 

I t has been demonstrated i n chapter s i x t h a t , f o r e x t e n s i v e l y 

t r e a t e d samples i n oxygen plasmas, the l e v e l o f su lphur i n 

d i - and t r i s u l p h i d e s remained unchanged and the t e t r a s u l p h i d e 

i n d i c a t e d a loss o f sulphur by a f a c t o r o f two, under the 

employed c o n d i t i o n s . I t i s also c l e a r t h a t the w e l l - r e s o l v e d 

components under the envelopes (caused by spin o r b i t s p l i t ) 

are a t tacked by the r e a c t i v e e n t i t i e s o f oxygen plasma a f t e r 

the o x i d a t i o n o f carbon-carbon double bonds. Indeed, the 

obse rva t ion a t s u b s t a n t i a l l y h ighe r power loadings i n d i c a t e d 

the same t r e n d o f o x i d a t i o n ( r e s u l t i n g i n the a b l a t i o n o f 

m a t e r i a l s f rom the sur face on prolonged t reatments i n oxygen 

plasmas) . 

The background i n f o r m a t i o n , i n the l i t e r a t u r e , r e l a t e s 

p r i m a r i l y to the r e d u c t i o n o f simple su lphide compounds and 

ar i ses predominant ly f rom s tudies o f r eac t ions o f a v a r i e t y 

o f reagents ( l i t h i u m aluminium hydr ide and z i n c / a c e t i c a c i d s , 
242 243 2 49-251 

e t c . ) i n s o l u t i o n phase. ' ' The choice o f method 

f o r the m o d i f i c a t i o n o f the sur face o f th ickness i n the range 



308 

o f a few monolayers i s , t h e r e f o r e , o f p a r t i c u l a r importance 

t o obv ia te the r eac t ions ex tend ing i n t o the bu lk o f the 
2 3 5 , 2 5 2 - 2 5 4 

sample. 
The prime o b j e c t i v e i n t h i s chapter has been to e s t a b l i s h 

the sur face chemistry o f models and hence to use t h i s 

knowledge t o e l u c i d a t e the sur face aspects o f s u l p h u r - v u l c a n i s e d 

elastomers a f t e r t rea tment w i t h hydrogen plasmas. Very l i t t l e 

work has been done i n the past on the use o f plasmas f o r the 
240 241 255 

i n v e s t i g a t i o n o f su lphur c o n t a i n i n g systems. ' ' 

There i s very l i t t l e evidence f o r the exis tence o f r e a c t i v e 

hydrogen e n t i t i e s o the r than atomic hydrogen a t a low pressure 

( 0 . 2 t o r r ) , employed i n t h i s work. At a s u b s t a n t i a l h ighe r 

pressure (30 - 300 t o r r ) , the r e a c t i v e unstable e n t i t i e s i n 

the plasma: hydrogen atoms (H) , e x c i t e d hydrogen atoms (H*) 

and molecules (H^*) ' P r ° t o n s (H + ) and p o s s i b l y unstable 

complexes (H *) r e s u l t i n g f rom three b o d y - c o l l i s i o n s o f atomic 

hydrogen w i t h hydrogen molecules, appear to r e t a i n a g r ea t e r 

p r o p o r t i o n o f the energy o f recombinat ion and, may su rv ive 
g 

up to 10 c o l l i s i o n s i n the s u s t a i n i n g plasma s t a t e be fo re 
a- u • i 4 . . 2 2 1 , 2 5 6 , 2 5 8 , 2 5 9 proceeding chemical r e a c t i o n s . Thus, one o r 

more species may p a r t i c i p a t e i n the chemical r e a c t i o n s . 

Figure 7 . 1 i l l u s t r a t e s the numer ica l s o l u t i o n o f the Boltzmann 

equat ion f o r a t y p i c a l hydrogen plasma, i d e n t i f i e d by the 

ex ten t o f i o n i s a t i o n value o f ( n / N ) . I t i s c l e a r l y apparent 

t h a t a t very low energy, the f (e) value decreases w i t h an 

i n c r e a s i n g e x t e n t o f i o n i s a t i o n . The d i s t r i b u t i o n s cross 

each o t h e r i n the neighbourhood o f 1 eV and the s i t u a t i o n i s 

reversed. At s t i l l h ighe r ene rg ies , the d i s t r i b u t i o n s cross 
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each o the r tw ice be fo re the p o p u l a t i o n has increased w i t h 

the degree o f i o n i s a t i o n . The d i s t r i b u t i o n f u n c t i o n 

resembles t h a t o f Maxwell ian at a very h igh degree o f 

i o n i s a t i o n . The average energy expressed i n the Boltzmann 

equat ion i s a f u n c t i o n o f the power and the pressure . 

02 

f(e) 

01 

\' ^ 
/ \ r \ v 
/ A \ x 

I 1/ \ \ v 

»'' \ w 
" w 

n/N s / 67k I0"1 

n/N - ISJulO'3 

Nurmrical solution for hydrogen 

\ X E/p ' 28-3 V/cm.ton 

n/N ^ 0 0 \ \ 

\ \ \ 

V 

1 2 3 4 5 6 7 

T.nergy (@V) 

8 9 10 II 12 13 14 

Figure 7 . 1 . E f f e c t o f the ex t en t o f i o n i s a t i o n on the energy 
d i s t r i b u t i o n f u n c t i o n f o r a hydrogen plasma. 
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7.2 Exper imenta l 

7 . 2 . 1 S ample s 

The same samples (models as a f u n c t i o n o f t ime f o r the 

es tabl i shment o f surface chemistry and Natsyn 2200 elastomers 

t r e a t e d s e q u e n t i a l l y ) as i n chapter s i x were sub jec t ed t o 

i n d u c t i v e l y coupled r ad io - f r equency glow discharges e x c i t e d 

i n hydrogen. The technique o f hand l i ng the samples and 

o b t a i n i n g the spect ra were as p r e v i o u s l y s t a t e d . 

I n chapter s i x , i t has been shown t h a t the l e v e l o f su lphur 

was the same be fo re and a f t e r plasma t rea tment ( f o r the 

optimum cured sample) ; and, the o x i d i s e d sulphur moiety gave 

r i s e t o a d i s t i n c t band cent red a t b i n d i n g energy ^ 168.5 eV 

and the corresponding S,^ s i g n a l f rom the unoxid i sed o rgan ic 

su lphide a t approximately 164 eV a f t e r the o x i d a t i o n o f 

carbon-carbon double bonds. The o x i d a t i o n o f unsa tura ted 

systems c o n s t i t u t e s a very f a s t process , which i s f o l l o w e d by 

the slow o x i d a t i o n o f d i - and p o l y s u l p h i d e s . I t w i l l become 

apparent i n the proceeding sec t ions t h a t the chemical nature 

o f the f i n a l sur face produced on exposure t o a hydrogen 

plasma i s l a r g e l y d i c t a t e d by the i n i t i a l sur face chemistry o f 

the samples; and, t h e r e f o r e , both models and elastomers have 

been s t u d i e d . 

Standard l a b o r a t o r y c y l i n d e r hydrogen was used w i t h o u t 

f u r t h e r p u r i f i c a t i o n . 

7 .2 .2 I n s t r u m e n t a t i o n 

The spec t ra o f as r ece ived and plasma t r e a t e d samples 

were ob ta ined on the AEI ES200B spectrometer , under the same 

c o n d i t i o n s employed i n s ec t i on 6.2.2 o f chapter s i x ; and, 



3 I I 

t h e r e f o r e , i t i s -unnecessary t o repeat t h i s here . 

The p o t e n t i a l f o r s p e c i f i c m o d i f i c a t i o n o f sur face 

p r o p e r t i e s by means o f plasma techniques has already been 

e l abo ra t ed i n chapter s i x and the v i r t u e s o f employing 

i n d u c t i v e l y coupled i n s t r u m e n t a t i o n are also w e l l documented 
220 223 246 

elsewhere. ' ' The surfaces m o d i f i e d by hydrogen 

plasmas i n t h i s chapter were a f f e c t e d w i t h both reac to rs A 

and B, as i n d i c a t e d schemat ica l ly i n Figure 6.4 o f chapter 

s i x . Reactor A, p a r t i c u l a r l y designed f o r the i n v e s t i g a t i o n 

o f model systems, was d i r e c t l y a t tached t o a spectrometer 

enab l ing considerable f l e x i b i l i t y i n terms o f h a n d l i n g , i n 

p a r t i c u l a r , l i q u i d samples, w i t h o u t exposure t o the 

atmosphere. Samples o f L . cys t ine i n the form o f a powder, 

c a r e f u l l y mounted on Scotch tape t o avoid erroneous s igna l s 

(which would conceivably a r i se f rom the uncovered area o f a 

t a p e ) , and Natsyn 2200 elastomers cu t t o a s ize (20 mm x 6 mm 

and 2.5 mm) appropr ia te f o r a probe t i p were i n s e r t e d i n t o 

the b r idge o f the i n v e r t e d T shaped r eac to r B by means o f the 

f l a n g e d housing a t one end o f the r e a c t o r B. The hydrogen 

e x c i t a t i o n s were sus ta ined us ing a Tegal Corpora t ion 

Radio-frequency Generator, t u n i n g be ing accomplished by 

v a r y i n g the impedence o f matching network. The e f f e c t o f 

r e s i d u a l oxygen, which i s more pronounced i n a less e f f i c i e n t 

vacuum system, was minimised by produc ing a g rea te r pumping 

speed f rom the m o d i f i c a t i o n o f e x i s t i n g pumping mechanism. 
7 .2 .3 Plasma r e d u c t i o n o f model systems as a f u n c t i o n o f 

t ime 

The exper imen ta l procedure f o r the i n v e s t i g a t i o n o f the 

e f f e c t o f hydrogen plasmas on the models was accomplished i n 

the manner o u t l i n e d i n s e c t i o n 6 . 2 . 4 . Precaut ion was taken t o 
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minimise the r e s i d u a l e f f e c t o f oxygen i n the vacuum system. 

The ESCA and r ad io - f r equency equipment toge the r w i t h 

exper imen ta l procedures have p r e v i o u s l y been desc r ibed . 

7. 3 Results and Discussion 

7 . 3 . 1 I n t r o d u c t i o n 

The main emphasis i n t h i s work , complementary i n some 

respects t o chapter s i x , has been t o i n v e s t i g a t e the e f f e c t 

o f hydrogen plasmas on bo th models and ' s u l p h u r - v u l c a n i s e d ' 

e las tomers , us ing ESCA as a t o o l . 

I t i s convenient here t o consider the ESCA data i n less 

d e t a i l f o r models f i r s t , and then compare them w i t h those o f 

elastomers i n the proceeding d i scuss ion ( w i t h regard to the 

s i t u a t i o n o f surface o x i d a t i o n achieved by exposing to 

i n d u c t i v e l y coupled oxygen plasma, descr ibed i n chapter s i x ) . 

The impor tan t s t r u c t u r a l f ea tu re s o f carbon (C. ) and L I s 

su lphur (S 9 ) , t oge the r w i t h the method o f deconvolu t ion i n t o 

t h e i r i n d i v i d u a l components, have also been o u t l i n e d p r e v i o u s l y . 

7 .3 .2 Reactions o f models i n hydrogen plasma 

(a) L . cys t ine i n a hydrogen plasma as a f u n c t i o n o f t ime 

The core l e v e l spec t ra o f as rece ived and hydrogen plasma 

t r e a t e d L . c y s t i n e , as a f u n c t i o n o f r e a c t i o n t i m e , are shown 

i n Figure 7 . 2 , and the r e l e v a n t i n t e n s i t y r a t i o s are presented 

i n Figure 7 .3 . 

The C , C and C i n t e n s i t y r a t i o s o f as 
l s / 0 1

 i s / N . l s / S . l s I s 2p 

r ece ived L . cys t ine r evea l t h a t the sur face i s n o t e n t i r e l y 

r ep re sen t a t i ve o f the bu lk and the powdered sample must have a 

su r face l a y e r o f hydrocarbon contaminat ion ( sec t ion 6 . 3 . 2 a ) . 
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104W, 0-1T) 
NH COOH 

C H - C H 2 - S 2 - C H 2 - C H 
COOH COOH 

AO sec 

20 sec 
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168 166 164 162 a 404 402 400 398 536 534 532 530 528 291 289 287 285 283 281 S2P N1B BINDING ENERGY (eV) 01B Cis 

Figure 1.2. C^, O ^ , N l s and S 2 p soec t ra of L . cys t i ne v s . 
t ime o f exposure t o a hydrogen plasma (0.4 w a t t , 
0 . 1 t o r r ) . 
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Figure 7 .3 . I n t e n s i t y r a t i o s vs . r e a c t i o n time f o r L . c y s t i n e 
i n a hydrogen plasma (0.4 w a t t and 0 . 1 t o r r ) . 

The r a t i o s o f S„ as a f u n c t i o n o f r e a c t i o n t ime i n 
2 p / N , 

' I s 

F igure 7.3 p rov ide c l e a r evidence t h a t su lphur i s no t l o s t i n 

the hydrogen plasma under the employed cond i t i ons o r t h a t 

both elements are l o s t at the same r a t e , w h i l s t the C, 
2p 

and C, r a t i o s vary s i g n i f i c a n t l y , wh ich , i n t u r n , may 

suggest a b u i l d up o f a hydrocarbon o v e r l a y e r . I n view o f the 

nature o f the sample r e s u l t i n g f rom i m p u r i t i e s , f u r t h e r 

l 
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e l a b o r a t i o n o f the C, f u n c t i o n a l i t i e s i s no t p r e f e r r e d ; 
Is 

however, an examinat ion o f the C, components under the C, 
I s Is 

envelopes and broadening o f the shoulder o f the 0, l e v e l s 
3 I s 

a t b i n d i n g energy ^ 534 eV reveals t h a t the ca rboxy l groups 

(COOH) are converted i n t o h y d r o x y l f u n c t i o n a l i t i e s (-0H) . 

The data i n Table 7 . 1 , ob ta ined a t a s u b s t a n t i a l l y h i g h e r 

power l o a d i n g (20 wat t s f o r 10 seconds and 0 . 1 t o r r ) , a l so 

i n d i c a t e t h a t the l e v e l o f su lphur remains unchanged i n the 

sur face r e g i o n s . 

Table 7 .1 

The r a t i o o f i n t e n s i t i e s o f the C, , 0_ , N.. and S„ 
I s ' Is Is 2p 

bands i n the ESCA spec t ra o f as r ece ived and hydrogen 
plasma t r e a t e d L . cy s t i ne 

Cond i t i ons : t ime = 10 seconds, pressure = 0 . 1 t o r r and 
temperature o f a sample i n the spectrometer 
= 210K. 

Power (watts) C, C C 

/ ° l s ' " i s / N l s 

As r ece ived 0 2 .1 4.8 2.8 

0.4 2.4 8.5 4.3 

20 2.7 7.3 5.7 

The data would seem t o be most r e a d i l y i n t e r p r e t a b l e i n 

terms o f r e d u c t i o n o f the d i s u l p h i d e to the t h i o l , the l e v e l 

o f su lphur be ing the same before and a f t e r hydrogen plasma 

t r ea tmen t . 

R_S_s-R Hydrogen > 2RSH (7.1) 
plasma 
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The study o f model systems show t h a t the S 2 p b i n d i n g 

energy f o r the t h i o l and d i s u l p h i d e are e s s e n t i a l l y the 

same- One may a n t i c i p a t e , t h e r e f o r e , t h a t the r e a c t i o n o f 

d i s u l p h i d e c r o s s l i n k s i n vu lcan i sed elastomers w i l l lead to 

sur face 2o8) s p e c i f i c r e d u c t i o n w i t h no loss o f su lphur . 

(b) Dinony l t r i s u l p h i d e i n a hydrogen plasma as a f u n c t i o n o f 
t ime 

The C, and S„ core l e v e l s f o r d i n o n y l t r i s u l p h i d e and I s 2p J 

f o r the hydrogen plasma t r e a t e d samples a t a power l oad ing o f 

1 w a t t and a t o t a l pressure o f 0 . 1 t o r r are i n d i c a t e d i n 

Figure 7.4 as a f u n c t i o n o f t i m e , and the da ta , de r ived f rom 

the r e l e v a n t a n a l y s i s , are presented i n Figure 7 .5 . The 

r e s u l t s can be r a t i o n a l i s e d unambiguously by r e c a l l i n g the 

equa t ion (6.2) i n chapter s i x . 

A knowledge o f the mean f r e e path o f the pho toemi t t ed 

e l e c t r o n s ^ 15a" f o r S l e v e l us ing Mg, r a d i a t i o n , an 
^p ~ 1 2 

o ' 

e l e c t r o n t a k e - o f f angle o f 30 and the th ickness o f the m o d i f i e d 

l a y e r ^ 5 8 suggests t h a t the t r i s u l p h i d e b r idge i s cleaved 

under the c o n d i t i o n s employed i n t h i s i n v e s t i g a t i o n and the 

r e a c t i o n i n the hydrogen plasma r e s u l t s i n desorp t ion o f H^S 

f rom the sur face and f o r m a t i o n o f t h i o l s , as i l l u s t r a t e d i n 

equat ion ( 7 . 2 ) . 

