
Durham E-Theses

A study of the surface modi�cation of polyethylene by

corona and plasma discharge and of some stable free

radicals, using esca and other techniques

Beer, Herbert Frederick

How to cite:

Beer, Herbert Frederick (1980) A study of the surface modi�cation of polyethylene by corona and

plasma discharge and of some stable free radicals, using esca and other techniques, Durham theses,
Durham University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/7998/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/7998/
 http://etheses.dur.ac.uk/7998/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


A t h e s i s e n t i t l e d 

A STUDY OF THE SURFACE MODIFICATION OF POLYETHYLENE 
BY CORONA AND PLASMA DISCHARGES AND OF SOME STABLE 

FREE RADICALS, USING ESCA AND OTHER TECHNIQUES 

Submitted by 

HERBERT FREDERICK BEER, M.A., (CANTAB.), 
M.Sc, (Dunelm) , C. Chem., F.R.I.C. 
(College of St. H i l d and St. Bede) 

A candidate f o r the Degree of Doctor o f Philosophy 

1980 

The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written, consent and information derived 

from it should be acknowledged. 



To Kathenne 

11 



Acknowledgements 

The work described i n t h i s t h e s i s was c a r r i e d out 
under the supervision of Professor D. Clark and I wish 
t o record my a p p r e c i a t i o n o f h i s help and encouragement 
throughout. I would l i k e t o thank the Department o f 
Engineering Science at Durham U n i v e r s i t y f o r t h e i r 
assistance i n c a r r y i n g out lap-shear t e s t s , and R. Hart 
f o r the f a b r i c a t i o n o f various pieces of apparatus. 
Thanks are also due t o J.A. S i d w e l l , of the Rubber and 
P l a s t i c s Research As s o c i a t i o n at Shawbury, f o r determining 
a n t i o x i d a n t l e v e l s i n the polyethylene samples used. 

The polyethylene samples used were k i n d l y supplied 
by the Metal Box Company and the f r e e r a d i c a l samples 
by Professor B a l l e s t e r of Barcelona U n i v e r s i t y . 

F i n a l l y I would l i k e t o thank the Governors o f 
St. H i l d and St. Bede f o r the g r a n t i n g of study leave i n 
connection w i t h t h i s work and Mrs. R. Hart f o r t y p i n g t h i s 
t h e s i s . 

1 1 1 



Memorandum 

The work described i n t h i s t h e s i s was c a r r i e d out 
at the U n i v e r s i t y of Durham between October 1975 and 
June 1979. Except where acknowledged by reference, i t 
i s the o r i g i n a l work of the author and has not been 
submitted i n whole or p a r t f o r any other degree. 

The substance of some o f t h i s m a t e r i a l has already 
been presented i n a paper e n t i t l e d "Some aspects of 
Structure and Bonding i n the Perchlorodiphenylaminyl 
Radical revealed by ESCA", by D.T. Clark and H.F. Beer, 
Tetrahedron 34 491 1978 

I V 



A b s t r a c t 

The surface m o d i f i c a t i o n of polyethylene by Corona 
and Plasma discharges i s studied by X-Ray photoelectron 
spectroscopy and m u l t i p l e i n t e r n a l r e f l e c t i o n spectroscopy. 
W e t t a b i l i t i e s are used t o observe changes i n surface energy 
and the strengths of bonds formed using adhesives are 
measured. A short account i s given of the importance t o 
manufacturers of being able t o increase the surface energies 
of polymers. 

The c o n d i t i o n s needed t o e s t a b l i s h the corona 
discharge and the nature of the corona discharge are 
discussed. The r e a c t i o n s o c c u r r i n g w i t h i n the plasma formed 
by the discharge and the various r e a c t i v e species formed 
are considered and the e f f e c t s of these species are 
discussed. Plasma discharges at low pressures and t h e i r 
e f f e c t s on polymer surfaces are also considered. 

The surface m o d i f i c a t i o n of polyethylene by both 
corona and plasma discharges i s shown t o be associated 
w i t h an increase m the oxygen f u n c t i o n a l i t y of the s u r f ace. 
The r e l a t i o n s h i p s between the increase i n oxygen and carbon 
f u n c t i o n a l i t i e s are discussed and the possible groups 
formed are suggested. Many of these are polar i n character 
and include h y d r o x y l , carbonyl, c a r b o x y l i c , carbonate and 
hydroperoxide groups together w i t h ether and p o s s i b l y 
peroxide (non p o l a r ) groups. These groups are found t o 
be produced even when only traces of oxygen are present. 
The use of n i t r o g e n gas i s shown t o produce h i g h l e v e l s 
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o f amine and amide f u n c t i o n s . 
The polar groups are be l i e v e d t o be l a r g e l y responsible 

f o r the increased w e t t a b i l i t i e s of the surfaces and p a r t l y 
responsible f o r the increased adhesive s t r e n g t h . I n t h i s 
l a t t e r case cross l i n k i n g a t the surface i s also b e l i e v e d 
t o be important. Some evidence i s put forward, from the 
heat treatment of plasma t r e a t e d polyethylene, f o r f r e e 
r a d i c a l s being involved i n some of the r e a c t i o n s a t the 
surface. The f a c t t h a t f r e e r a d i c a l s are not detected a f t e r 
the surface m o d i f i c a t i o n m many instances i s thought t o 
be due t o the f a c t t h a t they o f t e n r e a c t completely w i t h 
oxygen as f a s t as they are formed. The surface charging 
of polyethylene d u r i n g corona discharge i s examined and 
shown t o be l a r g e l y due t o deeply trapped e l e c t r o n s r a t h e r 
than merely s u p e r f i c i a l charges. A comparison i s made 
between corona and plasma discharges and the s u i t a b i l i t y 
of each method i n d i f f e r e n t s i t u a t i o n s i s considered. 

The s t r u c t u r e and bonding i n the perchlorodiphenyl 
aminyl r a d i c a l i s i n v e s t i g a t e d t o see i f t h i s could help 
i n the i n v e s t i g a t i o n of the e f f e c t s o f corona and plasma 
treatment of polyet h y l e n e . The r e s u l t s , though i n t e r e s t i n g 
m themselves, r e v e a l t h a t the m u l t i p l e t s p l i t t i n g e f f e c t 
i s too small f o r t h i s e f f e c t t o be used i n i n v e s t i g a t i n g 
surface changes i n polyethylene. 
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Polymer Surfaces 

• 1 I n t r o d u c t i o n 
Before the i n t r o d u c t i o n on a large scale of s y n t h e t i c 

polymers f o r making f a b r i c s , sheet m a t e r i a l s and more s o l i d 
o b j e c t s , the only a v a i l a b l e m a t e r i a l s were, of course, 
n a t u r a l ones, or s l i g h t l y modified n a t u r a l ones. Thus m a t e r i a l s 
such wool, s i l k , and c o t t o n , which need l i t t l e or no pre-
treatment and a m a t e r i a l such as f l a x , which only needs a 
comparatively simple process t o separate the f i b r e s , were 
used f o r f a b r i c s . Wood, apart from seasoning, needs no 
treatment and was used f o r making s o l i d o b j e c t s . A m a t e r i a l 
l i k e l e a t h e r , however, needs r a t h e r more complicated 
treatment t o preserve i t and t o make i t waterproof. Paper 
may be made from some f i b r e s by a r e l a t i v e l y simple process, 
but the chemistry of making paper from wood pulp i s q u i t e 
complex. 

These n a t u r a l m a t e r i a l s have been selected, no doubt 
by a process of t r i a l followed by e i t h e r r e t e n t i o n or 
r e j e c t i o n , because they had c e r t a i n d e s i r a b l e p r o p e r t i e s . 
These p r o p e r t i e s would include mechanical, chemical, thermal, 
and e l e c t r i c a l p r o p e r t i e s though these l a t t e r have only 
become important d u r i n g the l a s t hundred years. I t may be 
coincidence t h a t the n a t u r a l m a t e r i a l s t h a t were selected 
because of p r o p e r t i e s of s t r e n g t h , r i g i d i t y and o v e r a l l 
s t a b i l i t y also possessed a number o f d e s i r a b l e surface 
p r o p e r t i e s . However, the a e s t h e t i c appearance and " f e e l " o f 
a m a t e r i a l i s important and the a b i l i t y of a surface t o 
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accept dyes, p a i n t and p r i n t i n g inks and also t o form 
reasonably strong glued j o i n t s i s d e s i r a b l e f o r many 
m a t e r i a l s . Another surface p r o p e r t y t h a t i s o f t e n r e q u i r e d 
i s the a b i l i t y t o disperse s t a t i c charges, though f o r some 
purposes such as cap a c i t o r d i e l e c t r i c s and e l e c t r e t s the 
converse may be what i s needed. Most n a t u r a l m a t e r i a l s f i t 
the f i r s t requirement i n t h a t they have comparatively high 
surface conductances, or bulk conductances so do not c a r r y 
p e r s i s t e n t charges. This w i l l , of course, make them un
s u i t a b l e i n many cases f o r use i n capaci t o r s and other 
e l e c t r o n i c devices „ Synthetic polymers o f t e n have very low 
surface and bulk e l e c t r i c a l conductances and t h i s can 
produce problems i n f a b r i c s and sheet m a t e r i a l s , due t o the 
b u i l d up of p e r s i s t e n t s t a t i c charges. This can i n f a c t 
produce sparks when used i n c l o t h i n g , or more s e r i o u s l y 
when used f o r conveyor b e l t m a t e r i a l s where sparks may be 
hazardous and may cause explosions, f o r example i n dusty 
atmospheres. On the other hand t h i s p r o p e r t y , o f very low 
surface conductance, i s what i s r e q u i r e d f o r capacitor 
d i e l e c t r i c s and e l e c t r e t m a t e r i a l s . 

The l a s t f o r t y years has seen the i n t r o d u c t i o n , on a 
large scale, o f many d i f f e r e n t s y n t h e t i c polymers w i t h 
unique combinations of p r o p e r t i e s t h a t are not found i n 
n a t u r a l m a t e r i a l s . There i s also the very i n t e r e s t i n g f a c t 
t h a t many of these polymers have no inherent c h a r a c t e r i s t i c 
appearance or t e x t u r e but r a t h e r t h e i r appearance and 
t e x t u r e depend on some process d u r i n g t h e i r manufacture 
and f a b r i c a t i o n . I n the case of extruded f i b e r s , f o r example 
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the t e x t u r e or " f e e l " of the f a b r i c made from them i s actually-
dependent t o some degree upon the cross s e c t i o n shape of 
the f i b r e s ' ^ . Whereas most extruded f i b r e s have a c i r c u l a r 
cross s e c t i o n , probably because i t i s easier t o d r i l l round 
holes than other shapes, the use o f a rectangular cross 
s e c t i o n f o r the f i b r e s , f o r example, produces a f a b r i c w i t h 
a very unpleasant slimy and greasy sensation t o touch. 

The a c t u a l surface p r o p e r t i e s and appearance are now i n 
f a c t q u i t e an important f a c t o r when s e l e c t i n g a polymer f o r 
a p a r t i c u l a r use. Whereas n a t u r a l m a t e r i a l s o f t e n have 
s u i t a b l e surface p r o p e r t i e s i t i s necessary w i t h many 
s y n t h e t i c polymers t o produce the r e q u i r e d surface p r o p e r t i e s 

2 
dur i n g some stage i n the manufacturing process . This i s 
p a r t i c u l a r l y necessary when the surface of the s y n t h e t i c 
polymer i s going t o be p r i n t e d , painted or when adhesives 
are going t o be used on the surface. To some extent the 
d i f f i c u l t y w i t h regard t o p a i n t i n g can be overcome by the 
i n c l u s i o n of pigments i n the mixing stage of p r o d u c t i o n . 
Where the polymer i s t o be used f o r making f i l m f o r packaging, 
or f o r f i b r e s f o r f a b r i c s i n c l u s i o n of pigment p a r t i c l e s may 
not be f e a s i b l e and so i t may be necessary t o modify the 
surface so t h a t i t w i l l accept p r i n t i n g inks or dyes. 
Surface Treatment 
a) Reason f o r Surface Treatment 

The polymers which present the c h i e f problems w i t h 
regard t o p r i n t i n g , dyeing, p a i n t i n g and adhesion are those 
w i t h low surface energies such as the p o l y o l e f i n s . The 
n a t u r a l m a t e r i a l s i n use such as c o t t o n which i s p r i n c i p a l l y 



c e l l u l o s e c o n s i s t s of glucose u n i t s l i n k e d together and i t 

i s b e l i e v e d that the a b i l i t y of the c e l l u l o s e to accept dyes 

e t c 

CH2OH I CH,OH 

0 
H HO H OH 

tc 

Ce l lu lose 

F igure 1 2 1 

and p r i n t i n g inks a r i s e s from the presence of the hydroxyl 

groups. These, i t i s thought, make hydrogen bonds w i t h the 

dye molecules. Wood i s another m a t e r i a l c o n t a i n i n g c e l l u l o s e 

and a l s o l i g n i n , and again the presence of hydroxyl groups 

i n these substances i s thought to produce bonds with p a i n t 

and adhesive molecules. Another f a c t o r b e l i e v e d to be 

important i n adhesion i s s u r f a c e roughness and wood w i t h 

i t s r a t h e r porous s t r u c t u r e s a t i s f i e s t h i s requirement. Wool 

and s i l k c o n s i s t of peptide chains, w i t h i n the case of 

wool d i s u l p h i d e c r o s s l i n k s between c y s t e i n r e s i d u e s . The 

polar c h a r a c t e r of the amide s t r u c t u r e of the peptide i s 

thought, l i k e the hydroxyl groups, to form bonds of s i m i l a r 

nature to hydrogen bonds with other molecules. Due to the 

amphoteric c h a r a c t e r of the amide groups, wool and s i l k 
3 

may be dyed w i t h e i t h e r a c i d i c or b a s i c d y e s t u f f s . The 

presence of absorbed moisture and other i m p u r i t i e s on 

the s u r f a c e s of n a t u r a l m a t e r i a l s a l s o leads to s u r f a c e 

conductances s u f f i c i e n t l y high to allow s t a t i c charges 
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O H H H O R H H 0 H H H g V A c V N g V A V V V V V V V V V s 

R r t H O H H H O R H H 0 

Silk (R is v a r i o u s a lky l groups) 

O R H H O H H H O R H H O R H H 

y VV V V Y V y Y YVY N 

hiw H O H j C H H O R H H O R H H 0 
S 

O RH H 0 HH H 0 R H H 0 HH H 

Wool (R i s v a r i o u s a lky l groups) 

F i g u r e 1 2 2 

t o leak away except under abnormal c o n d i t i o n s of very 

low humidity. S y n t h e t i c polymers, however, tend to have 

fewer a c t i v e polar groups in t h e i r molecules, for example 

the nylons 

"V V 5 W W W V W W 9 W W W Y V 1* 8 
0' ^H H'H H HH HH H'H 0 A (to H lib H H 6 ifo H 

Nylon 6 .6 

F i g u r e 1 2 3 
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or much l e s s polar groups, for example p o l y e s t e r s and 

p o l y v i n y l c h l o r i d e 

/ \ H H / V H H / V, H H 

0 \ f 0 H H 0 N f 0 H H 0 \ / 0 H H 

P o l y l c t h y l e n e t e reph tha la te ) 

F i g u r e 1 2 U 

or i n the case of p o l y o l e f m s and t h e i r f u l l y halogenated 

d e r i v a t i v e , v i r t u a l l y no polar groups i n the polymer a t a l l . 

H/M HH ^ ^ y ^ ^ HH HH ty, ^ 
/VS / C sc /S / C sc / C Nc / C Nc / C sfc / C xc Ac / p Nc / 

•ft A A >(u m A A A >4'H A A 
Polyethylene 

Figure 1 2.5 

As a r e s u l t of t h i s s y n t h e t i c polymers, u n l e s s 

t r e a t e d s p e c i f i c a l l y , become i n c r e a s i n g l y more d i f f i c u l t 

to p r i n t , dye or glue m the order nylon, p o l y e s t e r and 

p o l y o l e f i n . 
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Even n a t u r a l m a t e r i a l s need some l i m i t e d treatment 

which i s often j u s t washing w i t h detergent to remove grease 

and d i r t from f i b r e s or s u r f a c e roughening before glueing 

wood. I n the case of s y n t h e t i c polymers i t i s o f ten found 

th a t the s u r f a c e i s unreceptive to inks and adhesives and 

t h a t some s p e c i f i c treatment i s r e q u i r e d . As a rough guide 

i t has been found t h a t a m a t e r i a l needs a c r i t i c a l s u r f a c e 

t e n s i o n for wetting of the order of a t l e a s t 40 mN m-"'' 

before i t can be used s a t i s f a c t o r i l y w i t h commercial inks 
2 

and adhesives . 

From t a b l e 1.2.1 i t i s seen t h a t T e f l o n and Poly

ethylene w i l l need treatment, whereas p o l y v i n y l c h l o r i d e , 

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

should r e q u i r e l i t t l e or no treatment: 

C r i t i c a l s u r f a c e t e n s i o n for wetting /mN m-''" Polymer 

P o l y t e t r a f l u o r o e t h y l e n e , T e f l o n 18 

Polye thy1ene 31 

Polypropylene 31 

P o l y v i n y l C h l o r i d e 39 

Polyethylene Terephthalate,Terylene 43 

Polyhexamethyleneadipamide,Nylon 46 

C r i t i c a l s u r f a c e t e n s i o n for wetting r e f . 2 

Table 1.2.1 

In f a c t , i t i s found t h a t for p o l y v i n y l c h l o r i d e , 

t e r y l e n e , nylon and polymers w i t h s i m i l a r c r i t i c a l s u r f a c e 

t e n s i o n s for we t t i n g t h a t simple washing w i t h detergent, 

followed by r i n s i n g , i s s u f f i c i e n t s u r f a c e treatment. 
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However, l a r g e q u a n t i t i e s of polyethylene, polypropylene and 

ethylene co-polymers are now used, e s p e c i a l l y m the packaging 

i n d u s t r y and i t i s e s p e c i a l l y d e s i r a b l e here to be able to 

p r i n t on the s u r f a c e . The problem of l a c k of adhesion can 

f o r t u n a t e l y be overcome by the f a c t t h a t these polymers 

have comparatively low melting p o i n t s and packages can be 

s e a l e d by simple heating combined w i t h p r e s s u r e . T h i c k e r 

s e c t i o n s of these polymers can, of course, as a l r e a d y 

s t a t e d , be coloured by i n c o r p o r a t i n g pigments i n the 

polymer mix. T e f l o n i s perhaps r a t h e r a s p e c i a l case w i t h 

comparatively l i m i t e d use and often i t s uses do not 

n e c e s s i t a t e p r i n t i n g though a b i l i t y to accept adhesives 

might be u s e f u l . I n f a c t , T e flon i s often used i n 

s i t u a t i o n s where i t s low c r i t i c a l s u r f a c e t e n s i o n for 

wetting, low s u r f a c e f r i c t i o n , g eneral i n e r t n e s s and low 

su r f a c e conductance are a p o s i t i v e advantage, 

b) Methods of Treatment 

As s t a t e d above, the problem w i t h polyethylene and 

other p o l y o e l y f m e s a r i s e s from the absence of any polar 

groups m t h e i r molecules. The problem could, t h e r e f o r e , 

be overcome by some form of s u r f a c e treatment that would 

form polar groups e i t h e r by a d d i t i o n to or m o d i f i c a t i o n 

of the s u r f a c e . The most obvious idea i s to add e i t h e r 

oxygen or nit r o g e n c o n t a i n i n g groups which by t h e i r polar 

c h a r a c t e r w i l l cause the s u r f a c e to wet more e a s i l y . 

At f i r s t c h l o r i n e was t r i e d but due to economic and 

t e c h n i c a l reasons the process was soon abandoned i n favour 

of more e f f i c i e n t p r o c e s s e s . Exposure to ozone and u l t r a 
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v i o l e t r a d i a t i o n has been t r i e d but the process i s r a t h e r 

slow. Oxidation using s u l p h u r i c acid-dichrornate s o l u t i o n s 

is very e f f e c t i v e but s u f f e r s from the drawback of the 

hazardous nature of the chemicals and the need for washing 

and d r y i n g the t r e a t e d polymer. I t i s , t h e r e f o r e , not 

s u i t a b l e for la r g e s c a l e use but i t does have the advantage 

t h a t the whole s u r f a c e i s t r e a t e d and, e s p e c i a l l y important, 

c a v i t i e s and the i n t e r i o r of an o b j e c t can be t r e a t e d 

e f f e c t i v e l y . 

A simple s u r f a c e roughening i s sometimes used, such 

as sand b l a s t i n g or immersion i n a hot s o l v e n t , which 

apparently produces a s i m i l a r e f f e c t . I t i s not known, 

however, i f the treatment causes any other s u r f a c e 

m o d i f i c a t i o n s or i n c l u s i o n s a t or near the s u r f a c e . 

The more commonly used method, at the present, for 

l a r g e s c a l e production are e i t h e r heat treatment or 

e l e c t r i c a l methods. 

POLYMER 
i 
i 
i 

s u r f a c e functionalization 
i 
i 

'•"i - ^ 

i 
y , v * 1 * s . 

Thermal Corona P l a s m a 

oxidation discharge oxidation 

Sur face characterization 

E S C A 

Wettabil i t ies 

Figure 1 2.6 
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I n the v a r i o u s heat treatments the b a s i c idea i s to heat the 

s u r f a c e by hot a i r , i n f r a red r a d i a t i o n or by d i r e c t 

a p p l i c a t i o n of a flame, w h i l e keeping the i n t e r i o r of the 

polymer c o l d . I t i s not easy to use the heat treatment for 

t h i n f i l m , such as i s used m packaging, s i n c e the t h i n n e s s 

of the f i l m makes i t d i f f i c u l t to prevent the bulk of the 

m a t e r i a l from becoming hot. Heat treatment by the use of 

flames i s , however, the p r e f e r r e d method for t r e a t i n g blow 

mouldings, such as b o t t l e s , where by u s i n g gas flames 

c o r r e c t l y p o s i t i o n e d the outside of the moulding i s e a s i l y 

t r e a t e d . I t i s t r u e t h a t the i n s i d e of mouldings i s not 

t r e a t e d but m many case s , such as b o t t l e s , t h i s i s 

unimportant. Another method r a t h e r s i m i l a r to the use of 

flames and hot a i r j e t s i s to use a plasma j e t a t 

atmospheric p r e s s u r e . I n t h i s process an i n e r t gas such as 

argon i s blown through an e l e c t r i c a r c and the r e s u l t i n g 

gas stream i s allowed to impinge on the polymer s u r f a c e . 

Using t h i s method Kiyozumi and co-workers found t h a t the 

adhesive s t r e n g t h for polyethylene was i n c r e a s e d from 0.5 

.to 10 MPa and that t h i s i n c r e a s e was accompanied by a 

decrease i n the contact angle for a s u r f a c e water drop 

from 80° to 20°. T h i s l a t t e r angle corresponds to a 

c r i t i c a l s u r f a c e t e n s i o n of w e t t i n g of 56 dynes (see 

Table 1.2.1 for the value for untreated p o l y e t h y l e n e ) . 

Low pressure plasma systems are used on a s m a l l s c a l e 

for t r e a t i n g polymers but have the disadvantage of being 

batch p r o c e s s e s . A t y p i c a l system uses a gas p r e s s u r e of 

the order of 2 5 Pa (0.2 Torr) and an r . f . induced plasma. 
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Various gases have been t r i e d , such as argon, oxygen and 

nitrogen, but there seems no advantage, i f simple treatment 

i s needed, i n not using a i r (see Chapter 6 ) . The a c t u a l 

treatment time i s s h o rt but a much gr e a t e r time i s spent m 

merely loading, pumping out and unloading the vacuum chamber. 

I t does have the advantage though t h a t a l l of the s u r f a c e 

i s t r e a t e d , both the i n s i d e and the outside of a c o n t a i n e r 

and i s s u i t a b l e for t r e a t i n g small o b j e c t s t h a t would be 

d i f f i c u l t to handle on a production l i n e . The process i s 

a l s o a dry one and produces s t e r i l e c o n t a i n e r s which i s 

u s e f u l for the drugs i n d u s t r y . 

The la r g e s c a l e method which i s now commonly used for 

p l a s t i c f i l m i s t h a t of corona d i s c h a r g e . The a c t u a l 

mechanics of the method are simple; i t may be used for 

batch p r o c e s s i n g but i s i n f a c t i d e a l l y s u i t e d for 

continuous production. The a c t u a l nature of the d i s c h a r g e 

i s i n some doubt and i t i s p o s s i b l e t h a t the discharge i s 

not a true corona as understood by p h y s i c i s t s and 

e l e c t r i c a l e n gineers. This being understood, the process 

may s t i l l be c a l l e d the Corona Discharge Treatment even 

though, in f a c t , i t i s more l i k e a spark breakdown (see 

Chapter 3 ) . 
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c) R e s u l t s 

One of the problems a s s o c i a t e d w i t h any form of s u r f a c e 

e f f e c t i s f i n d i n g out e x a c t l y what the s u r f a c e c o n s i s t s o f . 

Various methods have been t r i e d , some more s u c c e s s f u l l y 

than o t h e r s . I t i s r e l a t i v e l y simple to e s t a b l i s h c r i t i c a l 

s u r f a c e t e n s i o n s for wetting and to draw co n c l u s i o n s as to 

the causes when the bulk of the m a t e r i a l has the same 

composition as the s u r f a c e . But when the s u r f a c e l a y e r i s 

only of the order of a nanometre t h i c k then bulk a n a l y s i s 

i s not very h e l p f u l . Scraping the s u r f a c e i s one method^, 

but i t i s d i f f i c u l t to ensure t h a t only the s u r f a c e l a y e r 

i s removed. Solvent e x t r a c t i o n has been used but i t 

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

and nothing e l s e w i l l . Methods t h a t do not a f f e c t the 

s u r f a c e and which m f a c t are n o n - d e s t r u ctive w i t h regards 

to the s u r f a c e l a y e r are i n f a c t more s a t i s f a c t o r y . Of 

these v a r i o u s methods (see Chapter 2, s e c t i o n 7) ESCA and 

M.I.R. IR are the ones that have been used for the work 

i n t h i s t h e s i s . For the treatments considered i n t h i s 
7 

t h e s i s probably ESCA i s the more s e n s i t i v e s i n c e the 

technique only samples to the depth of the order of a few 

nanometres w h i l e MIR IR samples s e v e r a l hundred nanometres. 

The main e f f e c t as f a r as polymer s u r f a c e s are 

concerned i s t h a t treatments t h a t are e f f e c t i v e i n 

i n c r e a s i n g s u r f a c e energy a l s o i n c r e a s e the l e v e l of 

o x i d a t i o n of the s u r f a c e . The r e s u l t s of ESCA and MIR IR 
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(see Chapter 4) show an i n c r e a s e i n carbonyl and hydroxyl 

groups and p o s s i b l y a l s o carboxyl groups. Removal of the 
5 . 6 s u r f a c e l a y e r by e i t h e r s c r a p i n g , or s o l v e n t e x t r a c t i o n 

a l s o r e v e a l s an i n c r e a s e i n f u n c t i o n a l groups c o n t a i n i n g 

oxygen. 

The s t a t i c charge t h a t b u i l d s up on a polymer s u r f a c e 

due to f r i c t i o n , may a l s o be a l t e r e d by s u r f a c e 
g 

m o d i f i c a t i o n . I t has been reported t h a t the o x i d a t i o n of 

nylon 6-6 monofilament by c h l o r i n e s e n s i t i z e d photo-

o x i d a t i o n reduces the s t a t i c b u i l d up. 

d) Comparison of Surface and Bulk P r o p e r t i e s 

The main reason for wishing to modify only the 

s u r f a c e of a polymer i s t h a t i t enables the use of a 
9 

comparatively cheap polymer to be extended . The 

d e s i r e d s u r f a c e p r o p e r t i e s could o f t e n be obtained u s i n g 

other m a t e r i a l s but the a l t e r n a t i v e s may be l e s s economic or may 

be r a t h e r i n t r a c t a b l e w i t h regard to f a b r i c a t i o n . Another 

f a c t o r to be considered i s the p o r o s i t y of the m a t e r i a l 

and the r a t e at which l i q u i d s or gases can p e n e t r a t e . 

Thus i n the packaging i n d u s t r y a m a t e r i a l such as poly

ethylene has the d e s i r a b l e p r o p e r t i e s of being r e l a t i v e l y 

impermeable to gases and l i q u i d s , but i t cannot be e a s i l y 

p r i n t e d . So a simple and r e l a t i v e l y inexpensive treatment, 

such as corona treatment, which does not a f f e c t the bulk 

p r o p e r t i e s but i n c r e a s e s the p r i n t a b i l i t y i s d e s i r a b l e . 

F o r t u n a t e l y i t has been found t h a t the bulk property of 

s t r e n g t h i s not s e r i o u s l y a l t e r e d by s u r f a c e treatments 
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though i t i s t r u e that a s l i g h t r e d u c t i o n has been observed 

i n some c a s e s . 

Another s i t u a t i o n where the a b i l i t y to modify only 

the s u r f a c e i s an advantage i s i n the production of 

flame r e s i s t a n c e f a b r i c s . Although heat r e s i s t a n t 

polymers are a v a i l a b l e these obviously have high melting 

p o i n t s . By s u i t a b l e r e a c t i o n s aromatic polyamides and poly-

a c r y l o n i t r i l e s can be made to r e a c t w i t h the polymer to 

form h e t e r o c y c l i c r i n g s t h a t r a i s e the melting point of 

the polymer. This e f f e c t can be r e s t r i c t e d to the s u r f a c e 
g 

of f i b r e s by using short r e a c t i o n times and so a f i b r e can 

be obtained with a high melting point s u r f a c e t h a t p r o t e c t s 

a lower melting point i n t e r i o r . So i n i t i a l ease of 

f a b r i c a t i o n (the lower melting point polymer) followed by 

su r f a c e treatment (formation of a higher melting point 

s u r f a c e ) g i v e s a m a t e r i a l with i n c r e a s e d flame r e s i s t a n c e 

compared to the o r i g i n a l m a t e r i a l . 

•^ Related Work on Etc h i n g 

a) Sodium i n L i q u i d Ammonia 

Teflon and r e l a t e d fluoropolymers have very low 

su r f a c e energies, the c r i t i c a l s u r f a c e t e n s i o n for w e t t i n g 

of t e f l o n being 18 mN m-"*". I t i s t h e r e f o r e not s u r p r i s i n g 

t h a t ordinary adhesives w i l l not form j o i n t s w i t h t e f l o n , 

nor w i l l the s u r f a c e accept conventional i n k s . These 

d i f f i c u l t i e s may be overcome by t r e a t i n g the s u r f a c e w i t h 

a s o l u t i o n of sodium i n naphthalene-tetrahydrofuran, or 

sodium m l i q u i d ammonia"^. These treatments cause the 

s u r f a c e of the polymer to darken and a l s o i n c r e a s e the 
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s u r f a c e energy. Riggs and Dwight have shown, u s i n g ESCA, 

t h a t the e f f e c t of i n c r e a s i n g the s u r f a c e energy may be 

c o r r e l a t e d w i t h the amount 

1s °1s 

A e a 109 

e r 93° 
before 
treatment 

e a 52-

e r 16° 
after 
treatment 

300 280 540 ~530 700 690 eV 
ESCA Spectra of Teflon treated with Sodium in liquid Ammonia 

Figure 1 31 

of f l u o r i n e and oxygen and the nature of the carbon bonding 

i n the s u r f a c e l a y e r . 

M i l l e r and co-workers''""'", u s i n g potassium i n l i q u i d 

ammonia, d i s c o v e r e d an i n c r e a s e of approximately four orders 
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of magnitude i n the s u r f a c e area of t e f l o n and a l s o the 

presence of double bonds a f t e r the treatment. This l a t t e r 

o bservation i s supported by the work of Riggs and Dwight"*"0 

who found t h a t the s u r f a c e of t e f l o n would take up 

bromine a f t e r treatment. 

b) Ion E t c h i n g 

T e f l o n and other polymers may a l s o be etched and 

t h e i r s u r f a c e energies i n c r e a s e d by bombardment w i t h ions 

of various s p e c i e s , such as the noble gases and oxygen. 
7 

By means of ESCA C l a r k e t a l have shown t h a t e x t e n s i v e 

c r o s s l i n k i n g takes place and t h a t the f l u o r i n e l e v e l i n 

the s u r f a c e l a y e r s goes down a f t e r e t c h i n g . By coupling 

t h e i r ion e t c h i n g equipment w i t h a quadropole mass 
12 

spectrometer Smolmsky and V a s i l e were able to show t h a t 

f l u o r i n e was removed from the s u r f a c e and a l s o carbon and 

hydrogen. 

c) E l e c t r o n E t c h i n g 

E f f e c t s s i m i l a r to those r e s u l t i n g from ion 
13 

bombardment have a l s o been reported by Mayoux usi n g 

e l e c t r o n s . Changes m su r f a c e energy are not given but by 

using MIR IR hydroxyl, carbonyl and double bonds were 

detected. Absorption s p e c t r a i n the UV region a l s o 

r e v e a l e d evidence of u n s a t u r a t i o n . Another e f f e c t 

r e s u l t i n g from e l e c t r o n bombardment i s the formation of 

f r e e r a d i c a l s , some of which appear to be q u i t e s t a b l e . 

I t has been suggested t h a t the brown appearance of p o l y 

ethylene a f t e r i r r a d i a t i o n i s p a r t l y due to trapped f r e e 

r a d i c a l s . 
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.4 Future Developments 

By forming a c t i v e s i t e s on the s u r f a c e of a polymer i t 

i s p o s s i b l e not only to produce simple polar groups but 

a l s o to g r a f t on more complex e n t i t i e s . The purpose of these 

may be to modify the s u r f a c e for reasons such as forming 

adhesive j o i n t s or for p r i n t i n g . I n some i n s t a n c e s i t may 

be p o s s i b l e to use the a c t i v i t y of the s u r f a c e to induce 

g r a f t polymerisation, as for example i n the work by 
14 

Sakata and Goring on the g r a f t i n g of e t h y l a c r y l a t e onto 

cellophane, a f t e r corona treatment. I t i s a l s o p o s s i b l e 

t h a t the s u r f a c e treatment, followed perhaps by g r a f t i n g , 

might be used to produce c a t a l y s t materials'*""'. I n view of 

the long c h a i n nature of the o r i g i n a l polymers i t has been 

suggested that these s y n t h e t i c polymer c a t a l y s t s would 

have enzyme-like a c t i v i t y and would proceed by "template" 

mechanism. 

A technique, for inducing g r a f t p o l y m e r i s a t i o n , t h a t 

may become i n c r e a s i n g l y important i s the use of n u c l e a r 

r a d i a t i o n to produce the a c t i v e s i t e s on the polymer c h a i n . 

Using t h i s technique Memetea and Stannett"^ have been able 

to g r a f t s t y r e n e onto 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 b r e s . 

Another development i s the use of Lewis a c i d s to e t c h 

the s u r f a c e of nylon f i b r e s so that a f t e r treatment the 
Q 

f i b r e s w i l l bond together . By t h i s means a web of f i b r e s 

may be t r e a t e d w i t h an a c t i v e gas, such as a hydrogen 

h a l i d e , and then a f t e r removing the a c t i v a t i n g gas the 

f i b r e s bond together to form a non-woven f a b r i c . T h i s 

process produces a f a b r i c s i m i l a r to t h a t produced by the 
process of f e l t i n g but w i t h a more open t e x t u r e . 



.5 Free R a d i c a l s 

I t i s thought that f r e e r a d i c a l s might play some 

pa r t i n corona and plasma treatment of polymer s u r f a c e 

(see Chapters 4, 5 and 6 ) . Some work was t h e r e f o r e 

c a r r i e d out on some s t a b l e f r e e r a d i c a l s , provided by 

Professor M. B a l l e s t e r of Barcelona U n i v e r s i t y . T h i s 

work i s presented m Chapter 7 where the case of the 
aminyl 

p e r c h l o r o d i p h e n y l y r a d i c a l i s d i s c u s s e d i n some d e t a i l . 
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c) A b s o l u t e B i n d i n g Energies 

d) Use o f r e f e r e n c e peaks C^s
 A u 4 f 

.6 V a r i o u s Features o f ESCA 

a) B i n d i n g Energies 

b) Chemical S h i f t s 

c) Fine S t r u c t u r e 

I ) Spin o r b i t s p l i t t i n g 
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11) M u l t i p l e t s p l i t t i n g 

111) E l e c t r o s t a t i c s p l i t t i n g 

d) S a t e l l i t e Peaks 

e) L i n e Widths 

f) Sampling Depth 

g) Peak I n t e n s i t i e s 

1) X-Ray f l u x 

11) Cross s e c t i o n 

111) Spectrometer Factor 

IV) E l e c t r o n Mean Free Path 

v) Number Dens i t y 

h) A n a l y t i c a l Depth P r o f i l i n g 

1) Deconvolution 

• 7 General Aspects of ESCA 

a) S e n s i t i v i t y of ESCA and other techniques 

b) Advantages of ESCA 

c) Disadvantages of ESCA 

d) Hierarchy of ESCA Information 

e) Developments m ESCA 
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• 1 I n t r o d u c t i _>n 

The f i r s t person to observe though not to i n v e s t i g a t e 

the phenomenon of photo emission was H e m r i c h Hertz, working 
17 

on r a d i o waves at K a r l s r u c h e m 1877. He did not i n v e s t i g a t e 
18 

the matter, which was i n f a c t a nuisance as f a r as h i s 
19 

experiments were concerned. Hallwachs might r e a l l y be 

s a i d to have begun the study of photo emission by h i s 

observations i n 1888 of the e f f e c t of 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 charged sheets of z i n c . 

The emission of e l e c t r o n s by X-Ray r a d i a t i o n was 
20 21 22 23 24 studied by de B r o g l i e ' and Robinson ' ' who 

analysed the e l e c t r o n energies of the photo e l e c t r o n s w i t h 

a magnetic a n a l y s e r . When a m a t e r i a l was i r r a d i a t e d they 

found t h a t , s t a r t i n g w i t h the u l t r a - v i o l e t r a d i a t i o n s , 

only a few e l e c t r o n s were r e l e a s e d . However, when the 

frequency was increased and the energy of the quantum 

became l a r g e r (E = h y ) , . at a c e r t a i n point a l a r g e 

i n c r e a s e i n the number of the e l e c t r o n s was observed. A f t e r 

t h i s point, r e f e r r e d to as an absorption edge, the 

number of e l e c t r o n s decreased u n t i l a higher frequency 

when again the number of e l e c t r o n s g r e a t l y i n c r e a s e d . 



22 

Intensity 
of 

pho to -
electrons 

Kinetic energy 

E lect ron spectra of MgO with Cu,, X-Rays 

Figure 2.1 1 

The absorptxon edges could be c o r r e l a t e d w i t h the 

energy l e v e l s of the e l e c t r o n o r b i t a l s m the atom but a t 

t h a t time the r e s o l u t i o n of the e l e c t r o n energies was not 

s u f f i c i e n t to r e v e a l any f i n e s t r u c t u r e d e t a i l s i n t h e i r 

s p e c t r a . I t was not m f a c t u n t i l the 1950's t h a t the 

development of high r e s o l u t i o n energy a n a l y s e r s for P-ray 
25 

a n a l y s i s provided the necessary r e s o l u t i o n for X-Ray 

photo e l e c t r o n spectroscopy. 

.2 Development 

In the e a r l y 1950's Siegbahn and co-workers a t 

Uppsala U n i v e r s i t y , Sweden, developed an iron f r e e double 

f o c u s s i n g e l e c t r o n spectrometer for high r e s o l u t i o n s t u d i e s 



of (3-ray energies . T h i s was used i n 1954 to study the 

e l e c t r o n energies of photo e l e c t r o n s e j e c t e d by X-Rays and 

they observed that a sharp l i n e could be r e s o l v e d from each 

absorption edge. T h i s l i n e r e p r e s e n t s the k i n e t i c energy 

of photo e l e c t r o n s t h a t have not s u f f e r e d energy l o s s e s and 

t h e r e f o r e corresponds to the binding energy of the atomic 

l e v e l from which they come. The k i n e t i c energy could be 

measured with a p r e c i s i o n of a few tenths of an e l e c t r o n 

v o l t and using t h i s new technique K. Siegbahn and co-workers 

were able to study i n d e t a i l the photo e l e c t r o n s p e c t r a of 

copper and i t s oxides. I t was not however u n t i l the 

observation of two d i s t i n c t I s peaks, from the d i f f e r e n t 

o x i d a t i o n s t a t e s of sulphur i n sodium t h i o s u l p h a t e , m 1964, 

t h a t the p o s s i b i l i t i e s of photo e l e c t r o n spectroscopy 

were f u l l y a p p r e c i a t e d . 

.3 Photo E l e c t r o n s and Related Spectroscopics 

a) Photo l o n i s a t i o n 

When a molecule i s i r r a d i a t e d w i t h X-Rays, then 

e l e c t r o n s w i t h binding energies l e s s than t h a t of the 

e x i s t i n g r a d i a t i o n may be e j e c t e d . T y p i c a l X-Ray sources 

i n c u r r e n t use are Mg ^ 2 and A l K^, ̂  ^ w i t h photon 

energi e s of 1253 „7 eV and 1486.6 eV r e s p e c t i v e l y . The 

e l e c t r o n s e j e c t e d may be e i t h e r core or valence e l e c t r o n s 

though these l a t t e r are u s u a l l y studied using u l t r a - v i o l e t 
2 7 

photo e l e c t r o n spectroscopy w i t h He(I) r a d i a t i o n , 

21.22 eV or H e ( I I ) r a d i a t i o n , 40.8 eV. 
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The Photoionisarion Process 

Figure 2.3.1 

For an i s o l a t e d molecule, that i s one i n the gas 

phase the k i n e t i c energy KE of the photo e l e c t r o n i s 

given by:-

KE = hf - BE - E r 2.3.1 

where h i s Plank's constant, y i s the frequency, BE i s 

the binding energy of the photo e l e c t r o n and E r i s the 

r e c o i l energy of the atom or molecule. The r e c o i l energy 

E r i s u s u a l l y n e g l i g i b l e for l i g h t atoms when us i n g 

t y p i c a l X-Ray sources for example Mg 2 and A l 2 . 

2 8 

Siebahn and co-workers have c a l c u l a t e d the r e c o i l 

e n e rgies, using A l K ^ (1486.6 eV), for H = 0.9 eV, 

L i = 0.1 eV, Na = 0.04 eV, K = 0.02 eV and Rb = 0.01 eV. 

However using high energy X-Rays, for example Ag 

(22000 eV) the r e c o i l energy of L i i s 2 eV and r e c o i l 

e nergies for l i g h t elements must be taken i n t o account. 
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Recent s t u d i e s by Cederbaum and Domcke , have shown t h a t 

m o d i f i c a t i o n of the v i b r a t i o n a l band envelopes of l i g h t 

elements tnay a l s o occur. Nevertheless using c u r r e n t r o u t i n e 

instruments the r e c o i l energy i s u s u a l l y regarded as 

n e g l i g i b l e and i s normally discounted. The k i n e t i c energy 

for photo e l e c t r o n s from molecules i n the gaseous s t a t e 

i s t h e r e f o r e taken to be the d i f f e r e n c e between the energy 

of the X-Rays (hy) and the binding energy of the e l e c t r o n s . 

Equation 2.3.1 t h e r e f o r e becomes:-

2.3.2 KE = hy - BE 

And the binding energy of the e l e c t r o n s i s obtained 

from measuring the k i n e t i c energy of the e l e c t r o n s and 

s u b t r a c t i n g t h i s from the k i n e t i c energy of the X-Rays. 

2.3.3 BE = hy - KE 

The s i t u a t i o n when d e a l i n g w i t h s o l i d s i s s l i g h t l y 

more complex and binding energies are r e f e r r e d to the 

Fermi l e v e l 3 0 . The r e l a t i o n s h i p between the binding 

energies for solr.d and gaseous samples w i l l be d e a l t w i t h 

more f u l l y i n s e c t i o n 5 of t h i s Chapter. 

The c r o s s s e c t i o n for p h o t o i o n i s a t i o n for a p a r t i c u l a r 
2 7 28 31 

e l e c t r o n v a r i e s w i t h photon energy ' ' and valence 

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

spectroscopy and ESCA show c o n s i d e r a b l y d i f f e r e n t 

i n t e n s i t y r a t i o s . 

S e v e r a l processes may accompany photo l o n i s a t i o n and 

these may be d i v i d e d i n t o two main c a t e g o r i e s depending 

upon whether they are slow compared to the o r i g i n a l photo 

l o n i s a t i o n or occur w i t h i n a s i m i l a r time span. E l e c t r o n 
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r e l a x a t i o n , shake up and shake o f f occur w i t h i n a s i m i l a r 

time span and r e s u l t m m o d i f i c a t i o n of the k i n e t i c energy 

of the photo e l e c t r o n s . Auger emission and X-Ray f l u o r e s c e n c e 

are comparatively slow processes and cause l i t t l e e f f e c t on 

the k i n e t i c energy of the photo e l e c t r o n s . 

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

The photo emission process i s complete w i t h i n a time 
—18 3 2 

span of approximately 10~ seconds and accompanying t h i s 

there i s a s u b s t a n t i a l e l e c t r o n i c r e l a x a t i o n of the valence 

e l e c t r o n s 3 3 ' 3 ^ ' 3 5 . T h e o r e t i c a l and experimental s t u d i e s 

have shown t h a t the r e l a x a t i o n energy i s a s e n s i t i v e 

f u n c t i o n of the e l e c t r o n i c environment of a molecule 3** ^ . 

Using the Hartree-Foch formalism c a l c u l a t i o n s have been 
41 

c a r r i e d out using Koopmans ' Theorem and by LCAO MO 
42 43 44 

theory ' ' on the n e u t r a l and core l o n i s a t i o n s t a t e s . 

The disadvantage of Koopmans 1 theorem i s t h a t i t i m p l i c i t l y 

ignores r e l a x a t i o n energies and i n many cas e s g i v e s 

i n c o r r e c t binding energies which, i f the r e l a x a t i o n energies 

are s u f f i c i e n t l y d i f f e r e n t , may produce an i n c o r r e c t 

ordering of energy l e v e l s . The problem of the LCAO MO s e l f 

c o n s i s t e n t f i e l d (SCF) methods i s t h a t the Hartree-Fock 

operator i t s e l f depends on the one e l e c t r o n e i g e n f u n c t i o n . 

I t does though provide, i n p r i n c i p l e , a formalism for 

approximate s o l u t i o n s to any d e s i r e d degree of accuracy. 

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 core i o n i s a t i o n s 
40 45 

of f i r s t row atoms are c o n s i d e r a b l e ' and are caused 

by the r e o r g a n i s a t i o n of the valence e l e c t r o n s i n response 
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t o the decreased s h i e l d i n g of the nu c l e a r charge. T h i s 

r e o r g a n i s a t i o n changes the s p a t i a l d i s t r i b u t i o n of the 

remaining e l e c t r o n s , a f a c t o r which i s not taken i n t o 

account by Koopmans' Theorem. The change i n p o t e n t i a l i s 

much l a r g e r when a core e l e c t r o n i s i o n i s e d than when a 

valence e l e c t r o n i s i o n i s e d s i n c e core e l e c t r o n s have a 

l a r g e r screening c o e f f i c i e n t . T h i s i s shown by the f a c t 

t h a t r e l a x a t i o n energies for core e l e c t r o n s are 

approximately an order of magnitude gr e a t e r than for 

valence e l e c t r o n s . Thus c a l c u l a t e d values f o r the 

r e l a x a t i o n energies for the C-̂  and C l W o r b i t a l s m CO, 
40 45 

us i n g LCAO MO SCF, are 11.4 eV and 1.8 eV r e s p e c t i v e l y ' 

The d i f f e r e n c e s between r e l a x a t i o n e n e r g i e s for 

c l o s e l y r e l a t e d molecules are small and t h e r e f o r e they only 

cause small changes i n binding e n e r g i e s . Thus Koopmans' 

Theorem and ASCF c a l c u l a t i o n s give s i m i l a r estimates for 

s h i f t s even though Koopmans ' Theorem does n e g l e c t 
40 

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

c) Shake Up and Shake Off 

The e j e c t i o n of a core e l e c t r o n , w i t h i t s l a r g e 

s h i e l d i n g e f f e c t i s accompanied by 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 . There i s a l s o the p r o b a b i l i t y t h a t the photo 

l o n i s a t i o n w i l l be followed by the simultaneous e x c i t a t i o n 

of a valence e l e c t r o n so t h a t e i t h e r i t moves to an 

unoccupied o r b i t a l (shake up) or i t i s e j e c t e d (shake o f f ) . 



Photoionisat ion 

M + h v - * ® r f + e~ 

KE = hv - BE 2.3.2 

T Shake-up 

* M + —> "M + 

KE = h v - B E - I 23.4 

Shake-o f f 

*M+ —> M + *+ e 

KE = hv - BE - E 2.3.5 

Figure 2.3.2 

The energy for both these processes comes from the 

o r i g i n a l photo l o n i s a t i o n and so there i s a need to take 

the e n e r g y ( E and E') into account i n c o n s i d e r i n g the 

k i n e t i c energy of the photo e l e c t r o n . 

I t may be shown that the shake up process obeys 

monopole s e l e c t i o n r u l e s , 

as i n d i c a t e d on equations 2..3.6 - 2.3.8 
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^ K u f C u i ^ ' u j g y s N f<g-i 

...2.3.6 

...2.3.7 

.0.2.3.8 

where ^ ^ i s th*> i n i t i a l s t a t e i.ave f u n c t i o n 

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

I n some ways shake up may be regarded as an analogue 

of u l t r a - v i o l e t spectroscopy but t h i s analogy should not be 

taken too f a r . 

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

e l e c t r o n i c r e l a x a t i o n energies was f i r s t e s t a b l i s h e d 

t h e o r e t i c a l l y by Manne and S b e r g 4 ^ . They showed t h a t the 

weighted mean of the d i r e c t p h o t o l o n i s a t i o n , shake up and 

shake o f f peaks corresponds to the binding energy of the 

unrelaxed system. 
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R e l a t i o n s h i p between r e l a x a t i o n energy, Koopraans' 

Theorem (mean) and the r e l a t i v e i n t e n s i t i e s of d i r e c t 

p h o t o i o n i s a t i o n , shake-up and shake-off 

F i g u r e 2.3.3 

The t r a n s i t i o n p r o b a b i l i t i e s for high energy shake o f f 

processes are r e l a t i v e l y small compared to the shake up 

processes, which are u s u a l l y of lower energy and these 

t r a n s i t i o n s of higher p r o b a b i l i t y f a l l reasonably c l o s e 

to the weighted mean. I n p r i n c i p l e the r e l a x a t i o n energy 

should be a v a i l a b l e from experimental data of d i r e c t photo-

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

not so. The problem a r i s e s from the presence of the 

" i n e l a s t i c t a i l " which i s caused by the d i r e c t photo 

e l e c t r o n s l o s i n g energy by a v a r i e t y of i n e l a s t i c p r o c e s s e s . 

T h i s produces a broad energy band which peaks a t 
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approximately 20 eV below the d i r e c t l o m s a t i o n peak. This 

i n e l a s t i c t a i l e f f e c t u a l l y obscures many of the much sm a l l e r 

shake o f f peaks and so c a l c u l a t i o n s of r e l a x a t i o n energies 

from experimental data are not p o s s i b l e . In general a l l 

systems should show shake up and shake o f f peaks but due to 

the i n e l a s t i c t a i l only those systems that give r e l a t i v e l y 

high i n t e n s i t y low energy shake up w i l l produce these peaks 

m t h e i r s p e c t r a . 

Shake up and shake o f f s t r u c t u r e has been st u d i e d i n 
47 48 49 50 organic ' and inorg 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 being paid to 'd' block elements. The s u b j e c t of 

shake up e f f e c t s has been the s u b j e c t of a r e c e n t review"^. 

d) Auger and X-Ray Fluorescence Spectroscopies 

The e j e c t i o n of a core e l e c t r o n by an X-Ray photon 

leaves a hole i n t h a t atom and the d e - e x c i t a t i o n of the 

hole s t a t e can occur by X-Ray f l u o r e s c e n c e and Auger 

e l e c t r o n emission. Both these processes are comparatively 

slow compared to the photo l o n i s a t i o n and so they do not 

have much e f f e c t on the k i n e t i c energy of the o r i g i n a l 

photo e l e c t r o n . 

Auger Emission X-Ray Fluorescence 

® ® o Q 
© 
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\ 
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Figure 2 3 4 



I n Auger e l e c t r o n emmission an e l e c t r o n drops from 

a higher l e v e l ( e n e r g e t i c a l l y ) to f i l l the core hole and 

at the same time an e l e c t r o n i s e j e c t e d from the atom. 

When the e l e c t r o n drops from a valence o r b i t a l the Auger 

spectrum i s r e l a t e d to the energies of both the valence 

and core o r b i t a l s . When the e l e c t r o n drops from an inner 
52 

o r b i t a l , a Coster-Kronig t r a n s i t i o n , the Auger spectrum 
i s r e l a t e d to the inner 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 

52 53 
are often very w e l l r e s o l v e d ' , but un f o r t u n a t e l y cause 

a broadening of the ESCA spectrum due to the very s h o r t 

l i f e t i m e of the pro c e s s . For a Coster-Kronig process to 

occur the energy d i f f e r e n c e between the o r b i t a l s must be 

s u f f i c i e n t to be able to e j e c t an e l e c t r o n from a higher 

o r b i t a l . Because of t h i s l i m i t a t i o n Coster-Kronig 

processes are only observed i n elements with atomic numbers 

l e s s than 40. 

The other process of d e - e x c i t a t i o n , X-Ray 

fl u o r e s c e n c e , i s not very e f f i c i e n t f or l i g h t e r elements 

but i s a higher p r o b a b i l i t y process for atoms w i t h atomic 

numbers great e r than 35 (see f i g u r e 2.3.5 below) . 
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F igure 2.3.5 

The p r o b a b i l i t y of Auger emmission and X-Ray 
2 8 

flu o r e s c e n c e i s a f u n c t i o n of atomic number and i s 

i l l u s t r a t e d m f i g u r e 2.3.5 above. I t can be seen t h a t 

Auger emmission i s important for l i g h t e r elements w h i l e 
54 

X-Ray fluorescence i s more important for h e a v i e r atoms 

Auger e l e c t r o n spectroscopy as such uses an e l e c t r o n 

beam of t y p i c a l l y 2 k eV r a t h e r than X-Ray photons. The 

technique i s very much one of s u r f a c e a n a l y s i s s i n c e the 

pe n e t r a t i o n depth of the e x c i t i n g e l e c t r o n s i s only about 
55 

5 atomic l a y e r s or approximately one nanometre . I t i s 
very s e n s i t i v e and i t i s p o s s i b l e under i d e a l c o n d i t i o n s 
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to d e t e c t c o n c e n t r a t i o n s of atoms down to the l e v e l of 
15 -2 

approximately 10 atoms m (the s u r f a c e packing of many 
19 -2 

s o l i d s i s of the order of 10 atoms m ) . However, the 

i n c i d e n t beam of e l e c t r o n s in Auger spectroscopy i s 

approximately three orders of magnitude grea t e r i n f l u x than 

a normal ESCA photon beam. Therefore although Auger 

spectroscopy i s very u s e f u l for studying the s u r f a c e s of 
56 

metals and semiconductors the r a d i a t i o n damage caused to 

organic m a t e r i a l s presents a severe problem when studying 

polymers. 

X-Ray f l u o r e s c e n c e spectroscopy i s a good method of 
54 

q u a l i t a t i v e a n a l y s i s for elements w i t h atomic numbers 

gre a t e r than t e n . Concentration down to 0.1% may be r o u t i n e l y 

determined and under favourable c o n d i t i o n s c o n c e n t r a t i o n s 

down to 0.01% may be determined for h e a v i e r atoms. As a 

s u r f a c e technique X-Ray fl u o r e s c e n c e s u f f e r s from the 

disadvantage t h a t i t samples a r e l a t i v e l y t h i c k l a y e r , for 

example using 100 kV X-Rays the sampling depth may be of 

the order of 100 micrometres, or 1 m i l l i o n atomic l a y e r s . 

Where the element being measured i s known to l i e i n the 

s u r f a c e l a y e r s ( 4> 1° atomic l a y e r s ) i t i s q u i t e a u s e f u l 
2 

technique and from a sample area of 1 cm concentrations 

of between 0.1 to 10 micrograms may be d e t e c t e d . T h i s 
57 

corresponds approximately to a monolayer at the s u r f a c e 

.4 ESCA Instrumentation 

The work i n t h i s t h e s i s was c a r r i e d out on an AEI 

ES 200 AA/B spectrometer, a schematic diagram of which i s 
given below. 
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a) X-Ray Source 

The high voltage supply i s from a Marconi E l l i o t t 

GX 14 u n i t w i t h i n t e g r a l l y v a r i a b l e voltage, 0-60 kV and 

cu r r e n t , 0-80 mA. The spectrometer i t s e l f i s equipped w i t h 
58 

two X-Ray sources of hidden filament of Henke design ; a 

a non-monochromatised Mg ^ a n c^ a nionochromatised 

A l K ^ 2' T n e monochromator for the A l K ^ ^ u s e s s l i t 
36 ~ 

f i l t e r i n g and d i f f r a c t i o n from the 1010 plane of quartz a t 
the Bragg angle of 78.3°. Monochromators used on other 
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machines may use t h i s system or d i s p e r s i o n compensation or 
59 

" f i n e f o c u s s i n g " 
The operating conditions and c h a r a c t e r i s t i c s of the two 

X-Ray sources are given below. 

Anode Anode X-Ray 

Voltage Current Energy FWHM Wavelength 

Mg Anode 12 kV 15 mA 1253.7 eV 0.7eV 

A l Anode 15 kV 3 5 mA 1486.6 eV 0.9eV 834 pm 

Using the monochromator the l i n e width of the AlK^g, i s 

reduced to approximately 0.3 eV but a t the same time the 

i n t e n s i t y i s a l s o g r e a t l y reduced. 

For the work m t h i s t h e s i s only the Magnesium anode 

was used. The X-Ray spectrum for a tungsten anode i s 

shown b e l o w ^ . 

Intensity 

V=80kV 

I 10 1 6 
Wavelength A 

X-Ray spectrum of a Tun gsten anode 

Figure 2 4 2 

The spectrum c o n s i s t s of the c h a r a c t e r i s t i c l i n e 

spectrum superimposed on a continuum (bremstrahlung), the 

shape of which depends only on the energy of the e l e c t r o n s 
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and not on the anode m a t e r i a l . The c u t o f f frequency VQ i s 

obtained from the e x p r e s s i o n : -

h.VQ = E 2.4.1 

where h i s Plank's constant and E i s the e l e c t r o n k i n e t i c 

energy. The t o t a l X-Ray energy per e l e c t r o n , E^, i s found 

by i n t e g r a t i o n over all of the continuum and i s given by 

E T = k Z E 2 2.4.2 

-4 

where k = 0.7 x 10 when E T and E a r e expressed i n MeV and 

Z i s the atomic number of the anode m a t e r i a l . The f r a c t i o n 

of the e l e c t r o n k i n e t i c energy t h a t i s converted i s 

t h e r e f o r e given by:-
E T / E = k 2 E 

For a magnesium anode and voltage of 12 kV E T / E i s only 

about 10~ 3%. 

The magnesium anode i s i s o l a t e d from the sample 

chamber by a t h i n aluminium window to prevent i n t e r f e r e n c e 

due to e l e c t r o n s from the f i l a m e n t . I n order to reduce the 

r i s k of 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-Ray r a d i a t i o n from 

the aluminium window the fi l a m e n t i s operated a t near 

ground p o t e n t i a l (+ 10V) and the anode a t high p o s i t i v e 

p o t e n t i a l . 

b) The Sample Chamber 
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The sample chamber has s e v e r a l a c c e s s p o r t s for 

sample i n t r o d u c t i o n and treatment f a c i l i t i e s . Two of the 

ports are equipped w i t h i n s e r t i o n lock systems w i t h high 

vacuum gate v a l v e s which enable probes to be i n s e r t e d 

without having to l e t the whole system up to atmospheric 

p r e s s u r e . I t does however l i m i t the normal operating 
—8 

pre s s u r e m the sample chamber to approximately 10~ t o r r 

though under favourable c o n d i t i o n s a pr e s s u r e of the order 

of 10 t o r r i s o b t a i n a b l e . By using the probes samples may 

be entered e a s i l y i n t o the sample chamber and a l s o angular 
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studxes (see s e c t i o n , 6 ) may be c a r r i e d out. 

c) Sample Handling 

S o l i d samples are u s u a l l y mounted on the t i p of a 

sample probe by means of double sided "scotch" i n s u l a t i n g 

tape, m the case of powders by p r e s s i n g the powder onto 

the tape and then tapping o f f the excess t h a t has not 

adhered. 

S o l i d s t h a t d i s s o l v e r e a d i l y i n a s o l v e n t may be 

s o l u t i o n c a s t onto a pi e c e of gold f o i l . Since ESCA i s a 

s u r f a c e s e n s i t i v e technique i t i s important to use c l e a n 

apparatus and pure s o l v e n t s c o n t a i n i n g no i n v o l a t i l e 

r e s i d u e s which would be included on the s u r f a c e on 

evaporation of the s o l v e n t . I t i s a l s o important to ensure 

t h a t no s o l v e n t remains bonded to the s o l i d a f t e r 

evaporation. S o l i d s t h a t w i l l sublime without decompos

i t i o n may be sublimed onto a pi e c e of gold f o i l . The p i e c e 

of gold w i t h e i t h e r the s o l u t i o n c a s t or sublimed f i l m may 

then be f i x e d to the probe t i p by s m a l l metal screws or 

double sided "scotch" tape. One problem t h a t the use of 

"scotch" tape causes i s t h a t of sample charging, a matter 

t h a t i s d e a l t w i t h m s e c t i o n .5 of t h i s chapter. By u s i n g 

a probe t i p t h a t can be cooled v o l a t i l e s o l i d s may be 

studied, without t h i s f a c i l i t y the h e a t i n g e f f e c t of the 

X-Rays would soon cause them to sublime under the vacuum 

c o n d i t i o n s . A cooled probe a l s o allows l i q u i d s to be 

handled as they may be i n s e r t e d v i a the second i n s e r t i o n 

lock using a r e s e r v o i r s h a f t or d i r e c t i n l e t s h a f t and then 
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condensed on the probe t i p , which may be cooled w i t h l i q u i d 

n i t r o g e n . The probe a v a i l a b l e on t h i s instrument has a 

v a r i a b l e temperature c o n t r o l and may be operated at tempera

t u r e s from l i q u i d nitrogen to + 400°C. 

Siegbahn has developed two techniques where l i q u i d s 
61 

and s o l u t i o n s may be studied as submillimeter beams or 
60 

as a f i l m on a w i r e loop passing through the X-Ray beam 

and c o n t i n u a l l y being wetted by the l i q u i d . 

Gases may be studied by condensing onto the cooled 

probe m much the same way as l i q u i d s . Some e l e c t r o n 

spectrometers have however the f a c i l i t y to study molecules 

m the gas phase i n which case l i q u i d s may a l s o be studied 

by the same method. ESCA s t u d i e s c a r r i e d out using 
36 

molecules i n the gas phase have the following advantages 

compared to s t u d i e s using s o l i d s . 

I ) There i s no inherent broadening of the l e v e l s 

due to s o l i d s t a t e e f f e c t s , 

n ) Problems of sample charging are removed, 

m ) Increased s i g n a l to noise r a t i o . 

I V ) R a d i a t i o n damage i s of l e s s importance u n l e s s 

the sample i s r e c i r c u l a t e d , 

v) By mixing w i t h standard gases peaks may be 

r e a d i l y c a l i b r a t e d , 

v i ) There i s the p o s s i b i l i t y of d i s t i n g u i s h i n g 

between i n e l a s t i c l o s s e s and shake up and shake 

o f f by varying the sample p r e s s u r e , 

v n ) D i r e c t comparison 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 made e a s i e r . 
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When a sample has bee a xn -he ESCA instrument for an 

app r e c i a b l e time (of the order of an hour) i t i s often 

observed t h a t there i s an a p p r e c i a b l e b u i l d up of hydro

carbon contamination. I t has been found t h a t most of t h i s 

contamination comes from hydrocarbons " b o i l i n g o f f " the 
6 2 

X-Ray cap and contaminating the sample . By c o o l i n g the 

X-Ray cap much of t h i s contamination can be e l i m i n a t e d and 

on the instrument used t h i s i s normally done by water. 

Notwithstanding t h i s , a small amount of such contamination 

may be of advantage as a r e f e r e n c e peak (see s e c t i o n . 5 ) . 

d) E l e c t r o n Energy Analyser 
The e l e c t r o n energy a n a l y s e r used on the ES 200 i s 

6 3 
based on the p r i n c i p l e proposed by P u r c e l l m 1938 and 

i s a h e m i s p h e r i c a l double 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 

which i s t o t a l l y enclosed by a mu-metal f i e l d to 

e l i m i n a t e any magnetic i n t e r f e r e n c e . The e l e c t r o n energy 
4 

a n a l y s e r needs to have a r e s o l u t i o n of 1 i n 10 i n order 

to c a r r y out ESCA studies.The r e s o l u t i o n of the a n a l y s e r 

^ E / E depends on the mean 

r a d i u s of the hemispheres, R, and on the combined width 

of the source and c o l l e c t o r s l i t s W. 
^ E / E = | 

To improve the r e s o l u t i o n three t h i n g s may be done:-

I ) Reduce the s l i t widths W, which reduces the s i g n a l 

i n t e n s i t y , 

n ) I n c r e a s e the mean r a d i u s R of the hemispheres which 

i n c r e a s e s the engineering c o s t s and the o v e r a l l 

pumping requirements, 
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ixx) Reduce the k i n e t i c energy E of the e l e c t r o n s before 

they enter the e l e c t r o n a n a l y s e r . 

A compromise has t h e r e f o r e to be made on these t h r e e 

and so the s l i t widths are a d j u s t e d to give 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 w h i l e the E S 200 AA/B uses a r e t a r d i n g 

l e n s to slow the e l e c t r o n s down before they enter the 

a n a l y s e r . T h i s enables the s i z e of the two hemispheres 

to be kept to a reasonable s i z e so as to reduce 

mechanical d i s t o r t i o n s and to keep engineering c o s t s 

down. The r e t a r d i n g l e n s used i n f a c t serves two purposes: 

1) By reducing the k i n e t i c energy of the e l e c t r o n s 

the r e s o l u t i o n requirements on the a n a l y s e r are 
64 

reduced 

n ) By i n c r e a s i n g the d i s t a n c e between the sample 

chamber and the a n a l y s e r there i s more f l e x i b i l i t y 

for sample handling. The a n a l y s e r i s p h y s i c a l l y 

l a r g e and would s e r i o u s l y impede sample handling 

i f t h i s s e p a r a t i o n d i d not e x i s t . 

E l e c t r o n s e n t e r i n g the a n a l y s e r w i t h the r e q u i r e d 

k i n e t i c energy may be focussed a t the detector s l i t by 

one of two methods: 

i ) by scanning the r e t a r d i n g p o t e n t i a l to the l e n s 

and keeping the p o t e n t i a l d i f f e r e n c e between the 

two hemispheres con s t a n t . T h i s means th a t the 

d e t e c t o r s l i t r e c e i v e s e l e c t r o n s w i t h constant 

k i n e t i c energy and t h i s method gives g r e a t e r 

s e n s i t i v i t y a t k i n e t i c e n e r g i e s of l e s s than 
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500 eV. This method of operation normally 

operates w i t h the e l e c t r o n emerging from the 

an a l y s e r w i t h k i n e t i c energies of e i t h e r 65 or 

130 eV. 

n ) By simultaneous scanning the r e t a r d i n g p o t e n t i a l 

a p p l i e d to the lens and the p o t e n t i a l d i f f e r e n c e 

between the two hemispheres. T h i s method g i v e s a 

greate r s e n s i t i v i t y a t higher e l e c t r o n k i n e t i c 

energies and i s the method used on t h i s 

E S 200 AA/B. 

The o v e r a l l r e s o l u t i o n ^ I E ^ / E of the system depends 

on a number of other c o n t r i b u t i o n s as w e l l as the 

r e s o l u t i o n of the a n a l y s e r . For a s o l i d sample and assuming 

Gaussian l i n e shapes can be c a l c u l a t e d from 

where $&„i.s the l i n e width of the X-Ray r a d i a t i o n l i n e . 

£kfe*, 1 S t h e n a t u r a l width of the e l e c t r o n energy 

i n the l e v e l being s t u d i e d . 

&>B^ i s the l i n e broadening due to spectrometer 

i r r e g u l a r i t i e s , which may vary w i t h e l e c t r o n 

emission energy E , and s l i t w i d t h s. The 

i s the l i n e broadening due to s o l i d s t a t e e f f e c t s 

i n the sample. 

Of these c o n t r i b u t i o n s the only ones which can be v a r i e d 

to any degree are hy u s i n g a monochromator and &Bf 

by v a r y i n g the source and c o l l e c t o r s l i t s . 
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e^ E l e c t r o n Detection and Data A c q u i s i t i o n 

The e l e c t r o n s focussed by the a n a l y s e r pass through the 

c o l l e c t o r s l i t and then enter an e l e c t r o n m u l t i p l i e r . The 

output from the m u l t i p l i e r i s then a m p l i f i e d and fed i n t o 

a data handling system. I n view of the f o c a l plane 

p r o p e r t i e s of the double f o c u s s i n g a n a l y s e r i t would be 

f e a s i b l e to use a multichannel d e t e c t o r system to observe 

simultaneously many d i f f e r e n t s p e c t r a l peaks. Such a 

system would b r i n g about s u b s t a n t i a l i n c r e a s e s i n the speed 

of data a c q u i s i t i o n and would enable r e a l - t i m e 

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

The s i g n a l s from the e l e c t r o n d e t e c t i o n and a m p l i f y i n g 

system may be handled m one of two ways. 

1) The k i n e t i c energy of the photo e l e c t r o n i s 

scanned continuously from a f i x e d k i n e t i c 

energy u n t i l another predetermined higher 

k i n e t i c energy i s reached. The s i g n a l from 

the a m p l i f i e r may be fed i n t o a ratemeter 

or recorded on an X-Y recorder d i r e c t l y 

a g a i n s t the k i n e t i c energy of the e l e c t r o n s . 

I n t h i s case a graph of e l e c t r o n counts per 

second versus k i n e t i c energy of the e l e c t r o n s 

i s obtained. 

1 1 ) The k i n e t i c energy of the e l e c t r o n s p a s s i n g 

through the a n a l y s e r i s scanned stepwise from 

a f i x e d k i n e t i c energy to another higher 

predetermined k i n e t i c energy. The increments 

are t y p i c a l l y 0.1 eV and a t each increment 
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the counts may be measured for a f i x e d time 

or a f i x e d number of counts may be timed. 

The data obtained i s then stored i n a m u l t i 

channel a n a l y s e r and u s u a l l y the process i s 

s e t to repeat a u t o m a t i c a l l y for a f i x e d number 

of s c a n s . This enables s i g n a l to noise r a t i o s 

to be enhanced s i n c e the s i g n a l i n c r e a s e s i n 

proportion to the number of scans w h i l e the 

noise, which i s a random f l u c t u a t i o n , only 

i n c r e a s e s i n proportion to the square root 

of the number of s c a n s . 

In both of these methods where the time of data 

a c q u i s i t i o n i s long (of the order of an hour) long term 

sample changes may have to be considered. For example, 

hydrocarbon contamination may a l t e r peak r a t i o s and time 

dependent sample charging may produce erroneous s p e c t r a . 

.5 C a l c u l a t i o n of Binding Energies 

a) Binding Energy 

The r e f e r e n c e l e v e l i n ESCA i s taken to be the vacuum 

l e v e l for gases, and the binding energy of an e l e c t r o n i s 

defined as the energy r e q u i r e d to remove the e l e c t r o n from 

the o r b i t a l i t i s m to i n f i n i t y (vacuum l e v e l ) . The 

binding anergy of the e l e c t r o n i n an ESCA experiment i s 

then given by equation 2.3.3. In the case of s o l i d s 

however the outer e l e c t r o n i c l e v e l s are broadened into 

bands, and a p o t e n t i a l b a r r i e r e x i s t s a t the s u r f a c e . 

I t i s t h e r e f o r e more convenient to r e f e r the binding 
•j p 

e n e r g i e s -to the Fermi l e v e l . The Fermi l e v e l E^ i s 

d e fined by 



f N^&)d£ 'N ... IS>.\ 

where N(E) = Z ( E ) . F ( E ) . Z(E) i s the d e n s i t y of s t a t e s 

for e l e c t r o n s , t h a t i s the number of energy l e v e l s between 

E and E + ^ E , F ( E ) i s the Fermi p r o b a b i l i t y d i s t r i b u t i o n , 

t h a t i s the p r o b a b i l i t y t h a t a Fermi p a r t i c l e i n a system 

i n thermal e q u i l i b r i u m a t temperature T w i l l be i n a 

s t a t e w i t h energy E. 

P(E) - ( e < E - V / M

 + I ) " 1 , k T « B f 2. 5. 2 

N i s the t o t a l number of e l e c t r o n s m the system and 

the e l e c t r o n s f i l l the a v a i l a b l e s t a t e s up to the Fermi 

l e v e l . 

The work fu n c t i o n 0 of a s o l i d i s defined as 
s 

the energy gap between the f r e e e l e c t r o n (vacuum l e v e l ) 

and the Fermi l e v e l i n the s o l i d . The vacuum l e v e l s f o r 

the s o l i d and the spectrometer may be d i f f e r e n t and the 

photo e l e c t r o n s w i l l t h e r e f o r e experience a r e t a r d i n g 
or a c c e l e r a t i n g p o t e n t i a l equal to 0 - 0 where ^ ^ ^ ' s ^spec, 
0 g p e c i s the work fu n c t i o n of the spectrometer. 
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The k i n e t i c energy KE, of the e l e c t r o n s when they 

enter the a n a l y s e r w i l l t h e r e f o r e be s l i g h t l y d i f f e r e n t 

from the k i n e t i c energy KE^ w i t h which they are e j e c t e d 

from the sample. However provided the sample and the 

electrometer are i n e l e c t r i c a l c o n t a c t t h e i r Fermi l e v e l s 

can a d j u s t to the same l e v e l and the binding energy of 

the e l e c t r o n s can be c a l c u l a t e d from 

BE = h%f - KE - 0 spec 2 .5.3 
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The binding energy of the e l e c t r o n s can t h e r e f o r e be found 

without knowing the work funct i o n of the sample s i n c e i t 

depends on that of the spectrometer which w i l l be a 

constant correction to a l l binding energies and for 

d i f f e r e n t samples. Metal samples may e a s i l y be made to 

have e l e c t r i c a l contact with the spectrometer but i n the 

case of i n s u l a t i n g m a t e r i a l s i t i s often assumed t h a t the 

X-Ray r a d i a t i o n w i l l produce s u f f i c i e n t charge c a r r i e r s 

so t hat the Fermi l e v e l s can a d j u s t to thermodynamic 

e q u i l i b r i u m . However i n many i n s t a n c e s , for example, w i t h 

polymer samples, t h i s i s not so and the sample may become 

e l e c t r i c a l l y charged. For the polymers studied i n t h i s 

t h e s i s sample charging, for instance, was often found to 

produce s h i f t s of the order of 3 or 4 e - v o l t s (see 

Chapter 4 ) . 

b) Sample Charging 

The presence or absence of s u f f i c i e n t charge 

c a r r i e r s may be shown by applying a D.C. b i a s to the 

sample ho l d e r . I f the sample holder 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 the sample the s h i f t i n energy s c a l e w i l l 
6 5 

follow the applied D.C. b i a s voltage . This technique 

i s e q u a l l y s u i t a b l e for use wi t h conducting m a t e r i a l s 

and A s c e r e l l i and Missoni^^ have used the technique to 

determine the p o s i t i o n of the vacuum l e v e l . 

S e v e r a l i n v e s t i g a t i o n s have shown t h a t the primary 

photo e l e c t r o n s are r a p i d l y slowed down by the i n t e r a c t i o n 

w i t h matter and can generate intense c u r r e n t s of slow 
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secondary e l e c t r o n clouds a t the s u r f a c e of the s a m p l e * ^ ' ^ 7 ' ^ 

These secondary e l e c t r o n s play an important r o l e xn 

establxshxng the e l e c t r i c a l e q u i l i b r i u m a t the s u r f a c e of 

the sample. They have been found to make up approximately 

20% of the photo e l e c t r o n f l u x i n a conducting sample end 

99% of the f l u x m an i n s u l a t i n g sample. Where these 

secondary e l e c t r o n s are i n s u f f i c i e n t to remove sample 

charging and e l e c t r i c a l e q u i l i b r i u m i s not achieved i t i s 
69 

p o s s i b l e to use e l e c t r o n 'flood guns' to make up the 
d e f i c i e n c y . The removal of bremsstrahlung by monochromators 

very c o n s i d e r a b l y reduces the supply of secondary e l e c t r o n s 

and sample charging with t h i c k i n s u l a t i n g samples may 

prpduce a s h i f t m k i n e t i c energy of s e v e r a l hundred 

e l e c t r o n v o l t s . The use of an e l e c t r o n flood gun w i l l 

a l l e v i a t e t h i s but i t i s of course p o s s i b l e to n e g a t i v e l y 

charge an i n s u l a t i n g sample and i t i s not easy to c o n t r o l 

the amount of e l e c t r o n s with s u f f i c i e n t accuracy compared 

to other methods. An a l t e r n a t i v e way of producing low 

energy e l e c t r o n s i s to i l l u m i n a t e the i n t e r i o r of the 

sample chamber w i t h U.V. r a d i a t i o n from a low pressure, 

low power mercury lamp v i a a quartz viewing port 7*" 1. 

S u f f i c i e n t secondary e l e c t r o n s are produced by photo-

emission from the metal s u r f a c e s to reduce sample charging 
71 72 

to a low l e v e l . I t has been shown by C l a r k , D i l k s , e t a l ' 

t h a t sample charging f a r from being merely a nuisance, 

can be used to give other important information. They 

d i s t i n g u i s h e d between time dependent and e q u i l i b r i u m 
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s u r f a c e charging and were able to show that for samples 

i n s u l a t e d from the spectrometer the e q u i l i b r i u m 

charge was a f u n c t i o n of the p h o t o i o n i s a t i o n c r o s s 

s e c t i o n . As an example of the use of t h i s i t i s p o s s i b l e 

to compute, for d i f f e r e n t organic polymer s t r u c t u r e s , 

r e l a t i v e photo l o n i s a t i o n c r o s s sectionSper u n i t area 

for the d i f f e r e n t s t r u c t u r e s . Measurements of e q u i l i b r i u m 

s u r f a c e charging enable information to be obtained then 

concerning the s t r u c t u r e of d i f f e r e n t polymer specimens. 

T h e i r s t u d i e s of time dependent s u r f a c e charging showed 

t h a t the charging a t f i r s t i n c r e a s e d and then decreased 

to an e q u i l i b r i u m value and from t h i s they deduced t h a t 

hydrocarbon contamination s t e a d i l y increased with time 

of exposure to the X-Ray f l u x . The f a c t t h at sample 

charging slowly changes w i t h time i s a f a c t o r t h a t must 

be taken int o account when the time taken to record 

s p e c t r a i s a p p r e c i a b l e and m some i n s t a n c e s , p o l y t e t r a -

f l u o r o e t h y l e n e for example, i t i s b e t t e r to w a i t u n t i l 

e q u i l i b r i u m i s reached. The sample charging, SC, of a 

specimen i s defined according to equation 2.5.21 below, 

hy - BE 4- KE + SC 2 .5.21 

c) Absolute Binding Energies 

T h e o r e t i c a l c a l c u l a t i o n s are u s u a l l y for i s o l a t e d 

molecules m the gas phase and the r e f e r e n c e l e v e l i s 

taken as the vacuum l e v e l . Measurements, however, are 

o f t e n made on s o l i d s where the Fermi l e v e l i s the r e f e r e n c e 

l e v e l and so i t i s of some value to know what the 

connection i s between the two r e f e r e n c e l e v e l s . For core 
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i o n x s a t i o n s from an atom A m a molecule AB the binding 

e n e r g i e s i n the s o l i d and the vapour may be compared u s i n g 

a Born-Haber c y c l e . The v a r i o u s stages i n the BOrn-Haber 

c y c l e are shown i n f i g u r e 2.5.2 below. 

V - B _ 

BE, 

vac 

A - B . 
A 

i 
AH 

BE 
B 

vac 

sub 

" A - B 

AH sub A'-B._ _!?«!• 
vac 

58 A-B. 
0, 

BE 

A-*B* 

A H s u b , t 

- * - A - " B +

S 

?B 
i 

A * B ; 

vac 

BE. 
'B . 

A - B Covalent so l id A - B 

R e l a t i o n s h i p between binding energies measured i n s o l i d 

and gas phases for a covalent substance A-B 

Figure 2.5.2 



A-B g -# A-B g + ^ H s u b 2.5.3 

A-B -S> *A+-B + e~ + BE A „ a„ 2.5.4 g g vac A vac 

*A+-B *A+-B - ik Hsub ( i n s o l i d A-B) 2.5.5 g s 

e~vac e~ - 0, 2.5.6 ^ Fermi A 

from which 

A _ B s -» *A +-B g + ^ H s u b - a H s ' u b - 0 + B E A v a c 2.5.7 

( i n s o l i d A-B) 

But A-B *A+-B + BE. , •-, a nv 2.5.8 s s A ( i n s o l i d A-B) F 

and t h e r e f o r e BE 
\*c + ^ H s u b s = B E A + 0 A + ^ H s u b 2 ' 5 ' 9 

The binding energy d i f f e r e n c e between s o l i d and vapour 

t h e r e f o r e depends not only on the work f u n c t i o n 0 of the 

s o l i d but a l s o on the energy r e q u i r e d to remove a molecule 

from the s o l i d , ^ H g u b , and on the energy of p l a c i n g the 

core i o n i s e d s p e c i e s back i n t o the s o l i d , $ 1 1 ^ . 

Although a c t u a l binding energies are higher for gaseous 

molecules than for those measured on s o l i d samples the 

s h i f t s m binding energies for d i f f e r e n t atoms i n the 

molecule i n both gaseous and s o l i d phases are s i m i l a r . 

Thus from equation 2.5.9 
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For organic molecules t y p i c a l values are BE /V 290 eV, 
1 S F 

^ H s u b * 0 , 5 e V a n d ^ / V 5 e V ' chemical s h i f t s , A BE, 

as measured are often of the order 0-10eV. 

But I , a \ / J \ 
(AW , ) £ O and (0 -0 J & 0 

and *e &BB & 3Bt£ , tS. 
VAC * 

For d i f f e r e n t samples, X and Y, the s h i f t i n binding 

energies w i l l be 

However for c l o s e l y r e l a t e d substances 

... IS. 1% 

(0 V - <2r 0 and (& -A ) x0 

y x y 
a l s o ( -^Hy ) - (&H^ - A l C ) ^ 0 

sub sub sub sub 



and t h e r e f o r e ^ B E ^ J£ ^BE__. 2.5.13 
vac F 

Equations 2.5.11 and 2.5.13 hold to a f a i r degree 

of approximation provided t h a t there are no strong i n t e r -

molecular i n t e r a c t i o n s , for example hydrogen bonding. 