R-S-S-S-R [ H ] > 2RSH + H2S (7.2) 

The data i n Table 7 . 2 , ob ta ined a t a s u b s t a n t i a l l y 

h ighe r power l o a d i n g , i s f a i r l y s e l f exp lana tory t h a t the 

su lphur f rom t r i s u l p h i d e b r idge i s l o s t i n the form o f H^S 

and the increase i n l e v e l o f su lphur a t the su r face i s f rom 
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(1W.0-1T) 
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Figure 7 .4 . and S spect ra o f d i n o n y l t r i s u l p h i d e vs . time 
o f exposure to a hydrogen plasma (1 w a t t , 0 . 1 t o r r ) . 
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p o l y m e r i s a t i o n o f t h i o l s . 

Table 7 .2 

The r a t i o o f i n t e n s i t i e s o f the C, and S„ bands i n the 
I s 2p 

ESCA spec t ra o f as r ece ived and hydrogen plasma t r e a t e d 
d i n o n y l t r i s u l p h i d e 

Cond i t i ons : t ime = 10 seconds, pressure = 0 . 1 t o r r and 
temperature o f a sample = 210K. A f t e r 
plasma t r ea tment , the sample was f u r t h e r 
cooled t o 170K be fo re i n t r o d u c i n g i n t o the 
spectrometer f o r an ana lys i s a t an e l e c t r o n 
t a k e - o f f angle o f 3 0 ° . 

Power (watts) C. 
l s / S / S 2 p 

As r ece ived 0 3.6 

1 4.0 

10 2.9 

(c) B i s - n - p r o p y 1 - y - t r i e t h o x y s i l y 1 t e t r a s u l p h i d e i n a hydrogen 
plasma 

The e f f e c t o f the hydrogen plasma on b i s - n - p r o p y 1 - y - t r i -

ethoxy te t r a s u l p h i d e , as a f u n c t i o n o f time i n r eac to r A, 

d i r e c t l y a t t ached to the spectrometer , was so dramatic t h a t 

i t was no t pos s ib l e to o b t a i n the data beyond 10 seconds o f 

t rea tment a t a power l oad ing o f 1 w a t t and a t o t a l pressure 

o f 0 . 1 t o r r ; a l though , severa l at tempts a t maximum c o o l i n g 

(150K) had been unsucces s fu l . The only poss ib l e ob ta inab le 

data i s se t ou t i n Table 7 .3 . The a c t i v e e n t i t i e s , mainly 

hydrogen atoms i n the hydrogen plasma, are s e l e c t i v e l y 

r e a c t i n g i n i t i a l l y w i t h ethoxy f u n c t i o n a l groups and then w i t h 

s i l i c o n be fo re the r e a c t i o n cou ld proceed a t the t e t r a s u l p h i d i c 
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Table 7. 3 

The r a t i o o f i n t e n s i t i e s o f the , ° l s / s

2 p

 a n d S i 2 p 
bands i n the ESCA spec t ra o f as r ece ived and hydrogen 
plasma t r e a t e d b i s - n - p r o p y 1 - y - t r i e t h o x y s i l y 1 t e t r a s u l p h i d e 

C o n d i t i o n s : power = 1 w a t t , pressure = 0 . 1 t o r r and 
temperature o f a sample i n r eac to r A = 190K. 
A f t e r plasma t r ea tmen t , the sample was f u r t h e r 
cooled t o 150K befo re i n t r o d u c i n g i n t o the 
spectrometer f o r an ana lys i s at an e l e c t r o n 
t a k e - o f f angle o f 3 0 ° . 

As r ece ived 

(secon ds) 
C l s / ° l s 

1 S / S 2 p 
C l s / s i 9 

2p 
0 1.9 2.5 6 . 3 

10 1. 7 2.4 6.0 

b r i d g e , and the pos s ib l e o v e r a l l r eac t ions are as f o l l o w s 

S cheme 1 

( E t O ) 3 S i - ( C H 2 ) 3 " S 4 - ( C H 2 ) 3 - S i ( E t O ) 

Hydrogen plasma 

6EtOH + 2SiH 4 + CH - (CH )' -S 4-.(CH ) -CH 

-> 2CH3 (CH2) 2 -SH + 2H2S 

A comparison o f the data i n Table 7.3 and a knowledge o f 

a d d i t i o n a l unsuccess fu l experiments beyond 10 seconds o f 

exposure t ime i n hydrogen plasmas i n d i c a t e s t h a t the products 

upon such t reatments were pumped away i n the vacuum system 

and, the f u r t h e r t rea tment o f a sample, coated onto a g o l d 
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subs t r a t e , r e s u l t e d i n complete a b l a t i o n o f the sample. 

I n the l i g h t o f the d iscuss ion f o r d i n o n y l t r i s u l p h i d e , 

i t f o l l o w s t h a t the t e t r a s u l p h i d e i s cleaved i n the hydrogen 

plasma, r e s u l t i n g i n desorp t ion o f two molecules o f E^S 

and two molecules o f t h i o l s f o r m a t i o n . 

I n view o f the d i - , t r i - and t e t r a s u l p h i d e r eac t ions 

i n hydrogen plasmas, f u r t h e r i n v e s t i g a t i o n has not been 

c a r r i e d on d i t e r t i o d o d e c y l pen tasu lph ide . 

7.3.3 Reactions o f acce le ra to r s i n a hydrogen plasma 

(a) I n t r o d u c t i o n 

I t i s o f i n t e r e s t t o study the e f f e c t o f hydrogen on 

a d d i t i v e s by exposure t o plasmas e x c i t e d i n pure hydrogen 

before examining the ESCA data p e r t a i n i n g to elastomers 

t r e a t e d i n the hydrogen plasma. Cyclohexylbenzthiazy 1 

sulphenamide (CBS) and t e t r a m e t h y l t h i u r a m d i su lph ide (TMTD) 

employed i n Natsyn 2200 sample f o r m u l a t i o n s have, t h e r e f o r e , 

been i n v e s t i g a t e d i n ' s i t u ' , us ing ESCA, coupled w i t h glow 

discharge techniques a t a t o t a l pressure o f 0 . 1 t o r r and a 

power l oad ing o f 1 w a t t f o r 10 seconds. 

The samples were cooled to ^ 180K p r i o r to ana lys i s on 

the ES200B spect rometer . 

(b) Cyc lohexylbenz th iazy1 sulphenamide i n a hydrogen plasma 

The data i n Table 7.4 p e r t a i n i n g to the raw spect ra o f as 

r ece ived and hydrogen plasma t r e a t e d i n ' s i t u ' i n Figure 7.6 

i n d i c a t e very l i t t l e change i n C and C i n t e n s i t y 
/ N l s / S 2 p 

r a t i o s , w h i l s t the e f f e c t i s dramatic on the FWHM o f the N ^ s 

peak (FWHM 4.5 eV compared w i t h the un t r ea t ed sample). The 

increase i n l e v e l o f oxygen by a f a c t o r o f two i s conceivably 

f rom r e s i d u a l oxygen present i n the hydrogen plasma ( i t i s 
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Table 7.4 

Comparison o f i n t e n s i t y r a t i o s be fo re and a f t e r plasma 
t rea tment 

(1 w a t t , 0 . 1 t o r r ) 

Time (seconds) C I s C Is / 0 I s /N Is /S 

As re ce i ve d 0 6 . 1 11 4 

10 3 .1 10. 3 3.6 

w e l l known t h a t aromat ic systems are p a r t i c u l a r l y prone to 

o x i d a t i o n compared w i t h the a l i p h a t i c systems) . An examinat ion 

o f core l e v e l spec t ra i n Figure 7.6 suggests t h a t the carbon 

doubly bonded t o n i t r o g e n i n a b e n z t h i a z y l i s c leaved 

r e s u l t i n g i n the fo rma t ion o f d i f f e r e n t amine environments 

and ca rbonyl f u n c t i o n a l i t i e s , which the l a t t e r i s reduced 

t o h y d r o x y l f u n c t i o n a l i t y as i s evidenced by the component 

a t 2 86.6 eV under the C, envelope. As f a r as the chemistry 
I s 

o f su lphur i s concerned, the r e a c t i v e e n t i t i e s i n the hydrogen 

plasma have very l i t t l e o r no e f f e c t on the l e v e l o f su lphur , 

(c) Te t ramethy l th iu ram d i su lph ide i n a hydrogen plasma 

The ESCA data i n Table 7.5 and the core l e v e l spec t ra f o r 

TMTD i n Figure 7.7 (hydrogen plasma t r e a t m e n t : - a power 

load ing o f 1 w a t t f o r 10 seconds and a t o t a l pressure o f 0 . 1 

t o r r ) , c l e a r l y r e v e a l the e f f e c t o f r e a c t i v e hydrogen e n t i t i e s 

on the i n t e n s i t y r a t i o s o f d i f f e r e n t chemical environments , 

under the C, and S_ envelopes. I t i s c l ea r f rom the data 
t h a t su lphur i s very r e a d i l y l o s t , w h i l s t the s t o i c h i o m e t r y 

o f n i t r o g e n w i t h respect t o carbon remains unchanged. The 
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l e v e l o f oxygen decreases by a f a c t o r o f t h r e e , conceivably 

i n the fo rm o f and the degree o f charge asymmetry i n the 

parent molecule (as i s i n d i c a t e d i n scheme 6 o f chapter s i x ) 

perhaps provides a bas is f o r r a t i o n a l i s i n g the f a c i l e loss 

o f su lphur i n the hydrogen plasma. The C=S band i s r a t h e r 

uns tab le , and, i n consequence, the net r e s u l t i s t h a t TMTD 

can r e a d i l y lose su lphur under the cond i t ions employed i n 

t h i s work. 

Table 7.5 

Comparison o f i n t e n s i t y r a t i o s 

(1 w a t t , 0 . 1 t o r r ) 

Time (seconds) C, C 

/ ° l s ' " i s 

As r ece ived 1.5 10 

10 5 .1 11 

' I s /S. 2p 

0. 30 

3.1 

The la rge d i f f e r e n c e i n C i n t e n s i t y r a t i o s i s 
1 3 /S 7 2p 

a t t r i b u t e d to the loss o f sulphur as H,jS f rom the two doubly 

bonded su lphur t o carbon on e i t h e r side o f a d i s u l p h i d e 

b r idge and p a r t i a l l y t o the increase o f a hydrocarbon l a y e r . 
The d i s u l p h i d e l i nkage i s conceivably cleaved and reduced to 

C H 3 ^ 
t h i o l ( N-CH -SH)... 

/ 2 
CH 3 

7.3 .4 Surface m o d i f i c a t i o n o f Natsyn 2200 elastomers i n a 
hydrogen plasma 

(a) I n t r o d u c t i o n 

I t i s c l e a r t h a t the r eac t ions o f model systems w i t h 

hydrogen plasmas are by no means s imp le ; nonetheless , i t i s 
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w o r t h w h i l e examining the ESCA data o f hydrogen plasma processed 

sur faces o f the elastomers themselves. Samples o f type 1 , 

Natsyn 2200, elastomer c o n t a i n i n g a n t i o x i d a n t ( a n t i o x i d a n t -

a condensate o f acetone and d ipheny l amine) have been sub jec t ed 

t o s e q u e n t i a l t reatments w i t h i n d u c t i v e l y coupled glow 

d ischarge , e x c i t e d i n pure hydrogen a t a power l o a d i n g o f 2 

wa t t s and a t o t a l pressure o f 0 . 1 t o r r . The d e t a i l e d compos

i t i o n s o f the bu lk f o r m u l a t i o n i n terms o f weight and 

normal i sed mole % f o r type 1 , Natsyn 2200, elastomer are given 

i n chapter t h r ee . 

(b) Type 1 , Natsyn 2200, elastomer i n a hydrogen plasma 

The core l e v e l spec t ra f o r the as rece ived and hydrogen 

plasma t r e a t e d type 1, Natsyn 2200, elastomer are shown i n 

Figure 7.8 and the p e r t a i n i n g ESCA data a t 30° and 70° e l e c t r o n 

t a k e - o f f angle are set ou t i n Table 7 .6 . 

The data , i n c o n j u n c t i o n w i t h the model s t u d i e s , suggest 

t h a t the po lysu lph ide c r o s s l i n k i s cleaved and the su lphur i s 

l o s t i n the form o f K^S and the r e s u l t i n g t h i o l s polymerise 

such t h a t the l e v e l o f su lphur a t the sur face decreases 

s l i g h t l y w i t h r e a c t i o n t i m e , o r the sulphur i s no t l o s t . 

The v a r i a t i o n i n C i n t e n s i t y r a t i o s i s due to d i f f e r e n t 
/ S , 2p 

sur face composi t ion o f e las tomer , taken f r e s h f o r each 

hydrogen t rea tment f rom the same sheet and conceivably to b u i l d 

up o f a hydrocarbon o v e r l a y e r , w h i l s t the s t o i c h i o m e t r y o f 

n i t r o g e n increases w i t h respect t o carbon. An examinat ion o f 

the C i n t e n s i t y r a t i o s (compared w i t h the oxygen plasma 
1 S / Z " 3 P 

t reatments i n chapter s i x ) and the approximate constant r a t i o s 
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Table 7.6 

The r a t i o o f i n t e n s i t i e s o f the C l s , 0 , N , S ^ and 
Zn., bands i n the ESCA spect ra o f as r ece ived optimum 3p 
cured type 1 , Natsyn 2200, elastomer c o n t a i n i n g a n t i 
ox idan t and hydrogen plasma t r e a t e d Natsyn 2200 elastomer 

(2 wat t s , 0 . 1 t o r r ) 

E l e c t r o n t a k e - o f f angle (.70 ° ) 

Time (seconds) 
1 S / ° l s 

C l s / s , 
2p 

C l s / N

l s 
/ Z n 0 3p 

As rece ived 14 27 89 27 

5 13 37 42 30 

20 12 38 35 45 

E l e c t r o n t a k e - o f f angle (30 ° ) 

Time (seconds) 
C l s / ° l E 

C l s / s ? n 

2p 
C l S / « l s 

C l S / Z n ^ 3p 

As rece ived 16 27 69 24 

5 11 29 41 23 

20 15 34 37 31 

o f Zn_ suggests the l a t t e r statement 
p / s 0 

2p 
su lphur remains e s s e n t i a l l y unchanged and 

t h a t the l e 

su lphur i s : 

desorbed f rom the sur face as H2S under the condi t i o n s 

i n t h i s p a r t o f the s tudy . 

The Zn^ LBE i n t e n s i t y r a t i o s i n Table 7.7 are 
3 p / s 9 

2p 

approximate ly constant (two) at both e l e c t r o n t a k e - o f f angles 

and a comparison w i t h the data i n Table 6.9 o f chapter s i x 

i m o l i e s t h a t the a b l a t i o n o f the sur face i s no t a dominant 
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f a c t o r under the cond i t i ons used d u r i n g hydrogen plasma 

t rea tments . ( I t has p r e v i o u s l y been s t a t e d t h a t the l e v e l 

o f z inc a t the sur face i s , approximately 1.5 mole %, less 

compared t o t h a t i n the b u l k , ^ 4.0 mole %, and increases 

w i t h i n c r e a s i n g ESCA depth p r o f i l e i n t o the sample. The 

oxygen plasma processed surfaces revea led the . increased l e v e l 

o f z inc by a f a c t o r o f two , suggest ing t h a t the a b l a t i o n o f 

m a t e r i a l s f rom the sur face i s a dominant f a c t o r i n oxygen 

plasmas) . 

Table 7.7 

Comparison o f Zn^ LBE before and a f t e r plasma 
3 p / s 9 

2p 
t r e atmen ts 

(2 w a t t s , 0 . 1 t o r r ) 

Time (seconds) 30° 70° 

As r ece ived 0 2 .1 2.0 

5 2.4 2.2 

20 2.0 1.6 

The n i t r o g e n spec t ra i n Figure 7.8 are broadened by the 

presence o f a t l e a s t two components (amine and p ro tona ted 

amino) , and a sharp decrease i n C. i n t e n s i t y r a t i o s i n 
/ " i s 

Table 7.6 w i t h respect t o as r ece ived sample i n d i c a t e s t h a t 

the n i t r o g e n i n the form o f amine i s conceivably i n c o r p o r a t e d 

e i t h e r f r o m the atmosphere a f t e r b r i n g i n g the whole vacuum 

system to atmospheric pressure f o r the t r a n s f e r o f the sample 

i n t o the spectrometer (very u n l i k e l y ) or more probably t h a t the 
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a n t i o x i d a n t has d i f f u s e d to the sur face a f t e r plasma t rea tment 

(.the oxygen plasma processed e las tomers , under the comparable 

exper imenta l procedure , also i n d i c a t e d amine and p ro tona ted 

amine f u n c t i o n a l i t i e s a t b i n d i n g energies ^ 399 eV and ^ 

402 eV r e s p e c t i v e l y ) • 

The immediate loss o f u n s a t u r a t i o n , ^ 6 . 5 eV f rom the main 
C l s P ^ ° t o ^ - o n ; ' - s a t ; ' - o n P e a k » i s associa ted w i t h the a d d i t i o n o f 

r e a c t i v e hydrogen e n t i t i e s to the carbon-carbon double bonds. 