They do not n e c e s s a r i l y hold for i o n i c l a t t i c e s which 

of course c o n t a i n strong i n t e r a c t i o n s between i o n s . 

For i o n i c s o l i d s an analogous s e r i e s of processes s i m i l a r 

to those i l l u s t r a t e d i n f i g u r e 2.5.2 are obtained and 
c o n s i d e r i n g an ion M wi t h Charge Z m an i o n i c 

6 2 
l a t t i c e we have:-

jf 4 BE 
VAC HV*C 

[f Im lattice) 

' * BE -AH* ~$ U 
* W %>c > W " 

1 rs. e 
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Processes 2.5.14 and 2.5.16 are s i m i l a r to l a t t i c e 

energies and in f a c t 2.5.15 i s the l a t t i c e energy for a 

l a t t i c e i n which interchange of the c a t i o n s and anions 

y i e l d s an i n d i s t i n g u i s h a b l e l a t t i c e , t h i s i s a c h a r a c t e r i s t i c 
73 

of most MX l a t t i c e s . These " l a t t i c e " e nergies are not 
simply r e l a t e d to Z and i t i s u n l i k e l y t h a t the heat of 

sublimation AH„ , j _ , . , , . ̂  Msub and the energy of p l a c i n g the ion back into 

the l a t t i c e AH„, , w i l l be the same for a common ion i n Msub 
d i f f e r e n t l a t t i c e s . Thus w h i l e core e l e c t r o n binding 

energies i n gaseous ions have a smooth c o r r e l a t i o n w i t h 
71 

Z there i s no reason to expect more than a rough 

c o r r e l a t i o n between the binding energies i n the l a t t i c e 

and the charge Z. 

d) Use of Reference Peaks 

Given the problems o u t l i n e d above i n .5c, the most 

convenient technique for f i n d i n g binding energies i s to 

employ a s u i t a b l e r e f e r e n c e peak. From the observed 

k i n e t i c energy of the photo-electrons corresponding to 

the r e f e r e n c e peak a c o r r e c t i o n f a c t o r can be simply 

c a l c u l a t e d and the true binding energies of the other 

peaks can be found. The two most commonly used r e f e r e n c e 

peaks a t the present are the C^ g peak from carbon m 

which i s taken as 285eV and the A u ^ peak, which i s 

taken as 84.0 eV. 

The C^ s r e f e r e n c e m a t e r i a l may be d e l i b e r a t e l y 

leaked in or added to the o r i g i n a l sample, or more 

commonly a r i s e s from hydrocarbon contamination. T h i s i s 

i n f a c t the s i m p l e s t way for r e f e r e n c i n g polymers and 
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such m a t e r i a l u s u a l l y i s deposited as a monolayer which 
6 8 

ac 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 the sample 

I f the sample has been deposited on gold, e i t h e r by 

s o l u t i o n c a s t i n g or sublimation i t may be p o s s i b l e to use 
the Au._ peak as a r e f e r e n c e . T h i s assumes t h a t the 

4 f 7 / 2 

l a y e r i s t h i n enough for the gold to show through the 

spectrum and a l s o that the sample i s m e l e c t r i c a l contact 

w i t h the gold. T h i s being the case i t provides a very 
75 

convenient method of energy r e f e r e n c i n g . An a l t e r n a t i v e 

p o s s i b i l i t y i s to deposit the gold on the s u r f a c e by 

vapour d e p o s i t i o n . There i s , when t h i s i s c a r r i e d out, 

a tendency for the gold to be deposited by a n u c l e a t i o n 
process which r e s u l t s i n " i s l a n d s " of i s o l a t e d gold on 

76 

the s u r f a c e r a t h e r than a smooth monolayer. These gold 

" i s l a n d s " on a polymer are e l e c t r i c a l l y i s o l a t e d from 

each other and though i n general they follow the s u r f a c e 

charge and do not r e a c t with the polymer exceptions to 
77 

both these are known. Be t t e r i d g e and co-workers have 

shown t h a t i n some i n s t a n c e s the width and p o s i t i o n of 

the gold s i g n a l s can change w i t h time, temperature and 

sample m a t e r i a l . In the case of polyethylene and poly-
t e t r a f l u o r o e t h y l e n e decorated w i t h gold Ginnard and 

78 
Riggs have shown t h a t the absolute s h i f t from the gold 

s i g n a l i n c r e a s e s as the gold l a y e r i n c r e a s e s i n t h i c k n e s s . 

T h i s i s probably due to the higher photo e l e c t r o n f l u x 

from the gold which produces a phenomenon known as 

d i f f e r e n t i a l sample charging. Another p o s s i b l e drawback 
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to the use of gold decoration i s t h a t s i n c e the gold i s 

normally evaporated from a filament the p o s s i b i l i t y of 

s u r f a c e damage must be considered. T h i s damage may cause 

s u r f a c e r e a c t i o n s to occur between absorbed molecules or 

c r o s s l i n k i n g and a l s o evaporation of the sample or 

degradation and l o s s of small molecules. Therefore, for 

organic m a t e r i a l s and polymers the use of gold d e c o r a t i o n 
79 

i s not recommended 

Since the f a c t o r s which determine the absolute 

and r e l a t i v e binding energies of core e l e c t r o n s , may 
72 . 

be shown to be very s h o r t range m nature i t i s 

sometimes p o s s i b l e to study s m a l l e r molecules, c o n t a i n i n g 

the appropriate s t r u c t u r a l f e a t u r e s , as t h i n f i l m s i n 

e l e c t r i c a l c ontact w i t h the spectrometer. Such f i l m s can 

then be refe r e n c e d i n a s t r a i g h t f o r w a r d manner and then 

u s i n g them as models comparisons may be made w i t h 

t h i c k e r i n s u l a t i n g m a t e r i a l s , c o n t a i n i n g the same 

s t r u c t u r a l f e a t u r e s , and thus allowance made for the 

sample charging. 

.6 Features of ESCA Spectra 

a) Binding Energies 

The core e l e c t r o n s of an atom are e s s e n t i a l l y 

l o c a l i s e d and do not take p a r t i n bonding. Therefore 

t h e i r binding energies are c h a r a c t e r i s t i c of the 

p a r t i c u l a r element and not of compounds made from them. 

A knowledge of core b i n d i n g energies w i l l t h e r e f o r e 

permit the d e t e c t i o n and i d e n t i f i c a t i o n of an element 
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2 8 

i n a sample . T y p i c a l examples of approximate core e l e c t r o n 

e n e r g i e s for some elements are shown i n t a b l e 2.6.1. L l Be B C N 0 F Ne 

I s 55 111 188 284 399 532 686 86 7 

Na Mg A l S i P S C l Ar 

I s 1072 1305 1560 1839 2149 2472 2823 3203 

2s 63 89 118 149 189 229 2 70 320 

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

2 p 3 ^ 31 52 73 99 135 164 200 245 

E l e c t r o n Energies/eV 

Table 2.6.1 

As the atomic number of the element i n c r e a s e s there 

comes a point where not a l l the core e l e c t r o n s can be 

e j e c t e d using Mg 2 (1253 .7 eV) or A l 2 

(1486.6eV) X-Ray r a d i a t i o n but there are always core 

l e v e l s t h a t may be s t u d i e d . 

When choosing a core l e v e l for study the f o l l o w i n g 

f a c t o r s should be considered: 

i ) The e l e c t r o n s i n the core l e v e l should have a 

high c r o s s s e c t i o n for p h o t o - i o n i s a t i o n m 

order to maximise the i n t e n s i t y of the spectrum, 

n ) The escape depth of the e l e c t r o n s should be 

taken into account (see p a r t h of t h i s s e c t i o n ) . 

l i i ) There should be no i n t e r f e r e n c e from other peaks 

i n the same region of k i n e t i c energy. 
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iv) The l i n e width should be narrow. For example, 

for c h l o r i n e i t i s u s u a l to study the 2p l e v e l s 

r a t h e r than the 2s, s i n c e the l i n e width of the 

l a t t e r i s broadened by the short l i f e t i m e of 

the hole s t a t e s due to the h i g h l y e f f i c i e n t 
53 

Coster-Kronig r e l a x a t i o n process 

v) The peak should stand out w e l l from the background 

noise, t h a t i s , have a high s i g n a l to noise r a t i o 

High backgrounds are often produced from the 

i n e l a s t i c t a i l of strong peaks of higher k i n e t i c 

energy. 

v i ) I n the study of m u l t i p l e t peaks i t i s o ften 

convenient to study the p h o t o - i o n i s a t i o n from 

s l e v e l s s i n c e the i n t e r p r e t a t i o n of the data 

i s r e l a t i v e l y s t r a i g h t f o r w a r d . Thus for f i r s t 

row 'd 1 block elements the 3s l e v e l i s often 

s t u d i e d even though the s i g n a l to n o i s e r a t i o 

i s l e s s favourable compared to the r a t i o for 

other l e v e l s . 

b) Chemical S h i f t s 

Although core e l e c t r o n s are l o c a l i s e d on atoms, 
t h e i r energies are s e n s i t i v e to the e l e c t r o n i c environment 

75 

of the atom . Thus w h i l e the binding energy for a core 

l e v e l i s c h a r a c t e r i s t i c of t h a t element, d i f f e r e n c e s i n 

the e l e c t r o n i c environment of an atom i n a molecule 

w i l l produce small s h i f t s i n the binding energy. These 

s m a l l s h i f t s are r e f e r r e d to as 'chemical' s h i f t s and 

are often r e p r e s e n t a t i v e of a p a r t i c u l a r s t r u c t u r a l f e a t u r e 



The c l a s s i c i l l u s t r a t i o n of t h i s i s the spectrum of 

e t h y l t r i f l u o r o a c e t a t e , the high r e s o l u t i o n spectrum of 

which was produced by Siegbahn's group i n 1973 a t 

Uppsala (see f i g u r e 2.6.1). Some t y p i c a l values of 

chemical s h i f t s are a l s o given on page 61. 

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 of chemical 

s h i f t s has been c a r r i e d out by s i x d i s t i n c t but i n t e r 

r e l a t e d methods:-

l ) Koopmans 1 Theorem 

n ) Core Hole C a l c u l a t i o n s (LCAO MO SCF) 

l i i ) E q u i v a l e n t Cores Model 

IV) Charge P o t e n t i a l Model 

v) Quantum Mechanical P o t e n t i a l Model 

v i ) Many Body Formalism. 

H 0 
I \ 

F —C — C — 0— C C - H 
/, 

H H 

at 

o 
0 10 8 

Chemical sh i f t (eV 

C, spectrum of ethyl tn f luoroaceta te 
1s 

Figure 2.6.1 
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41 i ) Koopmans 1 Theorem 

Koopmans 1 theorem ignores r e l a x a t i o n energies 

and a l s o r e l a t a v i s t i c and c o r r e l a t i o n energies 

and c a l c u l a t e s binding energies from the ground 

s t a t e p r o p e r t i e s of the wave f u n c t i o n s . The 
80 81 c o n t r i b u t i o n from r e l a t a v i s t i c and c o r r e l a t i o n 

e f f e c t s are small for l i g h t elements but the 

n e g l e c t of r e l a x a t i o n energy means t h a t absolute 

binding energies c a l c u l a t e d by t h i s method are 

too l a r g e . For a c l o s e l y r e l a t e d s e r i e s of molecules, 

where the r e l a x a t i o n e n e r g i e s are s i m i l a r , 

Koopmans' method may give a reasonable 

c o r r e l a t i o n for chemical s h i f t s compared w i t h 

experimental r e s u l t s . However, where r e l a x a t i o n 

e n e r g i e s d i f f e r Koopmans' method can give 

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

corr 

oopmans 

4 - h r e l 
corr 

Relationship between Experimental and Calculated Binding 
Energies for Atom A 

Figure 2.6 2 
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n ) Core Hole State C a l c u l a t i o n s 

T his method,^1 SCF, l i k e Koopmans1 ignores 

r e l a t a v i s t i c and c o r r e l a t i o n energies but does 

take i n t o account r e l a x a t i o n energy. The energy 

of the ground s t a t e molecule and the core hole 

s t a t e of the ion are found by Hartree Fock 

c a l c u l a t i o n s and from these the binding energy 

for the r e a c t i o n i s found 

A — » *A + + e~ h E = BE 

The r e l a t i o n s h i p between the experimental, 

Koopmans1 and the core hole s t a t e binding 

energies i s shown i n f i g u r e 2.6.2 from which 

i t i s seen t h a t 

R E = B EKoopman " B E E x p . 

a n d B E 4 S C F = B E E x p 

The core hole s t a t e c a l c u l a t i o n s do assume 

that the computed hole s t a t e s are orthogonal 

to a l l lower energy s t a t e s of the same symmetry. 

There seem to be no a p r i o r i reasons why t h i s 

should be so and i f i t i s not then both 

systematic and random e r r o r s may be introduced. 

However, c a l c u l a t i o n s have been made, i n which 

c o n f i g u r a t i o n s were "locked" to those of the 
82 

ground s t a t e which suggest t h a t t h i s d i f f i c u l t y 

does not a r i s e 8 3 . The c a l c u l a t i o n s of Bagus 3^ 
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on the hole s t a t e s of neon and argon show t h a t 

using & SCF the inner s h e l l l o n i s a t i o n p o t e n t i a l s 

agreed q u i t e w e l l w i t h the experimental r e s u l t s . 
84 

Schwartz has c a r r i e d out a s e r i e s of 

c a l c u l a t i o n s using i l s C F on the f i r s t row hydrides 

and these r e s u l t s are compared to the 

experimental values obtained by Siegbahn and 

c o - w o r k e r s ^ i n t a b l e 2.6.2. The core hole s t a t e 

c a l c u l a t i o n s are i n very good agreement w i t h the 

experimental r e s u l t s and t h e r e f o r e would seem to 

confirm Bagus ' v i e w 3 ^ t h a t simple c o n f i g u r a t i o n 

SCF wave functions can give p r a c t i c a l , i f not 

rig o r o u s , values for the upper bounds of the 

energies of inner o r b i t a l hole s t a t e s . 
Molecule O r b i t a l Energy Core Hole S t a t e Experimental" 

(Koopmans' Theorem) (&SCF) 
BH 3 207.3 197.5 

CH 4 304.9 291.0 290.7 

NH3 422.8 405.7 405.6 

H 20 559.4 539.4 539.7 

HF 715 .2 693 .3 

Ne 891.4 868.8 870.2 

I s E l e c t r o n Binding E n e r g i e s / e V 

Table 2 .6 .2 

The question a r i s e s , when there are s e v e r a l e q u i v a l e n t 

s i t e s for the core hole m the molecules, as to whether 
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the core hole i s l o c a l i s e d or d e l o c a l i s e d over the e q u i v a l e n t 

s i t e s as, f o r example, the nitrogens i n ^ and the carbon 
37 

atoms i n benzene. Snyder's model , based on S l a t e r ' s 

s h i e l d i n g constants, p r e d i c t s t h a t d e l o c a l i s m g the hole 

over t c e n t r e s would produce a charge of 1/t, and a 
2 

r e l a x a t i o n energy of 1/t , of the l o c a l i s e d h o l e . T h i s 

model a l s o p r e d i c t s a r e l a x a t i o n energy for l o n i s a t i o n 

from a I s hole m a n i t r o g e n atom to be 13.7 eV which would 

be reduced to 6.8 eV f o r N 2 i f the hole were d e l o c a l i s e d . 

These values may be compared w i t h the value, p r e d i c t e d from 
31 

the experimental r e s u l t s of Siegbahn and co-workers , and 
85 

the r e s u l t s of Cade and co-workers , using Koopmans' 

theorem, of 16.7 eV for the r e l a x a t i o n energy. Fu r t h e r 

evidence for the l o c a l i s a t i o n of core s t a t e s i s provided 

by the observation of s a t e l l i t e s from the peak of 

C0 2 and from the 0 l g and outer C l g peaks of C^C^ 

These s a t e l l i t e s would not be expected from a d e l o c a l i s e d 
hole s i n c e no change i n symmetry of the molecule would 

have occurred and the t r a n s i t i o n s are only monopole allowed 

l i i ) E q u i v a l e n t Cores Model 

The e q u i v a l e n t cores model was developed by 
73 

J o l l y and Hendrickson to c a l c u l a t e s h i f t s i n core binding 

energies from ground s t a t e thermodynamic d a t a . The model 

assumes t h a t "when a core e l e c t r o n i s removed from an 

atom i n a molecule or ion, the valence e l e c t r o n s r e l a x 

as i f the nuclear charge on the atom had i n c r e a s e d by 

one u n i t " . Atomic cores t h a t have the same charge are 

86 
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considered to be c h e m i c a l l y e q u i v a l e n t and interchangeable 

The f o l l o w i n g example shows how the p r i n c i p l e may be used 

to estimate the gas phase s h i f t i n the C. binding energy 
-L s 

between carbon atoms i n methane and fluoromethane. 

The carbon I s binding energy i n methane, B E _ U i s 

given by the energy of the process 

CH. » *CHt + e* A E = B E ^ 0 2.6.1 
4 4 C H 4 

where * i n d i c a t e s a vacancy i n the C, core o r b i t a l . 
J I s 

* + 5+ + * 5+ t CHj + N — » NH^ + d E =h0 2.6.2 

* 5+ 
T h i s r e a c t i o n i s the exchange of the C core and the 

5+ 

e q u i v a l e n t N co r e . Summing r e a c t i o n s 2.6.1 and 2.6.2 

g i v e s 

CH 4 + N 5 +-»NH 4~ + * C 5 + + e~ 4 E = B E

C H + %0 2.6.3 

A s i m i l a r r e a c t i o n may be w r i t t e n for CH^ F, 

(or any other compound c o n t a i n i n g a carbon atom). 

CRLF + N 5 +-?>NH- IF + + *C 5 + + e~ ilE=BE _ + %. 2.6.4 

The d i f f e r e n c e between the r e a c t i o n s 2.6.3 and 2.6.4 

then g i v e s 
CH 3F + NH+ -yNH3F-r + CH 4 A M E ^ - B E ^ 

The strong form of the e q u i v a l e n t cores approximation 

s t a t e s t h a t $^s^sO and thus the gas phase s h i f t 

i n the binding energy between methane and 



fluoromethane i s given by the e n e r g y , ^ E , of r e a c t i o n 

2.6.5. However, provided that $ f
 s t h a t i s the 

energy of core exchange i s the same and independent of 

molecular environment, equation 2.6.5 s t i l l g i v e s the 

s h i f t i n binding energy. T h i s assumption i s known as the 

weak form of the e q u i v a l e n t cores approximation. 

Some t y p i c a l gas phase data are given i n t a b l e 

2.6.3 and i t i s seen t h a t i n general there i s q u i t e 

good agreement between experimentally observed s h i f t s 
89 

and those c a l c u l a t e d from thermodynamic data 
Thermodynamic 
Data S h i f t / e V 

0 

- 0.7 

- 0.4 

3 .5 

4.4 

0 

4.1 

6.9 

12 .3 

Atomic Core Compound Experimental 
L e v e l S h i f t /eV 

N, NH- 0 I s 3 
N l s (CH 3) 2NH - 0.7 

N, CH-.NH0 - 0.3 I s 3 2 
N, N_ 4.35 I s 2 
N, NO 5.5 
I s 

C1S C H 4 0 

C- CO 5.4 
I s 

C l s C0 2 6.8 

C l s C F 4 1 1 -° 

Experimental and Thermodynamic 

Binding Energy S h i f t s 

Table 2.6.3 
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The main r e s t r i c t i o n t o t h e use o f t h e e q u i v a l e n t cores 

method i s t h e absence and/or u n r e l i a b i l i t y o f thermodynamic 

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

i n t h e r e a c t i o n . However t h e h e a t s o f r e a c t i o n may be 

o b t a i n e d from SCF c a l c u l a t i o n s on t h e molecules and i o n s 

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

t h e e q u i v a l e n t c o r e s method has been demonstrated by 
90 91 

C l a r k and Adams ' i n t h e i r work on s m a l l m o l e c u l e s . 
92 93 

Pople and co-workers ' have shown t h a t f o r r e a c t i o n s 

i n v o l v i n g c l o s e d s h e l l s p e c i e s even m i n i m a l b a s i s s e t 

(STO 3G) c a l c u l a t i o n s , w h i c h a r e r e l a t i v e l y i n e x p e n s i v e 

w i t h r e g a r d t o computer t i m e , can r e l i a b l y r e p r o d u c e 

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

i n cases where t h e number and t y p e o f bonds, t h a t i s 

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

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

s m a l l . Such processes have been d e s i g n a t e d as "isodesmic 

r e a c t i o n s " . I t i s a l s o p o s s i b l e t o use s e m i - e m p i r i c a l 

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

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

and t h e n p r e d i c t i n a q u a l i t a t i v e manner t h e c h e m i c a l 

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

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

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

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

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

c o n d i t i o n may be used i n m o l e c u l a r o r b i t a l c a l c u l a t i o n s 
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and a l s o by u s i n g t h e same geometry many o f t h e two 

e l e c t r o n i n t e g r a l s may be r e t a i n e d i n ab i n i t i o 

c a l c u l a t i o n s on molecules and i s o - e l e c t r o n i c c a t i o n s t h u s 

r e d u c i n g t h e amount o f computing t i m e . When more t h a n one 

core l e v e l o f t h e element i s b e i n g s t u d i e d t h e e q u i v a l e n t 

cores method w i l l p r e d i c t t h e same s h i f t s i n b i n d i n g 

energy f o r a l l t h e co r e l e v e l s . 

i v ) C h a r g e P o t e n t i a l Model 

The charge p o t e n t i a l model r e l a t e s t h e co r e 

e l e c t r o n b i n d i n g e n e r g i e s w i t h t h e charge on t h e atom 

on w h i c h c o r e l o n i s a t i o n t a k e s p l a c e and t h e p o t e n t i a l 
31 

from t h e charges on t h e remainder o f t h e mol e c u l e 

I f a charge i s removed or added t o t h e valen c e l e v e l o f 

a mo l e c u l e t h e e l e c t r o s t a t i c p o t e n t i a l w i t h i n t h e 

valenc e s h e l l i s changed. When an e l e c t r o n i s removed 

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

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

lowered by 1/r and t h e co r e l o n i s a t i o n energy i s 

t h e r e f o r e reduced by 1/r. When t h e e l e c t r o n i s n o t 

removed t o i n f i n i t y b u t t o ano t h e r atom, d i s t a n c e R, 

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

energy, i s reduced by 1/R. The r e s u l t i n g c h e m i c a l s h i f t 

f o r t h e core e l e c t r o n s thus becomes 
^ E c o r e = F ~k 2'6-6 

I n t h e case o f c o v a l e n t bond f o r m a t i o n when t h e amount 

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

g i v e n by 

A E c o r e = ( F " q 2 ' 6 ' 7 
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I n t h e case o f s o l i d s l a t t i c e e f f e c t s have t o be 
as 

c o n s i d e r e d b u t as f a r / c o r e e l e c t r o n s are concerned, s i n c e 

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

n e i g h b o u r i n g atoms can be r e g a r d e d as p o i n t charges. 

T h e r e f o r e a summation o f t h e p o i n t charges m t h e c r y s t a l 

w i l l g i v e t h e p o t e n t i a l , V , a t t h e c e n t r e o f atom i , 

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

where r a r e t h e c e n t r e t o c e n t r e i n t e r i o n i c d i s t a n c e s ID 
and q i s t h e charge on i o n j 

T h i s model has been extended t o c o v a l e n t compounds 
31 

by Siegbahn and co-workers who c o n s i d e r e d t h e change 

i n p o t e n t i a l as a r i s i n g from a one c e n t r e component 

a s s o c i a t e d w i t h t h e change i n t h e number o f valence 

e l e c t r o n s on t h e atom and a two c e n t r e component 

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

o f t h e m o l e c u l e . 

The c h e m i c a l s h i f t t h u s becomes 

A E = k q + S i 2 .6.9 core l - j * i r 
J r iD 

and t h e core b i n d i n g energy 
S i E = E + k q + <*~r r „ r , ̂  core o ^ i jjti ±j 2.6.10 
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where E Q i s a r e f e r e n c e b i n d i n g energy, k i s t h e average 

i n t e r a c t i o n between a c o r e and v a l e n c e e l e c t r o n on t h e 

atom, q i i s t h e charge on atom 1 and are t h e 

i n t e r - a t o m i c d i s t a n c e s . 

The use o f a p o i n t charge model assumes t h a t t h e r e 

i s no o v e r l a p between t h e core o r b i t a l s o f t h e atom 

c o n s i d e r e d and t h e e l e c t r o n o r b i t a l s o f t h e o t h e r atoms 

i n t h e m o l e c u l e . Using t h i s assumption a l l v a l e n c e 
/ 94 

e l e c t r o n CNDO/2 SCF MO c a l c u l a t i o n s have been c a r r i e d 

o u t on q u i t e complex m o l e c u l e s . Good d e s c r i p t i o n s have 

been o b t a i n e d b u t s i n c e t h e charge p o t e n t i a l model may 

be r e l a t e d t o Koopmans 1 theorem, w h i c h n e g l e c t s 

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

The use o f t h e charge p o t e n t i a l model i n s t u d i e s 

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

f i g u r e 2.6.3. 
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P r o v i d e d t h a t t h e geometry o f t h e m o l e c u l e i s known 

i t i s p o s s i b l e as i n A t o c a l c u l a t e t h e v a l u e s o f k 

and E Q f o r a g i v e n c o r e l e v e l i n a p a r t i c u l a r element. 

Then u s i n g these v a l u e s o f k and EQ and t h e geometry 

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

t o c a l c u l a t e charge d i s t r i b u t i o n s as i n B. I t i s a l s o 

p o s s i b l e as shown m C t o use t h e charge p o t e n t i a l 

model t o a s s i g n peaks w i t h i n a spectrum. T h i s i s 

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

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

m o l e c u l e . A knowledge o f E Q i s n o t i m p o r t a n t i n t h i s 

case s i n c e i t i s o n l y t h e o r d e r i n g o f t h e peaks t h a t i s 
95 96 97 

i m p o r t a n t . C l a r k and co-workers ' ' have made 

e x t e n s i v e use o f t h i s method o f a s s i g n i n g b i n d i n g e n e r g i e s . 

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

between s h i f t s i n c o r e b i n d i n g e n e r g i e s and o r g a n i c 

c h e m i s t s 1 i n t u i t i v e i d eas c o n c e r n i n g charge d i s t r i b u t i o n s 

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

m molecules are c o n t i n u o u s f u n c t i o n s , t h e assignment 

o f "charges" t o atoms w i t h i n a m o l e c u l e i s somewhat 

a r b i t r a r y and depends on how t h e o v e r l a p d e n s i t y i s 

p a r t i t i o n e d between atoms. T h e o r e t i c a l l y c a l c u l a t e d 

charge d e n s i t i e s a r e t h e r e f o r e o n l y an a p p r o x i m a t e 

e s t i m a t e as t o t h e e l e c t r o n d e n s i t y round an atom. 

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

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

u s e f u l c o n c e p t . 
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v) Quantum Mechanical P o t e n t i a l Model 

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

i s c o n t i n u o u s i t i s somewhat a r b i t r a r y t o a s s i g n e l e c t r o n 
98 99 d e n s i t i e s t o i n d i v i d u a l atoms. Schwartz and Basch 

have developed t h e p o t e n t i a l a t t h e nu c l e u s model as an 

a l t e r n a t i v e t o t h e charge p o t e n t i a l model. I t does 

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

p o t e n t i a l model, and an o t h e r drawback i s t h a t i t does 

n o t i n c l u d e r e l a x a t i o n e n e r g i e s . Davis and S h i r l e y " * " 0 0 

have extended t h e model t o i n c l u d e r e l a x a t i o n energy. 
100 

The b i n d i n g energy o f a I s c ore e l e c t r o n i s g i v e n by 

'Cert h 

Where I ; , i s t h e o r b i t a l energy and v i s a r e l a x a t i o n i s I\ 
p o t e n t i a l energy a r i s i n g from t h e d i f f e r e n c e between t h e 

H a r t r e e Foch p o t e n t i a l V o f t h e p a s s i v e o r b i t a l i n t h e 
is. 

f i n a l I s h o l e s t a t e , and t h e i n i t i a l s t a t e . 

From t h i s may be d e r i v e d 

e , \ \ e. **e, 
Cert h x L I* H 

where * ^ l s i s t h e o r b i t a l energy o f a I s e l e c t r o n i n 

t h e h o l e s t a t e . 

W r i t i n g t h e o r b i t a l energy S/ as t h e sum o f t h e 

i n t e r a c t i o n energy o f t h e I s e l e c t r o n w i t h i t s own 
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n u c l e u s , p l u s a p o t e n t i a l energy t e r m f o r i n t e r a c t i o n o f 

t h e I s e l e c t r o n w i t h o t h e r e l e c t r o n s and n u c l e i g i v e s 

95 

The f i r s t t e r m i n t h i s e q u a t i o n i s n e g l i g i b l y s m a l l , 

and combining e q u a t i o n s 2.6.12 and 2.6.13 g i v e s 

and t h e c h e m i c a l s h i f t between two compounds i^E C O r e i s 

i s g i v e n by 

To a good a p p r o x i m a t i o n , t h e r i g h t hand s i d e o f t h i s 

e q u a t i o n can be r e p l a c e d by t h e d i f f e r e n c e i n t h e 

p o t e n t i a l energy a t t h e atomic n u c l e u s 0, between one 

m o l e c u l e and a n o t h e r . T h e r e f o r e , f o r example, f o r carbon 

I s o r b i t a l s 

Core Cjf *" -* 
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U s i n g CNDO c a l c u l a t i o n i t i s n o t p o s s i b l e t o c a l c u l a t e 

For carbon atoms good agreement i s o b t a i n e d , b o t h w i t h 

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

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

g i v e s much g r e a t e r agreement between e x p e r i m e n t a l and 

c a l c u l a t e d s h i f t s . 

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

t h e many body f o r m a l i s m u s i n g Green's f u n c t i o n J-# J- W^ 

i s an a l t e r n a t i v e t o t h e methods g i v e n above. The method 

t a k e s i n t o account e l e c t r o n i c r e l a x a t i o n and c o r r e l a t i o n 

e f f e c t s , b u t i s e xpensive w i t h r e s p e c t t o computing t i m e , 

and a g a i n , l i k e t h e quantum mechanical p o t e n t i a l model, 

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

model. 

The method i s o f most use f o r v a l e n c e e l e c t r o n 

t r a n s i t i o n s , t h a t i s u l t r a v i o l e t photo e l e c t r o n 

s p e c t r o s c o p y , shake up, shake o f f and Auger t r a n s i t i o n s . 

The c a l c u l a t i o n s g i v e good agreement w i t h e x p e r i m e n t a l 

0 . d i r e c t l y , b u t u s i n g t h e e q u i v a l e n t c o r e s C* 
a p p r o x i m a t i o n 0 * = 0„ and t h e r e f o r e 

& A A 
ton C 

The c a l c u l a t i o n o f l o n i s a t i o n p o t e n t i a l s w i t h i n 

r e s u l t s 103 

c) Fine S t r u c t u r e 

l ) S p i n - o r b i t s p l i t t i n g 
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When an e l e c t r o n o r b i t a l has an o r b i t a l quantum 

number g r e a t e r t h a n 1, t h a t i s a p, d, or f o r b i t a l , 

t h e n c o u p l i n g can occur between t h e s p i n S, and o r b i t a l 

L a n g u l a r momenta. T h i s c o u p l i n g causes s p l i t t i n g t o 

occur i n t h e energy l e v e l o f t h e o r b i t a l , and when p h o t o -

l o n i s a t i o n t a k e s p l a c e , a d o u b l e t i s observed i n s t e a d o f 

a s i m p l e peak. For t h e l i g h t e r e lements, up t o about 

t h e l a n t h a n i d e s , i t can be shown t h a t t h e t o t a l a n g u l a r 

momentum, J, may be o b t a i n e d by summing f i r s t t h e 

i n d i v i d u a l s p i n momenta and t h e i n d i v i d u a l o r b i t a l 

a n g u l a r momenta s e p a r a t e l y . The r e s u l t i n g t o t a l s p i n 

momentum S T and o r b i t a l a n g u l a r momentum are t h e n 

c o u p l e d t o g i v e a t o t a l momentum 

T h i s t y p e o f c o u p l i n g , known as Russell-Saunders C o u p l i n g 

o c c u r s m t h e l i g h t e r elements where t h e s p i n - o r b i t 

c o u p l i n g i s weak, compared t o e l e c t r o s t a t i c i n t e r a c t i o n . 

Where t h e s p i n - o r b i t c o u p l i n g i s s t r o n g compared t o 

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

o r b i t a l momenta c o u p l e t o g i v e a r e s u l t a n t j . These 

i n d i v i d u a l momenta, j , t h e n c o u p l e w i t h t h e e l e c t r o 

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

s i t u a t i o n where s p i n and o r b i t a l momenta c o u p l e 

i n d i v i d u a l l y and t h e n t h e r e s u l t a n t s c o u p l e i s known as 
, 104 jj c o u p l i n g 

104 



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 two peaks o f t h e 

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

r a t i o o f t h e dege n e r a c i e s o f t h e s t a t e s w h i c h i s quantum 

m e c h a n i c a l l y d e f i n e d as 2J + 1. The r e l a t i v e i n t e n s i t i e s 

o f t h e J s t a t e s f o r s, p, d and f o r b i t a l s i s shown i n 

t a b l e 2 .6 .4 . 

O r b i t a l O r b i t a l T o t a l I n t e n s i t y R a t i o 
Quantum Quantum (2J + 1/2J + 1) 
Number Number 

s 0 1/2 no s p l i t t i n g 

p 1 1/2, 3/2 1:2 

d 2 3/2, 5/2 2:3 

f 3 5/2, 7/2 3:4 

J s t a t e s f o r s, p, d and f o r b i t a l s 

T a ble 2 .6 -4 

Examples o f e x p e r i m e n t a l l y observed peaks from 

C, , Cl„ , Ag.,, and Au A_ are shown i n f i g u r e 2.6.4. 

A 
1/21 C 

1s 

5/2 7/2 
4 f 

Energy (eV) 

Spin o rb \ p p l i r h n g s in r\ , CL , Ac ; , , and Au, , core levels 
's 3c! 4 f 

F igure 2 6 A-
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i i ) 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 o c c urs i n paramagnetic 

systems and i s caused by i n t e r a c t i o n s o f t h e u n p a i r e d 

e l e c t r o n s w i t h 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 n i n g a f t e r p h o t o - i o n i s a t i o n . The phenomenum was 

p r e d i c t e d by Watson and Freeman^ 0^ b e f o r e b e i n g observed 
106 

by F a d l e y and co-workers f o r t h e 3s l e v e l s i n some 

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

u n p a i r e d 3d e l e c t r o n s . The i n t e r p r e t a t i o n o f t h e 'S' 

s p l i t t i n g i s n o t easy except f o r cases i n v o l v i n g 'J' 
h o l e s t a t e s . I n t hese cases t h e van V l e c k c o u p l i n g 

107 
model may be used though t h i s was o r i g i n a l l y 

d eveloped f o r atoms. 

A f t e r p h o t o - i o n i s a t i o n t h e two p o s s i b l e f i n a l s t a t e s 

have a t o t a l s p i n o f S - 1/2 where S i s t h e t o t a l s p i n 

o f t h e I c o n f i g u r a t i o n s o f t h e ground s t a t e . The 

s p l i t t i n g , A E , between t h e two s t a t e s S + 1/2 and 

S - 1/2 i s p r o p o r t i o n a l t o t h e m u l t i p l i c i t y o f t h e ground 

s t a t e and i s g i v e n by 
where K i s t h e exchange i n t e g r a l between t h e c o r e , c, 

and t h e v a l e n c e , v, e l e c t r o n s under c o n s i d e r a t i o n and i s 

d e f i n e d by 

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

(2 S + 1) K 2.6.18 

> I r l 2 I < 0. ( 2 ) 0Q) 0..(D 0„ ( 2 ) K v 
2.6.19 
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deg 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 and i s g i v e n by 

1 
2(S + 2 ) + 1 

1_ 
2(S - 2) + 1\\ S ( S + l ) : S 2.6.20 

The magnitude o f t h e s p l i t t i n g o f t h e peak f o r a 

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

l o c a l i s a t i o n or d e l o c a l i s a t i o n o f u n p a i r e d e l e c t r o n s 
2 8 108 109 

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

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

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

t h e l t h atom i s f t h e n t h e m u l t i p l e t s p l i t t i n g i s 

g i v e n , a p p r o x i m a t e l y by 

I E = f (2 S + 1) K 2 .6 .21 
l i 

31 
Siegbahn and co-workers have s t u d i e d t h e s i m p l e 

m o l e c ules N 2, NO and 0^ i n t h e gas phase and have found 

t h a t t h e N 2 peaks show no s i g n o f s p l i t t i n g w h i l e t h e 

NO and 0^ peaks are c l e a r l y s p l i t (see f i g u r e 2.6.5) . 

T h i s i s caused by t h e presence o f u n p a i r e d e l e c t r o n s 

xn t h e case o f NO and 0^ whereas N 2 c o n t a i n s no 

u n p a i r e d e l e c t r o n s (see f i g u r e 2 . 6 .6). 

The n i t r o g e n m o l e c u l e has a c l o s e d s h e l l and t h e I s c ore 

l e v e l a f t e r p hoto e m i s s i o n o f one o f i t s e l e c t r o n s i s 

degenerate w i t h r e s p e c t t o s p i n and s h o u l d t h e r e f o r e show 

no s p l i t t i n g . The NO molecu l e however has one u n p a i r e d 

e l e c t r o n i n t h e 2 if o r b i t a l and t h e r e f o r e a f t e r e m i s s i o n 

o f e i t h e r an oxygen I s or n i t r o g e n I s e l e c t r o n t h e N0 + 



N 
1s 

415 410 

N 
1s 

NO 

415 410 545 540 
Binding E n e r g i e s (eV) 

1s 

545 

E S C A p e a k s f o r , NO and O2 , gas phase 

F i g u r e 2 . 6 . 5 

31 

nN 2 

o 
2 P TT g - a o 

2p*n ~ ( S > ^ 

2s<y. 

NO 

4a- O 

2<r - ® ~ 

2 p K g - 0 O -

2 5 0 ^ " ® -

2so^-<H>- 2 s c ^ g - ® -

N. I s 

o 1 s - ® - o 1 s - ® - - ® -

E l e c f r o n i c c o n f i g u r a t i o n s of N2 , NO and O2 

F i g u r e 2 6 6 
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m o l e c u l e i s l e f t w i t h a t o t a l s p i n o f e i t h e r 1 or 0, t h a t 

i s e i t h e r m a t r i p l e t or s i n g l e t s t a t e . Thus m u l t i p l e t 

s p l i t t i n g i s expected and i s observed m t h e n i t r o g e n 

peak f o r NO. The oxygen peak, i n NO, though n o t s p l i t 
31 

i s broadened and so i t i s assumed t h a t t h i s b r o a d e n i n g 

i s due t o s p l i t t i n g . 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 i c c o n f i g u r a t i o n t o NO b u t w i t h two u n p a i r e d 

e l e c t r o n s m i t s o u t e r Wij t y p e o r b i t a l and once a g a i n 

s p l i t t i n g o f t h e oxygen peak i s observed. 

The magnitude o f m u l t i p l e t s p l i t t i n g s a re 

independent o f sample c h a r g i n g e f f e c t s and t h e r e f e r e n c e 

l e v e l . M u l t i p l e t s p l i t t i n g s i n photo e l e c t r o n s p e c t r o -
117 

scopy have been r e v i e w e d i n some d e t a i l by Fadley 

n ) E l e c t r o s t a t i c S p l i t t i n g 

T h i s i s caused by t h e d i f f e r e n t i a l i n t e r a c t i o n 

between t h e e x t e r n a l e l e c t r o s t a t i c f i e l d and t h e s p i n 

s t a t e s o f t h e core l e v e l b e i n g i n v e s t i g a t e d . I t has 

been observed f o r a number o f systems, f o r example, 

t h e 5p^^2 l e v e l s o f uranium and t h o r i u m and i n some 

compounds o f g o l d ^ ^ ' " ' " ^ . C o r r e l a t i o n has been observed 

between e l e c t r o s t a t i c s p l i t t i n g and t h e qu a d r o p o l e 
113 

s p l i t t i n g s o b t a i n e d from Mossbauer s p e c t r o s c o p y , 

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

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

Due t o t h e i n h e r e n t l y amorphous s t r u c t u r e o f 

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

w i l l be induced w i t h i n t h e b u l k s t r u c t u r e and i t i s 

t h e r e f o r e u n l i k e l y t h a t e l e c t r o s t a t i c s p l i t t i n g w i l l 
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be observed i n these systems. 

d) S a t e l l i t e Peaks 

S a t e l l i t e peaks a r i s i n g from shake up, shake o f f 

and Auger e f f e c t s have been d i s c u s s e d i n s e c t i o n .3 o f 

t h i s c h a p t e r . The X-Ray source i t s e l f i s a l s o a cause 

o f s a t e l l i t e peaks though t h e s e may be e l i m i n a t e d by 

u s i n g monochromatlsed X-Rays, f o r example, t h e A l „ w 

X-Rays. The peaks have a h i g h e r k i n e t i c energy t h a n 

t h e main photo e l e c t r o n peak and a r e caused by t h e s m a l l 
31 

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

f rom KL double h o l e and KLL t r i p l e h o l e s t a t e s o f t h e 

e m i t t i n g atom 

The alu m i n i u m window on t h e cap w h i c h i s o l a t e s 

t h e X-Ray anode from t h e sample chamber (see s e c t i o n 

.4a) may a l s o g i v e r i s e t o some A l * , „ r a d i a t i o n w h i c h 

w i l l g i v e r i s e t o a s a t e l l i t e d i s p l a c e d by 232.9 eV t o 

h i g h e r k i n e t i c energy when u s i n g an Mg anode. 

e) L i n e Widths 

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

w i d t h have been mentioned i n s e c t i o n ,4d on t h e e l e c t r o n 

a n a l y s e r . The n a t u r a l l i n e w i d t h a t h a l f maximum peak 

h e i g h t 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 , A E C ^ 

and o f t h e i n c i d e n t r a d i a t i o n a r e o b t a i n e d from t h e 

u n c e r t a i n t y p r i n c i p l e and are g i v e n by^""^ 

A £ . At k/2f 2, t. 1Z 



Where At i s the l i f e t i m e of the s t a t e and h i s Plank' 
constant. 

The l i n e widths of some X-Ray atomic energy l e v e l s 
are given m t a b l e 2.6.5 (a l i n e w i d t h of 1 eV 

—16 
corresponds t o a l i f e t i m e of approximately 6.6 x 10 

115> sec. ) . 

Level Atom 
S Ar T i Mn Cr Mo Ag 

Is 0.35 0.5 0.8 1.05 1.5 5.0 7.5 
2 p3/2 0 , 1 ~ 0 , 2 5 °" 3 5 0 - 5 1 , 7 2 , 2 

F u l l Widths a t Ha l f Maximum of 
X-Ray Atomic l e v e l s / eV 

Table 2.6.5 

The photo e l e c t r o n emission process i s thought 
t o take place w i t h i n a time i n t e r v a l of the order of 
10 ^ s e c , w h i l e nuclear r e l a x a t i o n times are of 

-13 71 
the order of 10 sec, and the core hole created 
has a l i f e t i m e of the order o f lO-"*"^ sec."'""'"3 The 
process i s thus sudden w i t h respect t o nuclear 
r e l a x a t i o n but not w i t h respect t o e l e c t r o n i c r e l a x a t i o n 
The l i n e widths also r e v e a l t h a t i n general there i s 
no advantage i n studying more t i g h t l y bound core 
e l e c t r o n s since the greater l i n e w i d t h may obscure 
chemical s h i f t s t h a t are revealed by studying less 
t i g h t l y bound e l e c t r o n s . Small changes i n l i n e widths, 
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of the order o f 0.1 eV, have been observed t o be caused 
by chemxcal e f f e c t s which have a small e f f e c t on the 
l i f e t i m e of the core hole s t a t e 1 ' 1 1 7 . This emphasises 
t h a t peak i n t e n s i t i e s should be measured by area and 
not by h e i g h t , 
f ) Sampling Depth 

The r e l a t i v e p o s i t i o n s of the X-Ray source, sample 
and e l e c t r o n analyser are shown i n f i g u r e 2.6.7. I f the 
photo e l e c t r o n s are emitted from a depth, d, of the 
sample t h e i r t r u e path length w i l l be d where 

d = d cosec 9 2.6.23 

Analyser 

\ 
\ 
\ 

e 

0 X-Ravs 

Sample 

Geometry of ESCA Sample Region 
Figure 2.6.7 

Due t o the short mean f r e e paths of el e c t r o n s i n 
s o l i d s (see below) i t i s possible t o study surface 
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fea t u r e s and compare them w i t h bulk and subsurface 
compositions by c a r r y i n g out experiments a t d i f f e r e n t 

118 
values o f 0 . For the work m t h i s t h e s i s the X-Ray 
beam (Mg^^ ̂  ^} w a s a t r i g h t angles t o the analyser 
(0 + 0 = 90°) and the two values of Q used were 30° 
and 70°. This gives the r a t i o of the sampling depths as 

d 2 5 30 ~ f j ^ 2.6.24 
d ? 0 1 

The v a r i a t i o n of the angle 0, the angle o f incidence 
of the X-Rays, i s of much less importance when considering 
sampling depths since the mean free paths o f X-Ray 
photons m s o l i d s i s of the order of 10"^ m"*""*"̂. This i s 
two or three orders of magnitude greater than e l e c t r o n 

120-123 
mean fr e e paths and so the X-Ray f l u x w i l l remain 
e s s e n t i a l l y unattenuated. 

The sampling depth i s defined as the depth from 
which 95% of the s i g n a l peak comes from and i s r e l a t e d t o 
the e l e c t r o n mean f r e e path, % , by 

Sampling depth = - \ U 0. 0$ & 3% 

As an example f o r carbon I s l e v e l s , s t udied using 
M^K^C1 2 t^ i e k i n e t i c energy of the photo emitted e l e c t r o n s 
i s /V 960 eV and the mean free path of the e l e c t r o n i s 
v l 5 8 ^22^ s a m p i i n g depth at Q = 30° i s t h e r e f o r e 
/V3 9 8 and at 0 = 70° the sampling depth i s /V15 8 . 

g) Peak I n t e n s i t i e s 
For an i n f i n i t e l y t h i c k homogeneous sample the 

f r a c t i o n of the e l a s t i c (no energy loss) p h o t o - i o n i s a t i o n 



peak, <3I 1, corresponding t o p h o t o - i o n i s a t i o n from a core 
l e v e l 1 , i n a layer of thickness dx, a t a depth x i s 

, 124,125 given by 

-x/A . 
d l = F«f N k e dx 2.6.26 

where I i s the i n t e n s i t y a r i s i n g from core l e v e l I , 
F i s the e x c i t i n g photon f l u x , 
*C i s a f u n c t i o n of the cross 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 from core l e v e l l , 
N i s the number of atoms per u n i t volume on 

which core l e v e l I i s located, 
k i s a spectrometer dependent f a c t o r , 
A> x i s the i n e l a s t i c mean free path f o r the photo 

emitted e l e c t r o n , 
x i s the depth from which the photo e l e c t r o n s 

come . 
I n t e g r a t i o n of 2.6.26 gives 

-x /A x 

1 = 8 F oC N k e dx 2.6.27 = I F «C N k 
l I ^ l l 

0 

and I = F < N k X 2.6.28 l ^ i l 1 * ^ 1 

These various f a c t o r s and the parameters on which 
they depend are discussed below. 

l ) X-Ray Flux, F 
The X-Ray f l u x from the source i s p r i m a r i l y 

dependent on the power applied t o and the e f f i c i e n c y of 
the X-Ray gun (see s e c t i o n ,4a above). As s t a t e d i n 
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s e c t i o n .6f the X-Ray f l u x i s v i r t u a l l y unattenuated 
w i t h respect t o the sampling depth from which the photo 
e l e c t r o n s come. However, the angle of incidence 0 of 
the X-Rays and the analyser angle 9 do have an e f f e c t on 
the i n t e n s i t y of the p h o t o - i o n i s a t i o n peak. I t has been 

5 7 1' 
shown both t h e o r e t i c a l l y and e x p e r i m e n t a l l y by Henke ' ' 
t h a t at la r g e values of 0 r e f r a c t i o n o f c o l l i m a t e d 
X-Rays m the outermost surface layer s o f the sample 
causes an e f f e c t i v e increase i n the X-Ray f l u x i n these 
l a y e r s . This causes an enhancement of the photo e l e c t r o n 
emission as determined by ESCA. However, w i t h c u r r e n t 
spectrometers t h i s phenomenon i s r a r e l y observed since 
samples are seldom o p t i c a l l y f l a t and X-Ray beams are 
not c o l l i m a t e d (but see s e c t i o n .7d below). Also a l a r g e 
value f o r 0 together w i t h other f a c t o r s involved i n 
conventional spectrometers produces a very poor s i g n a l 
t o noise r a t i o . 

At lower values of 0 a f u r t h e r e f f e c t on the X-Ray 
f l u x i s observed which i s important when the beam w i d t h 
i s wider than the sample. 



A photo electrons 
V e 

hv 
> 

sample 

Narrow and wide X-Ray beams 

Figure 2.6.8 

I t i s seen from f i g u r e 2.6.8 t h a t when the beam i s 
narrower than the sample t h a t the t o t a l X-Ray f l u x h i t t i n g 
the sample i s not a f f e c t e d by varying 0. However, w i t h a 
beam t h a t i s wider than the sample the X-Ray f l u x h i t t i n g 
the sample varies as cos 0 and as 0 i s increased t h i s 
causes the s i g n a l i n t e n s i t y t o decrease. 

For the p a r t i c u l a r spectrometer, an AEI ES 200 AA/B, 
on which the work f o r t h i s t h e s i s was c a r r i e d out Clark 

12 7 
and Shuttleworth have i n v e s t i g a t e d the s p a t i a l 
d i s t r i b u t i o n of the deri v e d s i g n a l i n t e n s i t y w i t h regard 
t o sample area. Using a composite probe t i p (see f i g u r e 
2.6.9) c o n t a i n i n g gold p l a t e d pins set i n epoxy r e s i n they 
were able t o show t h a t the l a r g e s t c o n t r i b u t i o n t o the 

2 
s i g n a l came from a small area, approximately 0.25 cm out 

2 
of a t o t a l area of 1.4 cm . The l a r g e s t c o n t r i b u t i o n , as 
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determined using the composite probe shown i n f i g u r e 2.6.9, 
was observed t o 

gold plated pins 

1-6 
7-12 

13-18 

o o o o o o 
0 0 0 0 0 0 
0 0 0 0 0 0 

17 mm 

probe t ip 

8 mm 

Analyser 

" 7 7 7-12 

X-Ray 
cap 

A / ' ~ 
<7 1 -

probe t i p 

Composite probe t i p and re la t i ve pos i t i on 

in the sample chamber 

F igure 2 .6 .9 

come from pins 9 - 12 a t a l l angles (©) and no s i g n a l 
was observed t o come from p i n number 1 a t any angle. 
At a t a k e - o f f angle of 30° no c o n t r i b u t i o n was observed 
from pins 13 - 18 and pins 9 - 1 2 c o n t r i b u t e d 
approximately 63% of the t o t a l s i g n a l . At 75° the t o t a l 
absolute i n t e n s i t y was much smaller and c o n t r i b u t i o n s 
were observed from a l l p i n s , except number 1. Thus at a 
higher t a k e - o f f angle, 0, a much greater area of the probe 
was sampled and though pins 9 - 1 2 s t i l l c o n t r i b u t e over 
30% of the t o t a l s i g n a l i n t e n s i t y there i s a more uniform 
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c o n t r i b u t i o n from a l l p a r t s of the probe. 
V a r i a t i o n s m the angle 0 can also cause v a r i a t i o n s 

i n the s i g n a l i n t e n s i t y and though not s t r i c t l y speaking 
being v a r i a t i o n s i n X-Ray f l u x , since spectrometers 
commonly use f i x e d geometries f o r X-Ray source and 
analyser, v a r i a t i o n s i n s i g n a l i n t e n s i t y from combinations 
of 0 and 0 v a r i a t i o n s may occur. For a given value of 
0 the entrance s l i t of the analyser "sees" a sample area 
p r o p o r t i o n a l t o cos 0 and as 0 i s increased t h i s e f f e c t 
tends t o decrease s i g n a l i n t e n s i t y . 

Since as 0 increases 9 decreases these two e f f e c t s 
discussed above act i n o p p o s i t i o n and produce an o v e r a l l 
f u n c t i o n , which may be expressed i n terms of 0, f_^{Q) , 

128 
f o r a core l e v e l I . I t has been observed exp e r i m e n t a l l y 
t h a t f e x h i b i t s a maximum value around a value of 0 l 
o f 3 5° when the X-Ray source and the analyser are 
s i t u a t e d a t r i g h t angles. 

Equation 2.6.28 may be modified t o include t h i s 
f u n c t i o n of G and the photo e l e c t r o n i n t e n s i t y I becomes 

I i = f ± (9) F « C i N x k i ^ x 2.6.29 

where f (9) i s determined e x p e r i m e n t a l l y . 
n ) Photo I o n i s a t i o n Cross Section 

The cross s e c t i o n f o r p h o t o - i o m s a t i o n of a core 
l e v e l I i s a parameter which describes the p r o b a b i l i t y 
of the core l e v e l e l e c t r o n being io n i s e d when i r r a d i a t e d 

129 
by a photon of known energy . The parametergC ̂  only 
includes the f r a c t i o n of photo-ionised e l e c t r o n s accepted 
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by the analyser and i s a f u n c t i o n both of the core l e v e l 
t o which i t r e l a t e s and the energy of the i n c i d e n t photon 
I t , sL , may be c a l c u l a t e d from the fundamental p r o p e r t i e s 
of the a t o m 1 3 0 , or i t may be determined exp e r i m e n t a l l y 
from gas phase ESCA d a t a 3 1 . 

The r a d i a l d i s t r i b u t i o n of photo-ionised e l e c t r o n s 
from a core l e v e l i i s not uniform and i s a 

f u n c t i o n of $p, the angle of d e t e c t i o n w i t h respect t o 
125 

tne i n c i d e n t photons . The p h o t o - i o n i s a t i o n cross 
, , 131,132 s e c t i o n parameter eC ̂  i s given by 

where <pC; i s the t o t a l cross s e c t i o n of the core l e v e l 
133 

and (3^ i s the asymmetry parameter 
For a p a r t i c u l a r spectrometer and using the same 

X-Ray source and w i t h a f i x e d value of ̂  then «C i i s 

normally a constant. Using e i t h e r M 9 K c £ j 2 ° r &LI 2 

the p h o t o - i o n i s a t i o n cross s e c t i o n parameter «C i f o r the 
core l e v e l s of most elements i s w i t h i n two orders of 
magnitude of t h a t of the l e v e l 1 3 0 and thus ESCA 
has a convenient s e n s i t i v i t y range f o r most elements. 
The cross s e c t i o n f o r core l e v e l s are normally considerably 
higher than those f o r valence l e v e l s 1 3 0 though i t should 
be remembered t h a t less t i g h t l y bound e l e c t r o n s w i l l 
have a smaller n a t u r a l l i n e w i d t h (see s e c t i o n ,6e above). 
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m ) Spectrometer Factor 
The spectrometer f a c t o r k^ includes c o n t r i b u t i o n s 

due t o geometric f a c t o r s such as the s o l i d angle of 
acceptance of the analyser s l i t and analyser transmission 
c h a r a c t e r i s t i c s and detector e f f i c i e n c y , these l a t t e r 
two being energy dependent. 

I V ) E l e c t r o n Mean Free Path 
The mean fr e e path of an e l e c t r o n , / i n a 

s o l i d i s defined as the distance i n a s o l i d through 
which e l e c t r o n s must t r a v e l before the number, which 
have not s u f f e r e d i n e l a s t i c c o l l i s i o n s , i s reduced t o 
1/e of the o r i g i n a l number. El e c t r o n mean f r e e paths 

121 
may be c a l c u l a t e d t h e o r e t i c a l l y or determined 

12 2 T 2 3 
e xperimentally ' . The mean fre e path, A' > i s a 

& 
f u n c t i o n of the k i n e t i c energy of the photo-ionised e l e c t r o n s and ranges from / v ^ / l f° r e l e c t r o n s of about 
80 eV k i n e t i c energy t o Ay f o r e l e c t r o n s of about 
1500 eV. 

v) Number Density 
The number of atoms per u n i t volume, N , on 

which the core l e v e l i s l o c a l i s e d i s not d i r e c t l y r e l a t e d 
t o the d e n s i t y of the sample. However, i t has been 
observed t h a t f o r s i m i l a r m a t e r i a l s o f d i f f e r e n t d e n s i t i e s , 
the higher d e n s i t y m a t e r i a l produces a l a r g e r ESCA s i g n a l 
f o r a given core l e v e l ^ 0 . A more important consequence 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 l e v e l s 
m 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 of the atoms i n the sample. Thus 
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f o r two core l e v e l s i and 3 we get from equation 
2 .6 .29 

Tx N i k i ^ i 
T — = v r — v — C 2.6.31 
I ^ N k % 

3 3 3 3 ^3 

i t being assumed t h a t f ^ (0) = f (O). 
I f I and j are the same core l e v e l s f o r the same element 
but m d i f f e r e n t chemical environments then 

and so I N 
I _ _ _ i 

I . ~ N. 2 .6 .32 
3 3 

I f however I and j are d i f f e r e n t core l e v e l s f o r 
d i f f e r e n t elements then 

but the r a t i o of these may be determined 
experimentally using samples of known s t o i c h i o n e t r y f o r 
a p a r t i c u l a r spectrometer, 
h) A n a l y t i c a l Depth P r o f i l i n g 

I t i s o f t e n important t o determine i f the surface 
composition of a sample i s the same as t h a t o f the bu l k 
m a t e r i a l (see also s e c t i o n .6f above). The simplest 
case i s t h a t of a s i n g l e homogeneous component of 
thickness d on a homogeneous base as i l l u s t r a t e d i n 
f i g u r e 2.6.10. 
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e" 

i i i i i i i i i i i i i d 
V 

j ] i J ] i j j J J j i 1 
J j i j j j j j 1 1 1 1 1 1 

Substrate/Over layer Model 

Figure 2.6 10 

The i n t e n s i t y of the s i g n a l a r i s i n g from the overlayer 

i s obtained by i n t e g r a t i n g equation 2.6.26 between x = o 

and x = d which gives 

I = Fe£ N k A (1 - e ' 1 ) 2.6.33 
l ^ i i l l v 

which i n c l u d i n g angle e f f e c t s from equations 2.6.23 
and 2.6.2 9 becomes 

ix = f i ( o ) N X _ e-d/A x ) c o s Q 2 > 6 > 3 4 

The i n t e n s i t y of the s i g n a l a r i s i n g from the substrate 

i s obtained by i n t e g r a t i n g equation 2.6.26 between 

x = d and x =<©which gives 

I = FSC N k A e ~ d / ^ j 2.6.35 
3 3 3 3 3 J 

which i n c l u d i n g angle e f f e c t s from equations 2.6.23 and 

2.6.29 becomes 
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I . = f (Q)F«£ N k A e d / ^ j cos 9 2.6.36 
3 3 D D D 3 J 

129 
E l e c t r o n mean free paths are a f u n c t i o n of energy 

and m the range normally encountered i n ESCA, which i s 
normally ^ 300 eV, the e l e c t r o n mean f r e e path increases 
i n energy. As a consequence of t h i s , and the e f f e c t of %j 

on the i n t e n s i t y of I from the su b s t r a t e as given by 
equation 2.6.36, the a t t e n u a t i o n of a s i g n a l a r i s i n g 
from a core l e v e l i n the substrate by an overlayer, w i l l 
depend s t r o n g l y on the k i n e t i c energy of the photo 
emitted 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 overlayer 
on a f l u o r i n e c o n t a i n i n g substrate w i l l r e s u l t m a 
decrease m the F. /F_ r a t i o since the k i n e t i c energy 

I s ' 2s r j r 

and mean fr e e path of the F^g photo e l e c t r o n s are 
greater than those of the F photo e l e c t r o n s . 

^ s 
Therefore i n order t o use depth and angular studies 

f o r a n a l y t i c a l purposes i t i s necessary t o determine 
a c c u r a t e l y the e l e c t r o n mean free paths, f o r the k i n e t i c 
energies of i n t e r e s t , i n the m a t e r i a l s being s t u d i e d , 
l ) Deconvolution and Measurement of Peak Areas 

The o v e r a l l r e s o l u t i o n of a peak /IE^/E has been 
discussed i n s e c t i o n .46. where &E„, i s obtained from 

M 
equation 2.4.3. 

(*Em)%* faeS *l&Bc$ + { A B $ +{&B**S 1 J t 3 

has been discussed i n s e c t i o n .4a and i n the case 
of common X-Ray sources possesses a Lorenzian l i n e 



97 

shape. A E ^ n a s been discussed m s e c t i o n .6e and i s 
u s u a l l y taken t o be of Lorenzian l i n e shape as also i s 

, w h i l e ^ E i s u s u a l l y taken t o be Gaussian i n s s s 
shape. The combination of the various c o n t r i b u t i o n s t o 
$ E ^ produces a h y b r i d shape w i t h a Gaussian d i s t r i b u t i o n 
dominating the l i n e shape and w i t h a Lorenzian character 
t o the t a i l s . I t has been shown t h a t the assumption of a 
pure Gaussian shape f o r the observed peaks introduces 

31 
only a small e r r o r i n l i n e shape an a l y s i s 

The need f o r deconvolution and l i n e shape a n a l y s i s 
arises from the f a c t t h a t the l i n e w i d t h ZIE„ measured 

M 
w i t h c u r r e n t instruments, w i t h o u t monochromatisation, 
o f t e n compares unfavourably w i t h the chemical s h i f t s . 
This causes overlapping of peaks and i n some instances 
only a very broad peak i s observed instead of the separate 
components. 

The methods of deconvolution f a l l i n t o two main 
ca t e g o r i e s : - I ) the enhancement of r e s o l u t i o n by 
mathematical manipulation of the raw data, and i i ) 
curve f i t t i n g by s i m u l a t i o n using analogue or d i g i t a l 
systems. 

l ) Deconvolution by mathematical methods has been 
134 

reviewed by Carley and Joyner . The methods discussed 
are the Fourier Transform and various i t e r a t i v e processes, 
these l a t t e r o f t e n being based on Van C i t t e r t ' s method. 
The authors conclude t h a t deconvolution by mathematical 
enhancement may b r i n g about an improvement i n r e s o l u t i o n 
comparable t o t h a t obtained by the use of a monochromator. 
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n ) Curve f i t t i n g by s i m u l a t i o n r e q u i r e s the close 
c o n t r o l of a number of v a r i a b l e s , f o r example, b i n d i n g 
energy, l i n e w i d t h and peak h e i g h t . Because of t h i s 
the use of an analogue system i s more convenient than 
d i g i t a l a n alysis w i t h a large computer. For the work 
i n t h i s t h e s i s deconvolution was performed by analogue 
s i m u l a t i o n using a Dupont 360 curve r e s o l v e r . On t h i s 
b i n d i n g energy, l i n e w i d t h and peak he i g h t are 
c o n t r o l l e d by the operator as i s also l i n e shape though 
t h i s i s u s u a l l y set f o r a Gaussian form. The basic 
approach t o curve s i m u l a t i o n i s shown i n f i g u r e 2.6.11. 

In deconvolution by methods ( i ) and ( i i ) a c e r t a i n 
amount of cau t i o n i s req u i r e d as i t i s o f t e n p o s s i b l e 
t o o b t a i n more than one s o l u t i o n from which the c o r r e c t 
one must be chosen. 
.7 General Aspects of ESCA 

a) ESCA i s an extremely powerful t o o l e s p e c i a l l y 
w i t h respect t o surface composition. For bulk a n a l y s i s 
i t must be used w i t h caution since i n many cases i t 

—8 
only samples t o a depth of the order of 10 m and 
what i s obtained may be a composition h e a v i l y weighted 
by components at the surface (but see s e c t i o n .6h above). 
The r e l a t i v e s e n s i t i v i t i e s of ESCA and some other 
common a n a l y t i c a l techniques are shown i n t a b l e 2.7.1 

b) Advantages of ESCA 
The p r i n c i p l e advantages of ESCA, some of 

which may be shared by other techniques are:-



Bulk Techniques 

I n f r a Red 
Atomic Absorption 
Vapour Phase Chromatography 
High Pressure L i q u i d 

Chromatography 
Mass Spectrometry 

Minimum Detectable 
Quantity / g 

i o - 6 

i o - 9 - i o - 1 2 

-3 -7 10 - 10 ' 

10 -6 10" 
i o - 1 0 - i o - 1 5 

Surface Techniques 

ESCA 10 1 0 

-12 
Neutron A c t i v a t i o n 10 

-15 
Ion S c a t t e r i n g Spectrometry 10 

_7 
X-Ray Fluorescence 10 

-14 
Auger Spectroscopy 10 
Secondary Ion Mass 

-13 
Spectrometry 10 

M u l t i p l e I n t e r n a l R e f l e c t i o n 
I n f r a Red Spectroscopy 
MIR IR 1 0 ~ 1 0 

S e n s i t i v i t i e s of Various A n a l y t i c a l 
Techniques 
Table 2.7.1 



x) The sample may be s o l i d , l i q u i d or gas and the 
-3 

amount r e q u i r e d i s small being approximately 10 g o f 
-7 3 -4 3 s o l i d , 10 dm of l i q u i d and 5 x 10 dm of gas (at 

STP) . 
n ) The process i s v i r t u a l l y n o n-destructive, since 

-1 135 
the X-Ray f l u x i s small (0.1 m i l l i r ad. sec ) , and 
few changes occur i n the sample w h i l e spectra are being 
r u n . 

l i i ) The technique i s independent of the spi n 
p r o p e r t i e s of the nucleus and can be used t o study any 
element of the p e r i o d i c t a b l e , w i t h the exception of 
hydrogen. 

I V ) M a t e r i a l s may be studied " i n s i t u " w i t h a 
minimum of p r e p a r a t i o n . 

v) The technique provides a larg e number of 
i n f o r m a t i o n l e v e l s from a s i n g l e experiment. 

v i ) The data i s o f t e n complementary t o t h a t obtained 
by other techniques. 

v n ) For s o l i d s ESCA has the unique c a p a b i l i t y of 
d i f f e r e n t i a t i n g surface from subsurface and bu l k 
phenomena (see sec t i o n .6h) though some i n f o r m a t i o n 
on t h i s can also be obtained from MIR IR. 
v m ) The i n f o r m a t i o n r e l a t e s d i r e c t l y t o bonding and 

molecular s t r u c t u r e and applies t o both inner and 
valence o r b i t a l s of the molecule enabling a thorough 
a n a l y s i s of e l e c t r o n i c s t r u c t u r e t o be made. 

I X ) The i n f o r m a t i o n l e v e l s are such t h a t "ab 
i n i t i o " i n v e s t i g a t i o n s are poss^Mtte ua¥K2, the t h e o r e t i c a l 

(( 5 SEP 1980 )) 
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basis i s w e l l understood. 
c) Disadvantages of ESCA 

There are however some disadvantages associated 

w i t h ESCA. 
1) The o v e r a l l costs of the i n s t r u m e n t a t i o n i s h i g h . 

11) While the technique has e x c e l l e n t depth 
r e s o l u t i o n the s p a t i a l r e s o l u t i o n i s poor and an area 

2 
of approximately 0.3 cm i s normally sampled. 

n i ) I f the surface layer i s comparatively t h i c k , 
t h a t i s greater than 100 R, i t i s not p o s s i b l e t o 
determine the b u l k composition by ESCA w i t h o u t 
s e c t i o n i n g the sample. 

I V ) Hydrogen i s not detectable using ESCA. 
d) Hierarchy of ESCA Infor m a t i o n 

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

I ) The technique, gives absolute b i n d i n g energies, 
r e l a t i v e peak i n t e n s i t i e s and b i n d i n g energy s h i f t s . 
I t also provides element a n a l y s i s , a n a l y t i c a l depth 
p r o f i l i n g and i d e n t i f i c a t i o n of s t r u c t u r a l f e a t u r e s . 

n ) Shake up and shake o f f s a t e l l i t e s may be 
observed and monopole e x c i t e d states and t h e i r energy 
separation, w i t h respect t o d i r e c t p h o t o - i o n i s a t i o n 
peaks, measured. R e l a t i v e i n t e n s i t i e s of components 
w i t h respect t o the d i r e c t p h o t o - i o n i s a t i o n peak are 
also obtained. 

i n ) The technique gives i n f o r m a t i o n f o r paramagnetic 
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molecules on spi n states and d i s t r i b u t i o n o f unpaired 
e l e c t r o n s from observations of m u l t i p l e t e f f e c t s . 

I V ) For valence energy l e v e l s long range e f f e c t s may 
be found d i r e c t l y . 

v) For s o l i d s , by using a f i x e d angle between the 
analyser and X-Ray source and by v a r y i n g the angle 
between the sample and X-Ray analyser (0) surface, 
subsurface and bu l k e f f e c t s can be d i f f e r e n t i a t e d . By 
varying the angle between the X-Ray source and the 
analyser, i n f o r m a t i o n can be obtained concerning the 
angular dependence of cross s e c t i o n , the asymmetry 
parameter (3 and the symmetries i n a l l l e v e l s . 

e) Current Developments 
The problem of sample contamination, e s p e c i a l l y 

by hydrocarbons deposited w i t h i n the sample chamber, 
has already been mentioned i n s e c t i o n .4c. Since these 
hydrocarbons may o r i g i n a t e from o i l i n pumping systems, 

31 
( d i f f u s i o n and r o t a r y pumps), turbomolecular pumps 
which operate w i t h o u t o i l are coming i n t o use. Absence 
of hydrocarbon contamination f o r use i n energy 
r e f e r e n c i n g might then occur but could of course be 
r e a d i l y overcome (see se c t i o n .5e). 

When gases are being studied and when monochromatlzers 
are being used lack of brightness of the o r i g i n a l X-Ray 
source leads t o long exposure times when rec o r d i n g 
spectra. This may be overcome by using r o t a t i n g water 

31 
cooled anodes which enable the power input t o the 
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anode t o be increased. The anode c u r r e n t i n these 
systems may be increased t o approximately 500 mA instead 
o f the more usual operating value of approximately 20 mA 
the voltage being the same, t h a t i s approximately 10 kV. 
As an a l t e r n a t i v e t o conventional X-Ray sources 

136 
synchrotron r a d i a t i o n may be used though due t o the 
need f o r access t o a synchrotron source t h i s w i l l not 
replace X-Ray sources on conventional instruments. A 
synchrotron does however provide X-Rays w i t h an almost 
continuously v a r i a b l e wavelength and which are almost 
completely c o l l i m a t e d i n the plane of the synchrotron 
r i n g . The X-Rays are also completely plane p o l a r i s e d 
i n the plane of the r i n g . The c o l l i m a t i o n means t h a t 
the synchrotron r a d i a t i o n may be e a s i l y monochromatised 
i n a c r y s t a l monochromator. 

Another development i s the use of " s p l i t " anodes, 
where h a l f the anode surface i s say magnesium and the 
other h a l f say t i t a n i u m . By comparatively simple 
e l e c t r o s t a t i c d e f l e c t i o n the e l e c t r o n beam t h a t impinges 
on the anode may be switched from one anode m a t e r i a l t o 
the other thus s i m p l i f y i n g the change from one X-Ray 
source t o another, of d i f f e r e n t energy. 

The use of mathematical techniques f o r deconvolution 
i s an area where there i s considerable scope f o r 
development ( s e c t i o n .61) as also i s the use o f m u l t i -

31 
channel analysers , which would g r e a t l y speed up the 
r a t e of data a c q u i s i t i o n . This can be important w i t h 



s e n s i t i v e m a t e r i a l s even though the t o t a l X-Ray f l u x 
i s not l a r g e , since when the s i g n a l s are weak, or when 
angular studies are being c a r r i e d out i t may take more 
than an hour t o record a l l the peaks m the spectrum 
from one sample. 



Chapter 3 
Corona and Plasma Discharges 

I n t r o d u c t i o n 
Basic processes i n gaseous e l e c t r o n i c s 
a) I o n i s a t i o n and A c t i v a t i o n by Impact 

1) E l e c t r o n 
11) Ion/molecule and Molecule/molecule 
m ) Photon 

b) Recombination and D e a c t i v a t i o n 
c) P a r t i c l e V e l o c i t y , Energy, C o l l i s i o n Frequency 
Corona 
a) General aspects 
b) D i r e c t Current Corona Discharges 

1) P o s i t i v e w i r e , negative plane 
11) Negative w i r e , p o s i t i v e plane 

111) Plane p a r a l l e l electrodes 
c) A l t e r n a t i n g Current Corona Discharges 
d) Ions and Molecules formed m Corona 

1) Discharges i n a i r 
11) Discharges i n Oxygen 

l i i ) Discharges i n Nitrogen 
I V ) Discharges m Argon 

Surface Treatment by Corona Discharge 
a) General aspects 
b) 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 
c) Corona Discharge Equipment 

1) Electrode design 
1 1 ) Power supplies 
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.5 Plasma Discharges 
a) General aspects 
b) Reactxve Species i n Plasmas 

1) Plasma Discharge m A i r a t 0.2 Torr 
l i ) Plasma Discharge i n Oxygen at 0.2 Torr 

c) Photon Emission of Plasmas 
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• 1 I n t r o d u c t i o n 
The i n i t i a t i o n of chemical r e a c t i o n s , by e l e c t r i c a l 

discharges, has been known and observed f o r over a hundred 
137 

years . Early workers were hampered by lack of equipment 
t o produce a continuous high voltage e l e c t r i c a l supply, 
having t o r e l y on e l e c t r o s t a t i c generators which only 
gave an i n t e r m i t t e n t supply. I t was not i n f a c t u n t i l the 

138 
i n d u c t i o n c o i l was invented by Ruhmkorf i n 1851, t h a t 
a continuous high voltage source could be obtained. Low 
voltage arcs had been discovered by Humphry Davy i n 
1808, using a v o l t a i c p i l e , but had not been regarded by 
him as important s c i e n t i f i c a l l y . The other important 
technique, developed s h o r t l y a f t e r the i n t r o d u c t i o n o f 
the i n d u c t i o n c o i l , was t h a t of Geissler, who discovered 
how t o fuse platinum electrodes i n t o g lass. By f u s i n g 
two such electrodes i n t o a glass vessel and then reducing 
the a i r pressure e l e c t r i c a l discharges could be 
observed when an i n d u c t i o n c o i l was connected t o the two 
e l e c t r o d e s . Using Geissler's technique and i n d u c t i o n 
c o i l s Plucker (1859), H i t t o r f j'1869), Goldstein (1876), 
and Crookes (1879), were able t o i n v e s t i g a t e the 
p r o p e r t i e s of the, then mysterious, rays emitted from 
the cathode i n a discharge tube. The a c t u a l nature of 
these mysterious rays, although the subject of much 
research, was not i n f a c t discovered u n t i l 1897 by 
Thompson. He showed t h a t the cathode rays were sub
atomic p a r t i c l e s approximately a thousand times (183 7) 
l i g h t e r than a hydrogen atom. These sub-atomic p a r t i c l e s 

I 
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were given the name 'e l e c t r o n ' by Lorentz. While Crookes 
H i t t o r f and others were t r y i n g t o understand the nature 
of cathode rays othe"r work was being c a r r i e d out using 
Geissler tubes as spectroscopic l i g h t sources. I t was 
t h i s work t h a t l e d Rayleigh t o propose the "water 
melon" model f o r the atom, where negative charges were 
imbedded i n a p o s i t i v e j e l l y . I t was possi b l e t o e x p l a i n 
the hydrogen spectrum using t h i s model but i t f a i l e d f o r 
a l l other spectra and the Rutherford nuclear model, 1911, 
was shown t o be more successful. 

The way i n which the glowing discharge i n a 
Geissler tube v a r i e d w i t h the pressure, e l e c t r o d e 
geometry and type of gas was studied very i n t e n s i v e l y 
but was not f u l l y understood u n t i l the nature of the 
e l e c t r o n had been discovered. A t y p i c a l appearance of a 
gas discharge tube i s shown i n f i g u r e 3.1.1. 

n e g a t i v e 
glow 

pos i t i ve 
c o l u m n 

ca thode 

+ ve 

c a t h o d e 

A s t o n Crookes F a r a d a y 
dark (or Hittorf) dark 

s p a c e dark s p a c e 
s p a c e 

a n o d e 
glow 

• v e 

a n o d e 

a n o d e 
dark 
s p a c e 

A p p e a r a n c e of g a s d i s c h a r g e at low p r e s s u r e 

F i g u r e 3 1 1 
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The Aston dark space i s normally only v i s i b l e at low 
pressures since as the pressure r i s e s the cathode glow 
becomes b r i g h t e r and appears t o cover the cathode surface 
completely. The Faraday dark space i s very v a r i a b l e i n 
l e n g t h and i s not always observed and the p o s i t i v e column 
may be broken up w i t h s t r i a t i o n s . 

I n the eighteenth century many workers had observed 
t h a t the charge on e l e c t r i c a l l y charged bodies s l o w l y 
leaked away. This was i n v e s t i g a t e d by Coulomb who showed 
i n 1785 t h a t there was an a c t u a l passage of e l e c t r i c a l 
charge through the a i r . This he concluded was due t o the 
molecules of the a i r becoming charged by contact w i t h 
h i s charged o b j e c t and then being r e p e l l e d and thus 
c a r r y i n g away the charge. However Wilson (1900) showed 
t h a t when the charged o b j e c t was i n s i d e a closed container, 
the maximum leakage was p r o p o r t i o n a l t o the volume of the 
c o n t a i n e r . This f a c t was incompatible w i t h Coulomb's 
theory of molecules becoming charged on contact w i t h the 
o b j e c t . This observation of Wilson's l e d t o the acceptance 
of the idea t h a t some k i n d of 'atom of e l e c t r i c i t y ' was 
involved i n the discharge process. The discovery o f 
X-Rays by Rontgen (1895) and r a d i o a c t i v i t y by Becquerel 
(1896) led t o the observation t h a t gases could be made 
conductors by these mysterious X-Rays. Rontgen found t h a t 
e l e c t r i c a l l y charged bodies could be r e a d i l y discharged 
by means of h i s X-Rays and Thompson and Rutherford (1896) 
showed t h a t the X-Rays produced both p o s i t i v e and negative 
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charged p a r t i c l e s . As i s now known the n a t u r a l background 
of cosmic r a d i a t i o n produces a small number of ions i n 
the a i r and i t i s these ions which, by making the atmosphere 
s l i g h t l y conducting, cause e l e c t r i c a l charges t o s l o w l y 
leak away. 

Once the nature of the elementary charged p a r t i c l e s , 
the e l e c t r o n s , the p o s i t i v e ions and the negative ions, 
were recognised the way was opened f o r considerable 
advances i n gaseous discharges. Much of t h i s work was 
c a r r i e d out by Townsend and co-workers, who based t h e i r 
e x p l a n a t i o n on the idea of the "average" e l e c t r o n and 
the "average" i o n . These ideas, though f r u i t f u l a t 
f i r s t , had severe l i m i t a t i o n s and coupled w i t h other 
experimental problems caused development of understanding 
of gas discharges t o slow down i n the l a t e 1920s and 
e a r l y 1930s. Then i n 1935 A l l i s and co-workers 
introduced the concept of e l e c t r o n energy d i s t r i b u t i o n 
f u n c t i o n s m place of the "average" e l e c t r o n concept. 
The experimental problems were caused by mercury 
contamination from the mercury d i f f u s i o n pumps used 
and the mercury f i l l e d vacuum gauges. This problem 
was overcome i n the 1940s by Druyvesten and Penning 
and coupled w i t h the work of A l l i s enabled a r e a l match 
between t h e o r e t i c a l concepts and experimental data t o 
be made. 

O r i g i n a l l y the f i e l d was designated as " E l e c t r i c a l 
Discharges i n Gases" or the "Passage of E l e c t r i c i t y 
through Gases". This was l a t e r shortened t o "Gas 
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Discharge Physics" and then w i t h the advent of the f i e l d 
of e l e c t r o n i c s m the 1940s the name was changed t o i t s 
c u r r e n t one of "Gaseous E l e c t r o n i c s " . The term "Plasma 
Physics" i s sometimes used as w e l l , though s t r i c t l y 
speaking t h i s term, as defined by Langmuir, only applies 
t o the mam sec t i o n of the discharge, the p o s i t i v e 
column. I n t h i s region there i s complete space charge 
n e u t r a l i s a t i o n , t h a t i s , the number o f el e c t r o n s i s the 
same as the number of ions. 

Some of the main events m gaseous e l e c t r o n i c s which 
helped i n f o r m u l a t i n g the ideas concerning the processes 
t a k i n g place are given i n t a b l e 3.1.1. 
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Date Concept 
1600 E l e c t r i c i t y 
1742 Sparks 
1785 Conduction m Gases 
1808 D i f f u s i o n 
1808 Arc (discharge) 
1817 M o b i l i t y 
1821 Arc (name) 
1834 Cathode and Anode 
1834 Ions 
1848 S t r l a t i o n s 
1859 Cathode rays (Kathodenstrahlen) 
1860 Mean Free Path 
1879 Fourth State o f Matter 
1880 Paschen Curve 
1889 Maxwell-Boltzmann d i s t r i b u t i o n 
1891 E l e c t r o n (charge) 
1895 X-Rays 
1897 (Cyclotron) frequency 
1898 I o n i s a t i o n 
1899 Transport Equations 
1899 Energy gain equations 
1901 Townsend c o e f f i c i e n t s 
1905 D i f f u s i o n of charged p a r t i c l e s 
1906 Elect r o n ( p a r t i c l e ) 
1906 Plasma frequency 
1914 Ambipolar d i f f u s i o n 
1921 Ramsauer e f f e c t 
1928 Plasma 
1935 V e l o c i t y D i s t r i b u t i o n Functions 

Discoveries i n Gaseous E l e c t r o n i c s 
Table 3.1.1 

O r i g i n a t o r 
G i l b e r t 
Desagulier 
Coulomb 
Dalton 
Davy 
Faraday 
Davy 
Faraday 
Faraday 
Abr l a 
Plucker 
Maxwell 
Crookes 
La Rue and Muller 
Nernst 
Storey 
Rontgen 
Lodge 
Crookes 
Townsend 
Lorentz 
Townsend 
E i n s t e i n 
Lorentz 
Rayleigh 
Seeliger 
Ramsauer 
Langmuir 
A l l i s 
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.2 Basic Processes i n Gaseous E l e c t r o n i c s 
139,140,141 a) I o n i s a t i o n and A c t i v a t i o n 

I ) By E l e c t r o n Impact 
Free e l e c t r o n s , p o s i t i v e and negative ions, 

photons and e x c i t e d molecules may a l l be produced by 
c o l l i s i o n s between el e c t r o n s and gas molecules i n a 
gaseous e l e c t r i c a l discharge. Consider the s i t u a t i o n 
where a gas i s m a container w i t h two electrodes which 
are connected t o a high voltage supply. I f a f r e e e l e c t r o n 
i s introduced, perhaps caused by a cosmic ray or by c o l d 
cathode emission, i f the voltage i s high, then i t w i l l 
be accelerated by the e l e c t r i c f i e l d according t o : -

where dV i s the a c c e l e r a t i o n , q i s the charge and m i s 
the mass of the e l e c t r o n and E i s the e l e c t r i c f i e l d 
s t r e n g t h . This a c c e l e r a t i o n w i l l continue u n t i l the e l e c t r o n 
has a c o l l i s i o n w i t h a gas molecule. I f the energy of the 
e l e c t r o n , at the time of the c o l l i s i o n , i s low then only 
e l a s t i c s c a t t e r i n g w i l l occur. At higher energies 
i n e l a s t i c c o l l i s i o n s w i l l occur and molecules w i l l become 
ex c i t e d t o higher energy states and e v e n t u a l l y may become 

139 
ionised . From a c o n s i d e r a t i o n o f the e l a s t i c c o l l i s i o n s 
i t may be shown t h a t the e l e c t r o n s have an e f f e c t i v e 
"Maxwellian" temperature approximately two orders of 

139 
magnitude greater than the molecule or ion temperature 
T y p i c a l values f o r discharges are T approximately 30000 K 

dV 
d t m E 3 .2.1 

d t 
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(about 2 eV) and T about 300 K (0.02 eV), where T i s 
m e 

the e l e c t r o n "temperature" and i s the molecule 
"temperature". 