The ca rboxy l groups are converted i n t o h y d r o x y l f u n c t i o n a l i t i e s , 

as i s evidenced by the increase o f a component at a b i n d i n g 

energy o f 286.6 eV under the C, envelope. J I s 
The data i n Table 7.8 f o r 30° and 70° e l e c t r o n t a k e - o f f 

angles , corresponding t o the hydrogen plasma a t a s u b s t a n t i a l l y 

h ighe r power l o a d i n g (20 wat t s f o r 10 seconds and 0 . 1 t o r r ) , 

i n d i c a t e t h a t the i n t e n s i t y r a t i o s o f C, and Zn_, 
1 S / S 2 p 3 ° / S 2 p 

are increased by a f a c t o r o f approximate ly two; which may 

imply t h a t the su lphur a t the sur face o f elastomer c o n t a i n i n g 

su lphur f u n c t i o n a l i t y o f f o u r on average i s desorbed as H^S 

and the subsequent r e a c t i o n stops a t t h i o l s . The increase i n 

Zn LBE i n t e n s i t y r a t i o , by a f a c t o r o f approximate ly two 
P / S 0 

o 2 ? 

a t 30 e l e c t r o n t a k e - o f f angle i n Table 7.8 i n d i c a t e s t h a t the 

l e v e l o f z inc increases w i t h the ESCA depth p r o f i l e i n t o the 

sample. However, the r a t h e r low r a t i o o f Zn_ LBE at the 
3 p / s 9 

2p 

extreme sur face i s a t t r i b u t e d to the low l e v e l o f z i n c , 

i n i t i a l l y present i n the extrme sur face reg ion as i s evidenced 

by the h igh i n t e n s i t y r a t i o o f C i n Table 7 .8 . The 
3p 

h i g h s u s c e p t i b i l i t y o f carbon-carbon double bonds t o r e a c t i v e 
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Tab le 7 .8 

The r a t i o o f i n t e n s i t i e s o f the C, , 0., , N_ , S_ and 
I s I s I s 2p 

Zn^ bands i n t h e ESCA s p e c t r a o f as r e c e i v e d opt imum 3p 
c u r e d t y p e 1 , Na t syn 2 200, c o n t a i n i n g a n t i o x i d a n t and 

hydrogen p lasma t r e a t e d Na t syn 2200 e l a s t o m e r 

(20 w a t t s , 0 . 1 t o r r ) 

E l e c t r o n t a k e - o f f ang le ( 7 0 ° ) 

Time (seconds) C. C C. C Zn 
i S / 0 1

 i S / S 0 / N , i S / Z n _ -/S~ I s 2p ' I s 3p 2 p 

As r e c e i v e d 14 27 89 27 2 .0 

10 10 49 45 51 1.8 

E l e c t r o n t a k e - o f f ang le ( 3 0 ° ) 

As r e c e i v e d 16 27 69 24 2 . 1 

10 10 52 38 30 3.9 

e n t i t i e s o f o x y g e n , e i t h e r r e s u l t i n g f r o m a i r b u b b l e s i n t he 

e l a s t o m e r o r f r o m the p resence o f r e s i d u a l oxygen i n t h e 

s u s t a i n i n g hydrogen p l a sma , i s e v i d e n c e d by the i n c r e a s e o f 0 ^ s 

l e v e l . 

I n v i ew o f these r e s u l t s f o r the opt imum c u r e d t y p e 1 , 

e l a s t o m e r , a p a r t i a l l y (50%) c u r e d t y p e 1 , Na t syn 2200 , 

e l a s t o m e r c o n t a i n i n g a n t i o x i d a n t , w h i c h d i f f e r s o n l y i n t i m e o f 

cure (15 m i n u t e s ) compared t o an opt imum c u r e d sample (25 

m i n u t e s ) has been s t u d i e d a t 30° and 7 0 ° t a k e - o f f a n g l e s , 

c o u p l e d w i t h hyd rogen p lasma a t a power l o a d i n g o f 20 w a t t s 

f o r 10 seconds and a p r e s s u r e o f 0 . 1 t o r r ; and , the r e l e v a n t 

i n t e n s i t y r a t i o s , d e r i v e d f r o m t h e raw s p e c t r a i n F i g u r e 7 . 9 , 
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are s e t o u t i n Tab le 7 . 9 . 

The i n c r e a s e i n C, i n t e n s i t y r a t i o s a t b o t h e l e c t r o n 
1 3 / S , 

2p 

t a k e - o f f ang les a f t e r hyd rogen p lasma t r e a t m e n t sugges t s t h a t 

h a l f o f t h e s u l p h u r f r o m the p o l y s u l p h i d e c r o s s l i n k ( t e n s u l p h u r 

atoms p e r c r o s s l i n k ) i s e l i m i n a t e d i n t he f o r m o f H^S and 

t h e subsequen t r e a c t i o n s tops a t t h i o l s , w h i l s t t he s t o i c h -

i o m e t r y o f n i t r o g e n i n c r e a s e s w i t h r e s p e c t t o c a r b o n . However , 

t he i n t e n s i t y r a t i o s o f C. are i n c r e a s e d by a f a c t o r o f 

a p p r o x i m a t e l y two and do n o t s u p p o r t t he above s t a t e m e n t t h a t 

t he l e v e l o f s u l p h u r i s changed d u r i n g the hyd rogen p lasma 

t r e a t m e n t . 
The Zn_ LBE, i n t e n s i t y r a t i o s r ema in e s s e n t i a l l y 

p /S 
2 P o 

c o n s t a n t ( two) a t 30 and 70 e l e c t r o n t a k e - o f f ang les ( i t has 

been s t a t e d i n c h a p t e r t h r e e t h a t t he l e v e l z i n c a t t he 

s u r f a c e , 3 mole %, i s a p p r o x i m a t e l y t h e same as i n t h e b u l k , 

4 mole %, and the a n g u l a r dependent s t u d y has l i t t l e e f f e c t 

on t h e Z n 0 i n t e n s i t y r a t i o s as f a r as t h e ESCA dep th 
3 p / S / S 2 p 

p r o f i l e i s conce rned i n t o t h e sample) . 

7 . 3 . 5 S u r f a c e m o d i f i c a t i o n by h y d r o g e n / o x y g e n plasmas 

(a) I n t r o d u c t i o n 

I n t h i s p a r t o f t h e s t u d y , t h e s u r f a c e c h e m i s t r y o f model 

and e l a s t o m e r s u b s t r a t e s has been s p e c i f i c a l l y m o d i f i e d by 

means o f i n d u c t i v e l y c o u p l e d p l a smas , e x c i t e d i n h y d r o g e n and 

o x y g e n , and t h e r e s u l t s o f such t r e a t m e n t are e l a b o r a t e d by 

means o f ESCA. 

D i n o n y l t r i s u l p h i d e as a model and an opt imum c u r e d t y p e 

1 , N a t s y n 2200 , e l a s t o m e r c o n t a i n i n g a n t i o x i d a n t were t r e a t e d 
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Table 7.9 

The r a t i o o f i n t e n s i t i e s o f t h e C, , 0 , N , S and 
i s I s I s 2p 

Zn^ bands i n t h e ESCA s p e c t r a o f as r e c e i v e d n a r t i a l l y 3p - -
(50%) c u r e d t y p e 1 , Na t syn 2200, e l a s t o m e r c o n t a i n i n g 
a n t i o x i d a n t and hydrogen p lasma t r e a t e d Na t syn 2200 

e1as tome r 

(20 w a t t s , 0 . 1 t o r r ) 

E l e c t r o n t a k e - o f f ang le ( 7 0 ° ) 

Time (seconds) C C C C Zn LBE 

/ ° l s / S 2 p / " i s / Z n 3 P

 P / S 2 p 

As r e c e i v e d 11 15 47 15 1.7 

10 11 25 35 36 1.7 

E l e c t r o n t a k e - o f f angle ( 3 0 ° ) 

As r e c e i v e d 13 11 57 11 2 .0 

10 11 18 27 25 1.9 

i n r e a c t o r A , d i r e c t l y a t t a c h e d t o the s p e c t r o m e t e r , a t a power 

l o a d i n g o f 1 w a t t and a t o t a l p r e s s u r e o f 0 .2 t o r r (as 

i n d i c a t e d p r e s s u r e o f 0 .2 t o r r by a P i r a n i gauge f o r hyd rogen 

gas i s a p p r o x i m a t e l y e q u a l t o t r u e p r e s s u r e o f 0 . 1 t o r r ) . 

(b) D i n o n y l t r i s u l p h i d e i n h y d r o gen/oxygen plasmas 

The s p e c t r a o f d i n o n y l t r i s u l p h i d e i n F i g u r e 7 .10a t r e a t e d 

w i t h hyd rogen plasma f o r 10 seconds a f t e r a b r i e f exposure 

(10 seconds) t o oxygen p lasma and the s p e c t r a i n F i g u r e 7.10b 

f o r 20 seconds i n oxygen p lasma f o l l o w e d by a f u r t h e r 10 

seconds i n hydrogen p lasma a t a power l o a d i n g o f 1 w a t t and a 

t o t a l p r e s s u r e o f 0 . 2 t o r r as i n d i c a t e d by the P i r a n i gauge , 

t o g e t h e r w i t h d a t a i n Tab le 7 . 1 0 , t e n d t o r e v e a l a d i f f e r e n t 



3 3 5 

(1W, 0-2T) 
9' '19 

a «33 x3-3 

b x10 

As received *10 x3-3 

• 

293 291 289 287 285 283 281 537 535 533 531 529 172 170 168 155 164 162 150 158 
Cis Ois S>2p 

BINDING ENERGY (eV) 

F i g u r e 7 . 1 0 . C l s , 0 l g and s p e c t r a f o r d i n o n y l t r i s u l p h i d e 

exposed t o h y d r o g e n / o x y g e n plasmas ( 1 w a t t , 0 .2 t o r r ) . 
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Tab le 7.10 

The r a t i o o f i n t e n s i t i e s o f t he C, , 0 n and bands i n 
I s I s 2p 

t h e ESCA s p e c t r a o f as r e c e i v e d d i n o n y l t r i s u l p h i d e and 
h y d r o g e n / o x y g e n plasmas t r e a t e d d i n o n y l t r i s u l p h i d e 

(1 w a t t , 0 .2 t o r r as i n d i c a t e d by P i r a n i gauge) 

Hydrogen p lasma f o r 10 seconds , f o l l o w e d by an 
oxygen p lasma f o r 10 seconds 

C C i s / 0 i s / s 

I s 2p 

As r e c e i v e d 12 .3 3.6 

Plasma t r e a t e d 25 2.6 

Oxygen p lasma f o r 20 seconds , f o l l o w e d by a p lasma 
f o r 10 seconds 

C, C 
± S / 0 , 1 S / S 0 I s 2p 

Plasma t r e a t e d 5 .2 2 .7 

s i t u a t i o n compared w i t h t h a t o f a samole t r e a t e d i n oxygen and 

hyd rogen plasma a l o n e . The i n t e n s i t y r a t i o o f C. o f the 
/ S „ 2p 

o r d e r o f 2.6 f o r b o t h d i f f e r e n t t r e a t m e n t s and a know lege o f the 

r e l a t i v e c o n t r i b u t i o n o f s i g n a l s f r o m t h e m o d i f i e d s u r f a c e , 

d e r i v e d u s i n g an e q u a t i o n 6.2 i n c h a p t e r s i x , sugges t t h a t t h e 

a l k y l t r i s u l p h i d e r e s u l t e d i n h i g h e r p o l y s u l p h i d e s , namely 

t e t r a s u l p h i d e , c o n c e i v a b l y v i a f r e e r a d i c a l mechanism. One 

w o u l d a l s o e x p e c t t h e same t r e n d f o r a 1 s u l p h u r - v u l c a n i s e d ' 

e l a s t o m e r , c o u p l e d w i t h such c o n d i t i o n s , i f t he above 

o b s e r v a t i o n i s g e n u i n e . The s u l p h u r s p e c t r a do n o t i n d i c a t e 

any p r o p e n s i t y f o r o x i d a t i o n t o s u l p h a t e s and , i f any f o r m e d , 
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w o u l d have been r e d u c e d e i t h e r t o a l k y l s u l p h i d e s o r t h i o l s 

o r the s u r f a c e was a b l a t e d , t he l a t t e r a p p e a r i n g more p r o b a b l e . 

The i n c r e a s e i n l e v e l o f oxygen f o r these k i n d s o f t r e a t 

ments are a s s o c i a t e d w i t h t h e i n c r e a s e o f ca rbon-oxygen 

f u n c t i o n a l i t i e s , as i s e v i d e n c e d by t h e deve lopment o f 

components unde r t h e enve lopes i n F i g u r e 7. 10. 

(c) Type 1 , N a t s y n 2200 , e l a s t o m e r i n h y d r o gen /oxygen plasmas 

A f t e r h a v i n g i n v e s t i g a t e d t h e e f f e c t o f t h e d i f f e r e n t 

exposure sequence o f hydrogen and oxygen plasmas on the 

d i n o n y l t r i s u l p h i d e , an opt imum c u r e d type 1 , Na t syn 2200, 

e l a s t o m e r c o n t a i n i n g a n t i o x i d a n t has been s u b j e c t e d t o 

hydrogen p lasma f o r 20 seconds , f o l l o w e d by a f u r t h e r 20 seconds 

i n oxygen p l a s m a ; and , a l s o , w i t h a sequence o f oxygen and 

hydrogen plasma a t a power l o a d i n g o f 1 w a t t and a t o t a l 

p r e s s u r e o f 0 . 2 t o r r , as i n d i c a t e d by the P i r a n i gauge on 

r e a c t o r A ( c o n f i g u r a t i o n i n c h a p t e r s i x ) . The r e a c t o r A , 

d i r e c t l y a t t a c h e d t o t h e s p e c t r o m e t e r , e n a b l e d the d i r e c t 

i n v e s t i g a t i o n o f samples by o b v i a t i n g t he e f f e c t o f a t m o s p h e r i c 

e x p o s u r e . 

The co re l e v e l s p e c t r a f o r an opt imum c u r e d t y p e 1 , Na t syn 

2200 , e l a s t o m e r are p r e s e n t e d i n F i g u r e 7 . 1 1 and the r e l e v a n t 

i n t e n s i t y r a t i o s a re s e t o u t i n Tab le 7. 1 1 . The d a t a c l e a r l y 

i l l u s t r a t e t h e d r a m a t i c e f f e c t on t he i n t e n s i t y r a t i o s i r r e s p e c t 

i v e o f t he sequence o f hydrogen and oxygen plasmas under t h e 

c o n d i t i o n s employed i n t h i s p a r t o f t h e s t u d y . The C. and 
J. s 

S^^ core l e v e l s p e c t r a i n F i g u r e 7 . 1 1 appear s i m i l a r , 

i r r e s p e c t i v e o f t he sequence o f h y d r o g e n and oxygen plasmas 

u s e d , w i t h o u t r e v e a l i n g any tendency f o r r e d u c t i o n o f o x i d i s e d 
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Tab le 7 . 1 1 

The r a t i o o f i n t e n s i t i e s o f t h e C, , 0_ , N n , S„ and 
I s I s I s 2p 

Zn„ bands i n t h e ESCA s p e c t r a o f as r e c e i v e d opt imum 3p 
c u r e d type 1 , N a t s y n 2 200, e l a s t o m e r c o n t a i n i n g a n t i 
o x i d a n t and h y d r o g e n / o x y g e n plasmas t r e a t e d N a t s y n 2200 

e1as tome r 

( 1 w a t t , 0 .2 t o r r as i n d i c a t e d p r e s s u r e ) 

Hydrogen p lasma f o r 20 seconds , f o l l o w e d 
by oxygen plasma f o r 20 seconds 

C C C C 
/ 0 , / S 0

 1 S / N 1

 ± S / Z n , I s 2p I s 3p 

As r e c e i v e d 16 2 7 69 2 4 

Plasma t r e a t e d 1.9 2 .9 10.2 18 .4 

Oxygen p lasma f o r 20 seconds , f o l l o w e d 
by hydrogen plasma f o r 20 seconds 

C, C C C 
1 S / 0 1

 1 S / S 0

 1 S / N n

 1 S / Z n _ I s 2p I s 3p 

Plasma t r e a t e d 2 . 0 7. 7 9 .7 16 

o r g a n i c s u l p h u r , w h i c h d i s t i n g u i s h e s f r o m t h e d i n o n y l t r i s u l p h i d e 

under such t r e a t m e n t s ; and, t h e r e f o r e , i t i s p r o b a b l e t h a t 

t h e a b l a t i o n o f t h e d i n o n y l t r i s u l p h i d e s u r f a c e may have been 

r e s p o n s i b l e f o r t h e d i sappea rance o f su lphone f u n c t i o n a l i t y . 

I t i s c l e a r l y e v i d e n t f r o m t h e d a t a i n Tab le 7 . 1 1 t h a t t h e 

l e v e l s o f s u l p h u r and n i t r o g e n are much h i g h e r t h a n f o r 

e l a s t o m e r s s t u d i e d p r e v i o u s l y i n oxygen and hydrogen plasmas 

a l o n e . The sha rp i n c r e a s e i n s u l p h u r l e v e l i s e i t h e r a s s o c i a t e d 

w i t h t he d i f f u s i o n o f s u l p h u r f r o m t h e b u l k t o t he s u r f a c e 

o r the t e t r a s u l p h i d e l i n k a g e s on average are c l e a v e d v i a f r e e 
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r a d i c a l mechanism r e s u l t i n g i n h i g h e r p o l y s u l p h i d e s ; t he 

l a t t e r seems more p r o b a b l e i n c o n j u n c t i o n w i t h the knowledge 

o f d i n o n y l t r i s u l p h i d e , s u b j e c t e d t o s i m i l a r c o n d i t i o n s . 

The o x i d i s e d s u l p h u r m o i e t y gave a d i s t i n c t peak o f e q u a l 

i n t e n s i t y t o t h e c o r r e s p o n d i n g u n o x i d i s e d s u l p h u r , o c c u r r i n g 

a t b i n d i n g e n e r g i e s o f 168.5 ( s u l p h o n i c a c i d ) and 163.7 eV 

r e s p e c t i v e l y . The d i s t r i b u t i o n o f ca rbon-oxygen f u n c t i o n a l i t i e s 

i s c l e a r l y e v i d e n t f r o m t h e s p e c t r a i n F i g u r e 7 . 1 1 . 

The d r a m a t i c r i s e i n the l e v e l o f n i t r o g e n a t t he s u r f a c e 

o f an e l a s t o m e r , m o n i t o r e d w i t h o u t exposure t o the a tmosphere , 

sugges t s t h a t t h e a n t i o x i d a n t (a condensate o f d i p h e n y l amine 

and acetone) has d i f f u s e d f r o m t h e b u l k t o t he s u r f a c e a f t e r 

p lasma t r e a t m e n t s . ( I t has p r e v i o u s l y been s t a t e d t h a t t h e 

i n c r e a s e i n l e v e l o f n i t r o g e n a t t h e s u r f a c e i s e i t h e r a s s o c i a t e d 

w i t h the d i f f u s i o n o f a n t i o x i d a n t f r o m the b u l k t o the 

s u r f a c e , o r i n c o r p o r a t e d f r o m t h e atmosphere by a r e a c t i o n o f 

n i t r o g e n w i t h t h e a c t i v e s i t e s on t h e s u r f a c e o f an e l a s t o m e r 

a f t e r b r i n g i n g t h e who le vacuum sys tem t o an a t m o s p h e r i c 

p r e s s u r e f o r t he t r a n s f e r o f the sample i n t o t he s p e c t r o m e t e r . 

The a c t i v e s i t e s are c r e a t e d by p l a s m a s . ) The n i t r o g e n ( N ^ s ) 

s p e c t r a are c o n s i s t e n t w i t h t he d i s t i n c t o v e r l a p p i n g components 

o f amine and p r o t o n a t e d amine a p p e a r i n g a t b i n d i n g e n e r g i e s o f 

^ 399 .0 and 402 .0 eV r e s p e c t i v e l y . 

7.4 C o n c l u s i o n 

The ESCA d a t a o f models and e l a s t o m e r s , c o u p l e d w i t h 

hydrogen plasmas a t b o t h modest and s u b s t a n t i a l l y h i g h e r power 

l o a d i n g s , have h i g h l i g h t e d t h e f o l l o w i n g 



( i ) The l e v e l o f s u l p h u r i n L . c y s t i n e remains e s s e n t i a l l y 

t h e same b e f o r e and a f t e r hyd rogen p lasma 

t r e a t m e n t s , whereas the d i n o n y l t r i s u l p h i d e 

i n d i c a t e d a l o s s o f s u l p h u r as and t h e sub

sequen t r e a c t i o n e i t h e r ceased a t t h i o l s o r t h e 

t h i o l s p o l y m e r i s e d t o g i v e h i g h e r s u l p h i d e s 

depend ing upon the c o n d i t i o n s . 

( i i ) The e f f e c t o f hyd rogen plasma on b i s - n - p r o p y 1 - y -

t r i e t h o x y t e t r a s u l p h i d e i s so d r a m a t i c t h a t i t was 

n o t p o s s i b l e t o o b t a i n t he d a t a beyond 10 seconds 

o f t r e a t m e n t a t a power l o a d i n g o f 1 w a t t and a 

t o t a l p r e s s u r e o f 0 . 1 t o r r . 

( i i i ) Type 1 , N a t s y n 2200 , e l a s t o m e r sugges t s a l o s s o f 

s u l p h u r i n t h e f o r m o f H „ S . 

i m a t e l y c o n s t a n t (2) a t a modest power l o a d i n g and 

t h e i n c r e a s e o f these r a t i o s by a f a c t o r o f two a t 

a s u b s t a n t i a l l y h i g h e r l o a d i n g f o r t he op t imum 

c u r e d e l a s t o m e r i s a s s o c i a t e d w i t h an i n c r e a s e o f 

z i n c l e v e l w i t h i n c r e a s i n g dep th i n t o the sample 

( i . e . as t he s u r f a c e i s a b l a t e d ) . 

( i v ) I r r e s p e c t i v e o f t he sequence o f h y d r o g e n / o x y g e n 

p lasma t r e a t m e n t s i n s e c t i o n 7 . 3 . 5 , the s u r f a c e o f 

d i n o n y l t r i s u l p h i d e and e l a s t o m e r i n d i c a t e d an 

i n c r e a s e o f s u l p h u r l e v e l , and the S,, peak f o r 

t h e op t imum c u r e d , Na t syn 2200 sample i s o x i d i s e d 

by 50% compared t o t he o x i d a t i o n i n oxygen p lasma 

a lone (^ 30%) , i n c h a p t e r s i x . 

The i n t e n s i t y r a t i o s o f Zn 
3p /S 

LBE are appro x -

2p 
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8 . 1 I n t r o d u c t i o n 

A v e r y l a r g e body o f knowledge on t h e t h e r m a l o x i d a t i o n 

o f po lymer s has been accumula t ed i n t h e l a s t f i f t y y e a r s , 

t h e m o t i v a t i o n b e i n g t h e g r e a t t e c h n o l o g i c a l i m p o r t a n c e o f 
? fi O— ? ft 3 

r u b b e r s . The p r e d o m i n a n t emphasis i n t hese s t u d i e s 

has been b u l k a n a l y s i s by t h e u s u a l c h e m i c a l and p h y s i c a l 

me thods , however , t h e r e has been l i t t l e work on t h e s u r f a c e 
284 

o x i d a t i o n o f e l a s t o m e r s . T h i s has been m a i n l y due t o t h e 

l a c k o f a s u i t a b l e a n a l y t i c a l t e c h n i q u e f o r a n a l y s i n g a v e r y 

t h i n s u r f a c e l a y e r i n t h e range 10 - 5oS. ESCA o f f e r s t h e 

p o s s i b i l i t y o f u n d e r t a k i n g such s u r f a c e s t u d i e s , a l t h o u g h i t 

may be a n t i c i p a t e d t h a t t h e c o m p l e x i t y o f t h e m a t e r i a l s m i g h t 

l e a d t o d i f f i c u l t i e s o r a m b i g u i t i e s o f i n t e r p r e t a t i o n . The 

l a r g e volume o f ESCA background i n f o r m a t i o n , w h i c h i s now 

a v a i l a b l e a t Durham, however , on b o t h c a r b o n and s u l p h u r 

c o n t a i n i n g systems make an i n v e s t i g a t i o n o f t he changes i n 

s u r f a c e c h e m i s t r y , as a f u n c t i o n o f t h e r m a l o x i d a t i o n wor th - 

w h i l e a t t h i s t i m e , i f o n l y f r o m an e m p i r i c a l b a s i s because 

o f t h e p a u c i t y o f a l t e r n a t i v e d a t a i n t h e l i t e r a t u r e . 

The g e n e r a l f e a t u r e s o f t h e b u l k o x i d a t i o n mechanism a re 
2 6 0— 288 

w e l l documented , and t h e y have been d e v e l o p e d p r i m a r i l y 

f r o m work on model systems l a r g e l y because o f t h e d i f f i c u l t i e s 

i n v o l v e d i n a n a l y s i n g s m a l l amounts o f c h e m i c a l changes i n 

p o l y m e r s ; and , t h e r e f o r e , i t i s t o t h i s p r o b l e m , t h e ESCA 

work i s addres sed ; t o i n v e s t i g a t e t h e s u r f a c e aspec t s o f 

' s u l p h u r - v u l c a n i s e d ' sys t ems . The c h o i c e o f method used t o 

o x i d i s e t h e sample s u r f a c e i s a l s o o f c o n s i d e r a b l e i m p o r t a n c e . 

For example , t h e r m a l o x i d a t i o n by s i m p l y h e a t i n g i n a i r a t 
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100°C, as has been used i n t h i s w o r k , i s n o t r e a d i l y c o n t r o l l e d 

and g e n e r a l l y causes o x i d a t i o n i n t o t h e b u l k o f t he 

.. 235,252-254 ,289 „ n 4 . . t u • * i sample . ' S o l u t x o n t e c h n i q u e s , f o r example 

290 

ch romic a c i d e t c h i n g , a l s o s u f f e r f r o m s i m i l a r d i f f i c u l t i e s 

and , i n a d d i t i o n , t h e l o s s o f low m o l e c u l a r w e i g h t f r a g m e n t s 

canno t be d i s c o u n t e d . The work h e r e , complements t h a t on 

plasma o x i d a t i o n i n c h a p t e r s i x , where t h e emphasis has been 

on a c o n s i d e r a t i o n o f plasma t e c h n i q u e s f o r d e l i n e a t i n g c r o s s 

l i n k f u n c t i o n a l i t y . 

D r a s t i c changes i n t e n s i l e s t r e n g t h , d i e l e c t r i c c o n s t a n t , 

e l o n g a t i o n , hardness and o t h e r p r o p e r t i e s a t an e l e v a t e d 

t e m p e r a t u r e can be caused by a few p e r c e n t o f oxygen 
, , . 291-306 m , • , , ^. , a b s o r p t i o n . The essence o f d e g r a d a t i o n i s a change i n 

s t r u c t u r e , and b o n d i n g t h a t may permeate t h e s u r f a c e , sub 

s u r f a c e , and b u l k ; i n h o m o g e n e i t i e s u s u a l l y r e s u l t i n t hese 

r e g i o n s . Thermal o x i d a t i o n , t h e r e f o r e , ex tends f r o m t h e 

s u r f a c e i n t o t h e b u l k . However, t h e i n i t i a l i n t e r a c t i o n o f 

oxygen a t 100°C w i t h ' s u l p h u r - v u l c a n i s e d ' p o l y i s o p r e n e , a t 

l e a s t as f a r as t h e s u r f a c e r e g i o n s a re c o n c e r n e d , i s 

domina ted by t h e p r o d u c t i o n o f p e r o x i d e s r e s u l t i n g i n a w i d e 

range o f f r e e - r a d i c a l s . A t t e m p t s a t i d e n t i f i c a t i o n and 

q u a n t i f i c a t i o n o f i n d i v i d u a l r a t e p rocesses i n t h e t h e r m a l 

o x i d a t i o n s t u d y have n o t been made; i n s t e a d , a t t e n t i o n has 

been f o c u s s e d on e x a m i n i n g t h e b r o a d o u t l i n e s o f t h e o x i d a t i v e 

d e g r a d a t i o n . 

8.2 E x p e r i m e n t a l 

8 . 2 . 1 Samples 

Samples o f an opt imum c u r e d t y p e 1, N a t s y n 2200, e l a s t o m e r 
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w i t h and w i t h o u t a n t i o x i d a n t ( s i z e o f 20 mm x 6 mm x 2.5 mm), 

mounted on m i c r o s c o p e s l i d e s , were h e a t e d i n an oven a t 

100 + 2 ° C , as a f u n c t i o n o f t i m e and , t h e n were s t u d i e d by 

ESCA i m m e d i a t e l y a f t e r t h e h e a t p r o c e s s i n g . 

D i r e c t h a n d l i n g o f t h e a c t u a l samples was a v o i d e d t o 

p r e v e n t c o n t a m i n a t i o n , w h i c h c o u l d c o n c e i v a b l y g i v e r i s e t o 

e x t r a n e o u s s i g n a l s . 

8 . 2 . 2 I n s t r u m e n t a t i o n 

ESCA s p e c t r a were r e c o r d e d o n an A E I ES200B s p e c t r o m e t e r , 

u s i n g M g R a r a d i a t i o n o f energy 1253.7 eV and A u ^ l e v e l 
1 / 2 7 / 2 

a t 84 eV b i n d i n g ene rgy f o r c a l i b r a t i o n had a f u l l w i d t h a t 

h a l f maximum (FWHM) o f 1.15 eV, under t h e employed c o n d i t i o n s . 

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 on a DuPont 

(model 310) Curve R e s o l v e r , w i t h b i n d i n g e n e r g i e s b e i n g 

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 .0 eV. 

A B and T Uni temp Oven (model BS2648) w i t h a f o r c e d a i r 

v e n t i l a t i o n r a t e o f 3 ,000 l i t r e s pe r hou r was used f o r 

t h e r m a l o x i d a t i o n o f e l a s t o m e r s a t 100 + 2 ° C . The r a d i a l 

f a n i m p e l l e r a t t h e base draws t h e a i r f r o m v a r i o u s l e v e l s 

over t h e h e a t e r e l emen t s and f o r c e s t h e h o t a i r i n t o t h e 

chamber, t h u s m i n i m i s i n g t h e t h e r m a l g r a d i e n t . 

8.3 R e s u l t s and D i s c u s s i o n 

8 . 3 . 1 I n t r o d u c t i o n 

The ma in emphasis o f t h i s c h a p t e r , w i t h t h e a p p l i c a t i o n o f 

ESCA, has been t o s t u d y t h e s u r f a c e o x i d a t i o n o f e l a s t o m e r s 

and t o i n v e s t i g a t e t h e e f f i c i e n c y o f a n t i o x i d a n t . Samples o f 

an opt imum c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r w i t h and 
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w i t h o u t a n t i o x i d a n t (a condensa te o f ace tone and d i p h e n y l 

amine added as a t h e r m a l a n t i o x i d a n t ) were o x i d i s e d by 

s i m p l y h e a t i n g i n a i r a t 100 + 2 ° C . 

I n v i e w o f t he c o m p l e x i t i e s p r e s e n t e d by t h e many 

f a c t o r s , such as t h e t y p e , t h e degree o f c u r e , p resence o f 

n o n - r u b b e r components , v u l c a n i s a t i o n i n g r e d i e n t s , a n t i o x i d a n t s , 

and by t h e b e h a v i o u r o f o x i d a t i o n o f p o l y i s o p r e n e s and 

s u l p h i d e s s e p a r a t e l y , i t i s c o n v e n i e n t t o d i v i d e t h e 

d i s c u s s i o n i n t o two p a r t s , namely t h e c h e m i s t r y o f p o l y 

i s o p r e n e s and s u l p h i d e s . The v i t a l r o l e o f s u l p h i d e s t o a c t 

as p r e v e n t i v e a n t i o x i d a n t a re a l s o d i s c u s s e d a l o n g w i t h t h e 

added a n t i o x i d a n t . 

The d e t a i l e d c o m p o s i t i o n s o f t y p e 1 , Na t syn 2200, 

e l a s t o m e r s w i t h and w i t h o u t a n t i o x i d a n t , as i n d i c a t e d i n 

c h a p t e r t h r e e , a re i d e n t i c a l . 

8 . 3 . 2 An opt imum c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r 
i n a i r a t 10QQC, as a f u n c t i o n o f t i m e 

F i g u r e 8 . 1 shows t h e C , 0 , , N and S~ p h o t o i o n i s a t i o n 

l e v e l s f o r t h e opt imum c u r e d t y p e 1 , N a t s y n 2200, e l a s t o m e r 

measured a t an e l e c t r o n t a k e - o f f a n g l e o f 3 0 ° a f t e r h a v i n g 

been h e a t e d i n a i r a t 100°C as a f u n c t i o n o f t i m e , and t h e 

c o r r e s p o n d i n g r e s u l t s f o r b o t h 3 0 ° and 7 0 ° t a k e - o f f a n g l e s a re 

r e p r e s e n t e d p i c t o r i a l l y i n F i g u r e s 8 .2 - 8.6 ( p a r t i a l r e s u l t s 

o f a h i g h e r t a k e - o f f ang l e a re i n c l u d e d , where a p p r o p r i a t e ) . 