When the e l e c t r i c f i e l d s t r e n g t h i s increased then 
i n e l a s t i c c o l l i s i o n s o f ele c t r o n s and molecules w i l l occur 
and these i n e l a s t i c c o l l i s i o n s may cause e x c i t a t i o n and 
also l o n i s a t i o n o f molecules. 

e* + A —& 2 e" + A + 

* 
e + A e + A 

There i s also the p o s s i b i l i t y of secondary e l e c t r o n 
emission by ion impact on the cathode, which w i l l 
increase the o v e r a l l e l e c t r o n d e n s i t y . The threshhold 
energies f o r e x c i t a t i o n are lower than those f o r 
i o n i s a t i o n and also the cross sections f o r e x c i t a t i o n 
tend t o be l a r g e r than those f o r l o n i s a t i o n a t higher 

141 
energies. I t has been shown t h a t the cross sections 
f o r e x c i t a t i o n and l o n i s a t i o n are both f u n c t i o n s of 
v e l o c i t y and increase r a p i d l y from zero at the 
threshhold energy f o r the process and then pass through 
a maximum. This maximum i s of the order of t e n t o a 
hundred eV, compared t o the average energy o f the el e c t r o n s 
of about 2eV. 
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C r o s s 
s e c t i o n 

100 e V 
E n e r g y 

S c h e m a t i c r e p r e s e n t a t i o n of the v a r i a t i o n of c r o s s s e c t i o n 
for l o n i s a t i o n or e x c i t a t i o n by e l e c t r o n i m p a c t 

F i g u r e 3 2 1 

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

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

t h a n i o n i s a t i o n . The e x c i t a t i o n caused by t h e e l e c t r o n 

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

d i s c h a r g e (see a l s o s e c t i o n .5 b e l o w ) . 

A* » A + hy 
* 

For r a d i a t i n g s t a t e s t h e l i f e t i m e o f A i s o f t h e 
—8 

o r d e r o f 10 seconds and t h e r e i s n o t much chance o f a 

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

r a d i a t i o n s i m p l y escapes from t h e d i s c h a r g e . However, 

i f t h e r a d i a t i o n t a k e s p l a c e t o t h e ground s t a t e t h e n 
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t h e photon can be reabsorbed by o t h e r atoms and m o l e c u l e s . 

T h i s process i s termed "resonance r a d i a t i o n a b s o r p t i o n " 

and under these c i r c u m s t a n c e s t h e photon d i f f u s e s o u t 

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

atom whose l i f e t i m e i s s e v e r a l times t h e l i f e t i m e o f t h e 

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

t r u e m e t a s t a b l e s t a t e t o occur where t h e a c t i v a t e d s t a t e 

has a c o m p a r a t i v e l y l o n g l i f e t i m e w h i c h may be o f t h e 

o r d e r o f microseconds or even seconds. For example h e l i u m 
2 1 3 i n i t s ground s t a t e I s S Q may be e x c i t e d t o I s 2s 

by e l e c t r o n i m p a c t . I t cannot however r e t u r n t o i t s ground 

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

i s f o r b i d d e n and i t can o n l y r e t u r n t o t h e ground s t a t e as 

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

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

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

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

d i s s o c i a t i o n energy o f t h e m o l e c u l e . For example:-

e~ + H _ ( 1 S + ) —* e" + H„( 3^ +)-4>e" + H* + H* 2 g 2 g 
e~ + 0 2 -» 0 * + 0" 

e"" + 0 °* + °~ 

A l t h o u g h e l e c t r o n impact e x c i t a t i o n and i o n i s a t i o n i s 

t h e ma^or process m gaseous e l e c t r o n i c s v a r i o u s o t h e r 

processes may a l s o have i m p o r t a n t e f f e c t s . 

n ) I o n / m o l e c u l e and m o l e c u l e / m o l e c u l e impact 

The c r o s s s e c t i o n f o r e x c i t a t i o n and l o n i s a t i o n by 

impact w i t h a f a s t atom or i o n a r e , l i k e t h o s e f o r e l e c t r o n 



i m p a c t , f u n c t i o n s o f t h e v e l o c i t y o f t h e atom or i o n . The 

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

t h a t f o r e l e c t r o n impact (see f i g u r e 3.2.1), b e i n g zero 

a t t h e t h r e s h o l d energy and r i s i n g r a p i d l y t o a maximum. 

Due t o t h e much l a r g e r masses o f atoms and i o n s t h e i r 

e n e r g i e s a t a g i v e n v e l o c i t y are much g r e a t e r t h a n t h o s e 

o f e l e c t r o n s and t h e k i n e t i c e n e r g i e s a t t h e maximum f o r 

e x c i t a t i o n o r l o n i s a t i o n c r o s s s e c t i o n s are o f t h e o r d e r 

o f thousands o f e l e c t r o n v o l t s i n s t e a d o f te n s o f 

e l e c t r o n v o l t s as i n e l e c t r o n impact. 

For a g i v e n k i n e t i c energy, due t o t h e i r much g r e a t e r 

mass atoms and i o n s w i l l have a much lower v e l o c i t y t h a n 

e l e c t r o n s and t h e r e f o r e w i l l t e n d t o have lower c r o s s 

s e c t i o n s f o r e x c i t a t i o n . Since however t h e c r o s s s e c t i o n 

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

v e l o c i t i e s and e n e r g i e s i t i s t o be expected t h a t 

e x c i t a t i o n by i o n and atom impact w i l l become i m p o r t a n t . 

For example t h e Helium s i n g l e t 

5016 S, I s 3p 1 P 1 - I s 2s 1 S Q 

and t h e t r i p l e t 5876 8 I s 3d 3D - I s 2p 3P 

may be produced by e i t h e r e l e c t r o n o r h e l i u m atom 

bombardment. I n t h e case o f e l e c t r o n s t h e maximum occurs 

when t h e e l e c t r o n e n e r g i e s are 100 eV and 30 eV r e s p e c t i v e 

and i n t h e case o f h e l i u m atoms a t g r e a t e r t h a n 6000 eV 

and 2500 eV r e s p e c t i v e l y 1 4 1 . W i t h such l a r g e energy 

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

and h e l i u m atoms a r e o f a s i m i l a r o r d e r o f magnitude. 

Thus f o r t h e s i n g l e t l i n e V = 5.9 x 1 0 1 0
 m s e c - 1 and 
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V H e y 0.5 x 1 0 1 0 m sec-''', and f o r t h e t r i p l e t l i n e 
V = 3.2 x 1 0 1 0 m s e c " 1 and VTT = 0.4 x 1 0 1 0 m s e c " 1 , e He 

The magnitude o f t h e energy r e q u i r e d t o make i o n 

or m o l e c u l a r impact e f f i c i e n t i s n o t u s u a l l y met w i t h 

i n gaseous d i s c h a r g e s though i t i s found i n r a d i a t i o n 

c h e m i s t r y u s i n g h i g h energy s o u r c e s . N e v e r t h e l e s s even 

a t t h e e n e r g i e s more commonly met w i t h i n gas d i s c h a r g e s 

some o f t h e e f f e c t s can be i m p o r t a n t . Examples o f th e s e 

are g i v e n below. 
140 141 

The OH i o n i s n o t produced d i r e c t l y ' from 

impact o f e l e c t r o n s and wa t e r molecules b u t i s produced 

by charge exchange 0 + H 20 — 9 OH + OH' 

and H + H 20 — 9 OH + H 2 

I n f a c t f o r e l e c t r o n impact on w a t e r molecules t h e process 

t h a t i s observed i s 

e + H 20 HO* + H 

Depending on t h e p r e s s u r e t h e 0H~ may be formed as 

such or as a c l u s t e r w i t h w a t e r molecules 

OH" ( H 2 0 ) n 

Charge t r a n s f e r may occur between i o n s and m o l e c u l e s : -

H + + H 20 — 9 H" + H 2 0 + 

0 + + N 2 —?> 0" + N 2 

0 + o 2 o 2 + 0' 

The 0^ i o n has been i d e n t i f i e d , perhaps a p r e c u r s o r 

t o ozone 
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0 + 2 0 2 §» 0 3 + 0 2 

A l s o produced a r e v a r i o u s m o l e c u l a r s p e c i e s o f t h e 

no b l e gases. 

Ar + Ar — f Ar^ + e 

He* + H 2 — H e H + + H" + e~ 

A l t h o u g h these c o m b i n a t i o n s A r * and HeH + w o u l d n o t 

n o r m a l l y be r e g a r d e d as b e i n g s t a b l e , w i t h i n t h e r e g i o n o f 

t h e plasma and compared t o t h e s t a b i l i t y o f o t h e r e x c i t e d 

and i o n i s e d groups t h e y may be re g a r d e d as b e i n g s t a b l e 

compounds. 

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

i n t e r e s t i n g s p e c i e s formed i n d i s c h a r g e s . Thus Herbet, 
142 

P a t t e r s o n and L i n e b e r g e r were a b l e ~o show t h a t t h e 

perox y isomer o f NO^-
A 

N 0 instead of A o o 

was formed i n a plasma o f oxygen c o n t a i n i n g t r a c e s o f 

n i t r o g e n . 

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

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

u s u a l l y l a r g e enough t o b r i n g about l o n i s a t i o n by i m p a c t . 

Where however t h e energy o f a m e t a s t a b l e s t a t e o f one 

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

c o n s t i t u e n t t h e n Penning l o n i s a t i o n can occur . The 

process i s v e r y e f f i c i e n t when t h e d i f f e r e n c e i n energy 

l e v e l s i s s m a l l , g i v i n g e f f e c t i v e l y q u i t e l a r g e c r o s s 
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s e c t i o n s f o r l o n i s a t i o n . The common m o l e c u l a r gases have 

l o n i s a t i o n e n e r g i e s below those o f t h e m e t a s t a b l e s t a t e s 

o f h e l i u m and neon and t h u s s m a l l t r a c e s o f t h e former 

may have a c o n s i d e r a b l e e f f e c t on t h e b e h a v i o u r o f h e l i u m 

and neon i n gas d i s c h a r g e e x p e r i m e n t s . 

For example, 

He ( I s 2s 1S) + Ar —» He + A r + ( 2 P 3 / , 2 ) + e~ 

I t s h o u l d be noted t h a t l o n i s a t i o n may a l s o be produced 

by A s s o c i a t i v e I o n i s a t i o n 

He ( 1S) + Ar — # He A r + + e~ 

But t h e two may be d i s t i n g u i s h e d s i n c e t h e r e l a t i v e 

p r o b a b i l i t i e s o f Penning and A s s o c i a t i v e I o n i s a t i o n 

depend on t h e energy c o n d i t i o n s . A s s o c i a t i v e I o n i s a t i o n 

o c c u r s when t h e energy d i f f e r e n c e between t h e m e t a s t a b l e 

s t a t e and t h e i o n i s a t i o n energy i s g r e a t e r t h a n t h e 

c o l l i s i o n energy and Penning l o n i s a t i o n o c c u r s i f i t i s n o t . 

111) Photon Impact 

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

and l o n i s a t i o n by e l e c t r o n impact, photons may be produced 

by t h e f o l l o w i n g processes (see a l s o s e c t i o n .5 b e l o w ) . 
* 

A -H> A + hV 

and A + + e~ — A + hy 

These photons t h u s produced may cause f u r t h e r e x c i t a t i o n 

and l o n i s a t i o n o f s i m i l a r or d i f f e r e n t s p e c i e s . Thus i n 

a i r oxygen molecules may be i o n i s e d by photons from e i t h e r 

n i t r o g e n or oxygen. 

0 + hty 0* + e~ 
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I n a d d i t i o n t o t h i s i o n i s i n g e f f e c t photons may l i b e r a t e 

e l e c t r o n s from i o n s by t h e process o f photo detachment 

N00~ + hV —S> NO + 0 * + e ~ 

0" + hV — f 0' + e~ 

0~ + hy — $ 0 2 + e~ 

One o f t h e i m p o r t a n t r e s u l t s t h a t can be o b t a i n e d from 

t h e measurement o f photo detachment e n e r g i e s i s t h e e l e c t r o n 

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

a f f i n i t y s h o u l d be e q u a l t o t h e minimum v a l u e o f t h e 
140 

p h o t o n energy f o r photo detachment 

A l t h o u g h n o t s t r i c t l y an e l e c t r i c a l d i s c h a r g e process 

l o n i s a t i o n may be induced by m u l t i p h o t o n a b s o r p t i o n by 

gas m o l e c u l e s u s i n g a focussed l a s e r beam. Using a 

f o c u s s e d l a s e r beam i t i s p o s s i b l e t o i o n i s e a gas when 

i t s l o n i s a t i o n energy, U , i s h i g h e r t h a n t h e photon 

energy, hV, h b e i n g Plank's c o n s t a n t and V b e i n g t h e 

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

absorbs Ux/h& quanta, w h i c h would n o r m a l l y be i m p o s s i b l e . 

Since atoms and molecules o n l y e x i s t i n d i s c r e t e energy 

s t a t e s photon a b s o r p t i o n s h o u l d o n l y t a k e p l a c e when t h e r e 

i s resonance between two a l l o w e d s t a t e s and t h e quantum hy. 

However i t i s p o s s i b l e f o r a v i r t u a l s t a t e o f t h e atom t o 

e x i s t , a f t e r a b s o r b i n g a photon, f o r a t i m e , t , n o t 

e x c e e d i n g 1/y a c c o r d i n g t o t h e U n c e r t a i n t y P r i n c i p l e . A 

second photon can be absorbed d u r i n g t h i s t i m e t o g i v e a 

second h i g h e r v i r t u a l s t a t e w i t h energy 2 hy, t h i s s t a t e 

e x i s t i n g f o r a t i m e 1/2 y . P r o v i d e d photons can be 
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absorbed w i t h s u f f i c i e n t f r e q u e n c y , t h a t i s f r o m t h e 

i n t e n s e focussed l a s e r beam, t h e n when nh$?^ U i t h e gas 

w i l l i o n i s e (n i s an i n t e g e r ) 

b) Recombination and D e a c t i v a t i o n 

The v a r i o u s a c t i v a t e d and i o n i s e d s p e c i e s i n a gas 

d i s c h a r g e system may l o s e t h e i r energy and charge by 

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

by d i f f u s i o n t o t h e s i d e s o f t h e c o n t a i n e r where on 

impact charge may be n e u t r a l i s e d and a c t i v a t i o n energy 

exchanged. The e l e c t r o n s i n t h e plasma t e n d t o d i f f u s e 

more s l o w l y owing t o Coulomb f o r c e s t h a n t h e y would m 

t h e absence o f p o s i t i v e i o n s . The c u r r e n t d e n s i t y o f 

t h e e l e c t r o n s , S , and o f t h e p o s i t i v e i o n s , S +, as t h e y 

d i f f u s e w i l l be g i v e n by 

S = - D V n and S, = - D, V n A 3 .2 .2a,b e e e + + + 

where n i s t h e number o f e l e c t r o n s or i o n s and D i s t h e 

d i f f u s i o n c o e f f i c i e n t . Under t h e i n f l u e n c e o f an e l e c t r i c 

f i e l d , E, m t h e x d i r e c t i o n a m o b i l i t y term must be 

i n t r o d u c e d and t h e e q u a t i o n s become 

S = - D d n e - n M . E 3.2.3 
e dir e r e 

dn 
and S + = - D + + n + ^ + , E 3.2.4 

where j& i s t h e m o b i l i t y o f t h e e l e c t r o n or i o n . I f t h e 

plasma i s e l e c t r i c a l l y n e u t r a l t h e n 

S = S, and n = n = n e + e + 

and e q u a t i o n s 3.2.3 and 3.2.4 may be combined, e l i m i n a t i n g 



t h e e l e c t r i c f i e l d E 

+ P" dn 
dx 

The a m b i p o l a r d i f f u s i o n c o e f f i c i e n t , D , i s d e f i n e d by 

S = -D . dn 
a dx" 3 .2 

and hence D = 3 .2 

But s i n c e _ f kT and D kT Z_ e _ e 

and 
equation 3 27 becomes 

D 3.2.8 

and I 
D 1 + 

+ T 
e 3.2.9 
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I f t h e e l e c t r o n t e m p e r a t u r e i s t h e same as t h e i o n 

t e m p e r a t u r e , as i n t h e case o f an a f t e r - g l o w t h e n t h e 

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

o f D . I n a plasma however t h e e l e c t r o n t e m p e r a t u r e i s 

a p p r o x i m a t e l y a hundred t i m e s t h a t o f t h e p o s i t i v e i o n s 

and a m b i p o l a r d i f f u s i o n w i l l proceed more r a p i d l y t h a n 

would t h e d i f f u s i o n o f f r e e i o n s . L i k e w i s e a m b i p o l a r 

d i f f u s i o n w i l l be slower t h a n would be t h e d i f f u s i o n o f 

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

i s slowed down by t h e d r a g o f t h e i o n s and t h i s keeps 

t h e e l e c t r o n s from d i f f u s i n g o u t r a p i d l y from t h e plasma. 
140 

I t has been shown t h a t a m b i p o l a r d i f f u s i o n i s 

i m p o r t a n t when t h e c o n c e n t r a t i o n s o f p o s i t i v e i o n s and 

e l e c t r o n s a r e l a r g e and a p p r o x i m a t e l y e q u a l . When t h e 

c o n c e n t r a t i o n s are low t h e n " f r e e " d i f f u s i o n o c c u r s and 

e l e c t r o n s are l o s t more r a p i d l y from t h e plasma. 

Ions and e l e c t r o n s c o u l d be removed by t h e s i m p l e 

p r o c e s s o f r a d i a t i v e r e c o m b i n a t i o n . 

H + + e~ — $ H + hv 
+ - * and H + e H + hy 

The p r o b a b i l i t y o f t h i s process o f r a d i a t i v e 

r e c o m b i n a t i o n o c c u r r i n g i s however low and i t i s t h o u g h t 

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

+ _ - * _ 
X + e + e X + e 

or X + + e~ + M -H> X + M 
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o r a d i s s o c i a t i v e r e c o m b i n a t i o n o c c u r s , f o r example i n 

h e l i u m 

e _ + He* — H e + He 

A process r a t h e r l i k e t h a t o f r a d i a t i v e r e c o m b i n a t i o n 

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

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

i n t o an energy l e v e l h i g h e r t h a n t h e l o n i s a t i o n p o t e n t i a l 

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

l e v e l below t h e l o n i s a t i o n p o t e n t i a l and so l o n i s a t i o n 

cannot t a k e p l a c e 

He + ( I s ) + e" — 9 He (2 p n 1) He ( l s n l ) + hV 

The p r o b a b i l i t y o f t h e process o c c u r r i n g depends on t h e 

r e l a t i v e magnitudes o f t h e l i f e t i m e s o f t h e two s t a t e s 

and i s u s u a l l y q u i t e s m a l l . However i t has been suggested 

t h a t a t h i g h e l e c t r o n t e m p e r a t u r e s , o f t h e o r d e r o f 10^K, 

i t c o u l d w e l l be i m p o r t a n t . 

c) P a r t i c l e V e l o c i t y , Energy and C o l l i s i o n Frequency 

B e f o r e t h e a p p l i c a t i o n o f an e l e c t r i c f i e l d , t h e 

v e l o c i t y d i s t r i b u t i o n o f gas molecules i s M a x w e l l i a n . 

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

v e l o c i t y d i s t r i b u t i o n o f t h e e l e c t r o n s becomes 
139,140 

D r u y v e s t e y m a n , and i s g i v e n by 

f (v) = A exp - 3.2.10 

where v i s t h e v e l o c i t y , A i s a n o r m a l i s a t i o n f a c t o r 

such t h a t 
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oo 

4 I f / f ( v ) v 2 d v =1 

o 

3 2.11 

oC -
_4_. M/e 
3Q2 m\m 

E 
n 

1/4 
3.2.12 

where 3 = 0^ ( v ) , (v) b e i n g t h e momentum t r a n s f e r c r o s s 

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

Maxwellian 
0.8 

Druyvesteyn 
1.0 eV 

0.6 

f E 0.4 
( 4 * / m ) v f ( v ) 

0.2 
3.0 eV 

0 r 
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E / eV 

Maxwellian and Druyvesteyn Distr ibut ions 

Figure 3.2.2 
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The D r u y v e s t e y n d i s t r i b u t i o n h o l d s f o r c o n s t a n t 

momentum t r a n s f e r c r o s s s e c t i o n and f o r cases where 

t h e e l e c t r o n v e l o c i t i e s are much g r e a t e r t h a n those 

o f t h e i o n s and m o l e c u l e s . I t does not h o l d when i n e l a s t i c 

processes are t a k i n g p l a c e b u t i s more u s e f u l as a f i r s t 

a p p r o x i m a t i o n m these cases t h a n i s t h e Maxwell 

d i s t r i b u 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 i s s i m i l a r i n 

shape t o t h e Maxwell d i s t r i b u t i o n f o r a g i v e n mean speed 

b u t has a s l i g h t l y h i g h e r more p r o b a b l e speed and t h e 

h i g h energy t a i l i s d i m i n i s h e d . 
140 

I t can t h e n be shown t h a t t h e average v e l o c i t y , 

c, o f an e l e c t r o n between c o l l i s i o n s i s g i v e n by 
1 / , 

c <=" 
M.e2 E 2 X 2 

m 

3.2.13 

where M i s t h e mass o f t h e h e a v i e r p a r t i c l e , e i s t h e 

e l e c t r o n charge, E i s t h e e l e c t r i c f i e l d , A i s t h e 

e l e c t r o n mean f r e e p a t h and m i s t h e e l e c t r o n i c mass. 

From t h i s t h e mean k i n e t i c energy o f t h e e l e c t r o n may 

be o b t a i n e d ~ w 

1/2 . m (c)2 ^2 . m ( c 2 ) ̂  2 . m ' .eE^ 3 .2 .14 

1 2 and s i n c e kT = r - . m c where k i s Boltzmann's e 2 
c o n s t a n t t h e e l e c t r o n i c " t e m p e r a t u r e " , T , may be f o u n d . 

I n e l e c t r i c d i s c h a r g e s e l e c t r o n v e l o c i t i e s are g e n e r a l l y 
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much h i g h e r t h a n i o n and m o l e c u l a r v e l o c i t i e s and t h e 

e l e c t r o n " t e m p e r a t u r e " i s o f t e n o f t h e o r d e r o f 30000 K 

compared t o t h e gas t e m p e r a t u r e o f about 300 K, as has 

p r e v i o u s l y been n o t e d . 

Since t h e e l e c t r o n s and i o n s f r e q u e n t l y make 

c o l l i s i o n s t h e y move t h r o u g h t h e plasma a t a lower 

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

v e l o c i t y v D may be r e l a t e d t o t h e average v e l o c i t y c by 
v n = K . ? 3.2.15 

2 

where K = 8_ 
3 (m + M) 

assuming (Townsend) t h a t a c o n s t a n t f r a c t i o n o f t h e energy 

i s l o s t on each c o l l i s i o n . The c o l l i s i o n f r e q u e n c y , y , 

f o r e l e c t r o n s and i o n s may be o b t a i n e d from 

V = e c 3.2.16 e • u 

and f? = e r 3.2.17 

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

reduced c o l l i s i o n f r e q u e n c i e s , i n some common gases, 
143 

are shown m f i g u r e 3.2.2 . T y p i c a l v a l u e s o f d r i f t 
v e l o c i t i e s f o r i o n s and reduced c o l l i s i o n f r e q u e n c i e s 

143 

are shown i n f i g u r e 3.2.3 . The parameter E/ p» t h e 

reduced f i e l d , where E i s t h e e l e c t r i c f i e l d and p i s 

t h e p r e s s u r e , i s i m p o r t a n t s i n c e i t i s connected w i t h 



130 

V. / p ( s " ' To r r " ' ) 
O 

to 
O 
_L_ 

\ «3 \ 

S 

\ 

\ 

\ 

o — r -

O 

\ f ^ 
o . \ v < ^ \ •5 > 

v eft 

2* 
o 

\ 

* ° 
l o 

E 
> 
CL 

^ ^ ^ ^ 9 

c: o 
t/i 

o u 
X J 
QJ 
t_l 

• D 
QJ 

C (T3 

QJ 

O 
QJ 
> 

(/) 
QJ I/) 
f0 

cn 
QJ E o (/) 

aj 

<+_ cr 
— ai 
C- £_ 

Cvl 
m 

QJ 
c_ 

V , / p ( s Torr ) 

to 
QJ 
00 

oo 
QJ 

00 

— 
00 

X J CSI 

SMI CM at 
V 

QJ CL <3 <* QJ QJ 
00 
QJ 

CD 

00 
QJ 

QJ 

\ 
est cr V 5 -

QJ 

00 

E 
> 



131 

t h e energy an e l e c t r o n a c q u i r e s between c o l l i s i o n s . The 

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

o f t h e gas p r e s s u r e , p, and t h e a c c e l e r a t i o n o f t h e 

e l e c t r o n i s p r o p o r t i o n a l t o t h e v o l t a g e E. The energy 

t h a t an e l e c t r o n g a i n s between c o l l i s i o n s w i l l be 

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

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

p a t h and t h e l a t t e r t o t h e v o l t a g e as s t a t e d above and 

so E/ w i l l be a measure o f t h e energy g a i n e d per c o l l i s i o n . 

Even though e l e c t r o n s , m o l e c u l e s and i o n s a r e 

f r e q u e n t l y c o l l i d i n g i n a gas plasma n o t many o f t h e 

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

o t h e r t h a n e l a s t i c e n ergy. T h i s i s because many e x c i t a t i o n 

processes r e q u i r e minimum t h r e s h o l d e n e r g i e s t o be exceeded^ 

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

The average energy o f t h e e l e c t r o n s , and i o n s , i n a gas 

d i s c h a r g e i s u s u a l l y o n l y o f t h e o r d e r o f 2 or 3 eV and 

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

d i m i n i s h i n g h i g h energy t a i l w h i c h have s u f f i c i e n t energy 

t o cause a c t i v a t i o n and l o n i s a t i o n . 
.3 Corona 

a) General Aspects 

The t y p e o f d i s c h a r g e o b t a i n e d i n a gas, between 

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

t h e gas p r e s s u r e and t h e c u r r e n t d e n s i t y t h a t i s 

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

e l e c t r o d e d e s i g n and s e p a r a t i o n w h i c h are o t h e r i m p o r t a n t 
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f a c t o r s . T hree b a s i c t y p e s o f e l e c t r i c d i s c h a r g e may be 

d i s t i n g u i s h e d ; s i l e n t , glow and a r c d i s c h a r g e . The 

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

may be o b t a i n e d i s shown s c h e m a t i c a l l y i n f i g u r e 3.3.1. 

By v a r y i n g t h e gas p r e s s u r e and e l e c t r i c f i e l d one 

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

d e n s i t y depending upon t h e t y p e o f d i s c h a r g e . At 

a t m o s p h e r i c p r e s s u r e as t h e v o l t a g e between two e l e c t r o d e s 

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

due to t h e c o n d u c t i v i t y o f t he gas a r i s i n g from l o n i s a t i o n 

c a u s e d by t he background c o s m i c r a d i a t i o n . The c u r r e n t 

d e n s i t y m t h e s i l e n t d i s c h a r g e i s q u i t e low. As t h e 

e l e c t r i c f i e l d i s i n c r e a s e d t h e n a p a r t i c u l a r t y p e of s i l e n t 

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

when a non-homogeneous e l e c t r i c f i e l d i s u s e d . T h i s i s 

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

c u r v a t u r e and t h e o t h e r e l e c t r o d e w i t h a much l a r g e r 

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

r a d i u s , and t h e r e f o r e w i t h t h e most mhomogeneous e l e c t r i c 

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

e s t i m a t i o n s o f t h e e n e r g y of t h e p o s i t i v e i o n s i n t h e 

c o r o n a g i v e a v a l u e of a p p r o x i m a t e l y 100 eV. When t h e 

c u r r e n t i n t e n s i t y i s s u f f i c i e n t l y h i g h t h e c o r o n a d i s c h a r g e 
145 

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

b) D i r e c t C u r r e n t Corona D i s c h a r g e 

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

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

i s i l l u s t r a t e d i n f i g u r e 3 .3,2a and b f o r c e r t a i n b a s i c 

e l e c t r o d e s . F i g u r e 3.3.2a i l l u s t r a t e s t h e v o l t a g e - c u r r e n t 

c h a r a c t e r i s t i c s when t h e e l e c t r i c f i e l d a t t h e anode i s 

h i g h l y s t r e s s e d by u s i n g a w i r e or s h a r p p o i n t as t h e 

anode and a p l a n e or s p h e r e o f much g r e a t e r r a d i u s as 

t h e c a t h o d e . F i g u r e 3.3.2b shows t h e c h a r a c t e r i s t i c s when 

th e c o n v e r s e geometry i s employed and when t h e e l e c t r i c 

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

l ) P o s i t i v e Wire, N e g a t i v e P l a n e 

C o n s i d e r i n g f i r s t t h e c a s e where t h e p o s i t i v e 

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

c o r o n a , f i g u r e 3.3.2a. As the v o l t a g e i s i n c r e a s e d from 

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

due to t h e p r e s e n c e o f a few e l e c t r o n s and i o n s c a u s e d 

by c osmic r a d i a t i o n . T h e r e w i l l be s t a t i s t i c a l 

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

random c h a r a c t e r i s t i c o f the background c o s m i c r a d i a t i o n 

and e v e n t u a l l y t h e c u r r e n t w i l l s a t u r a t e m t h e r e g i o n B. 
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As the v o l t a g e i s i n c r e a s e d t h e p r i m a r y e l e c t r o n s from 

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

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

T h i s i s t h e r e g i o n C and i t i s c h a r a c t e r i s e d by l a r g e r 

c u r r e n t i m p u l s e s t h a n i n A and B, and by t h e o b s e r v a t i o n 

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

out from t h e anode towards the c a t h o d e . I n the r e g i o n D 

a s i m i l a r p r o c e s s t o C i s o b s e r v e d but t h e p r i m a r y 

e l e c t r o n e n e r g i e s a r e now s u f f i c i e n t f o r e l e c t r o n impact 

l o n i s a t i o n t o b e g i n , s e e s e c t i o n . 2 a . 1 . The d i s c h a r g e 

does no t become c o n t i n u o u s m t h e r e g i o n s C and D b e c a u s e 

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

t h e p o s i t i v e , s t r e s s e d , e l e c t r o d e . As t h e e l e c t r o n s i n 

t h e s p a c e around t h e p o s i t i v e e l e c t r o d e f a l l onto t h e 

e l ' ^ c t L O l e t h e / l e a v e an a c c u m u l a t i o n o f p o s i t i v e i o n s . 

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

r e d u c e the e l e c t r i c a l f i e l d s t r e s s round the anode and 

u n t i l t h e s e p o s i t i v e i o n s have moved away, towards the 

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

s t r e a m e r t o form. 

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

t h e t r u e c o r o n a , r e g i o n E, and a d i s a p p e a r a n c e o f the 

o n s e t s t r e a m e r s . S u f f i c i e n t e l e c t r o n s a r e produced by 

a v a l a n c h e s t o m a i n t a i n t h e glow, w h i c h a p p e a r s a s a 

s h e a t h round the anode . The p r e s e n c e o f a l a r g e number o f 

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

and s t r e a m e r s a r e no l o n g e r formed. D e t a i l e d s t u d i e s 

have shown though t h a t even i n t h i s d i s c h a r g e t h e r e a r e 
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s t i l l h i g h f r e q u e n c y r i p p l e s on the c u r r e n t . F u r t h e r 

i n c r e a s e s m v o l t a g e , and of f i e l d s t r e n g t h , however, 

overcome t h e s p a c e c h a r g e e f f e c t and s t r e a m e r s a r e once 

more o b s e r v e d , t o g e t h e r w i t h t h e c o r o n a glow m r e g i o n 

F . A f t e r t h i s the d i s c h a r g e e n t e r s an u n s t a b l e r e g i o n , 

G, where c u r r e n t and v o l t a g e a r e i n v e r s e l y r e l a t e d and 

t h i s l e a d =3 to e v e n t u a l s p a r k or a r c breakdown, J . 

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

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

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

gas plasma i s r a i s e d t o a h i g h t e m p e r a t u r e . What may 

t h e n happen i s t h a t t h e low r e s i s t a n c e o f the a r c 

l e a d s t o a drop i n t h e v o l t a g e between t h e e l e c t r o d e s 

due t o t h e r e s i s t a n c e o f the e x t e r n a l c i r c u i t . The 

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

i s s u f f i c i e n t t o c a u s e breakdown and t h e p r o c e s s i s 

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

compared t o a s p a r k i n t h a t an a r c i s a c o n t i n u o u s 

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

n ) N e g a t i v e Wire, P o s i t i v e P l a n e 

When a h i g h l y s t r e s s e d f i e l d round t h e c a t h o d e 

i s used, t h a t i s a n e g a t i v e c o r o n a , t h e f i r s t e f f e c t on 

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

c o r o n a . T h a t i s , t h e r e a r e s m a l l random c u r r e n t b u r s t s 

due t o e l e c t r o n s formed by c o s m i c r a d i a t i o n , up t o p o i n t 

B. I n the r e g i o n C, e l e c t r o n a v a l a n c h e s a r e formed by 

e l e c t r o n impact and t h e s e , t o g e t h e r w i t h t h e i o n s formed, 



produce i r r e g u l a r c u r r e n t p u l s e s , c a l l e d T r i c e l p u l s e s . 

At the same time t h e p o s i t i v e i o n s f a l l i n g onto t h e 

c a t h o d e c a u s e e m i s s i o n of l i g h t b o t h from t h e cathode 

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

t h e T r i c e l p u l s e s i n c r e a s e i n s i z e and become more 

r e g u l a r , r e g i o n D. The p a r a m e t e r t h a t has most e f f e c t 

on t h e p u l s e s i s t h e r a d i u s of t h e c a t h o d e w h i c h a f f e c t s 
14 

b o t h t h e a m p l i t u d e and f r e q u e n c y o f t h e c u r r e n t p u l s e s 
146 

I t h a s been shown by F i e u x and B o t t e a u t h a t when t h e 

c a t h o d e r a d i u s r i s g r e a t e r t h a n 0.125 mm and f o r gaps 

g r e a t e r t h a n 10 mm t h a t 

where F i s t h e T r i c e l p u l s e f r e q u e n c y i n k i l o h e r t z and 

I i s t h e c u r r e n t i n m i c r o amps. 

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

i n t o a c o n t i n u o u s one, r e g i o n E . However, u n l i k e t h e 

p o s i t i v e c o r o n a , where the o n s e t s t r e a m e r s d i s a p p e a r 

i n t h e t r u e c o r o n a , i n the n e g a t i v e c o r o n a t h e T r i c e l 

p u l s e s p e r s i s t m t h e p u l s e l e s s glow. What i n f a c t 

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

a c o n t i n u o u s c u r r e n t . L i k e t h e p o s i t i v e c o r o n a , f u r t h e r 

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

R e g i o n F, t o t h e n e g a t i v e c o r o n a and e v e n t u a l l y a t 

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

G and f i n a l l y b r e a k s down to an a r c or s p a r k , i n r e g i o n J 
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i n ) P l a n e P a r a l l e l E l e c t r o d e s 

I t has been found t h a t u s i n g p l a n e p a r a l l e l 

e l e c t r o d e s t h a t i t i s not p o s s i b l e t o o b t a i n a s t a b l e 
147 

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

m f i g u r e 3.3.3. The f i r s t two r e g i o n s A and B a r e , l i k e 

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

p r i m a r y e l e c t r o n s c a u s e d by c o s m i c r a d i a t i o n . I n r e g i o n s 

C and D e l e c t r o n a v a l a n c h m g b e g i n s ; i n C t h i s i s 

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

as more r e g u l a r and f r e q u e n t c u r r e n t p u l s e s . The 

p r o g r e s s i o n from B t o C and D i s marked by o n l y a s m a l l 

i n c r e a s e m v o l t a g e and i n C and D no s t r e a m e r s o f v i s i b l e 

r a d i a t i o n a r e o b s e r v e d . From D the d i s c h a r g e , on 

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

c u r r e n t and v o l t a g e a r e i n v e r s e l y r e l a t e d and t h e d i s c h a r g e 
t h e n b r e a k s down t o an a r c or s p a r k . I t h a s been shown 

146 

by C o r b m e t h a t i n f a c t a c o r o n a w i l l n o t be formed 

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

a i r i f t h e r a t i o d / r i s l e s s t h a n 5.85. When d/r i s l e s s 

t h a n 5.85 a s p a r k i s o b t a i n e d and t h u s i t would be e x p e c t e d 

t h a t p l a n e p a r a l l e l e l e c t r o d e s would a l s o b r e a k down 

w i t h a s p a r k and n o t a c o r o n a . I n t h e c a s e o f n e g a t i v e 
146 

c o r o n a s i t h a s a l s o been shown t h a t when t h e gap 

s e p a r a t i o n i s l e s s t h a n 2.5 mm s p a r k breakdown i s o b t a i n e d 

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

c) A l t e r n a t i n g C u r r e n t Corona D i s c h a r g e s 

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

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

t h e i o n s produced under one h a l f c y c l e a r e removed 

b e f o r e t h e s t a r t of t h e ne x t h a l f c y c l e . When however 

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

l a r g e so t h a t t h e r e a r e s t i l l i o n s l e f t i n t h e gap a t 

t h e end o f one h a l f c y c l e , t h e b e h a v i o u r o f t he 
146 

d i s c h a r g e w i l l be q u i t e d i f f e r e n t . B e r g e r e t a l have 

shown t h a t t h e e f f e c t o f i o n s c a n l a s t f o r up t o 5 

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

e f f e c t o f t h e r e s i d u a l i o n s i s more pronounced. The 

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

of t h e breakdown v o l t a g e . When c a r r y i n g out t he work 

d e s c r i b e d i n C h a p t e r 4 o f t h i s t h e s i s , i t was o b s e r v e d 

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

a p p r o x i m a t e l y 3 k Hz, and i t s e f f e c t s were q u i t e d i f f e r e n t 

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

d) I o n s and M o l e c u l e s formed i n a Corona 

The c o m m e r c i a l t r e a t m e n t o f polymer s u r f a c e s by 

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

p r e s s u r e and c o n t a i n i n g v a r i a b l e amounts o f w a t e r 

vapour. Under t h e s e c i r c u m s t a n c e s a complex s e r i e s o f 

r e a c t i o n s may o c c u r i n t h e gas phase l e a d i n g t o t h e 

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

Even where w a t e r vapour i s e x c l u d e d t h e r e may be s u f f i c i e n t 

w a t e r vapour abs o r b e d on the polymer s u r f a c e f o r h y d r a t e d 

i o n s t o be formed. The g a s e s u s e d i n t h e work p r e s e n t e d 

i n t h i s t h e s i s a r e a i r , oxygen, n i t r o g e n and argon, a l l 
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c o n t a i n i n g v a r i a b l e amounts o f w a t e r vapour, and t h e s e 

a r e t h e ones t h a t w i l l be d i s c u s s e d . The i o n s and o t h e r 

s p e c i e s t h a t may be p r e s e n t a r e deduced from the work 
148 

o f S h a h i n and s i n c e h i s r e s u l t s a r e o n l y f o r 

p r e s s u r e s up t o 40 t o r r a c e r t a i n amount of e x t r a 

p o l a t i o n i s r e q u i r e d . I n view of t h i s t h e n a t u r e and 

c o m p o s i t i o n s o f the gas p l a s m a s s u g g e s t e d below must 

be r e g a r d e d w i t h c a u t i o n and f u r t h e r work i n t h i s a r e a 

i s i n d i c a t e d . 