A c o m p a r i s o n o f F i g u r e s 8 .2 and 8 .3 p e r t a i n 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 t i e s o f c a r b o n and s u l p h u r r e s p e c t i v e l y , 

as a f u n c t i o n o f t i m e , c l e a r l y d e m o n s t r a t e s t h a t t h e c a r b o n -

ca rbon d o u b l e bonds r e a c t w i t h oxygen a t a much f a s t e r r a t e 
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OPTIMUM C U R E D T Y P E 1 
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F i g u r e 8.1. C , O, f N. and S„ sp e c t r a of an optimum 
I s ' I s ' I s 2p 

cured type 1, Natsyn 2200, elastomer versus time 
of heat p r o c e s s i n g i n a i r at 100°C. 
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Figure 8.2. I n t e n s i t y of the various components of the C l g 

~ spectrum of an optimum cured type 1, Natsyn 
2200, elastomer i n r e l a t i o n to C ( t o t a l ) versus 
time of heat p r o c e s s i n g i n a i r a t 100°C. 
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than the c r o s s l i n k e d sulphur (organic s u l p h u r ) . T h i s 

observation a l s o r e c e i v e s support from the complete immediate 

absence of shake-up phenomenon approximately 6.5 eV from 

the main C^ g p h o t o i o n i s a t i o n peak on thermal treatment i n 

Figure 8.1. The asymmetrical peak (FWHM 1.7 eV compared 

with 1.5 eV of without a d d i t i v e s ) i s a s s o c i a t e d with C-0, 

C=0/0-C-0 and 0-C=0 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 t approximate 

binding energies of 286.6 eV, 288 eV and 289.1 eV r e s p e c t i v e l y , 

and these f e a t u r e s tend to a t t a i n a l i m i t i n g value a f t e r 

approximately four hours of exposure a t 100°C. The d i r e c t 

attack of oxygen a t the double bond r e s u l t i n g i n l o s s of 

unsa t u r a t i o n compared with the formation of peroxide and chain 

s c i s s i o n s o c c u r r i n g i n the polyisoprene can be explained by 

G r a s s i e ' s s c h e m e , a s f o l l o w s : 

Scheme 1 

°2 
~-CH=CH~ + 0„ > -^CH-CH =-» 

2 I 
°2 

<~= CH^CH^ 
~CH„-CH — > 2~CH +~CH-CH~ 

I 2 I II I 
•°2 .°2 ° ?2 

The mechanism for chain s c i s s i o n of polyisoprene i s much 

more complicated than the at t a c k of oxygen at the double bond. 

Thermal o x i d a t i o n of polyisoprene i s always accompanied by 
27 3 

some s c i s s i o n and the formation of v o l a t i l e products. 
The y i e l d of v o l a t i l e products i s a d i r e c t measure of s c i s s i o n 

OCT O C A 

i n both raw and v u l c a n i s e d rubber. ' 
I n o x i d a t i o n of a mixture of rubber and non-rubber 
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components with d i f f e r e n t polymer u n i t s (RH and R'H e t c . ) , 

the amount of each which w i l l r e a c t depends d i r e c t l y on t h e i r 

r e l a t i v e s t a b i l i t i e s and c o n c e n t r a t i o n s , provided that the 

r e s p e c t i v e peroxy r a d i c a l s (RC>2 and R'0 2^ a r e °^ t* i e s a m e 

r e a c t i v i t y ( i n r e a c t i o n s (8.3, (8.5) and (8.6)) as o u t l i n e d 

i n scheme 2 for u n i n h i b i t e d a u t o x i d a t i o n . 275,285,286,301 

Scheme 2 

I n i t i a t i o n Step Proproduction of R° or R0° r a d i c a l s 

Propagation Step R° + 0^ 

RO^ + RH 

2R° : 

-» R0 2H + R" 

Termination Step R + R0| > 7 non-chain c a r r i e r s 

2R0° 

(8.1) 

(8.2) 

(8.3) 

(8.4) 

(8.5) 

(8.6) 

According to the above scheme, the primary product of 

a u t o x i d a t i o n , hydroperoxide, i s probably a s s o c i a t e d with 

enhanced carbon-carbon bond f i s s i o n i n the back-bone of 
302 

polyisoprene, thus i n d i c a t i n g intimate connection with 

auto x i d a t i o n . The f a l l i n hydroperoxide concentration can be 

explained from another point of view that peroxy r a d i c a l s 

propagate the r e a c t i o n chain s o l e l y by a b s t r a c t i n g l a b i l e 

hydrogen atoms. However, as t h i s process decreases, another 

mode of peroxy r a d i c a l a t t a c k on the double becomes p o s s i b l e . 

I n other words, both hydroperoxide and diperoxide formation 
304 

proceed c o n s e c u t i v e l y i n the same molecule. A molecule of 

polyisoprene has four s i t e s , which are v u l n e r a b l e to a t t a c k by 
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a peroxy r a d i c a l , as i s shown i n scheme 3. The peroxy r a d i c a l s 

formed by combination with oxygen may r e a c t i n t r a m o l e c u l a r l y 

by a d d i t i o n to an adjacent double bond to form a c y c l i c peroxide 

Scheme 3 
Q CH_ 
I 2 

r» ~CH2-C=CH-CH2^-

^ 3 
/vCH2-C=CH-CH ~ + R00° 

CH 
I 3 . • H> 'VCH2-C=CH-CH~ 

CH 0 

-» ~ £ h - C = C H - C H ' » ' 

CH„ C H ~ | 3 / 2 
~CH0-C-CH 2 . \ 

00R 
which would r e a c t with another molecule of oxygen to form a new 

peroxy r a d i c a l , as i s i l l u s t r a t e d i n the fo l l o w i n g r e a c t i o n 

sequence: 
Scheme 4 

CH. l Q CH_ 
~CH„-C=CHCH„CH„C=CHCH, 

ROJ 

CH 0 
I 3 

CH_ 
I 3 

'^CH0-C=CHCHCH„C=CHCH„~ z o 2 2 
CH 3 CH_ 

i 3 

~CH„C=CHCCHCH 0C=CHCH ~ Z i Z z 
6 o° 

C H 3 
CH 3 / C H 2 - C 8

X 

~CH„C=CHCH ,CHCH ~ \ 0- / -0 

CH. 
CH_ II 3 „ CH 9-C"00° 

I 3 / 2 \ 
~CH0C=CHCH CHCH „<-v 2 \ / 2 

0 0 

0, 

0, 

RH 

CH_ 
I 3 

CH Q .CH--C"001* 
I 3 / 2 \ ~CH„C=CHCH CHCH ~ + R 2 \ / 2 

0 0 
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S e v e r a l a l t e r n a t i v e s t r u c t u r e s for the formation of 
, i _q 267,269 ,304-306 c y c l i c p e r o x i d i c intermediates have been p o s t u l a t e d , 

and i t i s l i k e l y t h a t more than one i s involved. I t has been 

g e n e r a l l y accepted t h a t the a c t u a l s c i s s i o n i n v o l v e s 

decomposition of t e r t i a r y alkoxy r a d i c a l s , derived from 

peroxy r a d i c a l s of the type as i s i n d i c a t e d i n the scheme 4. 

The type of cleavage b e l i e v e d to be involved to account for 

the observed products i s as f o l l o w s : 

Scheme 5 

CH. 
^CH-C=CH-CH 

CH^-C-0 
V- 2 V 

CH-CH~ 
\ I / 2 

o - f o 

CH 3 H 
CH2-C=CH-C=0 + 

°2 

CH_ 
I 3 

CH„-C—CH-COOH 
2 I I 0„ 0 o * 2 • 2 

CH_ 
' 3 

CH2-C=0 

°2 
. * f 3 

0 2-CH 2-C=0 

H 
+ 0=C-CH, 

HOOC-CH, 

I t i s not yet c l e a r , as to how carbonates are formed from the 

oxi d a t i o n of polyisoprene. 

The chemistry of polyisoprene o x i d a t i o n has been f u r t h e r 

complicated by the a d d i t i o n of acetone/diphenylamine 

condensate as a thermal a n t i o x i d a n t and the v a r i e t i e s of 

sulphur f u n c t i o n a l i t i e s o c c u r r i n g i n a conventional sulphur 
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a c c e l e r a t e d type 1, Natsyn 2200, elastomer, namely mono-, d i -

and p o l y s u l p h i d e s . I t has been e s t a b l i s h e d i n chapter three 

t h a t t h i s optimum cured elastomer had on average a f u n c t i o n a l i t y 

of four, i n d i c a t i n g t e t r a s u l p h i d i c linkage between two 

polyisoprene molecules. T h i s sulphide linkage occurs a f t e r 

every approximately 100 monomer repeat u n i t . S i n c e , the 

r e l a t i v e r e a c t i v i t i e s of d i f f e r e n t sulphide i s i n the order 

d i - < t r i - < t e t r a s u l p h i d e on exposure to oxygen plasma i n 

chapter s i x (the l i t e r a t u r e i n d i c a t e s the r e v e r s e order of 

r e l a t i v e r e a c t i v i t i e s i n more conventional l i q u i d phase 

oxidations'^ 0^) , i t i s , t h e r e f o r e , imperative to consider the 

smaller l i n k a g e s i n d e t a i l s as t e t r a s u l p h i d e . The v a r i o u s 

sulphide l i n k a g e s are o x i d i s e d from r e a c t i o n with hydro

p e r o x i d e s , ^ 0 ^ as are formed i n subsequent o x i d a t i v e 

treatments a t 100°C. 

An examination of S„ peaks and p l o t s of S„ ( o x i d i s e d ) / 
2p * * 2p 

S2p ^ t o t a-D i - n F i g u r e s 8.1 and 8.3 r e s p e c t i v e l y r e v e a l s the 

oxida t i o n of organic sulphides to a f i n a l product sulphate 

with binding energy of approximately 168.8 eV. Although, an 

attempt has not been made to deccnvolute the S 2 p peak i n t o 

sulphoxide components (̂  166.5 eV), i t was d e t e c t a b l e i n the 

range 0 - 1.5% under the S ^ envelope throughout the 

subsequent thermal treatments. Since sulphoxide i s many times 

more r e a c t i v e than sulphone, i t follows t h a t sulphoxide formed 

i n the e a r l y stages of oxidation and present i n a very small 

concentration on the s u r f a c e of an elastomer i s an a c t i v e 

i n h i b i t o r . T h i s f a c t c l e a r l y i m p l i e s t h a t i t i s not 

the s u l p h i d e s , which show the i n h i b i t o r y e f f e c t only a f t e r 
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the very s m a l l amount of oxygen absorption, but are one or 

more oxygenated d e r i v a t i v e s produced i n the a u t o x i d i s i n g 

medium. These could be the sulphoxides or t h i o s u l p h i n a t e s 

or a mixture of both, r e s u l t i n g from the r e a c t i o n of 

sulphides with hydroperoxides. The a n t i o x i d a n t a c t i v i t y 

r e s u l t s from a r a p i d conversion of sulphoxides i n t o sulphone 

f u n c t i o n a l i t i e s by i n t e r a c t i n g with hydroperoxides. The l o s t 

peroxides are r e p l e n i s h e d from the o x i d a t i o n of polyisoprene 

at decreasing r a t e , as i n d i c a t e d by the gradual r i s e of 

C^-oxygen f u n c t i o n a l i t i e s and a slow o x i d a t i o n r a t e of $2p 

l e v e l s i n F i g u r e s 8.2 and 8.3 r e s p e c t i v e l y . The dramatic 

f a l l of C-0 component i n the very i n i t i a l stage of o x i d a t i o n 

i n the presence of added a n t i o x i d a n t i n F i g u r e 8.2 i s 

conceivably a s s o c i a t e d with the i n t e r f e r e n c e of propagating 

c y c l e by the a n t i o x i d a n t . Although, the a c t i v e sulphoxides 

are e f f e c t i v e i n suppressing the autoxidation i n concentration 

much sma l l e r than t h e i r r e s p e c t i v e parent s u l p h i d e s , t h e i r 

a c t i o n i s s h o r t l i v e d as a r e s u l t of i n s t a b i l i t y a t an 

e l e v a t ed temperature and, the f u r t h e r o x i d a t i o n leads 

u l t i m a t e l y to sulphonic a c i d s through s e r i e s of 
315 

i n t e r m e d i a t e s , as are shown below: 
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Scheme 6 
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The net r e s u l t of decomposition of o x i d i s e d monosulphide 

linkage i s the l o s s of h a l f the o r i g i n a l c r o s s l i n k s , the 

monosulphides being converted i n t o d i s u l p h i d e bridges and 

these are f u r t h e r oxygenated to give v a r i o u s d e r i v a t i v e s . 

The new t h i o l s u l p h i n a t e c r o s s l i n k formed from monosulphides 

undergoes s c i s s i o n by a s i m i l a r mechanism to th a t i l l u s t r a t e d 

f o r the monosulphide linkage i n scheme 6, probably through 

a f r e e - r a d i c a l d i s p r o p o r t i o n a t i o n , i s as f o l l o w s : 

Scheme 7 
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CH 3 

C=CHCH=CH 

+ 

•C=CH-CH-CH„" 
I I 2 

CH 3 SSOH 

T h i o l s u l p h e n i c a c i d 



3 57 

P o l y s u l p h i d e s , t e t r a s u l p h i d e l i n k a g e s present i n a very 

l a r g e proportion, a l s o o x i d i s e i n a s i m i l a r manner as 

di s u l p h i d e i n scheme 7 to give v a r i o u s intermediates before 

the f u r t h e r o x i d a t i o n leads u l t i m a t e l y to sulphonic a c i d . 

The r e a c t i o n processes b e l i e v e d to occur, are as f o l l o w s : 

Scheme 8 
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The presence of sulphur dioxide i n scheme 8 i s s u s c e p t i b l e 

to f u r t h e r r a p i d o x i d a t i o n to S 0 3 and H 2S0 4 on r e a c t i o n with 

hydroperoxides, which may e x h i b i t as an e f f e c t i v e a n t i 

o x i d a n t , 3 1 3 , 3 1 4 or the S 0 2 may be l o s t from the s u r f a c e . The 

f a c t t h a t the p l o t of C, i n t e n s i t y r a t i o s i n Figure g.4 d i d 
2p 

not provide an evidence for the l o s s of sulphur from the 

s u r f a c e ; i n s t e a d , an i n c r e a s e of sulphur i s observed with 

i n c r e a s i n g o x i d a t i o n time, suggesting t h a t the sulphur from the 

bulk has d i f f u s e d to the s u r f a c e . The d e v i a t i o n s i n C, 
l s / s , 

2p 

i n t e n s i t y r a t i o s i n the presence and absence of a n t i o x i d a n t 

are a t t r i b u t e d to d i f f e r e n t s u r f a c e composition of each f r e s h 

sample taken for an i n v e s t i g a t i o n . 

30 

Wi th A n t i o x i d a n t 

W i t h o u t A n t i o x i d a n t 

16 

Time (hou rs ) 

F i g u r e 8.4. C I s /S 
as a fu n c t i o n of thermal ox i d a t i o n time 

2p 
for an optimum cured type 1, Natsyn 2200, elastomer 
i n a i r a t 100°C. 
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The sulphenic (RSOH), s u l p h i n i c (RS0 2H), sulphonic (RS0 3H), 

t h i o s u l p h o x y l i c (RSSOH) and thiosulphur (RSS0 3H) a c i d s formed 

from v a r i o u s types of sulphide l i n k a g e s r e a c t with hydro

peroxides to give n o n - r a d i c a l products. The sulphide c r o s s 

l i n k s , together with the pendent and c y c l i c groups containing 

sulphur, are thus a r e s e r v o i r of p o t e n t i a l o x i d i s e d sulphur 

compounds, which mainly f u n c t i o n as preventive and to a l e s s e r 
320 321 

extent as chain-breaking a n t i o x i d a n t s . ' 
The p l o t of S„ (oxidised) ,„ ,, .,. as a f u n c t i o n of time L 2p /S„ ( t o t a l ) * 2p 

i n F i g u r e 8.3 r e v e a l s the q u i t e d i s t i n c t i v e f e a t u r e s of organic 

sulphides that there i s a c e r t a i n time lag before the o x i d a t i o n 

of sulphides proceeds a u t o c a t a l y t i c a l l y and t h i s soon s l a c k e n s 

and, the a u t o r e t a r d a t i o n becomes p r o g r e s s i v e l y more severe as 

most of the hydroperoxides are consumed by r e a c t i n g with organic 

sulphides a f t e r a very s h o r t period of o x i d a t i o n . The 

d i f f e r e n c e s i n r e l a t i v e r a t e s of o x i d a t i o n of sulphides at 

t a k e - o f f angles of 30° and 70° are most l i k e l y due to the 

a v a i l a b i l i t y of o x i d i s i n g s p e c i e s (the concentration of 

peroxides i s g r e a t e r a t 70° take-off angle as a consequence of 

g r e a t e r a v a i l a b i l i t y of oxygen i n contact with the atmosphere) 
298 

r a t h e r than to the d i f f u s i o n process. I t has been suggested 

t h a t the d i f f u s i o n phenomenon i s n e g l i g i b l e i n the range < 5oS 

of the ESCA p r o f i l e depth. The i n h i b i t i o n period demands 

f u r t h e r study at a much lower temperature for i t s v a l i d i t y , 

which the time l a g , i f i t i s t r u e , would prolong. However, 

the evidence of F i g u r e 8.3 with the absence of a n t i o x i d a n t 

i n d i c a t e s a longer time lag than f o r systems containing added 

a n t i o x i d a n t . 
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I t has been s h o w n 3 1 0 ' 3 1 6 , 3 1 7 t h a t the presence of z i n c 

mercaptobenzthiazole and i t s hydrate as i n the type 1, 

Natsyn 2200, elastomer give a very good ageing r e s i s t a n c e . 