I ) D i s c h a r g e s m A i r 

The p r i n c i p a l s p e c i e s t o be e x p e c t e d a r e 
o t , ot, 0 +.(H„0) , N0 + and N O 1 4 8 . At the same time, 2 4 2 n 
and m some i n s t a n c e s as p o s s i b l e p r e c u r s o r s t o t h e s e 

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

may be formed. Examples of t h e s e a r e s i n g l e t oxygen, 
O,, a^"^ g, from e l e c t r o n a t t a c h m e n t , a t o m i c 

144 
oxygen and a t o m i c n i t r o g e n . The work by Mayoux and 

149 
c o - w o r k e r s on t h e e m i s s i o n s p e c t r a o f c o r o n a d i s c h a r g e s 

* + 
s u g g e s t s t h a t N and ^ may a l s o be formed, 

n ) D i s c h a r g e s i n Oxygen 

When t h e w a t e r c o n t e n t was low t h e o n l y i o n s 

d e t e c t e d by S h a h m 1 4 8 were O* and 0*. S i n g l e t oxygen, 
- 144 

0^ and a t o m i c oxygen may a l s o be formed . The p r e s e n c e 
o f w a t e r vapour a l l o w s t h e f o r m a t i o n o f v a r i o u s h y d r a t e d + + + i o n s s u c h a s ( f ^ O ^ , H^O and OH might be found, p o s s i b l y 
formed m t h e f o l l o w i n g r e a c t i o n s 

°2 + 2 H 2 ° °2 ' ( H 2 0 ) 2 
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+ ( H 2 0 ) 2 + O, H 30 + OH + 0 2 

OH + 0 OH + 0 

m ) D i s c h a r g e s i n N i t r o g e n 

I n n i t r o g e n the i o n s and a c t i v a t e d m o l e c u l e s 

p r e s e n t a r e v e r y dependent upon t h e p r e s e n c e or a b s e n c e 

o f w a t e r vapour and oxygen. Even s m a l l c o n c e n t r a t i o n s 

of t h e s e two g a s e s have l a r g e e f f e c t s on t h e r e s u l t s . 

I n t h e a b s e n c e o f both, the p r i n c i p a l s p e c i e s t o be 

e x p e c t e d a t a t m o s p h e r i c p r e s s u r e a r e N^ , N^, N and N +. 

When s m a l l amounts of oxygen a r e p r e s e n t t h e n t h e 

p r i n c i p a l p o s i t i v e i o n a p p e a r s t o be 0^ . S h a h i n a l s o 

n o t e s t h a t s m a l l amounts o f o x i d e s o f n i t r o g e n a r e 

formed from t r a c e s of oxygen. The p r e s e n c e o f w a t e r 

vapour a l l o w s t h e f o r m a t i o n o f a number of h y d r a t e d 

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

o f N0+. 

I V ) D i s c h a r g e s i n Argon 

I n t h e a b s e n c e o f w a t e r vapour and oxygen 
* + 

t h e o n l y s p e c i e s p r e s e n t w i l l be Ar , Ar and p o s s i b l y 

A r * . The p r e s e n c e o f w a t e r vapour and t r a c e s o f oxygen 

a r e l i k e l y t o produce a s i m i l a r e f f e c t a s m n i t r o g e n 

and would a l l o w t h e f o r m a t i o n o f O* and h y d r a t e d p r o t o n s 

.4 S u r f a c e T r e a t m e n t by Corona D i s c h a r g e 

a) G e n e r a l A s p e c t s 

The c o m m e r c i a l t r e a t m e n t o f p o l y m e r i c m a t e r i a l , 

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

c o n t a i n i n g v a r i a b l e amounts o f w a t e r vapour. The gap 

s e p a r a t i o n o f t h e e l e c t r o d e s , 1 t o 2 mm, i s s u c h t h a t 

e v e n where rod or b a r e l e c t r o d e s a r e u s e d t h e gap 

geometry may be r e g a r d e d as a p p r o x i m a t i n g t o t h a t o f 

p l a n e p a r a l l e l e l e c t r o d e s ( s e e s e c t i o n . 3 . b . m a b o v e ) . 

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

formed b u t t h e d i s c h a r g e i s more l i k e a plasma formed 

by r a p i d l y r e p e a t i n g s p a r k d i s c h a r g e s a l o n g t h e e l e c t r o d e 
149 150 

gap ' . A l t h o u g h an a l t e r n a t i n g s u p p l y i s n o r m a l l y 
4 

used, o f f r e q u e n c y 50 - 10 Hz, t h i s i s u n l i k e l y t o 

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

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

t o c r o s s t h e gap. T h i s may be shown from t h e f a c t t h a t 

t h e o p e r a t i n g v o l t a g e s a r e o f t h e o r d e r o f 10 kV, g i v i n g 
4 -1 

a f i e l d s t r e n g t h i n t h e gap o f t h e o r d e r o f 10 kV m 

and a r e d u c e d f i e l d E/p of t h e o r d e r o f 1 0 4 V m-"'" 

t o r r - " 1 " . C o n s i d e r a t i o n o f f i g u r e s 3.2.1 and 3.2.2. 

t h e n g i v e s t h e d r i f t v e l o c i t i e s of e l e c t r o n s and i o n s 
under t h e s e c o n d i t i o n s as b e i n g of t h e o r d e r o f 10^ 

3 -1 
and 10 m s e c . r e s p e c t i v e l y . T h i s i s s u f f i c i e n t l y f a s t 
f o r them t o be a b l e t o c r o s s a gap o f 1 - 2 mm a t 

4 

f r e q u e n c i e s o f 10 Hz and so from t h i s p o i n t o f view 

t h e r e f o r e t h e d i s c h a r g e may be r e g a r d e d as a D . C . d i s c h a r g e . 

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

does not i n v o l v e a s i m p l e c o r o n a d i s c h a r g e t h e 

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

phenomena may be c o n s i d e r e d as a r i s i n g from a c o r o n a 
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d i s c h a r g e even though f i e p l a s m a i s t h e r e s u l t o f 

s p a r k d i s c h a r g e s . The c h a r a c t e r i s t i c s and v a r i a b l e s 

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

f i g u r e 3.4.1 and t h e v a r i o u s 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 

w i l l be c o n s i d e r e d below w h i l e t h e c h e m i c a l e f f e c t s on 

p o l y m e r s w i l l be d e a l t w i t h i n C h a p t e r s 4 and 5. 

CORONA DISCHARGE 

ELECTRICAL 
CHARACTERISTICS 

CHEMICAL 
CHARACTERISTICS 

STATIC 
E L E C T R I F I C A T I O N 

waveform r e a c t i v e s p e c i e s 

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

d i e l e c t r i c s l e e v e r e l a t i v e h u m i d i t y e t c . 

f r e q u e n c y p r e s s u r e 

t ime w e t t a b i l l t i e s 

power 

F i g u r e 3.4.1 
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The e f f e c t o f t h e d i s c h a r g e on p o l y e t h y l e n e 

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

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

i n k s . T h i s i s known t o be due t o an i n c r e a s e m t h e 

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

5, though t h e r e a s o n s why t h e t r e a t m e n t produced 

t h i s e f f e c t were n o t o r i g i n a l l y known. The i n c r e a s e 

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

c o m m e r c i a l l y by t h e ASTM wipe t e s t . T h i s i n v o l v e s 

t h e use o f " V i s k i n g " s o l u t i o n s o f known s u r f a c e 

t e n s i o n . These s o l u t i o n s a r e u s u a l l y m i x t u r e s o f 

d i m e t h y l formamide and e t h y l c e l l u s o l v e , w i t h a s i m p l e 

dye t o f a c i l i t a t e o b s e r v a t i o n s . The s o l u t i o n s a r e 

a v a i l a b l e i n a number o f s t a n d a r d s o l u t i o n s o f 

d i f f e r e n t s u r f a c e t e n s i o n s r a n g i n g from a p p r o x i m a t e l y 
_2 

30 t o 60mN m . The p r o c e d u r e i s t o wipe a smear o f 

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

s u r f a c e and o b s e r v e t h e i r b e h a v i o u r w i t h i n 1 or 2 

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

s u r f a c e t e n s i o n t h a t s o l u t i o n , w h i c h j u s t does n o t 

b r e a k i n t o d r o p l e t s on t h e surface, i s n o t e d . T h i s 

s o l u t i o n i s t a k e n a s j u s t managing t o wet t h e s u r f a c e 

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

s u r f a c e t e n s i o n f o r w e t t i n g of t h a t s u r f a c e . A l t h o u g h 

the method i s somewhat dependent on t h e way i t i s 

c a r r i e d out, w i t h p r a c t i c e i t does g i v e c o n s i s t e n t 

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

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

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

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

t h r o u g h t h e gas t e r m i n a t e s a t one end a t an i n s u l a t i n g 

l a y e r . A l s o a l t e r n a t i n g c u r r e n t must be used and m 

f a c t a s p r e v i o u s l y mentioned (.3c above) t h e u s e o f 

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

w i l l be d i s c u s s e d i n more d e t a i l m C h a p t e r 4. 

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

and t h e ener g y i n p u t may be found from a c o n s i d e r a t i o n 
152 

o f t h e work of Manley . T h i s work was on t h e o z o n a t o r 

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

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

E s s e n t i a l l y t h e gap and i t s s h u n t c a p a c i t a n c e Cg 

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

a s a b u f f e r c a p a c i t a n c e . B e f o r e t h e gap b r e a k s 

down t h e c a p a c i t a n c e o f t h e system, f i g u r e 3.4.2, i s 

g i v e n by 
+ Cb 

When the gap b r e a k s down t h e gap c o n d u c t s and i t s 

e f f e c t i v e c a p a c i t a n c e i s z e r o and t he c a p a c i t a n c e of 

t h e s y s t e m i s t h e n . When t h e gap b r e a k s down c h a r g e 

i s p l a c e d on t h e d i e l e c t i c s u r f a c e w h i c h b u i l d s up a 

back v o l t a g e t h a t l i m i t s t h e t o t a l c h a r g e t h a t i s a c c e p t e d . 

C o n s i d e r i n g f i g u r e 3.4.3 and g o i n g c l o c k w i s e t h e gap 
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1 C V is the applied 
^ voltage 

Dielectric f i lm 

Equivalent electrical c ircui t of gap and polymer f i lm 

Figure 3.4.2 

M 

V 

V 

M 

153 
Voltage/charge phase diagram for corona discharg 

Figure 3.4.3 

gap 
V 
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f i r s t b r e a k s down a t V and t h e c o r o n a d i s c h a r g e 
9 

b e g i n s u n t i l i s r e a c h e d . At t h i s p o i n t t h e v o l t a g e 
152 

s u p p l y i s r e v e r s i n g and t h e c o r o n a d i s c h a r g e c e a s e s 
due t o t h e back v o l t a g e r e s u l t i n g from c h a r g e b u i l d 

153 
up . A t t h i s p o i n t t h e c u r r e n t f l o w a l s o c e a s e s a s 
c h a r g e i s removed from t h e c a p a c i t a n c e , now 

(C + ^ l / ^ - g ^ ) - , ' u n t i l t h e e f f e c t i v e v o l t a g e a c r o s s 

t h e gap i s s u f f i c i e n t t o f i r e t h e gap. T h i s e f f e c t i v e 

v o l t a g e i s g i v e n by t h e i n s t a n t a n e o u s a p p l i e d v o l t a g e 

minus t h e v o l t a g e c a u s e d by t h e c h a r g e r e m a i n i n g on 

t h e b u f f e r e l e c t r i c . The i n s t a n t a n e o u s a p p l i e d 
153 

v o l t a g e when t h i s o c c u r s i s g i v e n by 

b M g 3 .4.1 

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

r e a c h e s -V^ and once a g a i n t h e d i s c h a r g e i s quenched 

The c y c l e t h e n r e p e a t s w i t h two luminous c o r o n a 

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

The energy, E, f o r e a c h c o r o n a c y c l e i s g i v e n by 

152 

E = 4 V C, g b 
f ic ^ c 
v _ v I 9 + b 

M g ^ C b 

3 .4 .2 

and t h e power imput, P, per second i s g i v e n by 

P = 4 f V C, g b M g 
I g b 

'b / J 
w a t t s 3.4.3 

where f i s t h e f r e q u e n c y 
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From t h i s e q u a t i o n i t i s s e e n t h a t a low b r e a k down 

v o l t a g e f o r t h e gap does not r e s u l t i n an i n c r e a s e i n 

c o r o n a power i n p u t b u t r a t h e r t h e r e v e r s e . F u r t h e r m o r e , 

a l l o t h e r f a c t o r s b e i n g unchanged, V M c o n t r o l s t h e e n e r g y 

and i t would appear from t h e work o f R o s e n t h a l and 
153 

D a v i s t h a t t h e shape of t h e v o l t a g e waveform i s 

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

power i n p u t d i d i n f a c t v a r y d i r e c t l y w i t h f r e q u e n c y a s 

s u g g e s t e d by e q u a t i o n 3.4.3. I n p r a c t i c e t h e y o b s e r v e d 

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

d i v e r g e from t h e i d e a l p a r a l l e l o g r a m i n f i g u r e 3.4.3, 

and a l s o t h a t V v a r i e d w i t h V... Thes e f a c t o r s t e n d 
g M 

t o l i m i t t h e u s e f u l n e s s of t h e p a r a l l e l o g r a m b a s e d power 
e q u a t i o n b u t i t does p r o v i d e some u s e f u l i n f o r m a t i o n . 
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A l t h o u g h R o s e n t h a l and D a v i s found t h a t t h e v o l t a g e 

waveforms shape was n o t i m p o r t a n t i n c a l c u l a t i n g c o r o n a 

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

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

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

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

s y m e t r i c a l waveforms. T h i s r e s i d u a l s t a t i c c h a r g e may a l s o 

be f u r t h e r r e d u c e d by a secon d t r e a t m e n t u s i n g f r e q u e n c i e s 
154 

o f t h e o r d e r o f a megahertz though i t i s l i k e l y t h a t 

t h i s i s a plasma d i s c h a r g e r a t h e r t h a n t h e c o r o n a " s p a r k " 

d i s c h a r g e . 

E q u a t i o n 3.4.3 s u g g e s t s t h a t s i m p l y i n c r e a s i n g t h e 

f r e q u e n c y w i l l i n c r e a s e t h e power i n p u t and t h e r e f o r e 

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

however p r a c t i c a l d i f f i c u l t i e s t o t h e u s e o f v e r y h i g h 
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f r e q u e n c i e s , not the l e a s t b e i n g e l e c t r i c a l n o i s e 

i n t e r f e r e n c e o f communication s y s t e m s . T h i s i s more 

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

t h e f r e q u e n c i e s adopted a r e o f t h e o r d e r o f a few k i l o -

h e r t z w i t h some equipment o p e r a t i n g a t 50-60 h e r t z 

(normal e l e c t r i c a l s u p p l y f r e q u e n c y ) . 

c ) Corona D i s c h a r g e Equipment 

i ) E l e c t r o d e D e s i g n 

Corona Discharge Apparatus 

Dynamic S t a t i c 

o 

I 
o 

HV 

Electrode 
/ 

Film 

\ 
Dielectric 
sleeve 

HV 

Electrode 

Dielectr ic 
b u f f e r ^ 

1777771 

PerspeX' 

Sample 

Ground 
plate 

F igure 3 .4 4 
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Corona d i s c h a r g e t r e a t m e n t may be c a r r i e d out by e i t h e r 

a dynamic p r o c e s s or a s t a t i c p r o c e s s and t h e s e a r e 

i l l u s t r a t e d s c h e m a t i c a l l y i n f i g u r e 3.4.4. The s t a t i c 

p r o c e s s i s not n o r m a l l y u s e d on i n d u s t r i a l p r o c e s s e s 

b u t i s o f t e n more c o n v e n i e n t f o r s m a l l s c a l e 

i n v e s t i g a t i o n s and i s t h e method u s e d f o r t h e work 

d e s c r i b e d m C h a p t e r s 4 and 5 of t h i s t h e s i s . The 

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

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

t h e dynamic p r o c e s s i s more c o n v e n i e n t and e c o n o m i c a l . 

The b a s i c p r i n c i p l e s a r e t h e same m b o t h c a s e s w i t h 

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

d i e l e c t r i c w h i c h i s f i x e d t o one e l e c t r o d e . Then t h e r e 

i s a s m a l l gap, t y p i c a l l y between 1 and 3 m i l l i m e t r e s 

between t h e f i l m s u r f a c e and t h e second e l e c t r o d e w h i c h 

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

d i e l e c t r i c i s p r i n c i p a l l y t o p r e v e n t burn-through"'"^^ i n 

t h e c a s e of p i n h o l e s or weak p a t c h e s i n t h e f i l m , and 

i t i s u s u a l l y made a s t h i n a s p o s s i b l e . T h e r e i s a 

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

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

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

I n t h e s t a t i c p r o c e s s t h e upper e l e c t r o d e i s u s u a l l y 

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

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

t h e n e a r e s t p o i n t between t h e two e l e c t r o d e s . I n t h e 

dynamic p r o c e s s t h e upper e l e c t r o d e i s u s u a l l y a b a r or 
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plate or shoe 
electrode corona 

meta 
r o l l 

b u f f e r 

polymer 
sheet 

d ie lec t r ic 

F igure 3 . 4 . 5 

k n i f e edge a r r a n g e d p a r a l l e l t o t h e lower r o l l , though 
155 

i n some c a s e s a c u r v e d m e t a l shoe e l e c t r o d e i s u s e d 

a s shown i n f i g u r e 3.4.5. One o f t h e a d v a n t a g e s o f t h e 

shoe over t h e b a r or k n i f e edge e l e c t r o d e i s t h a t t h e 

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

l a r g e r a r e a c o v e r e d by t h e c o r o n a . T h i s c a n be overcome 

when u s i n g b a r or k n i f e edge e l e c t r o d e s by u s i n g more 

t h a n one e l e c t r o d e s p a c e d round t h e r o l l . A l s o i t h a s been 

o b s e r v e d t h a t t h e r e i s a "fan o u t " o f t h e c o r o n a from t h e 
153 

b a r s and t h a t a 1 cm b a r p r o j e c t s a s a 2.5 cm w i d t h 

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

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

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

d i s c h a r g e . T h i s problem i s n ot a s s e v e r e u s i n g b a r or 

k n i f e edges b u t i s s t i l l p r e s e n t . A l s o b a r and k n i f e 

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

s u p p l y v o l t a g e . What h a s been found i n p r a c t i c e i s t h a t 

a t h r e a d e d r o d ^ " * or b a r w i t h f i n e g r o o v e s g e t s round some 



153 

o f t h e s e p r o b l e m s . The edges o f t h e t h r e a d , o r g r o o v e s , 

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

t h e r o d and a l s o the t h r e a d e d r o d does not v i b r a t e a s much. 
156 

l i ) A l t e r n a t i n g Power Supply 

The a l t e r n a t i n g power s u p p l y may be 

p r o v i d e d by r o t a t i n g g e n e r a t o r s , i n v e r t e r s or vacuum 

tube a m p l i f i e r s . The r o t a t i n g g e n e r a t o r s may m f a c t be 

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

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

a l t e r n a t o r p r o d u c i n g a s u p p l y a t between 1 t o 10 kHz. 

F o l l o w i n g t h e motor a l t e r n a t o r t h e r e i s a h i g h v o l t a g e 

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

t h e s u p p l y . 

The i n v e r t e r may be thought of as a r e c t i f i e r 

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

o p e r a t e s a s an untuned c i r c u i t w i t h t h e c o r o n a r e a c t o r . 

The a d v a n t a g e of t h e i n v e r t e r o v e r t h e motor a l t e r n a t o r 

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

The d i s a d v a n t a g e o f b o t h t h e motor a l t e r n a t o r and 

t h e i n v e r t e r i s t h a t t h e y b o t h produce s i n e wave o u t p u t s 
155 

and i t h a s been s u g g e s t e d t h a t t h e i d e a l v o l t a g e 

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

most e a s i l y produced by a vacuum tube power a m p l i f i e r 

w h i c h may be f e d i n f a c t w i t h any d e s i r a b l e waveform. 

T h e r e i s p r o b a b l y scope h e r e f o r t h e development o f s o l i d 

s t a t e power a m p l i f i e r s . 
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•^ Plasma D i s c h a r g e s 

a) G e n e r a l A s p e c t s 

-2 

-3 

-4 

log -5 
c u r r e n t 
amps-6 

-7 

- 8 -

- 9 -
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Glow/P la sma Discharge 

Si lent / Dark Discharge 

Vol t age 1 0 - 1 0 0 V / c m 

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

a low pressure gas discharge 

F i g u r e 3.5 1 

The c u r r e n t - v o l t a g e r e l a t i o n s h i p f o r a low p r e s s u r e gas 

d i s c h a r g e i s shown s c h e m a t i c a l l y i n f i g u r e 3.5.1. 

A t low gas p r e s s u r e s , o f t h e o r d e r o f 1 t o r r , t h e 

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

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

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

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

t h e d i s c h a r g e becomes e s t a b l i s h e d a s a luminous glow 

t h r o u g h o u t t h e g a s . E i t h e r AC or DC may be u s e d and t h e 

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

o u t l i n e d b e l o w . 
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E l e c t r i c a l 
Power 

C o u p l i n g 
Mechamism 

Plasma 
E n v i r o n m e n t 

DC 

low f r e q u e n c y ! 
AC, 

RF 

l i c r o w a v e 

R e s i s t i v e 

Capac i t l v e 
I n d u c t i v e 

C u r r e n t 

P r e s s u r e 

Gas Flow and 

Temperature 

R e a c t a n t P h a s e s 

E l e c t r i c and 

Magnetic F i e l d 

Photon E m i s s i o n 

One o f t h e problems o f u s i n g r e s i s t i v e c o u p l i n g i s 

t h a t e l e c t r o d e s must be p l a c e d i n t h e g a s . These 

e l e c t r o d e s may t h e n become c o n t a m i n a t e d and s i d e e f f e c t s 

c a u s e d by t h i s c o n t a m i n a t i o n . A t f r e q u e n c i e s above 1 MHz 

t h i s c a n be r e a d i l y overcome by c a p a c i t i v e or i n d u c t i v e 
158 

c o u p l i n g 

RF 

Plasma 

RF 

Plasma JD 

C a p a c i h v e coupl ing 

F i g u r e 3.5.2 a & b 
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RF 

0 

I n d u c t i v e c o u p l i n g 

F i g u r e 3.5.2 c 

b) R e a c t i v e S p e c i e s i n P lasmas 

Plasmas e x c i t e d by e l e c t r i c a l d i s c h a r g e s c o n t a i n 

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

e l e c t r o n s a c c e l e r a t e d by t h e e l e c t r i c a l f i e l d . Many o f 

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

r e a c t i o n s and a t y p i c a l plasma may c o n t a i n e l e c t r o n s , 

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

i n ground, and e x c i t e d s t a t e s and photons o f v a r i o u s 

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

g i v e n i n t a b l e 3.5.1 t o g e t h e r w i t h some t y p i c a l bond 
159 

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



E n e r g i e s / eV 

E l e c t r o n 0 - 2 0 

I o n s 0 - 2 

Plasma ^ M e t a s t a b l e s 0 - 2 0 

U V / V i s i b l e 3 - 4 0 

Bond E n e r g i e s 

C - H 4.3 C - C 3.4 

C - N 2.9 C ~ C 6.1 

C = 0 8.0 C = C 8.4 

E n e r g i e s a v a i l a b l e i n a glow 

d i s c h a r g e and some t y p i c a l 

bond e n e r g i e s 

T a b l e 3.5.1 

The plasma d i s c h a r g e e x p e r i m e n t s , f o r t h e work i n 

t h i s t h e s i s ( s e e C h a p t e r 6) were c a r r i e d out u s i n g a 

p r e s s u r e o f 0.2 t o r r and a f r e q u e n c y o f 13.56 MHz. A i r 

and oxygen were b o t h u s e d and p o s s i b l e s p e c i e s p r e s e n t 

i n e a c h c a s e a r e g i v e n m ( I ) and ( n ) below. 
148 

I ) Plasma D i s c h a r g e i n A i r a t 0.2 T o r r 

The p r i n c i p a l p o s i t i v e i o n w i l l be O* formed 

by t h e f o l l o w i n g r e a c t i o n s 
N 2 + °2 ~ > N 2 + °2 
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-i-A t t h e p r e s s u r e u s e d NO and NO w i l l a l s o be p r e s e n t 

0 2 + N* — — 9 NO + + NO 

A n o t h e r p o s s i b l e i o n i s t h e p e r o x y isomer o f NO^-, 

N - 0 " 0 
w h i c h has been o b s e r v e d i n oxygen 

142 
p l a s m a s c o n t a i n i n g n i t r o g e n . Other s p e c i e s p r e s e n t w i l l 

* 
be a t o m i c oxygen,atomic n i t r o g e n , s i n g l e t oxygen and ^ . 

A t t h e low p r e s s u r e , 0.2 t o r r , t h e p r e s e n c e o f N* i s 

u n l i k e l y , n e i t h e r a r e h y d r a t e d p r o t o n s l i k e l y t o be formed. 
148 

n ) Plasma D i s c h a r g e s i n Oxygen a t 0.2 T o r r 

At t h e p r e s s u r e and t e m p e r a t u r e u s e d t h e o n l y 

i o n l i k e l y t o be p r e s e n t i s 0*. Other s p e c i e s p r e s e n t 

w i l l be a t o m i c oxygen, s i n g l e t oxygen and 0 3 . Hy d r a t e d 

p r o t o n s and 0 H + a r e u n l i k e l y t o be formed. 

c) Photon E m i s s i o n o f Plasmas 

The term glow d i s c h a r g e has a r i s e n due t o t h e 

e m i s s i o n o f l i g h t from t h e p l a s m a . Y e t t h e photon 

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

u l t r a v i o l e t may i n f a c t be two o r d e r s o f magnitude g r e a t e r 
160 

t h a n t h a t of v i s i b l e l i g h t . T h i s h a s been shown t o be 

t h e c a s e f o r argon a t 0.1 t o r r by C l a r k and c o - w o r k e r s ^ 0 . 

T h e i r r e s u l t s show t h a t f o r an argon plasma a t 0.1 t o r r 

most o f t h e photon e m i s s i o n i s a s s o c i a t e d w i t h t h e Ar I 

r e s o n a n c e l i n e s a t 1048.2 and 1066.7 & r e s u l t i n g from 
5 6 

t r a n s i t i o n s of t h e n e u t r a l atom, 3p 4 s 3p . The r e s t 

o f t h e photo e m i s s i o n was a l m o s t e n t i r e l y from Ar I I 
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r e s o n a n c e l i n e s a t 932.1 and 919.8 R r e s u l t i n g f r om 
6 2 5 

t r a n s i t i o n s o f t h e s i n g l e y i o n i s e d system, 3s3p — • 3s 3p . 

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

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

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

f a c t o r was t h a t t h e r e l a t i v e i n t e n s i t i e s o f t h e Ar I and 

Ar I I l i n e s changed as t h e s e two p a r a m e t e r s , power and 

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

and oxygen t r a n s i t i o n s between m o l e c u l a r o r b i t a l s may be 

i n v o l v e d , m t h e c a s e o f oxygen t h a t between P &>tA 

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

a t 2000 8 . I n low t e m p e r a t u r e and low p r e s s u r e n i t r o g e n 
161 

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

w i t h some l i n e s m f a c t i n t h e n e a r i n f r a r e d . 

N 2 b 3 < ^ g " A 3 ^ " U 10500 IR 
N n C 3 H - B 3 1ft 3400 UV 2 * u g 
N + B 2 T + - X 2 5"* 
2 u ^ g 3 900 U V / V i s i b l e 

Nt A 2 7f - X2 T 11000 IR 
2 u g 

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

a t m o s p h e r i c p r e s s u r e i n a i r , h a s been s t u d i e d by Rodura, 
149 

Mayoux and L o u b i e r e who o b s e r v e d l i n e s due t o t h e 

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

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

NH r a d i c a l s , or groups may be formed. 
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C h a p t e r 4 

S u r f a c e O x i d a c i o n by Corona 

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

2 E x p e r i m e n t a l D e t a i l s 

a) Samples 

b) R e a c t o r w i t h D i s c E l e c t r o d e s 

c) G l a s s Tube R e a c t o r f o r C o n t r o l l e d 

Atmospheres 

d) Corona Power Supply 

3 ESCA R e s u l t s u s i n g 

a) A i r 

b) Oxygen 

c) N i t r o g e n 

d) Argon 

e) H umidity E f f e c t s , H e a t i n g 

f ) A i r s a t u r a t e d w i t h P e r f l u o r o b e n z e n e 

Vapour 

4 I n f r a Red S p e c t r a , MIR 

5 I o d i n e L i b e r a t i o n 

6 D i s c u s s i o n and C o n s i d e r a t i o n o f R e s u l t s 



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

The t r e a t m e n t o f polymer s u r f a c e s i s a method 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 i m p o r t a n c e ( s e e C h a p t e r 1 ) . 

A l t h o u g h t h e p r o c e s s h a s been used f o r o v e r two decades"'" 

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

why t h e p r o c e s s works have o n l y been p o o r l y u n d e r s t o o d . 

T h i s h a s been p a r t l y due, o r i g i n a l l y , t o t h e t h i n n e s s 
—8 

of t h e l a y e r t r e a t e d , o f t h e o r d e r o f 10~ m, and t h e 

l a c k o f any 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 

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

The c o r o n a t r e a t m e n t p r o c e s s h a s many a d v a n t a g e s 

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

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

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

t h e f a c t t h a t t h e r e a c t i o n i s i n h e r e n t l y " c l e a n " and 

i n v o l v e s no h a z a r d o u s c h e m i c a l s a p a r t from ozone w h i c h 

r e s u l t s from t h e d i s c h a r g e . I t i s n ot t h o u g h t t h a t t h i s 

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

p r o c e s s s i n c e e x p o s u r e o f polymer f i l m s t o ozone does 

n o t produce a comparable e f f e c t t o c o r o n a t r e a t m e n t f o r 

t h e same l e n g t h o f t i m e . W h i l e t h e c o r o n a t r e a t m e n t 

p r o d u c e s c o n s i d e r a b l e changes i n t h e s u r f a c e energy, as 

measured by w e t t i n g t e n s i o n , p e e l s t r e n g t h and s h e a r 

s t r e n g t h on g l u e i n g , t h e 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 

a r e unchanged. 

T h e r e a r e no r e l i a b l e means of e s t i m a t i n g e i t h e r 

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 produced, u n l e s s a 
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s t e p p r o f i l e i s assumed , or t h e c o n c e n t r a t i o n p r o f i l e 

f o r t h e polymer s u r f a c e . However, t h e t h i c k n e s s o f t h e 
—8 

l a y e r i s assumed t o be o f t h e o r d e r o f 10" m and t h e 

c o n c e n t r a t i o n p r o f i l e i s thought t o be l i k e t h a t shown 

i n f i g u r e 4.1.1. 

Surface Concentration > 

Depth 

Assumed Concentration/Depth P r o f i l e f o r Corona 

Treatment o f Polye thylene 

Figure 4 1.1 

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

n ot p o s s i b l e t o u s e c o n v e n t i o n a l a n a l y t i c a l t e c h n i q u e s t o 

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

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

v i r t u a l l y no change i n p o l y e t h y l e n e a f t e r c o r o n a t r e a t m e n t 

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

30 m i n u t e s ' e x p o s u r e t o c o r o n a t r e a t m e n t and u s i n g f o u r 

t h i c k n e s s e s of t r e a t e d f i l m ( s e e s e c t i o n .4 b e l o w ) . 

T e c h n i q u e s have been d e v e l o p e d f o r removing t h e surface l a y e r 
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by a b r a s i o n and t h e n e m p l o y i n g c o n v e n t i o n a l a n a l y t i c a l 

t e c h n i q u e s on t h e s c r a p p i n g s . I t h a s been shown however 

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

some p l a c e s w h i l e o t h e r p a r t s a r e l e f t v i r t u a l l y 
16 3 

untouched . I t c a n n o t be c e r t a i n t h e r e f o r e t h a t a l l o f 

t h e s u r f a c e l a y e r has been removed and t h a t no u n m o d i f i e d 

s u b s t r a t e h a s been removed. F u r t h e r m o r e t h e s u r f a c e l a y e r 

i s d e s t r o y e d and f u r t h e r work on i t i s not p o s s i b l e . The 

u s e o f s o l v e n t s t o remove t h e s u r f a c e l a y e r has been 

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

l a y e r i s removed and t h a t no unchanged s u b s t r a t e h a s been 

d i s s o l v e d . I n f a c t m s e c t i o n .5 o f t h i s c h a p t e r i t w i l l 

be s e e n t h a t w h i l e immersion i n a s o l v e n t may remove some 

o f t h e s u r f a c e m o d i f i c a t i o n not a l l the e f f e c t s a r e removed 

( s e e a l s o C h a p t e r 5 . 2 ) . 

The p r i n c i p a l method us e d i n t h i s work t o a n a l y s e 

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

t h a t o f ESCA. T h i s method a s was d i s c u s s e d i n C h a p t e r 2 

i s i d e a l l y s u i t e d t o t h e problem s i n c e t h e p e n e t r a t i o n 
_g 

d e pth f o r a n a l y s i s by ESCA i s o f t h e o r d e r o f 3 x 10 m, 

when u s i n g magnesium or aluminium t a r g e t s i n t h e X-Ray 

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

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

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

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

I n f a c t m t h e c a s e of c o r o n a t r e a t m e n t ESCA does not 

p e n e t r a t e s u f f i c i e n t l y f a r t o sample a l l t h e t r e a t e d l a y e r . 
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Thus though i t h a s been p o s s i b l e i n t h i s s t u d y ( s e e 

s e c t i o n .3 below) t o c a r r y out ESCA s t u d i e s a t d i f f e r e n t 

a n g l e s o f t a k e - o f f and hence d i f f e r e n t d e p t h s m t h e 

sample ( s e e C h a p t e r 2 . 6 f ) i t h a s not been p o s s i b l e t o 

c a r r y out a c o m p l e t e d e p t h p r o f i l e . 

The o t h e r method used i n t h i s work f o r a n a l y s i n g 

t h e s u r f a c e l a y e r i s t h a t o f M u l t i p l e I n t e r n a l R e f l e c t i o n 

I n f r a Red s p e c t r o s c o p y (MIR I R ) . T h i s method l i k e ESCA 

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

( s e e s e c t i o n .4 b e l o w ) . U n f o r t u n a t e l y , t h e s a m p l i n g 

d e p t h , o f t h e o r d e r o f 10" m, i s 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 c o r o n a m o d i f i e d l a y e r , a p p r o x i m a t e l y 
—8 

10" . T h i s means t h a t t h e s p e c t r u m has a v e r y s t r o n g 

component from t h e u n m o d i f i e d s u b s t r a t e and t h e s u r f a c e 

m o d i f i c a t i o n s produced o n l y show up a s weak components 

o f t h e s p e c t r u m . 

The p l a s m a produced by a c o r o n a d i s c h a r g e i s complex 

and i t i s n o t p o s s i b l e , a t t h i s s t a g e , t o r e s o l v e t h e 

t o t a l c o r o n a e n e r g y i n t o i t s many components, s u c h a s 

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

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

components a r e 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 

o f p o l y e t h y l e n e i n a c o r o n a d i s c h a r g e . A c e r t a i n amount 
164 

o f work h a s , however, been done by Mayoux u s i n g UV 

r a d i a t i o n , e l e c t r o n and i o n beams. The r e s u l t s o f t h e s e 

he compares t o t h e e f f e c t on p o l y e t h y l e n e o f a c o r o n a 
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d i s c h a r g e . T h i s w i l l be d e a l t w i t h a g a i n i n s e c t i o n .7 o f 

t h i s c h a p t e r . 

F i g u r e 4.1.2 summarises t h e v a r i o u s plasma s y s t e m s , 

e i t h e r o c c u r r i n g n a t u r a l l y or produced i n l a b o r a t o r i e s , 
_3 

d e f i n e d i n terms o f t h e i r e l e c t r o n d e n s i t y n (cm ) and 

a v e r a g e e l e c t r o n e n e r g y k T e ( e V ) . Xp i s t h e Debye l e n g t h , 

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 
144 

d e n s i t y r a t i o 

.2 E x p e r i m e n t a l D e t a i l s 

a) Samples 

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

or low d e n s i t y p o l y e t h y l e n e , s u p p l i e d by t h e M e t a l Box 

Company. Both polymers were i n t h e form o f t h i n f i l m , 

a p p r o x i m a t e l y 0.1 mm t h i c k and were n o r m a l l y used s t r a i g h t 

from the r o l l w i t h o u t any p r e - t r e a t m e n t . H a n d l i n g o f t h e 

a c t u a l s a m p l e s 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 and 

t h e e f f e c t o f r i n s i n g w i t h a c e t o n e b e f o r e t r e a t m e n t was 

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

T h i s r i n s i n g d i d not, however, c a u s e any o b s e r v a b l e 

change i n t h e o v e r a l l e f f e c t o f c o r o n a t r e a t m e n t compared 

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

d i s c o n t i n u e d . Samples o f b o t h f i l m s were s e n t t o t h e 

Rubber and P l a s t i c s R e s e a r c h A s s o c i a t i o n of G r e a t B r i t a i n ' s 

r e s e a r c h l a b o r a t o r i e s a t Shawbury t o a s c e r t a i n t h e 

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

by J.A. S i d w e l l a t RAPRA a r e : -
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High D e n s i t y P o l y e t h y l e n e TFE 554 

I r g a n o x 1076 0.014%, 0.017% 

[ O c t a d e c y l 3 - ( 3 , 5 - d i t e r t b u t y l - 4 - hydroxy p h e n y l ) 

p r o p i o n a t e ] 

Low D e n s i t y P o l y e t h y l e n e C3 7 T F E 628 

Topanol OC 0.034%, 0.030% 

(2,6 - d i t e r t b u t y l - p - c r e s o l ) 

I r g a n o x 1010 0.022%, 0.021% 

[ P e n t a e r y t h r i t o l t e t r a - 3 - ( 3 , 5 - d i t e r t b u t y l - 4 -

h y d r o x y p h e n y l ) p r o p i o n a t e ] 

I t i s n o t thought t h a t t h e s e l e v e l s o f a n t i o x i d a n t 

w i l l have much e f f e c t on t h e c o r o n a t r e a t m e n t and t h e r e 

seems t o be no e v i d e n c e ( s e e s e c t i o n s .3 and .4 below) 

o f e i t h e r c o n c e n t r a t i o n or d e p l e t i o n o f t h e immediate 

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

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

been examined by S p e l l and C h r l s t e n s o n ^ ^ . They found 

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

t o t h e s u r f a c e and a l s o t h a t some a d d i t i v e s d i f f u s e d t o 

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

were p r e s e n t a t t h e s u r f a c e i n s u f f i c i e n t c o n c e n t r a t i o n 

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

b) R e a c t o r u s i n g D i s c E l e c t r o d e s 
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The a p p a r a t u s c o n s i s t s e s s e n t i a l l y o f two p l a n e 

p a r a l l e l a luminium d i s c s , one a t t a c h e d t o an i n s u l a t e d 

moveable r o d and the o t h e r t o a grounded aluminium p l a t e . 

To p r e v e n t a r c i n g t a k i n g p l a c e the grounded a l u m i n i u m 

p l a t e i s c o v e r e d by a t h i c k s h e e t o f p e r s p e x and t h e movable 

d i s c i s p r o v i d e d w i t h a guard d i s c , a l s o made o f p e r s p e x . 

To p r e v e n t a r c i n g t h r o u g h p i n h o l e s or weak p o i n t s i n t h e 

polymer f i l m a b u f f e r d i e l e c t r i c was f i t t e d a c r o s s t h e 

lower grounded e l e c t r o d e . T h i s i s i l l u s t r a t e d s c h e m a t i c a l l y 

i n f i g u r e 4.2.1 and shown i n more d e t a i l i n t h e photograph 

on page 17L and m the d r a w i n g m appendix 3 . The e l e c t r o d e s 

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

w i t h s u i t a b l e s a f e t y s w i t c h e s . For c o n v e n i e n c e t h e 

a p p a r a t u s i s mounted on top o f t h e power s u p p l y . By 

means of a h o l e i n the p e r s p e x box the d i s c h a r g e c a n be 

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

I t i s not p o s s i b l e w i t h t h i s r e a c t o r t o e l i m i n a t e 

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

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

( s e e c below) . 

The s e p a r a t i o n o f t h e upper e l e c t r o d e from t h e 

polymer f i l m c a n be v a r i e d by a r a c k and p i n i o n d r i v e 

on t h e r o d and a r e d u c t i o n g e a r s y s t e m . The gap 

s e p a r a t i o n c a n be s e t a t any d i s t a n c e between 0 and 3 cm, 

though u s u a l l y i t was l e f t a t 2 mm. T h i s p a r t i c u l a r 

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

c o r o n a t r e a t m e n t equipment o f t e n u s e s s m a l l e r gap d i s t a n c e s . 
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However, on t h i s p a r t i c u l a r e l e c t r o d e a s s e m b l y i t was 

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

t h e gap u s i n g a 1 mm s e p a r a t i o n . T h i s was due t o the 

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

U s i n g a 2 mm gap t h i s e f f e c t was l e s s o b v i o u s and a l s o 

as soon as t h e c o r o n a d i s c h a r g e commenced i t was o b s e r v 

t h a t t h e c h a r g e d e p o s i t e d on t h e polymer f i l m ( s e e 

C h a p t e r 5) c a u s e d the f i l m t o l i e f l a t on t h e b u f f e r d i 

e l e c t r i c . When a 1 mm gap was u s e d , i n some c a s e s t h e 

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

t o a d h e r e t o the upper e l e c t r o d e and i n o t h e r c a s e s 

p a r t i a l l y t o b o t h e l e c t r o d e s . The gap s e p a r a t i o n , 2 mm, 

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

t h e n c h e c k e d u s i n g a p i e c e o f 2 mm aluminium s h e e t . 

c ) G l a s s Tube R e a c t o r f o r C o n t r o l l e d Atmospheres 

T h i s r e a c t o r was mounted d i r e c t l y on t h e 

s p e c t r o m e t e r and e n a b l e d samples t o be exposed t o a 

c o r o n a d i s c h a r g e i n d i f f e r e n t g a s e s . Then by means of 

a s p e c i a l l y l o n g probe the samples c o u l d be i n s e r t e d 

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

atmosphere. F i g u r e 4.2.2 i s a d r a w i n g of t h e r e a c t o r , 

w h i c h i s a l s o shown i n t h e photograph on page 175. 

O ther d e t a i l s o f e l e c t r o d e s and probe a s s e m b l i e s a r e 

shown i n appendix 3. The r e a c t o r c o n s i s t s 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 

two s t a i n l e s s s t e e l f l a n g e s u s i n g v i t o n '0 1 r i n g s . 

H a l f w a y a l o n g t h e g l a s s tube was f u s e d a s t a n d a r d 
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g r e a s e l e s s vacuum t a p . The t a p i n s e r t was removed and a 

s p e c i a l i n s e r t u n i t ( s e e appendix 3) was made from t e f l o n 

t o put i n i t s p l a c e . T h i s e n a b l e d an e l e c t r o d e , c o n n e c t e d 

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

of t h e probe t i p w h i c h was used a s t h e grounded e l e c t r o d e . 

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

a l t e r e d e a s i l y , t h e gap s e p a r a t i o n b e i n g measured by a 

c a t h o m e t e r . Samples were mounted a t t h e end o f a h a l f i n c h 

s t a i n l e s s s t e e l probe by means o f d o u b l e s i d e d s c o t c h t ape 

and t h e n t h e probe a s s e m b l y i n s e r t e d i n t o t h e r e a c t o r . 

A f t e r p o s i t i o n i n g t h e probe t i p and sample under t h e 

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

t h e r e q u i r e d d i s t a n c e , 2 mm. By e v a c u a t i n g t h e r e a c t o r 

and f i l l i n g w i t h t h e r e q u i r e d gas and r e p e a t i n g t h i s 

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

atmosphere. The e a r t h i n g c o n n e c t i o n s were t h e n c h e c k e d 

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

on, o t h e r w o r k e r s n e a r b y were warned and t h e n t h e c o r o n a 

d i s c h a r g e o p e r a t e d . S i n c e t h i s o n l y took a few se c o n d s 

no g r e a t i n c o n v e n i e n c e was c a u s e d . However, i n view o f 

th e v o l t a g e s i n v o l v e d , o f t h e o r d e r o f 10 t o 20 kV t h i s 

was f e l t t o be a n e c e s s a r y p r e c a u t i o n . The HT s u p p l y was 

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

move t h e e l e c t r o d e out o f the way o f t h e probe. The r e a c t o r 

v e s s e l c o u l d t h e n be e v a c u a t e d by means o f an Edwards 

ED50, two s t a g e s 50 1. m m - 1 r o t a r y pump. S i n c e t h i s 

pumping arrangement c o r r e s p o n d s t o t h e normal s y s t e m 

employed i n i n t r o d u c i n g samples i n t o t h e s p e c t r o m e t e r 
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i t was t h e n r e l a t i v e l y e a s y t o i n s e r t t h e probe d i r e c t l y 

i n t o t h e s p e c t r o m e t e r . 

An i n t e r e s t i n g phenomenon was se e n , when u s i n g damp 

g a s e s i n t h e r e a c t o r , i n t h a t when t h e vacuum pump was 

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

T h i s e f f e c t was noted t o p e r s i s t f o r upwards o f 5 

mi n u t e s a f t e r t h e c o r o n a d i s c h a r g e c e a s e d . Thus u s i n g 

100% h u m i d i t y i n a i r and opening t h e t a p t o the vacuum 

pump i m m e d i a t e l y t h e whole r e a c t o r was o b s e r v e d t o f i l l 

w i t h m i s t . I f 5 min u t e s were a l l o w e d t o e l a p s e b e f o r e 

opening t h e t a p t o t h e vacuum pump t h e e f f e c t was 

s c a r c e l y d i s c e r n a b l e and was no d i f f e r e n t from t h e 

e f f e c t o b s e r v e d when t h e c o r o n a d i s c h a r g e had not been 

u s e d . A l t h o u g h not a q u a n t i t a t i v e measure, t h i s does 

g i v e some e s t i m a t e a s t o how l o n g t h e i o n s e t c . , formed 

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

d) Corona Power Supply 

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

i n F i g u r e 4.2.3 below and i n more d e t a i l i n appendix 2 . 

The method o f o p e r a t i o n i s b r i e f l y a s f o l l o w s . The 

con d e n s e r , C D , i s c h a r g e d up t o some p r e - s e l e c t e d v o l t a g e , 

from t h e r e c t i f i e d mains s u p p l y . The t h y r i s t o r , THY 1, 

i s t h e n s w i t c h e d on and the c o n d e n s e r d i s c h a r g e s 

t h r o u g h t h e p r i m a r y of an i n d u c t i o n c o i l ( a 12 v o l t c a r 

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

t h e s e c o n d a r y , w i t h a f r e q u e n c y of a p p r o x i m a t e l y 3 kHz. 

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

Vanobie 
0 -300 volt 

supply 

- o-

R 
iWA-
1KSL > F 

<7 

THY 1 
12 volt 

Ign i t ion 

Coil 

Dielectric D Electrode 

High v o l t a g e supp ly u n i t 

F i g u r e U 2.3 

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

w h i c h t h e t h y r i s t o r becomes c o n d u c t i n g i s c o n t r o l l e d by 

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

2 50 Hz. The a c t u a l time f o r w h i c h t h e power s u p p l y i s 

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

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

a ppendix 2. 

The v o l t a g e and c u r r e n t o u t p u t waveforms, when t h e 

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

m f i g u r e s 4.2.4 below. Not r e a d i l y v i s i b l e i n t h e f i g u r e s , 

b u t j u s t d i s c e r n a b l e on t he o s c i l l o s c o p e a r e v e r y s h o r t 

d u r a t i o n ( /v 1 m i c r o s e c o n d ) c u r r e n t p u l s e s o f c o m p a r a t i v e l y 

l a r g e magnitude. These s h o r t d u r a t i o n c u r r e n t p u l s e s were 

a l s o o b s e r v e d when a D.C. d i s c h a r g e was employed, ( s e e below) 
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< 3m sec> 

V o l t a g e ( t op ) and c u r r e n t ( b o t t o m ) 

output wave f o r m s . 

< 4 m sec > 

V o l t a g e ou tpu t showing pulse f r e q u e n c y 

F i g u r e 4 2 4 

I t was found t h a t t h e maximum v o l t a g e , w i t h t h e d i s c h a r g e 

r u n n i n g was a p p r o x i m a t e l y 11 kV and w i t h no d i s c h a r g e t h e 

maximum r e c o r d e d v o l t a g e was a p p r o x i m a t e l y 24 kV. F o r 

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

( c a p a c i t i v e ) nor t he r e s i s t o r used t o measure t h e d i s c h a r g e 
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c u r r e n t were l e f t xn t h e c i r c u i t d u r i n g normal u s e ( s e e 

a p p e n d i x 2 f o r d e t a i l s ) . 

I t would be o f some use t o know the power imput t o 

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

a c r o s s the gap. U n f o r t u n a t e l y 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 , 

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

us e d a r e unknown and n o t r e a d i l y c a l c u l a b l e . I t i s 

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

t h e impedence o f t h e equipment and t h a t o f t h e m e a s u r i n g 

c i r c u i t s and o s c i l l o s c o p e . Thus t h e phase a n g l e between 

t h e v o l t a g e and t h e c u r r e n t c a n n o t be found. However, 
152 

u s i n g t h e method proposed by Manley i t i s p o s s i b l e 

t o o b t a i n an e s t i m a t e f o r t h e power i n p u t . Thus from 

e q u a t i o n 3.4.2 i t c a n be c a l c u l a t e d t h a t t h e power per 

p u l s e i s o f t h e o r d e r o f 2.4 mJ and t h a t t h e power i n p u t 

p e r second i s o f t h e o r d e r o f 0.6 J . A r a t h e r s i m i l a r 

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

AC c i r c u i t w i t h a phase a n g l e o f z e r o . Even when t h e 

power imput t o t h e d i s c h a r g e i s known i t i s s t i l l not 

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

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

F u r t h e r m o r e w h i c h o f t h e many components i s c h i e f l y 

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

As s t a t e d e a r l i e r , some work was done u s i n g a DC 

d i s c h a r g e . The v o l t a g e s used were from 12 t o 25 kV, and 

a l s o d i s c e l e c t r o d e s w i t h a 2 mm gap. A b u f f e r d i e l e c t r i c 

and p i e c e of h i g h d e n s i t y p o l y e t h y l e n e were p l a c e d i n 



\ I 
4 L 

i 
• 

i -> 

i i ! 

5) 

• 



181 

the apparatus as normal. The r e s u l t s observed were t h a t 
no corona discharge was observed but t h a t the apparatus 
behaved l i k e a "leaky" condenser charging up. Thus there 
was an i n i t i a l l y large c u r r e n t of the order of a few 
milliamps which r a p i d l y f e l l t o a much lower value. 
L i t t l e continuous c u r r e n t was observed below 19 kV but 
between 20 and 25 kV c u r r e n t s of the order o f 0.05 t o 
0.15 milliamps were noted. At the same time a p e r s i s t e n t 
" t i c k i n g " sound was heard and t r a n s i e n t c u r r e n t pulses 
of up t o 10 milliamps were recorded. I t i s p o s s i b l e t h a t 
these two are connected, and these t r a n s i e n t phenomena 
were observed f o r a l l voltages above 12 kV. The form of 

these t r a n s i e n t c u r r e n t pulses was shown on/oscilloscope 
and i s i l l u s t r a t e d below. 

an 

c u r r e n t 
m A 

10 

i 
1 5 

t1 me/Msec 

Trans ient Cu r ren t P u l s e , D.C. Discharge 

F igure 4.2 5 
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.3 ESCA Results 
As p r e v i o u s l y stated (Chapter 2.4) the spectra were 

recorded on an AEI ES 200 AA/B spectrometer using 
i i r a d i a t i o n of energy 1253 .7 eV. The Au.,-,, , , Km. 1, 2 ^ J 4f7/^ l e v e l 

at 84.0 eV b i n d i n g energy was used f o r c a l i b r a t i o n 
purposes and under the c o n d i t i o n s employed had a f u l l 
w i d t h at h a l f maximum, FWHM, of 1.15 eV. Deconvolution 
of the spectra was c a r r i e d out on a Dupont 310 Curve 
Resolver and the measured energies are given w i t h a 
possible e r r o r of + 0.2 eV and the area r a t i o s t o + 5%. 

The background i n f o r m a t i o n presented thus f a r 
s t r o n g l y suggests t h a t corona discharge treatment m a i r 
increased the surface free energy of polymers. I t seems 
l i k e l y t h a t t h i s increase i s associated w i t h an increase 

166 
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 . Extensive studies 
have p r e v i o u s l y been made of the t y p i c a l range of 
f u n c t i o n a l i t i e s which are l i k e l y t o occur and some 
t h e o r e t i c a l b i n d i n g energies f o r model compounds are 
shown i n Figure 4.3.1. 
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As f a r as t h i s work i s concerned the important 
s t r u c t u r a l features of carbon are 

Structure Binding Energy/eV 
C - H 285 
C - 0 286.6 
C = 0 287.8 

0 
O 

289 .2 

0 
! 
C = O 290.3 
I 
0 

Binding Energies f o r D i f f e r e n t 
Carbon S t r u c t u r a l Features 

Table 4.3.1 
When c a r r y i n g out deconvolution of the spectra 

no allowance was made f o r C - ONO^ which would appear 
at 2 87.1 eV even though -0-N02 at 408.1 eV was observed 
m some spectra. Neither was allowance made f o r C-NI^ 
though again N^s peaks were observed t h a t could be due 
t o amine and amide f e a t u r e s . However, the n i t r o g e n 
spectra were o f t e n of low i n t e n s i t y and m some cases 
believed t o be l o s t i n the background noise. I g n o r i n g 
the n i t r o g e n e f f e c t s on the C-̂ g b i n d i n g energies i s not 
t h e r e f o r e l i k e l y t o produce serious e r r o r s . The oxygen 
spectra consisted of a number of c l o s e l y overlapping 
peaks t h a t could not i n general be resolved uniquely 



185 

by the method adopted f o r the spectra (see below). 
Nevertheless some deconvolutxon was attempted but not too 
much r e l i a n c e should be placed on the d e t a i l e d r e s u l t s . 

At f i r s t s i g h t i t would appear t h a t the unresolved 
spectra f o r carbon Is are too complex t o allow unique 
deconvolutions t o be obtained. However by using an analogue 
curve f i t t i n g procedure w i t h Gaussian curves p o s i t i o n e d 
at 285, 286.6, 278.8, 289.2 and 290.3 eV and t r e a t i n g the 
heig h t as a v a r i a b l e a unique deconvolution can be achieved 
w i t h a f u l l w i d t h at h a l f maximum of 1.7 eV. This curve 
f i t t i n g procedure produces unique deconvolutions f o r the 
C^g spectra of the oxidised polyethylene samples. The 
t y p i c a l FWHM of 1.7 + 0 . 1 eV compared w i t h a FWHM of 
approximately 1.4 eV f o r a simple homopolymer under the 
same c o n d i t i o n s i s suggestive of several environments 
contained m each of the component s i g n a l s , although the 
secondary, or /3 s h i f t induced by oxygen i s s m a l l . 

As p r e v i o u s l y st a t e d unique deconvolutions of the 
oxygen spectra were not e a s i l y a t t a i n e d . However f o r some 
spectra reasonable deconvolutions could be made. This was 
done by p o s i t i o n i n g peaks at 532.7, 533.5, 534.3 and 
535.5 eV f o r doubly bonded oxygen i n carboxyl f u n c t i o n s , 
s i n g l y bonded oxygen m alcohols , ethers and peroxides 
and carbonyl oxygen, s i n g l y bonded oxygen i n acids, esters 
and hydroperoxides, and s i n g l y bonded oxygen i n carbonates, 
oxy acids and peroxyesters respectively^^'''. For some oxygen 
spectra a f u r t h e r peak at 531.8 eV corresponding t o amide 
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oxygen was also used. The p o s s i b i l i t y of producing peroxy 
168 

s t r u c t u r a l features , du r i n g the discharge process, which 
then subsequently undergo transformations t o other 
f u n c t i o n a l i t i e s cannot be discounted and some discussion 
of t h i s i s presented i n a l a t e r s e c t i o n . 

While the corona discharge was running the apparatus 
using d i s c electrodes was c o n t i n u a l l y purged w i t h the gas 
being used. When the glass tube r e a c t o r was used purging 
d i d not take place and n e i t h e r d i d exposure t o the 
atmosphere unless t h i s was done i n t e n t i o n a l l y . The pressure 
and temperature were ambient, t h a t i s approximately 760 mm 
of mercury and 20°C. The r e l a t i v e humidity was not 
c o n t r o l l e d except m the glass tube r e a c t o r . 

The general appearance of the spectra, as recorded, 
i s as shown i n Figure 4.3.2. The spectra c o n s i s t s of broad 
envelopes of overlapping peaks and the deconvoluted peaks 
are shown f o r the C, spectra. When the various r e s u l t s 

Is c 

are considered the most obvious e f f e c t of corona treatment 
i s a very r a p i d increase i n the oxygen f u n c t i o n a l i t y , even 
f o r very short treatment times. This i s apparent even when 
gases other than a i r or oxygen are used. Thus when n i t r o g e n 
and argon were used the oxygen content was increased. 
However, due t o the experimental arrangements i t i s p o s s i b l e 
t h a t some oxygen from the a i r remained. I t has i n f a c t been 

169 
reported t h a t q u i t e small traces of oxygen, 0.8%, i n 
n i t r o g e n are s u f f i c i e n t t o b r i n g about s i g n i f i c a n t o x i d a t i o n . 
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Corona Time 
As received 
1 sec 
2 sec 

286 .6 
Binding Energy / eV 

287.8 289.2 290.3 402 535 .5 
8 .4 1.7 1.2 6 .4 

13 .4 6.6 3.0 1.2 0.5 30 .5 
17 .4 7.4 6.6 0.7 0.7 47 .4 

Area Ratios f o r the Spectra shown i n Figure 4.3.1 below 
Table 4.3.2 

Corona Discharge 

1 mm gap HDPE o 

30° take o f f angle 

x3 3 

as received 

f37 53? S33 531 29/ 299 287 285 T 1 r 
4<H 402 400 

Spec t ra as recorded and d e c o n v o l v e d f o r HDPE 

Figure A- 3.2 
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The presence of absorbed oxygen and water vapour are also 
^ -, j a . -u 4. 0.170 

b e l i e v e d t o be important 
The r e s u l t s f o r the untreated samples show t h a t even 

before corona treatment there i s a r e a d i l y d e tectable 
oxygen l e v e l . This seems t o be associated p r i m a r i l y w i t h 
a s i n g l y bonded C-0 group, b i n d i n g energy 286.6 eV 
and a doubly bonded C=0 carbonyl group, C, b i n d i n g energy 
2 78.8 eV. The presence of a carboxyl group, C^s b i n d i n g 
energy 289.2 eV i s d o u b t f u l since i t only appears at 
very low i n t e n s i t y f o r the untreated samples. I n f a c t i t 
may a r i s e as a systematic operator e r r o r caused by the 
way m which the deconvolutions were c a r r i e d out. This 
was done as p r e v i o u s l y s t a t e d f o r a l l the C-̂ g spectra by 
s e t t i n g up the curve r e s o l v e r w i t h a number of curves at 
the r e q u i r e d b i n d i n g energies and f i x e d f u l l widths at 
h a l f maxima. Then beginning at the highest b i n d i n g energy 
curves were added t o o b t a i n the best f i t f o r the C, 

Is 
spectrum. The area f o r the C-̂ s peak at 286.6 eV may also 
be s l i g h t l y overestimated due t o i t s p r o x i m i t y t o the 
large peak at 285 eV. This peak corresponds t o hydrocarbon 
and m the tables of area r a t i o s i s always taken as 100% 
and i s not included i n the t a b l e s . 

I f the area r a t i o s f o r carbon and oxygen bonded i n 
d i f f e r e n t groups and s t o i c h i o m e t r l e s are known i t i s 
p o s s i b l e t o get some idea as t o how the carbon and orygen 
are bonded m d i f f e r e n t groups on the surface of the 
polyethylene. For example, the C-0 group w i t h C, b i n d i n g 



190 

energy of 286.6 eV could be a hydroxyl group, e i t h e r C-O-C, 
or peroxide C-O-O-C group. The f i r s t and l a s t of these i t 
i s t r u e would give the same carbon:oxygen r a t i o but the 
second would give a d i f f e r e n t r a t i o t o the ot h e r s . I t 
should t h e r e f o r e , t h e o r e t i c a l l y , be possible t o d i s t i n g u i s h 
the presence of ether l i n k s by a lower carbon:oxygen r a t i o 
than f o r the others. I n p r a c t i c e due t o the d i f f i c u l t y of 
r e s o l v i n g i n d i v i d u a l oxygen peaks t h i s i s not always possible 
but some general conclusions can be drawn from the data. 

The expected area r a t i o f o r carbon t o oxygen w i t h 
s t o i c h i m e t r y 1:1 can be obtained from a co n s i d e r a t i o n of 
the ESCA spectra of poly (ethylene t e r e p h t h a l a t e ) which 
are given i n Figure 4.3.3 and i n Table 4.3.3. The formula 
f o r the polymer i s 4- C,HA C-O-CH. CH„ 0-C> , which would 

b 4 II * 1 II n 

o o 

suggest area r a t i o s f o r the C^s peaks t o be 1:1:3 f o r 
peaks at 289.2, 286.6 and 285 eV r e s p e c t i v e l y . This i s not 
q u i t e what i s obtained which i s 26:32:100 f o r a 30° take
o f f angle. However the peak at 289.2 eV, which i s due t o 
the carboxyl group i s reduced due t o shake up w h i l e as 
pr e v i o u s l y stated the peak at 286.6 eV may be s l i g h t l y 
overestimated due t o i t s p r o x i m i t y t o the large peak a t 
285 eV. Furthermore the peak at 285 eV i s reduced by shake 
up, 6.3% and making allowance f o r a l l o f these would 
suggest a reasonable estimate f o r the area r a t i o s i s 
29:29:100. This i s of course not a r a t i o of 1:1:3 but t h i s 
i s l a r g e l y due t o a " t u r n i n g i n " of oxygen f u n c t i o n a l 
groups (see below). Taking the estimated area r a t i o s f o r 
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C peak a t 285 eV taken as 1 0 0 % 
C, 2 8 6 . 6 eV 289.2 eV Shake up a t 4 E = 6.6 eV 

32 26 6.3 

24 1 0 6 .6 

0, 532.7 eV I s 534 .3 eV 
4 8 4 8 

28 28 

Area Ratios f o r Poly(ethylene t e r e p h t h a l a t e ) Film 
Table 4.3.3 

1 70 take off angle \ 

* 3 3 i 10 

536 289 287 291 

30 take off angle 

3 3 x10 

289 287 285 532 293 291 536 534 

E S C A Spectra of Polylethylene terephthalate) 

Figure 4 3 3 



192 

the carbon Is peaks at 289.2 and 286.6 eV w i t h the 
corresponding oxygen area r a t i o s at 532.7 and 534.3 eV 
gives the carbon:oxygen area r a t i o s f o r a 1:1 s t o i c h i o m e t r y as 

C : 0 : : 1 : 1 .7 

f o r both doubly and s i n g l y bonded carbon t o oxygen. 
I t w i l l be seen t h a t the area r a t i o s f o r 70° take

o f f are somewhat d i f f e r e n t t o those at 30° t a k e - o f f . This 
i s l a r g e l y due t o the " t u r n i n g i n " of the oxygen f u n c t i o n a l 
groups o f the polymer. The c a r b o x y l i c ester groups i f 
present at the surface of the polymer produce a higher 
energy state,, because of t h e i r polar character, than i f 
the hydrocarbon groups, less p o l a r , are d i r e c t e d 
outwards. Therefore during f a b r i c a t i o n , which w i l l i n volve 
e x t r u s i o n from a melt the polymer f i l m w i l l be produced 
w i t h the more polar groups turned inwards from the 
surface t o lower the f i n a l surface energy. The 70° take
o f f spectra samples only a very t h i n surface layer and 
w i l l record a spectrum i n which the hydrocarbon, C-̂ g 285 eV 
peak i s overestimated and the carboxyl, ester and oxygen 
f u n c t i o n a l i t i e s are underestimated. Using the 30° take
o f f spectrum w i l l l a r g e l y avoid t h i s e r r o r due t o the 
much greater (2.5 times) sampling depth. 

a) Spectra obtained from Corona Treatment i n A i r 
(Tables 4.3.4- • 91) 

The r e s u l t s show c l e a r l y the s i m i l a r i t i e s and 
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d i f f e r e n c e s between low de n s i t y polyethylene LDPE and 
high d e n s i t y polyethylene HDPE. The LDPE and HOPE both 
o x i d i s e very r a p i d l y w i t h i n i t i a l l y the surface and 
subsurface layers being oxidised t o approximately the 
same ex t e n t . For the LDPE however the 70° t a k e - o f f angle 
spectra r e v e a l t h a t the surface l e v e l of o x i d a t i o n a f t e r 
passing through a maximum soon f a l l s t o a lower l i m i t i n g 
value. For HDPE the 0^ 70° t a k e - o f f spectra r i s e sharply 
w i t h time, l e v e l o f f and then r i s e t o t h e i r f i n a l values. 
For both types of polyethylene the subsurface layer 
f i n a l l y acquires a greater degree of oxygen f u n c t i o n a l i t y 
than the outer layer and t h i s i s remarkably s i m i l a r f o r 
both types. A possible explanation of these f a c t s i s t h a t 
the surface of the polymer becomes degraded d u r i n g 
treatment. The more h i g h l y branched LDPE might be expected 
to degrade more r a p i d l y as branches are cleaved and more 
h i g h l y o x i d ised fragments would be removed from the surface 
keeping the oxygen f u n c t i o n a l i t y low. For the subsurface 
layer the l e v e l of oxygen would be determined s o l e l y 
by the i n j e c t i o n parameters which might be expected t o 
be s i m i l a r f o r both types of polymer. This idea o f 
surface degradation i s supported by the f a c t t h a t the 
upper metal electrode becomes coated, i n time, w i t h a 
greasy deposit persumably a r i s i n g from d e p o s i t i o n of 
fragments from the surface of the polyethylene. To 
examine t h i s idea of surface degradation f u r t h e r samples 
were weighed before and a f t e r the corona treatment. 
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However the mass changes were very small and the r e s u l t s 
i n c o n s i s t e n t f o r the treatment times used. In f a c t Kim 
and Goring^ r e p o r t an increase m mass of between 0.1 
and 0.3% a f t e r a 30 minute corona treatment i n oxygen. 
They conclude t h a t oxygen a d d i t i o n was outweighing any 
loss of carbon atoms. 

As s t a t e d e a r l i e r the oxygen peaks were d i f f i c u l t 
t o deconvolute but when t h i s was done i t i s seen t h a t 
oxygen f u n c t i o n a l i t i e s are produced at b i n d i n g energies 
532.7, 533.5, 534.3 and 535.5 eV. These could correspond 
t o a l l the f u n c t i o n a l groups mentioned above and so i t 
i s u s e f u l t o consider i f a l l the groups are present. 
Using the area r a t i o already c a l c u l a t e d f o r the carbon 
and oxygen s t o i c h i o m e t r y of 1:1, t h a t i s 

C : 0 : 1 : 1.7 

the existence of some p a r t i c u l a r groups may be i n f e r r e d . 
Taking the oxygen peak a t 534.3 eV t h i s could be e i t h e r 
(or a l l ) c a r b o x y l i c a c i d , esters or hydroperoxide. The 
carbon peak at 289.2 eV corresponds t o c a r b o x y l i c f u n c t i o n s 
and using t h i s and the area r a t i o mentioned above i t i s 
p o s s i b l e t o i n f e r the existence or otherwise of hydro
peroxides. For LDPE, Table 4.3.4 and HDPE, Table 4.3.5, 
i t i s seen t h a t there has t o be a high p r o p o r t i o n of 
hydroperoxide present. In f a c t , apart from the surface 
of LDPE, 70° t a k e - o f f , most of the 534.3 eV peak seems t o 
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286.6 287.8 289.2 533.5 

A 3 .48 
4 .4 

1 .1 
1 .1 

0.2 
0 .4 

1 .40 
1 .7 

B 4 .5 
5 

1 .8 
2 .1 

0.6 
0 .8 

6 .1 
7 .5 

C 4 .5 
3 .2 

1 .7 
1 .4 

0.6 
0 .5 

4 .1 
4 .1 

Area r a t i o s 

HDPE DC Discharge 2mm gap 5 mins 
A'- 12 kV, upper electrode p o s i t i v e 
B - 25 kV, upper electrode p o s i t i v e 
C - 25 kV, upper electrode negative 

Table 4.3 .6 
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be due t o hydroperoxide. 
The r e s u l t s of c a l c u l a t i o n s f o r some of the r e s u l t s 

i n Tables 4.3.7 and 4.3.9 are shown m Table 4.3.10. 

Cn 289.2 eV Calc 0, 534.3eV Obs 0, 534.3 e v 
I s Is Is 

A 13 22.1 27.6 
12 20-4 23 

A 7.7 13 .1 18.7 
8 13.6 16 

B 12 20. U 36 

14 .7 25.0 37 

B ' 9.3 15.8 20 

A from a sample, heated at 75°C f o r 2 mms. 
B from a sample a f t e r 2 hours i n the ESCA spectrometer 

Area r a t i o s , c a l c u l a t e d and observed from the 
data given i n Tables 4.3.7 and 4.3.9. 

Table 4.3.10 

These c a l c u l a t i o n s assume t h a t there i s comparatively-
l i t t l e peroxy acid or peroxy ester formed. 

The ESCA r e s u l t s a f t e r a sample has been i n the 
spectrometer f o r 2 hours also support the idea of 
hydroperoxides being formed. Hydroperoxides would be 
expected to be unstable w i t h respect t o the e f f e c t of 
X-Ray bombardment and some decomposition would be expected. 
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This i s what i s observed i n Table 4.3.10 f o r B and B'where 
the d i f f e r e n c e between the c a l c u l a t e d and observed 0, 

I s 
peak becomes less a f t e r 2 hours i n the spectrometer. 
This loss cannot j u s t be due t o v o l a t i l e fragments being 
l o s t since heating corona t r e a t e d polyethylene t o 75°C 
does not produce the same e f f e c t (see r e s u l t s A and A 
i n Table 4.3.10). Also when a hydroperoxide decomposes 
i t would be expected t h a t a r e d u c t i o n i n the oxygen peak 
at 534.3 eV would be accompanied by an increase m the 
oxygen peak at 533.5 eV, which corresponds t o s i n g l y 
bonded oxygen i n hydroxides, ethers and peroxides. This 
i s m f a c t what i s seen i r the r e s u l t s i n Table 4.3.9. 
I t would be u n r e a l i s t i c t o expect an exact correspondence 
since some m a t e r i a l may be l o s t d u r i n g the X-Ray 
bombardment, which does also produce some heating of the 
sample. The r e s u l t s i n Table 4.3.7 i n f a c t suggest t h a t 
some m a t e r i a l i s l o s t from the surface of the polymer. 

Similar deductions concerning other oxygen 
f u n c t i o n a l i t i e s cannot be so r e a d i l y made from the peak 
areas. Thus the oxygen peak a t 535.5 eV could be due t o 
s i n g l y bonded oxygen m carbonate groups or peroxy acid 
f u n c t i o n s . Carbonate carbon would be associated w i t h two 
s i n g l y bonded oxygens g i v i n g 

C : 2 0 : : 1 : 3 .4 

The peak areas are low compared t o those discussed 
concerning hydroperoxides and the r e l a t i v e e r r o r s t h e r e f o r e 
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l a r g e r . Using the carbon:oxygen r a t i o above suggests 
t h a t most of the oxygen peak a t 53,5.5 can be accounted 
f o r by carbonate oxygen. Therefore there i s not a great 
deal of peroxy acid f u n c t i o n present. 

No f i r m conclusions can be made concerning the 
oxygen peaks at 532.7 and 533.5 eV. I t cannot be 
deduced from the ESCA data how much f r e e hydroxyl 
there i s and how much ether there i s present. Therefore 
no d e c i s i o n can be made as t o the p r o p o r t i o n of the 
533.5 eV peak t h a t a r i s e s from the three p o s s i b i l i t i e s , 
h y d r o x y l , ether or peroxy l i n k s . I t can be concluded 
from the C-̂ g peak a t 286.6 eV t h a t although some of 
i t i s due t o ether linkages t h a t i t i s not a l l . Further 
evidence, from other sources, i s needed before the 
matter can be resolved f u r t h e r . The 532.7 eV peak a r i s e s 
from the doubly bonded oxygen i n c a r b o x y l i c acid 
f u n c t i o n s . For LDPE there o f t e n appears too l i t t l e oxygen 
fo r the observed C l s 289.2 eV peak w h i l e f o r HDPE the 
reverse i s u s u a l l y observed. Part of the reason f o r t h i s 
may be the use of set peaks i n the deconvolution 
process which assumes t h a t the doubly bonded oxygen 
appears at t h i s value. 

The n i t r o g e n spectra, always weak, were not 
c o n s i s t e n t . Peaks at 400.5 and 402 eV were observed, 
these being due t o amine fu n c t i o n s and also at 408 eV 
t h i s l a t t e r being due t o n i t r a t e groups. However, peaks 
at these three b i n d i n g energies were 
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not always observed and the peaks had a low i n t e n s i t y , 
u s u a l l y of the order o f 2% or less, of the 285 eV C, 

Is 
peak, a f t e r 15 seconds of corona treatment. Due t o t h e i r 
low i n t e n s i t y i t was not possi b l e t o come zo any 
conclusions regarding t h e i r e f f e c t s on e i t h e r the 
spectra or the 0, spectra. Any e f f e c t from a n i t r o g e n 
peak o f such low i n t e n s i t y would be l o s t amongst the 
experimental d e v i a t i o n s normally observed. On one 
occasion, see Table 4.3.9, a n i t r a t e peak was observed 
t o disappear d u r i n g a period of 2 hours m the spectrometer 
t o be replaced by another a t 4.005 eV, corresponding t o 
an amine. The two peaks were s i m i l a r i n magnitude and 
so i t i s possible t h a t the n i t r a t e ion had been reduced. 
A somewhat s i m i l a r e f f e c t was noted when samples of 
corona t r e a t e d HDPE were subjected t o heat treatment, 
see Table 4.3.7. In these instances though the n i t r a t e 
peak a t 408 eV d i d not e n t i r e l y disappear. 

Some experiments were c a r r i e d out, using the dis c 
electrodes connected t o a high voltage D.C. supply. 
The ESCA r e s u l t s are tab u l a t e d i n Table 4.3.6 and i t 
can be seen t h a t there i s no increase i n the oxygen 
f u n c t i o n a l i t y though there seemed t o be some increase 
i n the surface energy (see Chapter 5.2). 

b) Spectra obtained f o r Corona Treatment i n Oxygen 

(Tables 4.3 .11 - 13) 
For both HDPE and LDPE there i s an increase i n 

the oxygen f u n c t i o n a l i t y but apart from the surface 
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lay e r of LDPE the increase i s less than t h a t f o r corona 
treatment m a i r . For LDPE the surface layer i s much the 
same as f o r a i r treatment and m f a c t the t o t a l l e v e l of 
oxygen f u n c t i o n a l i t y i s much the same f o r a l l the gases 
used. However, a more d e t a i l e d study of the oxygen 
f u n c t i o n a l i t i e s does r e v e a l some important d i f f e r e n c e s 
(see s e c t i o n c below). The lower oxygen f u n c t i o n a l i t y 
f o r HDPE and the subsurface layer of LDPE can be explained 
by assuming the surface layers degrade f a s t e r i n the 
oxygen atmosphere. Thus m a t e r i a l i s removed before the 
oxygen content has r i s e n t o t h a t of a i r . The decreased 
oxygen f u n c t i o n a l i t y i s matched by a decrease i n the 
carbon I s f u n c t i o n a l i t y , i t being noted t h a t f o r LDPE 
the 70° take o f f values f o r C, are s i m i l a r t o those f o r 

I s 
the a i r treatment. The general l e v e l of oxygen 
f u n c t i o n a l i t y seems l i k e the a i r treatment t o be greater 
f o r the subsurface layer than t h a t of the , 'surface l a y e r . 

I n Tables 4.3.11 and 12 the oxygen peaks were 
deconvoluted using the procedure described p r e v i o u s l y . 
While accepting the problems involved and possi b l e e r r o r s 
i t i s possible t o a r r i v e at some conclusions. Considering 
f i r s t the 70° take o f f angle peaks i t i s seen t h a t f o r 
both LDPE and HDPE the C, 290.3 eV peaks are very s i m i l a r 

Is r 2 

f o r s i m i l a r treatment times. The 0^ s 535.5 eV peaks are 
also s i m i l a r m size and also, using the C : 20 1 : 3.4 
area r a t i o the 0-̂ s peaks seem t o be l a r g e l y a r i s i n g from 
carbonate features, shown by the C, 290.3 eV peak. 
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There seems t o be very l i t t l e peroxy acid f u n c t i o n a l i t y 
at the surface. The 30° t a k e - o f f peaks f o r the same 
C^s and 0^ peaks are not e x a c t l y m such good agreement 
fo r LDPE and HDPE but a l l o w i n g f o r measurement and 
deconvolution problems, _.t does not seem there i s much 
d i f f e r e n c e . The HDPE perhaps reaches a s l i g h t l y higher 
l e v e l of carbonate f u n c t i o n a l i t y but the d i f f e r e n c e i s 
only s mall. Once again there seems l i t t l e evidence f o r 
peroxy acid f e a t u r e s . 

The presence of hydroperoxide may be i n f e r r e d , as 
was the case f o r a i r corona, from a co n s i d e r a t i o n o f 
the C. 289.2 eV (carboxyl) peak and the 0, 534.3 eV 

I S \ J > I? ]_g 
peak. The area r a t i o f o r a one-to-one st o i c h i o m e t r y 

C : 0 : : 1 : 1.7 

enables a t h e o r e t i c a l value f o r the 0^ g 534.3 eV peak 
to be c a l c u l a t e d from the C, 289.2 eV peak, carbonate 

I s tr i 

f u n c t i o n a l i t y being low. The d i f f e r e n c e between 
c a l c u l a t e d and observed 0-̂ s peak i s then an i n d i c a t i o n 
of the amount of hydroperoxide present. The r e s u l t s i n 
Tables 4.3.11 and 12 show c l e a r l y t h a t hydroperoxides 
are formed and m the case of HDPE i n amounts t h a t are 
ra t h e r s i m i l a r f o r both the surface and subsurface 
l a y e r s . Furthermore f o r HDPE the amount of hydroperoxide 
changes comparatively l i t t l e w i t h tme reaching q u i t e a 
high l e v e l i n a very short time. The case of LDPE i s 
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Binding Energy / eV 

Is °ls 
286 .6 287 .8 289.2 2 90 .3 533 .5 

1 13 .5 8.0 4.7 4.7 40 
10.8 2 .6 4 .2 0.8 29 .2 

2 3 .4 0.6 0.1 1 .6 
3 .8 1.0 0.4 1 .2 

3 6 1.3 0.3 0.5 
4 .6 1 .2 0.3 1 .7 

4 3 .8 0.8 0.1 0.5 
4.9 0.9 0.4 1 .3 

15 sees. Corona Treatment, 0^, 2 mm gap 
Samples at d i f f e r e n t distances from the discharge 
1 at the centre, 2 j u s t outside the v i s i b l e discharge 
3 a t a distance of 3cm, 4 at a distance of 10cm 

Area Ratios f o r HDPE 

Table 4.3.13 
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r a t h e r d i f f e r e n t , the amount of hydroperoxide formed at 
the surface being only small, as i s the amount of carboxyl 
f u n c t i o n . For the subsurface layer of LDPE the s i t u a t i o n 
i s more l i k e t h a t f o r HDPE. A much higher l e v e l of 
hydroperoxide i s formed than at the surface but t h i s 
i s not formed as q u i c k l y as i n the case of HDPE. 
However, e v e n t u a l l y the l e v e l of oxygen f u n c t i o n a l i t y 
at 534.3 eV becomes much the same f o r both types of 
polymer. 

The 0^ s peaks at 533.5 eV are much the same f o r both 
LDPE, HDPE and the 30° and 70° take o f f angles, f o r 
corresponding times. There i s no such agreement f o r the 
C1 286.6 eV and 287.8 eV peaks, the LDPE peaks tending 
t o be lower than those of HDPE. As stated p r e v i o u s l y 
there i s i n s u f f i c i e n t evidence t o draw f i r m conclusions 
concerning these peaks and the 0^g 532.7 peak. However, 
i t does seem t h a t carbonyl features are more prominent 
m HDPE (287.8 eV peak). Also the higher l e v e l s of 
hydroperoxide a t the surface of HDPE, compared t o LDPE, 
i s seen m the l a r g e r value of the 0^ 534.3 eV peak 
and the C-j 286.6 eV peak. 

There was observed a small n i t r o g e n Is peak a t one 
p o i n t f o r both LDPE and HDPE. This corresponds t o amine 
f u n c t i o n a l i t y and probably a r i s e s from n i t r o g e n i m p u r i t y , 
e i t h e r m the oxygen gas, or absorbed on the surface of 
the polymer. 

Some samples of polyethylene were taken from p o r t i o n s 

of the sheet l y i n g outside the corona area. 
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The r e s u l t s are shown i n Table 4.3.13, the oxygen peak 
being quoted f o r the centroid,deconvolution not being 
attempted. I t i s seen t h a t outside the corona treatment 
area the l e v e l s of oxygen f u n c t i o n a l i t y do not d i f f e r 
a ppreciably from those of untreated p o l y e t h y l e n e . 

c) Spectra obtained f o r Corona Treatment i n 
Nitrogen (Tables 4.3.8, .14 and J_5) 
As f o r oxygen the surface layer of LDPE reaches 

a s i m i l a r value of t o t a l surface o x i d a t i o n as t h a t 
reached f o r a i r treatment. However deconvolution of 
the 0 n peak reveals t h a t the s i t u a t i o n i s very Is ^ 1 

d i f f e r e n t . The e f f e c t s f o r the subsurface layer and 
f o r HDPE are also seen t o be q u i t e d i f f e r e n t than the 
e f f e c t s observed f o r a i r and oxygen corona treatment. 

The n i t r o g e n I s spectra as might be expected were 
very obvious and deconvolution revealed n i t r o g e n 
f u n c t i o n a l i t y at approximately 400.5 and 399 eV bi n d i n g 
energy. The former corresponds t o amine f u n c t i o n s and 
the l a t t e r corresponds t o amide f e a t u r e s . The presence 
of these two n i t r o g e n f u n c t i o n a l i t i e s can be used t o 
ex p l a i n the general aspects of the oxygen Is spectra. 

When the oxygen spectra were deconvoluted i t was 
seen t h a t compared t o oxygen and a i r corona treatment 
there was a general s h i f t m the 0^g b i n d i n g energies 
towards lower values . In the 0^ g spectra q u i t e large 
s i g n a l s were observed at 531.7 eV and these may be 
assigned t o amide oxygen. This agrees w e l l w i t h the 
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observed s i g n a l s at 399 eV mentioned p r e v i o u s l y . 