The mechanism of the a n t i o x i d a n t of z i n c complex has been 
318 

i n v e s t i g a t e d and has been shown to i n v o l v e the formation of 

the s t a b l e z i n c b e n z t h i a z o l e s u l p h i n a t e , which a c t s as a r e s e r v o i r for sulphur t r i o x i d e and hence E^SO^ for an e f f e c t i v e 
314 

n o n - r a d i c a l decomposition of hydroperoxides, as i s 

i l l u s t r a t e d i n scheme 9. 
Scheme 9 

R00H . •Zn > 

J2 
Zinc mercaptobenzthiazole Zinc b e n z t h i a z o l e s u l p h i n a t e 

R00H 

^CH + S 0 3 + ZnS0 4 

A condensate of acetone/diphenylamine added as a thermal 

a n t i o x i d a n t from the i n d u s t r i a l point of view to prevent, or a t 

l e a s t to r e t a r d the d e t e r i o r a t i o n of p h y s i c a l p r o p e r t i e s has 

a s u b s t a n t i a l e f f e c t on the r a t e of o x i d a t i o n and on the 

i n d u c t i o n period of organic s u l p h i d e s , as are evidenced i n 

F i g u r e 8.3. The r e l a t i v e r a t e of o x i d a t i o n a f t e r a u t o x i d a t i o n 

period (4 hours) i s approximately t h r e e - f o l d higher than i n 

the absence of a n t i o x i d a n t , suggesting t h a t the added a n t i 

oxidant i n t e r r u p t e d the propagation c y c l e by r e a c t i n g with 
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e i t h e r R° or R0° f r e e - r a d i c a l s . The chain breaking a n t i o x i d a n t , 

thus, retarded the o x i d a t i o n , as i s shown i n Fig u r e 8.5.' The 

mechanism i s b e l i e v e d to i n v o l v e the a b s t r a c t i o n of a hydrogen 

from the aromatic r i n g r e s u l t i n g i n formation of r a d i c a l ion 

on the aromatic r i n g , which, i n turn, i s s t a b i l i s e d 
R R R R R R v + 

N N 

RO 

R R 
0 

> Various products 

(A s t r u c t u r e , 
H 

C - N CH 

\ CH 

of acetone/diphenyl amine condensate has been supported by 

the ESCA i n v e s t i g a t i o n described i n chapter three.) 

The e f f e c t on the C, ( t o t a l ) i s l e s s pronounced as a 

r e s u l t of oxygen c o n t r i b u t i o n made from a n t i o x i d a n t (a 

condensate of acetone/diphenyl amine) to the t o t a l 0^(, s i g n a l 

and t h i s c o n t r i b u t i o n i n c r e a s e d with i n c r e a s i n g o x i d a t i o n time, 

as i s evidenced i n d i r e c t l y by the i n c r e a s e of s i g n a l i n 

Figure 8.6. The i n c r e a s e of a s i g n a l i m p l i e s that the 
322 

a n t i o x i d a n t has d i f f u s e d from the bulk to the s u r f a c e . 

The high l e v e l of a n t i o x i d a n t a t the s u r f a c e , i s , t h e r e f o r e , 

r e s p o n s i b l e f o r the retarded autoxidation, as i s i n d i c a t e d by 

C-H component i n Figure 8.2. The i n c r e a s e i n l e v e l of a n t i -
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Figure 8.5. 
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With Antioxidant 

Without Ant iox idant 
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Time (hours) 

C, /O, as a funct i o n of thermal o x i d a t i o n time I s I s 
for an optimum cured type 1, Natsyn 2200, elastomer 
i n a i r at 100°C. 

6 8 10 12 U 

T ime ( h ° u r s ) 

16 

F i q u r e 8 . 6 . C, /N. as a fu n c t i o n of thermal o x i d a t i o n time f o r 
an optimum cured type 1, Natsyn 2200, elastomer 
containing a n t i o x i d a n t i n a i r at 100°C. 
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oxidant at the s u r f a c e i s probably a s s o c i a t e d with the renewal 

of the s u r f a c e l a y e r , depleted by e r o s i o n , e t c . or with the 

r e s t r u c t u r i n g of the p a r t i a l l y degraded rubber network. 

However, the compounds as a n t i o x i d a n t are frequently capable 

of r e a c t i n g i n more than one way, i n c l u d i n g prooxidant e f f e c t s 

i n a d d i t i o n to the d e s i r e d a n t i o x i d a n t a c t i o n . The following 

r e a c t i o n sequence in c l u d e s four ways, i n which, a n t i o x i d a n t s 

may p a r t i c i p a t e i n the mechanism of retarded thermal 
• , 279,311,319 autoxodation: 

Scheme 10 

( i ) Prevention of peroxide i n i t i a t i o n by decomposing hydro

peroxides to form s t a b l e products r a t h e r than f r e e 

r a d i c a l s (preventive a n t i o x i d a n t being o x i d i s e d products 

of organic sulphides i n type 1, Natsyn 2200 e l a s t o m e r ) . 

( i i ) I n i t i a t i o n by d i r e c t a t t a c k of oxygen on the a n t i o x i d a n t 

to produce c h a i n - i n i t i a t i n g r a d i c a l s . 

( i i i ) Chain t r a n s f e r with the a n t i o x i d a n t , i n which the 

r a d i c a l derived from the a n t i o x i d a n t r e a c t s i n some 

way to reform a propagating f r e e r a d i c a l . 

( i v ) Termination by hydrogen donation to RO^ as i n the f i r s t 

step of chain t r a n s f e r , followed by r e a c t i o n s of the 

a n t i o x i d a n t r a d i c a l with a second R0 2, thus terminating 

two k i n e t i c chains per molecule of a n t i o x i d a n t 

consumed. 
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Peroxide D e s t r u c t i o n : 
(preventive antioxidant) 

ROOH + AH — > 
nonr a d i c a l products 

(8.7) 

I n i t i a t i o n : (peroxide decomposition) nROOH —>R0 , R0 2, 

0 2 (attack on ant i o x i d a n t ) 

Propagation: (same as unhibited) 

AH + 0, A + HO, 

R0 2 + RH —>R00H + R 

R + 0 2 — ^ R0°2 

Chain T r a n s f e r : (with a n t i o x i d a n t ) R0 2 + AH -—^ ROOH + A 

Termination: (by anti o x i d a n t ) 

(as i n un i n h i b i t e d ) 

A + RH — ^ A0 2H + R0 2 

> ROOH + A* R0 2 + AH 

A0 2 + A R0 2A 

2A 

2R0„ 

A-A 

-> n o n r a d i c a l 
products + 0 2 

R0 2 + R R0 2R 

2R R-H 

8.8) 

8.9) 

8.10) 

8.11) 

8.12) 

8.13) 

8. 14) 

8. 15) 

8. 16) 

8.6) 

8.5) 

8.4) 

The mechanism of retarded autoxidatiort of elastomers i n 

the presence of a n t i o x i d a n t s thus i n c l u d e s the same fundamental 

f r e e r a d i c a l r e a c t i o n as u n i n h i b i t e d autoxidation i n scheme 2. 

However, the i n i t i a t i o n , propagation, and termination processes 

are a l t e r e d by r e a c t i o n s with the an t i o x i d a n t . 

I t i s c l e a r l y evident t h a t the ad d i t i o n of a n t i o x i d a n t 

i n t o the Natsyn 2200 formulation r e s u l t s i n a s h o r t e r 

i n h i b i t i o n period for the ox i d a t i o n of organic sulphide than 

i n the absence of a n t i o x i d a n t ; which, i n turn, i m p l i e s t h a t 

the e a r l i e r the sulphides are o x i d i s e d , b e t t e r i s the ageing 

of the elastomer. The o x i d i s e d products of organic sulphide 
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I t has already been seen i n chapter s i x t h a t plasma 

ox i d a t i o n , u n l i k e thermal o x i d a t i o n , was unaffected by the 

a n t i o x i d a n t and, the elastomer with and without a n t i o x i d a n t 

showed the same extent of o x i d a t i o n immediately a f t e r oxygen 

plasma treatment. Thermal and plasma treatments d i f f e r i n 

the i n i t i a l steps of o x i d a t i o n processes. The i n i t i a l steps 

for thermal o x i d a t i o n i n ( 8 . 1 ) , (8.8) and (8.9) are d r i v e n by 

the thermal energy and proceed on a time s c a l e of hours; 

whereas, the i n i t i a l steps for the oxygen plasma i n scheme 11 

involve the d i s s o c i a t i o n of bonds by i n e l a s t i c c o l l i s i o n s of 

high energy s p e c i e s with the polymer s u r f a c e and, a t a g r e a t e r 

depth, d i s s o c i a t i o n i s from absorption-of UV r a d i a t i o n . 

Once the oxidation has i n i t i a t e d , the ensuing r e a c t i o n s are 

Scheme 11 

RH + 0 
«?> R + R"0 

(8.17) 
R + OH 

RH + 20° > R + H* + 0 2 (8.18) 

RH * R° + H° (8.19) 

s i m i l a r f o r both plasma and thermal o x i d a t i o n . The production 

of f r e e r a d i c a l s i n thermal oxidation i s a chain process but 

being very slow. The polymer f r e e r a d i c a l s , a f t e r i n i t i a t i o n , 

are generated through the oxidation process i t s e l f . The 

a n t i o x i d a n t terminates the r e a c t i o n through a s e r i e s of 

s t e p s , as i n d i c a t e d i n (8.13) - (8.16) of scheme 10. 
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I n plasma o x i d a t i o n , the a n t i o x i d a n t s t i l l terminates 

the o x i d a t i o n chain r e a c t i o n s but, does not decrease the 

o x i d a t i o n r a t e . The polymer f r e e r a d i c a l s generated by 

(8.17), (8.1.8) and (8.19) steps d i f f e r e n t i a t e from the 

thermal o x i d a t i o n . 

8.4 Conclusion 

An optimum cured type 1, Natsyn 2 200, elastomer i n the 

presence and absence of a n t i o x i d a n t (a condensate of acetone/ 

diphenylamine) studied with the a p p l i c a t i o n of ESCA a f t e r 

heat p r o c e s s i n g i n a i r a t 100°C has h i g h l i g h t e d the f o l l o w i n g 

p o i n t s : 

( i ) The carbon-carbon double bonds of polyisoprene 

are very r a p i d l y o x i d i s e d , as i s evidenced by the 

immediate complete l o s s of shake-up phenomenon, 

approximately 6.5 eV from the main C p h o t o i o n i s a t i o n 

pe ak. 

( i i ) There i s very r a p i d b u i l d up of hydroperoxide 

concentration at the s u r f a c e i n the f i r s t few 

minutes of thermal treatments and t h i s r e s u l t e d i n 

o x i d a t i o n of organic s u l p h i d e s . 

( i i i ) The oxidation of organic sulphides revealed a 

c e r t a i n time l a g before the o x i d a t i o n could proceed. 

The presence and absence of a n t i o x i d a n t gave 

i n h i b i t i o n period of approximately h a l f an hour 

and one and a h a l f hours r e s p e c t i v e l y . 

( i v ) The products of o x i d i s e d organic s u l p h i d e s , but not 

t h e i r parent s u l p h i d e s , have been found to be an 
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e f f e c t i v e a n t i o x i d a n t i n conjunction with the 

added thermal a n t i o x i d a n t . The behaviour of 

o x i d i s e d organic sulphides i s a t t r i b u t e d to the 

c a t a l y t i c decomposition of hydroperoxides. 

The thermal a n t i o x i d a n t and the o x i d i s e d organic 

s u l p h i d e s , thus, i n d i c a t e d the dual c h a r a c t e r i s t i c s 

i n p r o t e c t i n g from d e t e r i o r a t i o n of a sample. 
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9 .1 I n t r o d u c t i o n 

As has already been s t a t e d i n chapter one, the most 

important aspect of c u r r e n t i n t e r e s t s i n the chemistry of 

v u l c a n i s a t i o n i s the problem of determining the s t r u c t u r e of 

rubber v u l c a n i s a t e s and, hence, the r e l a t i v e proportions of 

d i f f e r e n t types of c r o s s l i n k s . The thermal and mechanical 

p r o p e r t i e s of v u l c a n i s e d rubbers are s t r o n g l y dependent on the 
2 45 295 297 

d i f f e r e n t types of c r o s s l i n k s . ' ' ' The d i r e c t methods 
for e s t i m a t i o n of the s t r u c t u r a l p r o p e r t i e s of v u l c a n i s a t e s 

96 
include measurements of p h y s i c a l p r o p e r t i e s such as 

64 369 , . . . . 40,41 s w e l l i n g , creep and s t r e s s - s t r a i n r e l a x a t i o n . 

S p e c i f i c degradation with chemical reagents ( s o - c a l l e d chemical 

probes), which r e a c t and break c r o s s l i n k s of p a r t i c u l a r types, 

are employed i n combination with the s t r e s s - s t r a i n 
64 95 

measurements ' for determining the r e l a t i v e proportions of 

d i f f e r e n t types of c r o s s l i n k s . The p h y s i c a l assessment before 

and a f t e r treatment with reagents, t h e r e f o r e , allows the 

e s t i m a t i o n of d i f f e r e n t types of c r o s s l i n k s . Despite the 

e x i s t i n g methods, there i s s t i l l a demand for improving the 

procedures to determine the types and d i s t r i b u t i o n of s u l p h i d i c 
96 

br i d g e s , e s p e c i a l l y i n f i l l e d v u l c a n i s a t e s . 

The approach to c h a r a c t e r i s a t i o n of a v u l c a n i s a t e network 

i n terms of the r e l a t i v e proportions of the d i f f e r e n t types of 

chemical c r o s s l i n k s , i n t h i s chapter, i s based on treatment 

with a s o l u t i o n of propane-2-thiol (0.4M) and p i p e r i d i n e 

(0.4M) i n heptane to c l e a v e the polysulphide l i n k a g e s only, 

l e a v i n g d i - and monosulphide c r o s s l i n k s i n t a c t i n the sulphur 

v u l c a n i s a t e . The treatment i n v o l v e s an exposure time of two 
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hours a t room temperature and the use of a second s o l u t i o n of 

n-hexanethiol (1.0M) i n p i p e r i d i n e - which c l e a v e s both d i -

and polysulphide b r i d g e s , l e a v i n g only monosulphides 

i n t a c t . ' The treatment of ' s u l p h u r - v u l c a n i s e d 1 elastomers 

with a s o l u t i o n of propane-2-thiol and p i p e r i d i n e i n heptane 

assumes t h a t the polysulphides are orders of magnitude more 

r e a c t i v e than d i s u l p h i d e s and, the concentration of d i s u l p h i d e s 

remains e s s e n t i a l l y the same, under the conditions employed. 

The use of t h i s reagent i n conjunction with the other 

s o l u t i o n and the d i f f e r e n c e i n chemical r e a c t i v i t y allow mono-, 

d i - , and polysul p h i d e s to be determined i n t h i s way a t l e a s t 

f o r the bulk. 

I t i s a n t i c i p a t e d t h a t , i n the treatment of v u l c a n i s a t e s 
370 

with s o l u t i o n s , the m o b i l i t y of sur f a c e f u n c t i o n a l groups 

and the high s e n s i t i v i t y of ESCA may s e r i o u s l y a f f e c t the 

i n t e r p r e t a t i o n of the s u r f a c e chemistry of the t r e a t e d 

elastomers. Nevertheless, i t i s worthwhile c o n s i d e r i n g the 

ESCA examination of the elastomers t r e a t e d i n s o l u t i o n s f o r 

comparison with bulk s t u d i e s reported i n the l i t e r a t u r e . 

9.2 Experimental 

( i ) N atural rubber v u l c a n i s a t e s of two formulations, 

with sulphur/N-cyclohexylbenzthiazyl sulphenamide 

(CBS) and tetramethylthiuram d i s u l p h i d e (TMTD), 

r e s p e c t i v e l y , have been analysed by ESCA, as a 

fun c t i o n of cure time. 

( i i ) The formulations of the samples, a l l cured on a 

calendering system a t 150°C i n a i r , with a 2 mm 
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nip s e t t i n g to draw i n t o s h e e t s , as a f u n c t i o n of 

time are shown i n Table 9.1. The samples were 

r e c e i v e d i n paper envelopes and sto r e d i n the dark 

Table 9.1 

Natsyn 2200 Sample Formulations 

1 2 
weight moles weight moles 
(%) (%) (%) (%) 

Natsyn 2200 90 90.3 89.3 94.3 
( c i s - p o l y i s o p r e n e ) 

Zinc oxide 4.54 4.1 4.44 3.91 

S t e a r i c a c i d 2.72 0.69 2.72 0.72 

CBS 0.54 0.14 

Sulphur 2.2 4.8 -

TMTD - - 3.5 3 1.08 

Cure time (minutes) a t 150°C 

Type 1 14 16 20 25 

Type 2 5 10 15 25 

( i i i ) The e f f e c t s of propane-2-thiol and p i p e r i d i n e 

s o l v e n t s alone on the p a r t i c u l a r v u l c a n i s a t e have 

been i n v e s t i g a t e d as a funct i o n of r e a c t i o n time, 

before c a r r y i n g out s p e c i f i c cleavage of sulphide 

c r o s s l i n k s w ith the s o l u t i o n of the thiol-amine 

reagent. 

( i v ) The type 1 and type 2 v u l c a n i s a t e s were t r e a t e d 

with a s o l u t i o n of propane-2-thiol (0.4M) and 
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p i p e r i d i n e (0.4M) i n heptane f o r ̂  3 hours to 

cle a v e the polysulphide c r o s s l i n k s and a s o l u t i o n 

of n-hexanethiol (1.0M) i n p i p e r i d i n e f o r ̂  15 

hours to break both polysulphide and d i s u l p h i d e 

c r o s s l i n k s . 

For a given cure time, separate specimens from the 

same v u l c a n i s a t e sheet were used for the 

determination of (a) t o t a l chemical c r o s s l i n k 

d e n s i t y , (b) chemical c r o s s l i n k d e n s i t y a f t e r 

treatment with propane-2-thiol (0.4M) and p i p e r i d i n e 

(0.4M) i n n-heptane s o l u t i o n , and (c) chemical 

c r o s s l i n k d e n s i t y a f t e r treatment with n-hexanethiol 

(1.0M) i n p i p e r i d i n e s o l u t i o n . The concentration 

of monosulphides i s obtainable d i r e c t l y from (C) 

a f t e r hexanethiol treatment, on the assumption t h a t 

the s i g n a l was only from the sulphide c r o s s 

l i n k s and the t h i o l s d i d not r e a c t with the rubber 

network. The concentration of d i s u l p h i d e c r o s s l i n k s 

i s a t t r i b u t e d to the d i f f e r e n c e of (b) and (c) 

treatments and the concentration of polysulphide 

c r o s s l i n k s i s r e l a t e d to the d i f f e r e n c e of (a) and 

(b) ( t o t a l chemical c r o s s l i n k d e n s i t y minus chemical 

c r o s s l i n k d e n s i t y a f t e r treatment with propane-2-

t h i o l r e a g e n t ) . 

I n a l l c a s e s , the samples have been t r e a t e d a t room 

temperature. The samples were cut to an appropriate 

s i z e (20 mm x 6 mm x 2.5 mm), with a p a i r of 

s c i s s o r s , f o r mounting onto the spectrometer probe 

t i p . 



3 7 2 

The rubber sample and reagent s o l u t i o n (or pure 

solvent) were placed i n separate limbs of an 

apparatus (Figure 9.1) c o n s i s t i n g of two g l a s s tubes 

connected near t h e i r upper ends by a sh o r t t r a n s 

verse tube. The s o l u t i o n was degassed i n one limb 

Vacuum 

f 

Vacuum va lve 

r 

2 

S o l v e n t 

Sample 

Figure 9.1. Schematic r e p r e s e n t a t i o n of an apparatus, used 
for s p e c i f i c degradation of sulphide c r o s s l i n k s 
a t room temperature. • 

and the rubber i n the other limb, the apparatus 

s e a l e d i n vacuum and the s o l u t i o n then t r a n s f e r r e d 

onto the sample i n the dark, through the t r a n s 

v e r s e tube. This was achieved by t i l t i n g the 

s o l u t i o n tube by 90°. The whole apparatus was l e f t 



3 7 3 

i n the dark, with the sample l y i n g h o r i z o n t a l i n 
3 

the s o l u t i o n (40 cm of reagent s o l u t i o n per gram 

of rubber) to avoid mechanical d i s t o r t i o n . T h i s 

i s p a r t i c u l a r l y important during chemical treatment 

and subsequent e x t r a c t i o n and/or s o l v e n t removal. 

A f t e r a standard r e a c t i o n time ( s e c t i o n 9.3.2), 

the sample was removed from the reagent s o l u t i o n 
i n the dark, and q u i c k l y d r i e d to constant weight 

_ 3 

i n vacuum 10 t o r r ) a t room temperature, before 

obtaining the ESCA s p e c t r a . 

( v i ) The ESCA examinations have been c a r r i e d out on an 

AEI ES200B spectrometer using Mg r a d i a t i o n and 
K a l , 2 

Au. l e v e l a t 84 eV binding energy f o r c a l i b r a t i o n 
7 

purposes had a FWHM of ^ 1.2 eV. The s p e c t r a were 

re s o l v e d and i n t e g r a t e d with a DuPont curve 

r e s o l v e r . 

( v i i ) The high binding energy components under the $2p 

envelopes a f t e r deconvolution are a t t r i b u t e d to 

the organic sulphur ( i . e . mono-, d i - and poly

s u l p h i d e s , and a l s o Sg) and the low binding energy 

components to i n o r g a n i c sulphur ( z i n c sulphide)., 

9.3 R e s u l t s and D i s c u s s i o n 

9.3.1 I n t r o d u c t i o n 

The treatment of elastomers with t h i o l s o l u t i o n s i s based 

on n u c l e o p h i l i c displacement r e a c t i o n s by a l k a n e t h i o l s on 

sulphur atoms of poly- and d i s u l p h i d e s to give cleavage of 

sulphur-sulphur bonds, as depicted i n scheme 1. The r e l a t i v e 
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Scheme 1 

R-S: 
H 

S-R 
I 
R 

R-S-R' + HS-S -R1 

R-S: : S-S-R 3> R-S-S-R' + HS-R1 

H R' 

R-S: R'-S-R *-» R-S-R' + R'SH 
H 

r a t e s of the three displacement r e a c t i o n s depend on the 

s e l e c t i v i t y of the n u c l e o p h i l e s . The r e a c t i o n w i t h poly-

sulphides (x > 3) i s a more r a p i d process than w i t h d i s u l p h i d e s 
96 

o c c u r r i n g q u a n t i t a t i v e l y w i t h i n two hours, and the 

corresponding d i s u l p h i d e s r e a c t a t l e a s t 1000 times more slowly 

and are e s s e n t i a l l y u naffected i n the time r e q u i r e d for the 

complete decomposition of p o l y s u l p h i d e s . The carbon-sulphur 

linkage i n monosulphides i s h i g h l y r e s i s t a n t to such 

n u c l e o p h i l i c displacement. 

The r e a c t i o n with p o l y s u l p h i d e s becomes extremely f a s t i n 

a more polar s o l v e n t and the r e a c t i o n with d i s u l p h i d e i s 

s u f f i c i e n t l y f a s t to be experimentally u s e f u l . Such marked 

i n c r e a s e i n r e a c t i o n r a t e has been reported to be achieved by 

using a s o l u t i o n of n-hexanethiol (1.0M) i n p i p e r i d i n e f o r 

combined d i - and polysulphide cleavage i n s t e a d of a s o l u t i o n 

of propane-2-thiol (0.4M) and p i p e r i d i n e (0.4M) i n heptane, 

which the l a t t e r c l e a v e s p o l y s u l p h i d e s only, l e a v i n g d i - , and 
96 

monosulphides i n t a c t . These reagents are widely used i n 
t h i s chapter f o r the treatment of 'sulphur-vulcanised' networks. 
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9.3.2 E f f e c t of reagents on elastomers 

(a) I n t r o d u c t i o n 

The main emphasis i n t h i s p r e l i m i n a r y work has been to 

i n v e s t i g a t e the e f f e c t of s o l v e n t s and s o l u t i o n s on the 

p a r t i c u l a r type of v u l c a n i s a t e , as a f u n c t i o n of r e a c t i o n 

time to provide a b a s i s for the i n t e r p r e t a t i o n of the ESCA 

data. I t i s a n t i c i p a t e d t h a t the m o b i l i t y of s u r f a c e 

f u n c t i o n a l groups, the i n c o r p o r a t i o n of thiol-amine reagent 

i n t o the rubber network, and the high s u r f a c e s e n s i t i v i t y of 

ESCA may lead to unambiguous i n t e r p r e t a t i o n of v u l c a n i s a t e s 

a f t e r treatment with propane-2-thiol and p i p e r i d i n e i n n-

heptane and hexanethiol i n p i p e r i d i n e for cleavage of poly-

sulphides only and for combined cleavage of d i - and poly-

sulphides r e s p e c t i v e l y . 

The ESCA i n v e s t i g a t i o n of as r e c e i v e d elastomers (chapters 

three, four and f i v e ) h i g h l i g h t e d the complex nature of the 

elastomer s u r f a c e s and t h e i r dependence on the i n i t i a l bulk 

formulation and sample h i s t o r y . The r e a c t i o n s of elastomers 

with plasma treatment are a l s o by no means s t r a i g h t f o r w a r d ; 

n e v e r t h e l e s s , i t i s , worthwhile, now c o n s i d e r i n g the ESCA 

examination of elastomers t r e a t e d with chemical reagents. 

(b) Type 1, Natsyn 2200, elastomer i n p i p e r i d i n e 

The core l e v e l s p e c t r a a t an e l e c t r o n take-off angle of 

30° for the type 1, Natsyn 2 200, elastomer (cured f o r 14 

minutes) t r e a t e d with p i p e r i d i n e as a function of time are 

presented i n Figure 9.2 and the r e l e v a n t i n t e n s i t y r a t i o s 

are s e t out i n Table 9.2. 

The data c l e a r l y i n d i c a t e t h a t p i p e r i d i n e has no e f f e c t 
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Table 9.2 

Type 1, Natsyn 2200, elastomer (cured for 14 minutes) 
t r e a t e d with p i p e r i d i n e a t room temperature 

I n t e n s i t y r a t i o s 

Reaction C C C C C HBE 
time l s / 0 l s

 1 S / N l s
 1 S / S l 3 / Z n l s / S 

(hours) i S 1 S Z p J p P 

As 0 10.0 - 17 26 30 
r e c e i v e d 

0.5 9.0 25 17 17 30 

4 9.0 16 14 23 25 

on the l e v e l of sulphur, w h i l s t the l e v e l of nitrogen i n c r e a s e s 

with r e a c t i o n time and, t h i s i s most l i k e l y a s s o c i a t e d with 

the formation of complexes between sulphur and p i p e r i d i n e 

under the employed c o n d i t i o n s . Analogous behaviour of t h i s 

genre i s the a c t i o n of p i p e r i d i n e at room temperature on 

d i a l k y l t e t r a s u l p h i d e i n removing a considerable proportion of 

the p o l y s u l p h i d i c sulphur i n the form of complex, the 

t e t r a s u l p h i d e being l a r g e l y converted i n t o d i s u l p h i d e . I t i s , 

t h e r e f o r e , conceivable t h a t the removed sulphur from the 

polysulphide bridge i s r e t a i n e d i n the s u r f a c e region such 

t h a t the l e v e l of sulphur remains e s s e n t i a l l y unaffected. 

A very s l i g h t i n c r e a s e i n oxygen l e v e l ( a r i s i n g from 

trapped a i r bubbles) i s a s s o c i a t e d with the development of 

v a r i o u s carbon-oxygen, and sulphur-oxygn f u n c t i o n a l i t i e s , as 

are evidenced from the s p e c t r a i n Figure 9.2. 

The nitrogen peaks i n d i c a t e the presence of at l e a s t two 

components, namely protonated amine at ^ 402 eV and amine a t 
i 

^ 399.0 eV. The C-0, C=0 and C=0 f u n c t i o n a l i t i e s are e v i d e n t 
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a t C binding energies of 286.1 eV, 288.0 eV and 289.2 eV 
J- S 

r e s p e c t i v e l y . A broad development of a S 2 p peak i n the region 
I' 

^ 168.0 eV i s i n d i c a t i v e of -S- sulphone s t r u c t u r e . 
0 

(c) Type 1, Natsyn 2200, elastomer i n propane-2-thiol 

The data i n Table 9.3, p e r t a i n i n g to F i g u r e 9.3, for the 

type 1, Natsyn 2200, elastomer cured for 14 minutes, r e v e a l 

a s u b s t a n t i a l amount of l o s s of organic sulphur on treatment 

with propane-2-thiol at room temperature, as i s evidenced by 
the C, HBE i n t e n s i t y r a t i o s . 

2p 

Table 9.3 

Type 1, Natsyn 2200, elastomer (cured f o r 14 minutes) 
t r e a t e d with propane-2-thiol a t room temperature 

I n t e n s i t y r a t i o s 

Reaction C C C C C, HBE 
time i S / 0 n

 i S/N 1
 i s/S„ /Zn^ 1 S / S „ 

(hours) l s 1 3 2P 3 P 2 p 

As r e c e i v e d 0 10.0 - 17 26 30 

0.5 8 53 19 17 47 

4 9 85 22 13 60 

The o v e r a l l l o s s of sulphur from the sulphide l i n k a g e s 

may be summarised, as f o l l o w s : 

Scheme 2 

RSH + R'SSR' * RSSR' + R'SH 

RSH + RSSR' s . Y RSSR + R'SH 

RSH + R'SS SR' . N RSSR' + HS SR 1 

x ^ x 
(2x-l)RSH + HS SR' s

 % RSSR' + H S + (x-l)RSSR 

RSH + RSSR' N RSR + R'SH 
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The requirement of a s a t i s f a c t o r y chemical reagent f o r 

s e l e c t i v e cleavage of sulphide c r o s s l i n k s i n v u l c a n i s a t e has 
96 

been described by S a v i l l e and Watson. I t can be concluded 

from the known r e l a t i v e r e a c t i v i t i e s of polysulphides and 

d i s u l p h i d e s towards propane-2-thiol and p i p e r i d i n e i n n-heptane 

s o l u t i o n t h a t the r e a c t i o n c o n d i t i o n s , which r e s u l t i n the 

cleavage of d i s u l p h i d e c r o s s l i n k s at an experimentally u s e f u l 

r a t e , w i l l a l s o cause extremely r a p i d cleavage of p o l y s u l p h i d e s 

under the same c o n d i t i o n s . 

The nitrogen s i g n a l a r i s e s as contaminant and i s broadened 

by the presence of amine and protonated amine f u n c t i o n a l i t i e s 

at binding energies ^ 399.0 eV and ^ 402 eV r e s p e c t i v e l y . The 

a i r bubbles, trapped during the curing process on a c a l e n d e r i n g 

system a t 150°C i n a i r , are conceivably involved 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 , as i s evidenced by the high energy t a i l of 

C- ŝ envelope and by the development of a broad band at ^ 

168.0 eV i n the S„ regions. 
2p 

(d) Type 1, Natsyn 2200, elastomer, i n a s o l u t i o n of propane-
2 - t h i o l (0.4M) and p i p e r i d i n e (0.4M) i n heptane, as a 
f u n c t i o n of time 

On the b a s i s of p r e l i m i n a r y examination for the r e a c t i o n s 

between organic sulphides i n v u l c a n i s a t e s and p i p e r i d i n e and 

propan-2-thiol s o l v e n t s , a r e a c t i o n of v u l c a n i s a t e s with a 

s o l u t i o n of propane-2-thiol (0.4M) and p i p e r i d i n e (0.4M) i n 

heptane has been chosen fo r f u r t h e r study, as a f u n c t i o n of 

r e a c t i o n time. The data i n Figure 9.5, p e r t a i n i n g to the 

raw s p e c t r a i n F i g u r e 9.4, i l l u s t r a t e the e f f e c t of the t h i o l -

amine reagent on the type 1, Natsyn 2200, elastomer (cured 

fo r 14 minutes on a c a l e n d e r i n g system at 150°C i n a i r ) . 
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TYPE 1, NATSYN 2200, ELASTOMER/THIOL-AMINE 

2 Hours 

:h iti — 5 J 7 uS J35 sH S29 t'C5 ioi «B too 391 3s* 
0,s N 1 S 

A t r«c»iv*d 

T70 16* tSs ife l b 160 
SjP 

C, , 0, , N, and S« s p e c t r a of a type 1, I s I s I s 2p c J r 

Natsyn 2200, elastomer (cured for 14 minutes) 
versus time of treatment with a s o l u t i o n of 
propane-2-thiol (0.4M) and p i p e r i d i n e (0.4M) 
i n heptane. 



fig 

Time (hours) 

Figure 9.5a, N, and S~ l e v e l s i n I s 2p I n t e n s i t y r a t i o s of the G, * I s 
the ESCA s p e c t r a of a type 1, Natsyn 2200, 
elastomer (cured for 14 minutes) versus time of 
treatment with a s o l u t i o n of propane-2-thiol (0.4M) 
and p i p e r i d i n e (0.4M) i n n-heptane. 

11 

9 

7 IS 

44 

28 

\\ 

12-

/ 

\ 

2P 

2 
Tim© (hours) 

4 

Figure 9.5b. 0, and S 0 I s 2p l e v e l s I n t e n s i t y r a t i o s of the C, , J I s 
i n the ESCA s p e c t r a of a type 1, Natsyn 2200, 
elastomer (cured f o r 14 minutes) versus time of 
treatment with a s o l u t i o n of propane-2-thiol (0.4M) 
and p i p e r i d i n e (0.4M) i n heptane. 
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The C. i n t e n s i t y r a t i o passes through a maximum 
/ S 2 P 

before the l e v e l of sulphur i n c r e a s e s with the r e a c t i o n time 

and, an e q u i l i b r i u m between the organic sulphides i n 

v u l c a n i s a t e s and t h i o l s i s f i n a l l y e s t a b l i s h e d a f t e r r e a c t i o n 

time of two hours a t room temperature. The r a t e of sulphur 

l o s s from the s u r f a c e i s very f a s t i n the i n i t i a l stages of 

r e a c t i o n time (< 30 minutes), as f a r as the ESCA depth 

p r o f i l e i s concerned i n t o the sample. The l e v e l of nitrogen 

i n the s u r f a c e region a l s o i n c r e a s e s with r e a c t i o n time and 

l e v e l s a f t e r two hours. The e x i s t e n c e of an e q u i l i b r i u m of 

the rubber network with thiol-amine reagent i n n-heptane i s 

not of experimental s i g n i f i c a n c e f o r determining the r e l a t i v e 

proportions of mono-, d i - and pol y s u l p h i d e s , because rubber-

bound t h i o l groups are formed during the treatment, as i s 

evident by the decrease, of C, i n t e n s i t y r a t i o s a f t e r / S 0 2p 
r e a c t i o n time of 30 minutes. The i n c r e a s e i n S~ l e v e l i s 

2p 
conceivably brought about by the ad d i t i o n of t h i o l s to the 

double bonds of rubber c h a i n s , which, i n the presence of 

oxygen (oxygen i s from a i r bubbles trapped during processing 

of elastomers on a calendering system) could lead to d i s u l p h i d e 

c r o s s l i n k s . 

The background information, i n the l i t e r a t u r e , p e r t a i n i n g 

to the bulk, i n d i c a t e s t h a t the a d d i t i o n of a l k a n e t h i o l s to 
371 

n a t u r a l rubber i s a slow process, even i n the presence of 

peroxide c a t a l y s t or UV l i g h t , and i s o m e r i s a t i o n of NR by 

a l k a n e t h i o l s does not occur i n the absence of f r e e r a d i c a l 

c a t a l y s t s , but, as f a r as the ESCA depth p r o f i l e i s concerned 

i n t o the sample, the e f f e c t of t h i o l s a d d i t i o n to NR i s 
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s u b s t a n t i a l l y s i g n i f i c a n t and i s p o s s i b l y much more enhanced 

by the m o b i l i t y of sulphur groups. The cleavage r e a c t i o n by 

the thiol-amine reagent i n n-heptane, o c c u r r i n g i n the very 

i n i t i a l stage of treatment, may be best understood by 

cons i d e r i n g the t r i s u l p h i d e i n scheme 3. 

Scheme 3 

/ C H 2 ~ C H 2 \ 
3 Pr 1SH HN CH„ + RSSSR ) 

\ / 2 

CH 2-CH/ 

. . . + / C H 2 _ C H 2 \ 
Pr^-SSPr 1 + RSSPr 1 + RSH + HS H 0 N CH 0 2 \ / 2 

CH 2-CH 2 

P r 1 = i s o - p r o p y l 

The thiol-amine combination i s thought to y i e l d an 

a s s o c i a t e , p i peridinium propane-2-thiol ion p a i r , i n which 

the n u c l e o p h i l i c i t y of the sulphur atom has been enhanced, 

and t h i s i s capable of c l e a v i n g organic polysulphides w i t h i n 

r e a c t i o n time of 30 minutes (Figure 9.5), while r e a c t i n g one 

thousand-fold more slowly with the corresponding d i s u l p h i d e s . 

A p l o t of C-, i n t e n s i t y r a t i o s as a func t i o n of r e a c t i o n 

time i n Figure 9.5b r e v e a l s the same trend as for the C, 
2p 

t h a t the l e v e l of oxygen i n c r e a s e s with i n c r e a s i n g r e a c t i o n 

time and, t h i s i s a s s o c i a t e d with the oxid a t i o n of organic 

sulphides and polyisoprene c h a i n s , as i s evidenced by the 

development 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 under the high 

binding energy t a i l of the C, envelope and by the appearance 

of a broad band a t binding energy ^ 168 i n the ^2x> r e 9 i ° n s -
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C l u f f and Gladding have reported t h a t the o x i d a t i o n of rubber-

bound t h i o l s i n polyurethane elastomers by atmospheric oxygen 

i s involved i n reformation of d i s u l p h i d e c r o s s l i n k s . However, 

o x i d a t i v e degradation of rubber networks was impossible to 

avoid i n t h i s p a r t of the study s i n c e the elastomer had a large 

number of v o i d s . The a i r bubbles were trapped during curing 

process on a calendering system a t 150°C i n a i r . Despite the 

degassing of elastomers and thiol-amine reagent a t a pressure 
-3 • 

of ^ 10 t o r r and a l s o of c a r r y i n g out the treatments m 

vacuum did not obviate the oxidation degradation of the type 1, 

Natsyn 2200, elastomer a t room temperature. 

I t i s c l e a r from the preceding d i s c u s s i o n t h a t the 

in c o r p o r a t i o n of sulphur from the thiol-amine reagent and of 

oxygen i n the s u r f a c e region have a d d i t i o n a l l y complicated the 

ESCA examination of s o l u t i o n t r e a t e d elastomers; and, t h e r e f o r e , 

i t i s not p o s s i b l e , with the a p p l i c a t i o n of ESCA, to determine 

the r e l a t i v e proportion of d i f f e r e n t s ulphides i n the s u r f a c e 

regions, using thiol-amine reagent. 
9.3.3 ESCA data of as r e c e i v e d elastomers as a fu n c t i o n 

of cure time 
The review i n chapter one h i g h l i g h t s the f a c t t h a t the 

sulphur i s bound i n v u l c a n i s e d rubbers as d i f f e r e n t types of 

sulphide c r o s s l i n k s and a l s o as c y c l i c sulphides which do not 

p a r t i c i p a t e i n c r o s s l i n k i n g polymer c h a i n s . The two 'sulphur-

v u l c a n i s e d ' systems are taken to r e p r e s e n t m a t e r i a l s with 

d i f f e r e n t composition of sulphide c r o s s l i n k s . 

The ESCA data of as r e c e i v e d elastomers, as a fu n c t i o n of 

cure time, are shown i n Fi g u r e s 9.6 and 9.7. I t i s c l e a r l y 
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the ESCA s p e c t r a of a type 2, Natsyn 2200, 
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evident t h a t both types of v u l c a n i s a t e s (with s u l p h u r / c y c l o -

h e x y l b e n z t h i a z y l sulphenamide and tetramethylthiuram d i s u l p h i d e 

r e s p e c t i v e l y ) r e v e a l the same trend t h a t the d i s t r i b u t i o n 

of sulphur i n the t o t a l sulphide c r o s s l i n k s passes through a 

maximum with the cure time. (The samples were cured on a 

calendering system a t 150°C i n a i r , with a 2 mm nip s e t t i n g 

to draw i n t o s h e e t s ) . 

The competing nature of two opposing r e a c t i o n s i s a l s o 

evident from the shapes of the C. i n t e n s i t y r a t i o curves 
/S, 

2p 
i n F i g u r e s 9.6 and 9.7. The ESCA r e s u l t s appear complex but 

may be r a t i o n a l i s e d on the assumption t h a t the opposing 

f a c t o r s determine the course of the polysulphide c o n c e n t r a t i o n 

i n the system. The shape of the C, curves a l s o support 
/ S2p 

the p r e v a l e n t concept of maximum polysulphide formation i n 

the e a r l i e r stage of cur i n g r e a c t i o n and these polysulphide 

c r o s s l i n k s are subsequently desulphurised to more s t a b l e 

s t r u c t u r e s on prolonged curing time, which contain l e s s 

sulphur per c r o s s l i n k , and a l s o i n t o c y c l i c s ulphides which 

do not co n t r i b u t e to c r o s s l i n k s . 

9. .4 Conclusion 

I t i s c l e a r t h a t the ESCA r e s u l t s have been a d d i t i o n a l l y 

complicated by the i n c o r p o r a t i o n of t h i o l and amine i n t o the 

elastomers, and i t i s not p o s s i b l e , with the a p p l i c a t i o n of ESCA, 

to determine the r e l a t i v e proportion of d i f f e r e n t s u l p h i d e s 

i n the su r f a c e regions, using thiol-amine reagents. 
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APPENDIX I 

Lec t u r e s and Seminars Attended During the Period 1980-1983 

7 October 1980 

Prof e s s o r T. Fehlner ( U n i v e r s i t y of Notre-Dame, U.S.A.), 

"Metalloborane Cages or Coordination Compounds?". 

16 October 19 80 

Dr. D. Maas ( U n i v e r s i t y of S a l f o r d ) , 

"Reactions a Go-Go". 

30 October 19 80 

Prof e s s o r N. G r a s s i e ( U n i v e r s i t y of Glasgow), 

" I n f l a m m a b i l i t y Hazards i n Commercial Polymers". 

6 November 19 80 

Prof e s s o r A.G. Sykes ( U n i v e r s i t y of Newcastle upon Tyne) 

4 "Metallo-Proteins: An Inorganic Chemists' Approach". 

12 November 19 80 

Dr. M. Gerloch ( U n i v e r s i t y of Cambridge), 

"Magnetochemistry i s about Chemistry". 

13 November 19 80 

Professor N.N. Greenwood ( U n i v e r s i t y of L e e d s ) , 

"Metalloborane Chemistry". 

19 November 19 80 

Dr. T. G i l c h r i s t ( U n i v e r s i t y of L i v e r p o o l ) , 

" N i t r o s o - o l e f i n s as Synthetip Intermediates". 

4 December 1980 

Reverend R. L a n c a s t e r , 

"Fireworks". 
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18 December 1980 

Dr. R. Evens ( U n i v e r s i t y of Brisbane, A u s t r a l i a ) , 

"Some Recent Communications to the E d i t o r of the 
i 

A u s t r a l i a n J o u r n a l of F a i l e d Chemistry". 

29 January 1981 

Mr. H. Maclean ( I . C . I . L t d . ) , 

"Managing i n the Chemical Industry i n the 19 80s". 

18 February 19 81 

P r o f e s s o r S. K e t t l e ( U n i v e r s i t y of E a s t A n g l i a ) , 

" V a r i a t i o n s i n the Molecular Dance at the C r y s t a l B a l l " . 

25 February 1981 

Dr. K. Bowden ( U n i v e r s i t y of E s s e x ) , 

"The Transmission of Polar E f f e c t s of S u b s t i t u e n t s " . 

17 March 1981 

Pro f e s s o r W. Jencks (Brandeis U n i v e r s i t y , Massachusetts), 

"When i s an Intermediate not an Intermediate?". 

7 May 1981 

Pr o f e s s o r M. Gordon ( U n i v e r s i t y of E s s e x ) , 

"Do S c i e n t i s t s have to Count?". 

10 June 1981 

Dr. J . Rose ( I . C . I . P l a s t i c s ) , 

"New Engineering P l a s t i c s " . 

21 September 1981 

Dr. P. Plimmer (Dupont), 

"From Conception to Commercialisation of a Polymer". 

14 October 1981 

Pr o f e s s o r E. Kluk ( U n i v e r s i t y of Katawice), 

"Some Aspects of the Study of Molecular Dynamics -

Simple Molecular L i q u i d s " . 
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22 October 1981 

Dr. P.J. C o r i s h (Dunlop L t d . ) , 

"What would l i f e be l i k e without Rubber". 

6 November 19 81 

Dr. W. Moddeman (Monsanto L t d . , U.S.A.), 

"High Energy M a t e r i a l s " . 

12 November 19 81 

P r o f e s s o r A . I . S c o t t ( U n i v e r s i t y of Edinburgh), 

"An Organic Chemisf's View of L i f e i n the N.M.R. Tube". 

26 November 1981 

Dr. W.O. Ord (Northumbrian Water A u t h o r i t y ) , 

"The Role of the S c i e n t i s t i n a Regional Water A u t h o r i t y " . 

2 December 1981 

Dr. G. Beamson ( U n i v e r s i t y of Durham), 

"Photoelectron Spectroscopy i n a Strong Magnetic F i e l d " . 

20 January 19 82 

Dr. M.R. Bryce ( U n i v e r s i t y of Durham), 

"Organic Metals". 

28 January 1982 

P r o f e s s o r I . F e l l s ( U n i v e r s i t y of Newcastle upon Tyne), 

"Balancing the Energy Equations". 

3 February 1982 

Dr. D. Parker ( U n i v e r s i t y of Durham), 

"Modern Methods f o r the Determination of Enantiomeric 

P u r i t y " . 

10 February 1982 

Dr. D. P e t h r i c k ( U n i v e r s i t y of S t r a t h c l y d e ) , 

"Conformational Dynamics of Small and Large Molecules". 
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17 February 1982 

Pro f e s s o r D.T. C l a r k ( U n i v e r s i t y of Durham), 

" S t r u c t u r e , Bonding, R e a c t i v i t y and Synt h e s i s of 

Surfaces as reve a l e d by ESCA". 

3 March 1982 

Dr. P. Bamfield ( I . C . I . Organics D i v i s i o n ) , 

"Computer Aided Sy n t h e s i s Design: A View from I n d u s t r y " . 

19 May 1982 

Pro f e s s o r R.D. Chambers ( U n i v e r s i t y of Durham), 

"Fluorocarbanions - some ' A l i c e i n the Looking G l a s s ' 

Chemistry". 

2 8 June 1982 

Pro 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". 

13 September 1982 

Prof e s s o r R. N e i d l e i n ( U n i v e r s i t y of Heidelberg), 

"New Aspects and R e s u l t s of Bridged Annulene Chemistry". 

27 September 1982 

Dr. W.K. Ford (Xerox Research Centre, Webster, New Y o r k ) , 

"The Dependence of the E l e c t r o n i c S t r u c t u r e s of Polymers 

on t h e i r Molecular A r c h i t e c t u r e " . 

13 October 1982 

Dr. W.J. F e a s t ( U n i v e r s i t y of Durham), 

"Approaches to the Sy n t h e s i s of Conjugated Polymers". 

28 October 1982 

Pr o f e s s o r M.F. Lappert, F.R.S. ( U n i v e r s i t y of S u s s e x ) , 

"Approaches to Asymmetric S y n t h e s i s and C a t a l y s i s Using 

E l e c t r o n - R i c h O l e f i n s and Some of T h e i r Metal Complexes" 
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15 November 1982 

Dr. G. Bertrand ( U n i v e r s i t y of Toulouse), 

" C u r t i u s Rearrangement i n Organometallic S e r i e s : A Route 

for New Hybridised S p e c i e s " . 

2 4 November 19 82 

P r o f e s s o r G.G. Roberts ( U n i v e r s i t y of Durham), 

"Langmuir-Blodgett F i l m s " . 

24 November 1982 

P r o f e s s o r F.R. H a r t l e y (R.M.C.S. Shrivenham), 

"Supported Metal Complex Hydroformylation C a t a l y s t s : 

A Novel Approach Using y - r a d i a t i o n " • 

2 December 1982 

Dr. G.M. Brooke ( U n i v e r s i t y of Durham), 

"The Fate of the Ortho-Fluorine i n 3,3-Sigmatropic 

Reactions I n v o l v i n g P o l y f l u o r o - a r y 1 - and - h e t e r o a r y l 

Systems". 

9 February 1983 

Dr. P. Moore ( U n i v e r s i t y of Warwick), 

"Mechanistic Studies i n S o l u t i o n by Stopped Flow 

F.T. NMR and High Press u r e NMR Line Broadening". 

2 March 1983 

Dr. D. Bloor (Queen Mary College, U n i v e r s i t y of London), 

"The S o l i d - S t a t e Chemistry of Diacetylene Monomers and 

Polymers". 

11 March 1983 

P r o f e s s o r H.G. Viehe ( U n i v e r s i t y of Louvain), 

"Oxidations on Sulphur". 

16 March 1983 

Dr. I . Gosney ( U n i v e r s i t y of Edinburgh), 

"New E x t r u s i o n Reactions: Organic S y n t h e s i s i n a Hot Tube" 
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25 M a r c h 1983 

P r o f e s s o r F . G . B a g l i n ( U n i v e r s i t y o f N e w a r k ) , 

" I n t e r a c t i o n I n d u c e d Raman S p e c t r o s c o p y i n S u p r a c r i t i c a l 

E t h a n e " . 

2 1 A p r i l 1983 

P r o f e s s o r J . P a s s m o r e ( U n i v e r s i t y o f New B r u n s w i c k ) , 

" N o v e l S e l e n i u m - I o d i n e C a t i o n s " . 

4 May 1983 

P r o f e s s o r P . H . P l e s c h ( U n i v e r s i t y o f K e e l e ) , 

" B i n a r y I o n i s a t i o n E q u i l i b r i a B e t w e e n Two I o n s a n d Two 

M o l e c u l e s . W h a t O s t w a l d N e v e r T h o u g h t O f " . 

10 May 1983 

P r o f e s s o r K . B e r g e r ( U n i v e r s i t y o f M u n i c h ) , 

"New R e a c t i o n P a t h w a y s f r o m T r i f l u o r o m e t h y 1 - S u b s t i t u t e d 

H e t e r o d i e n e s t o P a r t i a l l y F l u o r i n a t e d H e t e r o c y c l i c 

C o m p o u n d s 1 1 . 

11 May 1983 

D r . N . I s a a c s ( U n i v e r s i t y o f R e a d i n g ) , 

"The A p p l i c a t i o n o f H i g h P r e s s u r e s t o t h e T h e o r y and 

P r a c t i c e o f O r g a n i c C h e m i s t r y " . 

13 May 1983 

D r . R. de K o c k ( C a l v i n C o l l e g e , Grand R a p i d s , M i c h i g a n ) ,. 

" E l e c t r o n i c S t r u c t u r a l C a l c u l a t i o n s on O r g a n o m e t a l l i c 

C o b a l t C l u s t e r M o l e c u l e s : I m p l i c a t i o n s f o r M e t a l 

S u r f a c e s " . 



394 

APPENDIX I I 

C o n f e r e n c e s A t t e n d e d D u r i n g t h e P e r i o d 1 9 8 0 - 1 9 8 3 

(1 ) P o l y m e r C h a r a c t e r i s a t i o n S y m p o s i u m , J u l y 1 9 8 1 , D u r h a m . 

(2 ) G r a d u a t e S y m p o s i u m , D u r h a m , 1 9 8 2 . 

(3 ) G r a d u a t e S y m p o s i u m , A p r i l 1 9 8 3 , D u r h a m . 
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