The 0, s i g n a l at 532.7 eV i s g e n e r a l l y too l a r g e to i s 
be accounted for by c a r b o x y l i c a c i d functions which 

have a corresponding s i g n a l a t 289.2 eV. However, 

the a l l o c a t i o n of f i x e d values of binding energies i n 

the 0 l s s p e c t r a i s a l i t t l e a r b i t r a r y and may not e x a c t l y 

match the true binding e n e r g i e s . Some of the 532.7 eV 

peak may t h e r e f o r e i n r e a l i t y a r i s e from amide oxygen. 

The presence of high concentrations of nitrogen 

f u n c t i o n a l i t i e s a l s o produces complications i n the C^ g 

s p e c t r a . These were deconvoluted ignoring s i g n a l s 

a r i s i n g from carbon bonded to n i t r o g e n . This does not 

produce s e r i o u s e r r o r s when the nitrogen s i g n a l s are 

only about 1% of the main carbon 285 eV peak but when 

the N^s peak i s of the order of 10% then the e r r o r s may 

be l a r g e . For example, the amide carbon I s s i g n a l w i l l 

f a l l between 287.8 and 289.2 eV and for exact 

deconvolution of the carbon I s s p e c t r a peaks other than 

C - 0 and C = 0 should be used. I t i s doubtful though 

i f unique deconvolutions could be achieved, w i t h any 

degree of c e r t a i n t y , i f more peaks were introduced. 

The 0 1 peaks at 535.5 eV i n d i c a t e t h at for LDPE 

there i s very l i t t l e carbonate f u n c t i o n a l i t y w h i l e for 

HDPE there i s a l i t t l e but not as much as was seen when 

a i r and oxygen corona were used. The corresponding C^ g 

peaks at 290.3 eV agree with these 0^ g peaks as regards 

carbonate f u n c t i o n a l i t y . As for a i r and oxygen corona the 
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C 289.2 ev and O 534.3 eV peaks enable the e x i s t e n c e 
X S X S 

or otherwise of hydroperoxides to be e s t a b l i s h e d . In 

f a c t there seems to be very l i t t l e or no hydroperoxide 

and the peaks are u s u a l l y too l a r g e to match the 

0^ s 534.3 eV peaks i f they, the peaks, are a l l due 

to c a r b o x y l i c a c i d f u n c t i o n s . Since though the peaks 

i n d i c a t e the presence of amides the problem of the 

289.2 eV peaks being too larg e can be r e s o l v e d . S t r i c t l y 

speaking though the C^ g s p e c t r a should be deconvoluted 

w i t h e x t r a peaks which would i n e f f e c t reduce the c a r b o x y l i c 

carbon peaks to more r e a l i s t i c values for the 0^ s 534.3 

eV peaks. 

For treatment i n nitrogen gas the t o t a l oxygen 

f u n c t i o n a l i t i e s reached seem q u i t e high. Therefore 

experiments were run m the g l a s s tube r e a c t o r , using 

n i t r o g e n gas and a sample of the gas removed and analysed 

using a mass spectrometer. This gave the oxygen content 

as 0.5%, perhaps a l i t t l e high but the s e a l s of the 

r e a c t o r were known to leak s l i g h t l y . The nitrogen gas 

a l s o had not been s p e c i a l l y p u r i f i e d and was used as 

supplied by B r i t i s h Oxygen. There were, as w e l l , v a r i o us 

"dead" spaces m the r e a c t o r and to t r y to e l i m i n a t e oxygen 

from the a i r the r e a c t o r was evacuated and then f i l l e d 

w ith n itrogen to s l i g h t l y above atmospheric p r e s s u r e . 

T h i s process being repeated three times. T h i s l e v e l of 

oxygen, 0.5% could e x p l a i n the l e v e l of o x i d a t i o n observed, 
169 

though i t i s i n t e r e s t i n g to note that Evans d i d not 

observe any change (MIR IR) when using nitrogen c o n t a i n i n g 

0.5% oxygen for corona treatment. 



d) Spectra obtained for Corona Treatment using Argon 

(Tables 4.3.16 and .17) 

The r e s u l t s obtained for both LDPE and HDPE are 

very s i m i l a r to those obtained using an oxygen atmospher 

The main d i f f e r e n c e s are th a t using argon the l e v e l s of 

oxygen f u n c t i o n a l i t y a t 534.3 and 535.5 eV are lower 

than those observed for the oxygen corona. The values, 

taken i n c onjunction w i t h the C^ s peaks a t 289.2 and 

290.3 eV suggest that using argon the l e v e l of hydro

peroxide and peroxy a c i d c o n c e ntrations are qu i t e s m a l l , 

though i t would seem they are s t i l l p r e sent. This i s 

m c o n t r a s t with the r e s u l t s for nitrogen corona (see 

c above) where peroxy functions are v i r t u a l l y non

e x i s t e n t . Another d i f f e r e n c e was that for LDPE the O.. 
I s 

peak at 532.7 eV reaches a higher value than that 

observed for the oxygen corona. This seems to correspond 

to a higher value of the peak a t 287.8 eV. T h i s 

a r i s e s from carbonyl carbon and the corresponding oxygen 

peak should be a t or near 53 3.5 eV. However, the 0, 

deconvolutions are somewhat s u b j e c t to e r r o r and not eas 

to determine uniquely. The HDPE on the other hand reache 

values for the 0. 532.7 eV and C, 287.8 eV peaks more 
I s I s ^ 

l i k e those observed for the oxygen corona though the 

argon corona peaks at 532.7 eV are e v e n t u a l l y l a r g e r . 

The oxygen f u n c t i o n a l i t i e s r i s e more slowly, w i t h 

i n c r e a s i n g treatment times than when using oxygen gas. 

This i s not al t o g e t h e r s u r p r i s i n g s i n c e the oxygen i n 
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the argon i s only present as a small impurity and what i s 

being observed i s the slow a d d i t i o n of oxygen f u n c t i o n s . 

There i s a l s o l e s s l i k e l i h o o d of s u r f a c e degradation when 

us i n g argon. When using oxygen i t i s l i k e l y t h a t the 

su r f a c e i s c o n t i n u a l l y degrading and so though the i n i t i a l 

r i s e i n s u r f a c e o x i d a t i o n l e v e l s i s high the continuous 

removal of s u r f a c e m a t e r i a l keeps the t o t a l l e v e l of 

su r f a c e o x i d a t i o n comparatively low. 

The argon seems to contain nitrogen as an impurity as 

w e l l as oxygen. Thus for LDPE and HDPE peaks corresponding 

to amine, 400.5 eV and amide 399 eV are seen a f t e r prolonged 

corona treatment (more than 3 s e c ) . No n i t r a t e f u n c t i o n s 

were observed but in view of the low oxygen l e v e l (^1%) 

m the argon t h i s i s not s u r p r i s i n g . 

The v i s i b l e corona when using argon was c o n s i d e r a b l y 

d i f f e r e n t than that observed using other gases. Whereas i n 

those cases the corona discharge was seen as an intense 

glow, w i t h a myriad small streamers, a l l contained w i t h i n 

the e l e c t r o d e area the appearance when using argon was 

qu i t e d i f f e r e n t . The discharge i n argon took the form of 

very long discharges /^10cm, which "snaked" a l l over the 

su r f a c e of the polymer, s t a r t i n g from the upper e l e c t r o d e 

and r e a c h i n g the edge of the grounded p l a t e . No v i s i b l e 

d ischarge, apart from t h i s , due to gas l o m s a t i o n from 

e l e c t r o n avalanches was seen in the e l e c t r o d e gap. In 

view of t h i s and the r e s u l t s obtained when a DC supply was 

used (Table 4.3.6) i t i s s u r p r i s i n g t h a t the l e v e l s of 
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of oxygen f u n c t i o n a l i t i e s reach the va l u e s t h a t they do. 

e) The E f f e c t s of Heating, Humidity and Other Conditions 

(Tables 4.3.7, .8, .9 and 4.5.1) 

When the r e s u l t s for samples A and B i n Table 

4.5.1 are compared w i t h corresponding r e s u l t s i n Tables 

4.3.4 and .5 i t i s seen t h a t there i s very l i t t l e change 

i n carbon and oxygen f u n c t i o n a l i t i e s w i t h time, a f t e r 

corona treatment. 

Some of the r e s u l t s i n Table 4.3.7 have a l r e a d y been 

d i s c u s s e d i n s e c t i o n a ) . The r e s u l t s r e f e r to samples of 

HDPE t h a t had been s u b j e c t e d to, on both s i d e s , corona 

treatment m a i r and then subjected to heat treatment 

fo r v a r i o u s times. I t i s probably t h i s treatment on both 

s i d e s t h a t i s the cause of the oxygen and carbon 

f u n c t i o n a l i t i e s d i f f e r i n g s l i g h t l y from those observed 

i n other samples t r e a t e d on one s i d e o n l y . Considering 

f i r s t the oxygen peak a t 534.3 eV and the carbon peak 

a t 289.2 eV, c a l c u l a t i o n s show, Table 4.3.10, t h a t the 

l e v e l of hydroperoxide changes very l i t t l e w i t h heat 

treatment but t h a t the l e v e l of c a r b o x y l i c a c i d f u n c t i o n 

( i n c l u d i n g p o s s i b l e e s t e r ) does. Furthermore, there seems 

to be a s l i g h t l y higher l e v e l of hydroperoxide 

c o n c e n t r a t i o n i n the subsurface l a y e r than i n the s u r f a c e 

l a y e r . The carbon I s a t 290.3 eV and the oxygen peak a t 

535.5 eV taken together show t h a t the c o n c e n t r a t i o n of 

carbonate f e a t u r e s i s small and t h a t there i s very l i t t l e 

p eroxy-acid or pe r o x y - e s t e r . On he a t i n g these two peaks, 
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C, and 0. , b o t h become s m a l l e r . As explained p r e v i o u s l y I s I s r c 

the exact nature of the oxygen f u n c t i o n a l i t y a t 535.5 eV 

and the carbon f u n c t i o n a l i t y a t 286.6 cannot be uniquely 

determined. 

One r e s u l t of heat treatment i s an o v e r a l l r e d u c t i o n 

of oxygen f u n c t i o n a l i t y though as explained above the 

hydroperoxide co n c e n t r a t i o n changes very l i t t l e . T h i s 

l o s s i s p o s s i b l y due to l o s s of v o l a t i l e fragments 

but some may be due to "turning i n " of polar groups to 

c r e a t e a s u r f a c e w i t h lower s u r f a c e energy. 

Some experiments were c a r r i e d out using the g l a s s 

tube r e a c t o r and va r y i n g the r e l a t i v e humidity of the 

a i r . The r e s u l t s are shown i n Table 4.3.9 and i t would 

appear t h a t using dry a i r there i s l i t t l e d i f f e r e n c e 

i n the s p e c t r a obtained when a i r a t ambient humidity 

i s used (Table 4.3.4) . When a i r a t 100% humidity i s 

used there i s however a more n o t i c e a b l e e f f e c t i n t h a t 

the oxygen f u n c t i o n a l i t y i s i n c r e a s e d . I n f a c t for one 

sample the e f f e c t was very l a r g e . The carbon 

f u n c t i o n a l i t i e s are a l s o increased but not for a l l carbon 

f e a t u r e s . Thus the peak at 286.6 eV, corresponding to 

carbon s i n g l y bonded to one oxygen h a r d l y changes ( a l l o w i n g 

for v a r i a t i o n s often observed). T h i s would not though 

r e v e a l d i f f e r e n c e s i n proportions of hydroperoxide, 

peroxide, hydroxyl and ether groups, a l l of which would 

give C, s i g n a l s at approximately 286.6 eV. The other 

carbon I s peaks are a l l in c r e a s e d when us i n g a i r a t 100% 
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humidity, the value being approximately doubled for the 

peak a t 287.8 eV. The peak a t 289.2 eV showed a s m a l l e r 

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

and e s t e r had not i n c r e a s e d much. The peak corresponding 

to carbonate f u n c t i o n s was higher than t h a t for dry a i r 

except for one value at 70° take o f f . 

Using the same method as i n s e c t i o n a) i t i s p o s s i b l e 

to decide upon the presence or absence of hydroperoxides. 

For a l l the C^ g peaks a t 290.3 eV i t seems t h a t the oxygen 

f u n c t i o n a l i t y a t 535.5 eV can a l l be explained i n terms of 

carbonate f u n c t i o n s . Or r a t h e r i t might be s a i d t h a t 

t h ere i s i n s u f f i c i e n t oxygen at 535.5 eV to suggest 

c a r b o x y l i c peroxide f u n c t i o n s . Therefore i t mudt be 

a s s o c i a t e d w i t h carbonate f e a t u r e s , the problem being 

though t h a t the 535 .5 eV peak i s a l i t t l e too s m a l l , 

compared to i t s c a l c u l a t e d v a l u e . This could however be 

p a r t l y due to the f a c t t h a t the oxygen peaks are d i f f i c u l t 

to deconvolute and there may be a systematic e r r o r i n 

the 0^ g r e s u l t s . I f there i s l i t t l e or no c a r b o x y l i c 

peroxy f u n c t i o n a l i t y then the C^ g 289.2 eV peaks enable 

the corresponding 0^ g peaks at 534.3 eV to be assigned 

to c a r b o x y l i c oxygen and hydroperoxide groups. For dry 

a i r the r a t i o of the oxygen peak area a t 534.3 eV 

c a l c u l a t e d from the C- ĝ peak at 289.2 eV i s given by 

C : 0 :: 14 ; 23.8 (approximately for 30° 

and 70° take o f f ) 
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whereas the observed value i s approximately 14 : 36. 

T h i s suggests t h a t approximately one t h i r d of the oxygen 

peak a t 534.3 eV a r i s e s from hydroperoxide groups. Taken 

w i t h the t o t a l oxygen peak area i t r e v e a l s t h a t 

approximately 17% of the t o t a l oxygen f u n c t i o n a l i t y i s 

due to hydroperoxide. For a i r a t 100% humidity the 

proportion i s higher, i t a l s o being noted t h a t the s p e c t r a 

were f a r l e s s c o n s i s t e n t on d i f f e r e n t o c c a s i o n s . The 

approximate area r a t i o s for C^ g at 289.2 eV and t h a t 

c a l c u l a t e d from t h i s for oxygen a t 534.3 eV are 

C : 0 :: 16.4 : 27.9 

Th i s g i v e s the amount of the 0^ g peak being due to 

hydroperoxide as 18.6. This means th a t about t w o - f i f t h s 

of t h i s 0, peak are caused by hydroperoxide and th a t 
J- s 

something l i k e 20% of the t o t a l oxygen f u n c t i o n a l i t y i s 

due to hydroperoxide. 

The r e s u l t s of l e a v i n g the samples of HDPE mentioned 

above i n the ESCA spectrometer for 2 hours and then 

rerunning the s p e c t r a are q u i t e i n t e r e s t i n g (Table 4.3.9). 

When t h i s i s done i t i s seen t h a t the t o t a l carbon and 

oxygen f u n c t i o n a l i t i e s are reduced. T h i s was only done 

for the 30° take o f f as i t was f e l t t h a t for the 70° 

take o f f s u r f a c e contamination and "easy" l o s s of 

v o l a t i l e fragments would give misleading r e s u l t s . When 

the f u n c t i o n a l i t i e s r e v e a l e d by deconvolution are examined 
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the r e s u l t s are seen to be more complex than a quick 

examination would suggest. The carbon I s peaks are a l l 

reduced i n i n t e n s i t y but t h i s i s not true of the 0^ g peaks, 

as deconvoluted. The 0 n peak at 535.5 eV becomes sma l l e r 
I s c 

a f t e r 2 hours and t h i s can be explained by a l o s s of 

v o l a t i l e fragments containing carbonate f u n c t i o n a l groups. 

A corresponding l o s s i s seen i n the C^ g peak at 290.3 eV. 

The 0^ s peak at 534.3 eV becomes c o n s i d e r a b l y smaller and 

t h i s can be p a r t l y accounted for by a l o s s of c a r b o x y l i c 

a c i d functions which i s a l s o seen in the r e d u c t i o n of the 

C^ s peak a t 289.2 eV. The other oxygen fu n c t i o n that 

appears a t 534.3 eV i s the hydroperoxide group and u s i n g 

the c a r b o x y l i c group peak at 289.2 eV i t i s seen that, 

a f t e r 2 hours i n the spectrometer, most of the 534.3 eV 

peak that remains can be accounted for by the c a r b o x y l i c 

a c i d f u n c t i o n . Therefore i t would appear that v i r t u a l l y 

a l l the hydroperoxide group has decomposed. Now some of 

the oxygen a s s o c i a t e d with i t w i l l be l o s t when the group 

decomposes and so w i l l be removed from the sample. Some 

w i l l a l s o be l o s t as low molecular mass fragments are 

v o l a t a l i s e d . Nevertheless i t might be expected that some 

of the oxygen f u n c t i o n a l i t y would remain and might appear 

as e i t h e r oxygen doubly bonded to carbon and oxygen s i n g l y 

bonded to carbon at 532.7 and 533.5 eV. This i s i n f a c t 

what i s observed i n t h a t these two peaks a c t u a l l y i n c r e a s e 

a f t e r being m the spectrometer. The sample t h a t has the 

hi g h e s t estimated hydroperoxide c o n c e n t r a t i o n i n i t i a l l y a l s o 
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seems to be the one m which these peaks i n c r e a s e the most. 

The nitrogen f u n c t i o n a l i t y shows some i n t e r e s t i n g 

changes a f t e r samples have been i n the spectrometer. For 

the samples a peak i s observed at the s t a r t a t 408 eV, 

corresponding to the n i t r a t e group. T h i s peak disappears 

a f t e r two hours exposure to X-Rays and for one sample 

i s r e placed by a peak at 400.5 eV, not o r i g i n a l l y 

observed. A peak at t h i s binding energy corresponds to 

amine functions and has been formed from the n i t r a t e 

group by photoreduction caused by the exposure to the 

X-Rays. 

f) The E f f e c t of A i r Saturated w i t h Perfluorobenzene 

Vapour 

(Table 4.3.18) 

The r e s u l t s i n d i c a t e t h a t a c o n s i d e r a b l e amount of 

g r a f t i n g onto the polymer has taken p l a c e . Furthermore 

t h a t t h i s has occurred not only on the s u r f a c e but i n 

the subsurface l a y e r as w e l l and not only of f l u o r i n e , 

a comparatively s m a l l atom but a l s o of benzene fragments, 

comparatively l a r g e . This i s shown by the presence of 

shake up peaks for C, at 291.8 eV and for f l u o r i n e I s 
I s 

a t of 8.1 eV for both 30° and 70° take o f f angles. 

The C 1 peak, deconvoluted a t 290.3 eV i s very l a r g e 

and i t i s i n t e r e s t i n g that the subsurface l a y e r , as 

r e v e a l e d by the area r a t i o at 30° take o f f , has a much \ 

higher f l u o r i n e content than the s u r f a c e l a y e r . These 

f a c t s suggest that there i s c o n s i d e r a b l e mixing, p o s s i b l y 

by t u r n i n g i n , of the s u r f a c e and subsurface l a y e r s 
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s i n c e the p e n e t r a t i o n by q u i t e l a r g e e n t i t i e s seems to 

take place with ease. 

There i s q u i t e a l a r g e i n c r e a s e i n the nitrogen 

f u n c t i o n a l i t y which seems p r i n c i p a l l y to be amine groups 

w i t h binding energy of approximately 402 eV. The oxygen 

f u n c t i o n a l i t y i s perhaps the most s u r p r i s i n g f eature, 

showing t o t a l l e v e l s of between two or three times 

g r e a t e r than t h a t observed for normal a i r corona 

treatment of t h i s d u r a tion (15 seconds). I t i s d i f f i c u l t 

to use the method employed in previous s e c t i o n s of t h i s 

chapter for a n a l y s i n g the r e s u l t s . The presence of carbon-

f l u o r i n e bonds makes assignment of deconvoluted C^ g 

peaks l e s s c e r t a i n and t h i s then makes i n t e r p r e t a t i o n 

of the 0- ĝ s p e c t r a more p r o b l e m a t i c a l . I t does seem 

though t h a t much of the oxygen f u n c t i o n a l i t y i s a s s o c i a t e d 

w i t h higher binding energies which i s suggestive, i n 

view of the C, s p e c t r a , of hydroperoxides and peroxy 

a c i d f e a t u r e s . These l a t t e r could a r i s e from the 

presence of oxygen "scavengers" m the form of f r e e 

r a d i c a l s formed by f l u o r i n e c o n t a i n i n g s p e c i e s . These 

f r e e r a d i c a l s would then r e a c t w i t h molecular oxygen 

to form hydroperoxides. 
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•4 I n f r a Red Spectra 
The i n f r a red spectrum f o r a substance i s u s u a l l y 

r e l a t i v e l y easy t o o b t a i n . However the usual transmission 
spectrum, though c a r r i e d out on a t h i n sample, or 
m a t e r i a l combined i n t o a d i s c , i s u s u a l l y i n s e n s i t i v e 
when only a very t h i n surface layer of the m a t e r i a l 
i s t o be examined. There i s a need t o concentrate the 
species t o be examined t o increase t h e i r t o t a l 
absorbance, as compared t o the absorbance of the bulk 
m a t e r i a l . This can be done by removing the surface layer 
by s c r a p i n g 5 ' 1 6 ^ or by solvent e x t r a c t i o n ^ . These 
however involve an element of d e s t r u c t i o n and are r a t h e r 
time consuming. The "simpler" and less time consuming 

162 163 
method of t o t a l i n t e r n a l r e f l e c t i o n spectroscopy ' 
i s t o be p r e f e r r e d , e s p e c i a l l y as i t 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 . The method r e l i e s on the t o t a l i n t e r n a l 
r e f l e c t i o n of the i n f r a red r a d i a t i o n and the f a c t t h a t 
when t o t a l r e f l e c t i o n occurs there i s some p e n e t r a t i o n of 
the r a d i a t i o n from one medium i n t o the ot h e r . I f medium 
2 absorbs at d i f f e r e n t wavelengths than medium 1, then 
t h i s absorbance may be observed. Furthermore, since the 
p e n e t r a t i o n i n t o medium 2 i s only small the technique 
may be applied t o t h i n surface layers of m a t e r i a l 2. 



Penetration 

0 

Medium 1 Medium 2 

( more dense) ( less dense 

Total Internal Reflection 

Figure 4.4.1 

The depth of p e n e t r a t i o n i s given by 

d = • r r r - 4 4.1 
P " n,2Tr(sm 2 0-n 2y2 21 

where d i s the distance i n medium 2 f o r the e l e c t r i c P 
f i e l d amplitude t o f a l l t o e-"^ of i t s value a t the 
boundary surface of medium 2 

\ i s the wavelength of the r a d i a t i o n , 
n^ i s the r e f r a c t i v e index of medium 1, 
G i s the angle o f r e f l e c t i o n , 

n2 and n„. = — , n_ being the r e f r a c t i v e index 21 n^ 2 ^ 

of medium 2 (the sample)-
The p e n e t r a t i o n depth d^ i s commonly of the order 

of 10 ̂  m, though i t obviously v a r i e s w i t h change i n 
wavelength and the r e f r a c t i v e i n d i c e s , n^ and . 
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To increase the i n t e n s i t y of absorbance use may be 
made of a m u l t i p l e i n t e r n a l r e f l e c t i o n , MIR, element 
g i v i n g a number of r e f l e c t i o n s , each r e f l e c t i o n enhancing 
the absorbance spectrum. 

7 
sample MIR crystal 

MIR C r y s t a l and Sample 
Figure 4.4.2 

The MIR IR spectra reproduced i n the f o l l o w i n g f i g u r e s 
were obtained using a 25 r e f l e c t i o n element w i t h c r y s t a l s 
o f Thallium bromo-iodide, KRS-5, w i t h r e f r a c t i v e index A / 2 

and germanium, Ge, w i t h r e f r a c t i v e index A / 4 0 . The 
a c t u a l u n i t was a m u l t i p l e i n t e r n a l r e f l e c t i o n u n i t made 
by Specac and the spectra were recorded on a Perkm-Elmer 
577 I n f r a Red Spectrometer. Consideration of equation 
4.4.1 i n d i c a t e s t h a t use of the germanium c r y s t a l w i l l 
r e s u l t m sampling a t h i n n e r layer than use of the KRS-5 
c r y s t a l which w i l l sample approximately twice the depth. 

In the f o l l o w i n g spectra the peaks at 2910 and 
2850 cm - 1, corresponding t o CH2 and CĤ  s t r e t c h i n g 
v i b r a t i o n s , are omitted. Also omitted are the bands at 
730 and 720 cm-''", due t o -CH2 r o c k i n g . These l a t t e r 
bands were not observed using the Ge c r y s t a l as t h i s 
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absorbs h e a v i l y i n the same r e g i o n . The spectra o f both 
LDPE and HDPE show i n general the same features, though 
not a l l bands have the same i n t e n s i t y . I t was also 
found t h a t the KRS-5 gave somewhat b e t t e r spectra, w i t h 
more intense absorption bands. 

Before treatment both LDPE and HDPE gave absorbance 
bands a t 2910 and 2850 cm - 1, 1470 and 1460 cm - 1 

(CH2 and CH3 bending) and at 730 and 720 cm - 1. Some 
transmission spectra were recorded and these showed 
the presence of i s o l a t e d OH groups a t 3610 cm ^ and 
po s s i b l y CH^ bending overtones a t 2650 cm-"'". 

When MIR IR spectra f o r corona treatment were 
examined i t was found t h a t f o r discharge times of the 
order of 3 seconds i t was only j u s t possible t o see 
any r e s u l t s . Longer treatment times gave more c l e a r l y 
recognised e f f e c t s and these are l i s t e d below. 

Wave Number of S t r u c t u r a l 
Observed Absorbance Features 

_1 
3400 cm broad Hydrogen bonded OH 
1750 1 broad Carbonyl s t r e t c h 
1714 ) 
1630 Broad Enol (3-diketone, C=C 

Absorbance bands observed a f t e r Corona 
Treatment of Polyethylene 

Table 4 .4 .1 
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For transmission spectroscopy i t was found necessary 
t o use treatment times of the order of 30 minutes before 
i t was possible t o disce r n the features observed using 
MIR a f t e r treatment times of a few seconds. 

The absorbance bands observed and given m Table 
4.4.1 have been observed by many workers studying the 
surface o x i d a t i o n and e f f e c t s of "corona" discharges 

170 
on polymers. Thus Benaissa and Mayoux , c a r r y i n g out 
corona discharge treatment on wool, paper and 
polypropylene, r e p o r t the production of carbonyl groups 
and hydroxyl groups. They r e f e r t o bands, a r i s i n g from 
the formation of carboxyl groups at 1280 cm . This 
was not observed m the spectra recorded f o r the work 

171 
i n t h i s t h e s i s . Z e l ' t z e r , B r i t a n , and Klyachko 
c a r r y i n g out corona treatment on polyethylene observed 
absorption bands at 1715-1730 cm-"'" and at 1630-1640 cm ^. 
Their spectra appear t o be transmission spectra and 
t h e i r treatment times, t o get measurable spectra, are 

172 
ra t h e r long (minutes and hours) . Carchano and Guastavmo 
studying the polymerisation of styrene by e l e c t r i c a l 
discharge, discovered t h a t bands due t o hydrogen bonded 
hydroxyl groups 3600-3400 cm - 1, and carbonyl groups 
1750-1650 cm were formed a f t e r o x i d a t i o n by a i r . 
The formation of bands due t o n i t r a t e ion and n i t r a t e 
ester, as reported by Zichy"'"^ from the surface scrapings 
of corona t r e a t e d polypropylene, were not observed i n 
the MIR IR spectra f o r corona t r e a t e d polyethylene. 
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However, the treatment times she used are not mentioned 
and i t i s p o s s i b l e they would be observed by MIR IR 
a f t e r long corona treatment times. 

173 
I t has been suggested by Lomonte t h a t the ester 

content of oxi d i s e d polyethylene might be determined 
from the i n f r a red spectra. However, the low i n t e n s i t y 
of the band suggested f o r measurement, 1175 cm-"'", i n 
the recorded spectra does not allow t h i s . 

Although as stat e d e a r l i e r the MIR IR spectra f o r 
LDPE and HDPE are s i m i l a r there are important d i f f e r e n c e 
Thus LDPE shows a l a r g e r absorbance at 13 70 cm-"1" due 
to CĤ  symmetrical bending movements. This i s as would 
be expected since a branched alkane w i l l have more 
t e r m i n a l methyl groups than a more l i n e a r alkane. 
LDPE also shows two bands at 945 and 920 cm"\ the 

174 
l a t t e r p o s s i b l y being due t o v i n y l end groups 
.5 Iodine L i b e r a t i o n 

175 
Following the work of Mair and Graupner i t was 

decided t o i n v e s t i g a t e the p o s s i b i l i t y of iodine 
l i b e r a t i o n from iodide ion as a means o f examining 
peroxide formation on polyethylene surfaces d u r i n g 
corona treatment. The technique suggested by Mair and 

175 
Graupner i s w e l l - e s t a b l i s h e d and involves t r e a t i n g 
the organic peroxide w i t h a s o l u t i o n c o n t a i n i n g iodide 
ions. The peroxide bond i s reduced by the iodide ion, 
which i s o x i d i s e d t o i o d i n e . The fre e iodine w i l l be 
complexed, m the presence of excess i o d i d e ion t o form 
the t r i i o d i d e ion 
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l 2 + I " z± I " 

This t r u o d i d e ion may then be determined by any 
s u i t a b l e a n a l y t i c a l technique. 

In view of the low concentration of the t r i i o d i d e 
ion l i k e l y t o be formed, a f t e r treatment of a surface 
c o n t a i n i n g peroxide groups i t i s d e s i r a b l e t o c a r r y 
out the r e a c t i o n i n an i n e r t atmosphere. This i s t o 
prevent o x i d a t i o n of the iodide ion by atmospheric 
oxygen. The f o l l o w i n g apparatus was t h e r e f o r e 
constructed t o enable the iodide s o l u t i o n t o be kept 
and used i n an atmosphere of n i t r o g e n . The iodide 
s o l u t i o n was a saturated s o l u t i o n of analar potassium 
iodi d e i n analar acetone and the n i t r o g e n was d r i e d 
before use. The method of operation was t o place the 
sample i n the c o n i c a l f l a s k and by means of the t h r e e -
way tap evacuate t h a t s e c t i o n of the apparatus, 

3 

i n c l u d i n g the graduated s e c t i o n . 5 cm of the acetone/ 
potassium i o d i d e s o l u t i o n was then measured and added 
t o the sample. A f t e r a l l o w i n g 20 minutes f o r the 
r e a c t i o n between the iodide ions and the possible peroxide 
groups a sample of the s o l u t i o n could then be removed 
from the c o n i c a l f l a s k , v i a the rubber septum, by a 
hypodermic sy r i n g e . The t r i o d i d e s o l u t i o n was then 
examined by means of i t s u l t r a v i o l e t absorption 
spectrum, using the absorption at 360 nm. This was 
c a r r i e d out by r a p i d l y f i l l i n g a quartz c e l l , path 
le n g t h 1 cm, w i t h the s o l u t i o n and rec o r d i n g the 
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absorption spectrum. The reference c e l l was f i l l e d 
w i t h a s o l u t i o n of acetone/potassium iodide t h a t had 
been i n contact w i t h untreated polyethylene f i l m f o r 
20 minutes. The a c t u a l spectra 
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were r e c o r d e d on a Beckman 25 U l t r a V i o l e t S p e c t r o m e t e r , 

and a t y p i c a l r e s u l t i s shown i n F i g u r e 4.5.2. 

U s i n g t h e molar e x t i n c t i o n c o e f f i c i e n t f o r t r u o d i d e 

i o n , 25000 a t 360 nm, the c o n c e n t r a t i o n o f t r n o d i d e 

f o r t h e sample i n F i g u r e 4.5.2 c a n be o b t a i n e d as 

f o l l o w s . 

A b sorbance 
C o n c e n t r a t i o n o f T r i i o d i d e ?= 

Molar E x t i n c t i o n C o e f f . 

= 0.12 
2 5000 

—6 —3 = 4.8 x 10~ moles dm 

The t o t a l volume o f a c e t o n e / p o t a s s i u m i o d i d e s o l u t i o n 
3 

use d was 5 cm and so the moles o f i o d i n e l i b e r a t e d i s 

5 x 4 .8 x 10 6 = 2.4 x 1 0 ~ 8 moles 1000 

The p i e c e o f p o l y e t h y l e n e had an a r e a o f a p p r o x i m a t e l y 
3 -4 2 

4 cm , or 4 x 10 m and so the moles o f i o d i n e l i b e r a t e d 
p e r s q u a r e metre o f p o l y e t h y l e n e i s a p p r o x i m a t e l y 

2 .4 x 1 0 ~ 8 , l r.-5 , _ -2 - • = 6 x 10 moles I„ m 
4 x 10 4 Z 

T h i s c o r r e s p o n d s t o an e q u i v a l e n t number of moles o f 

p e r o x i d e g r o u p s . The a c t u a l number o f p e r o x i d e groups 

p e r s q u a r e metre i s o b t a i n e d by m u l t i p l y i n g by Avogadro's 

number and t h i s g i v e s the number o f p e r o x i d e groups a s 
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19 -2 
3.6 x 10 m . I f t h i s i s compared to the a p p r o x i m a t e 
p a c k i n g o f atoms a t t h e s u r f a c e o f t h e polymer o f 

19 -2 

a p p r o x i m a t e l y 10 atoms m i t would appear t h a t t h e 

whole s u r f a c e i s c o v e r e d w i t h p e r o x i d e g r o ups! T h i s 

i s o f c o u r s e a f a r too s i m p l i s t i c view s i n c e a l l t h e 

p e r o x i d e groups a r e not n e c e s s a r i l y l o c a t e d on the 

s u r f a c e . As was s e e n i n t h e s e c t i o n above on the ESCA 

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

l a y e r of t h e p o l y e t h y l e n e and q u i t e a h i g h c o n c e n t r a t i o n 

o f h y d r o p e r o x i d e . These s u b s u r f a c e p e r o x i d e groups may 

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

I t would appear t h e r e f o r e t h a t t h e r e i s q u i t e a h i g h 

c o n c e n t r a t i o n o f p e r o x i d e groups formed d u r i n g c o r o n a 

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

d e t e c t e d by i o d i n e l i b e r a t i o n . The s i t u a t i o n i s however 

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

have been r e p o r t e d as b e i n g formed , may a l s o c a u s e 

o x i d a t i o n of t h e i o d i d e i o n s . T h e r e i s a n o t h e r problem i n 

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

p o s s i b i l i t y t h a t some of the i o d i n e l i b e r a t e d may be 

a b s o r b e d by t h e p o l y e t h y l e n e . I n f a c t , Evans has s h o w n 1 7 6 , 

u s i n g r a d i o a c t i v e i o d i n e t h a t t h i s i s so and a l s o 1 7 7 

t h a t t h e a b s o r p t i o n r a t i o i n c r e a s e s r a p i d l y as the 

c o n c e n t r a t i o n f a l l s below 1 0 ~ 4 moles dm" 3. F u r t h e r work 

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

t e c h n i q u e c a n be u s e d t o g i v e a q u a n t i t a t i v e measure of 

t h e p e r o x i d e c o n c e n t r a t i o n on c o r o n a t r e a t e d p o l y e t h y l e n e . 



246 

Samples of p o l y e t h y l e n e , a f t e r t r e a t m e n t w i t h 

a c e t o n e and a c e t o n e / p o t a s s i u m i o d i d e s o l u t i o n were 

examined by ESCA . The purpose o f t h i s was t o see i f 

low m o l e c u l a r mass m a t e r i a l was removed and, a l s o i n 

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

any changes o b s e r v a b l e i n t h e oxygen f u n c t i o n a l i t i e s . 

The samples were a l s o examined t o s e e i f p o t a s s i u m or 

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

a r e shown i n T a b l e s 4.5.1 - 3. The s p e c t r u m o f a n a l a r 

p o t a s s i u m i o d i d e was a l s o r e c o r d e d ( T a b l e 4 . 5 . 3 ) . 

The d e c o n v o l u t e d oxygen s p e c t r a show t h a t t r e a t m e n t 

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

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

e n e r g i e s . T h i s d e c r e a s e can be e x p l a i n e d as t h e e f f e c t 

o f t h e a c e t o n e removing low m o l e c u l a r mass m a t e r i a l 

w h i c h i s h i g h l y o x i d i s e d . However, t h e oxygen 

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

t r e a t m e n t w i t h a c e t o n e but seems l i t t l e changed when 

a c e t o n e / p o t a s s i u m i o d i d e i s u s e d . T h i s seeming 

c o n t r a d i c t i o n c a n be e x p l a i n e d by assuming t h a t when 

h y d r o p e r o x i d e ( h i g h b i n d i n g e n e r g y 0, ) r e a c t s w i t h 

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

can c r o s s l i n k t o make a l e s s s o l u b l e p r o d u c t 

2 ROOH + 2 I ~ — > 2R0" + 20H~ + I 2 

RO* > C r o s s l i n k e d p r o d u c t s 

low m o l e c u l a r High m o l e c u l a r 

mass ( s o l u b l e ) Mass ( i n s o l u b l e ) 
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When j u s t a c e t o n e i s used c r o s s l i n k i n g would be much 

r e d u c e d and so most of t h e h i g h l y o x i d i s e d m a t e r i a l , 

c o n t a i n i n g h y d r o p e r o x i d e s would be l o s t . W i t h a c e t o n e / 

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

would r e a p p e a r as lower b i n d i n g e n e r g y e t h e r l i n k s and 

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

w i t h lower b i n d i n g energy oxygen. The l a c k o f change 

i n t h e lower b i n d i n g e n e r g y peaks f o r oxygen m t h i s 

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

The p o l y e t h y l e n e c o n t r o l , sample A, T a b l e 4.5.2, 

showed t h a t n e i t h e r p o t a s s i u m nor i o d i d e i o n s were 

p i c k e d up by u n t r e a t e d HDPE. However, t h e oxygen s p e c t r a 

showed a v e r y s u r p r i s i n g r e s u l t w i t h a v e r y l a r g e 

component a t low b i n d i n g e n e r g y . T h i s was n o t matched 

by a n y t h i n g i n the C^ g s p e c t r a so a wide s c a n ESCA sweep 

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

more d e t a i l e d s t u d y gave an a r e a r a t i o of S ^ p : 0-^g 

o f 7:10. T h i s i n d i c a t e s t h a t s i l i c o n e s a r e p r o b a b l y 

b e i n g p i c k e d up and t h e same e f f e c t was o b s e r v e d when 

t h e e x p e r i m e n t was r e p e a t e d some time l a t e r and on a 

d i f f e r e n t ESCA machine, K r a t o s ES 300. But t h i s s i l i c o n e 

c o n t a m i n a t i o n was not o b s e r v e d f o r c o r o n a t r e a t e d samples 

or when j u s t a c e t o n e was u s e d . At t h e p r e s e n t t i m e t h e s e 

d i f f e r e n c e s i n b e h a v i o u r cannot be s a t i s f a c t o r i l y 

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

S c o t c h t a p e , i s known t o o c c u r , i t u s u a l l y t a k e s some 

time and the ESCA r e s u l t s were r e c o r d e d w i t h i n an hour 
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o f t h e p o l y e t h y l e n e b e i n g s t u c k on t h e probe t i p . 

C o n t a m i n a t i o n o f the a c e t o n e / p o t a s s i u m i o d i d e s o l u t i o n 

s h o u l d have shown up when o t h e r samples were b e i n g r u n 

(C and D, T a b l e 4.5.2) . 

I t was i n t e r e s t i n g t o see t h a t b o t h p o t a s s i u m and 

i o d i d e i o n s were absorbed, from an a c e t o n e / p o t a s s i u m 

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

p o t a s s i u m i o n s though were absorbed t o a f a r g r e a t e r 

d egree t h a n were the i o d i d e i o n s . U s i n g t h e v a l u e s 

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

does not decompose when i r r a d i a t e d by X-Rays, t h e 

K„ -. a r e a s h o u l d be a p p r o x i m a t e l y h a l f t h e I - . , 
2 P % P 3 d V 2 

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

t h i s a r e a r a t i o i s not s e e n and f o r a 70° t a k e o f f 

t h e a r e a r a t i o s ( T a b l e 4.5.3) s u g g e s t t h a t the 

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

magnitude g r e a t e r t h a n the a b s o r p t i o n of i o d i d e i o n s . 

F o r a 30° t a k e o f f no I ^ peaks were o b s e r v a b l e w h i c h 

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

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

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

but a s r e c o r d e d t h e c a r b o x y l a t e peak, a t 289.2 eV i s 

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

a b s o r p t i o n . However, d e c o n v o l u t i o n was a c h i e v e d a s suming 

t h a t t h e c a r b o x y l a t e f u n c t i o n was p r e s e n t as the 

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

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

f o r t h e c a r b o x y l a t e i o n t h e n a l a r g e r peak, a p p r o x i m a t e 
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a r e a r a t i o 4% ( r e l a t i v e t o C, 285 eV) i s needed. 
I s 

T h i s peak i s a l s o much b r o a d e r , FWHM 2.2 eV, w h i c h 

would be e x p e c t e d s i n c e t h e i o n i s e d c a r b o x y l a t e i o n 

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

s i t e s and t h i s l e a d s t o b r o a d e n i n g o f t h e peak. The 

r e l a t i v e a r e a s o f photo l o n i s a t i o n f o r p o t a s s i u m and 

c a r b o n a r e i n t h e a p p r o x i m a t e r a t i o o f 4:1. T h i s , t a k e n 

w i t h t h e C ^ s a r e a r a t i o g i v e n above o f 4%, s u g g e s t s 

t h a t t h e t o t a l K_ a r e a s h o u l d be about 16%. The a c t u a l 
2p 

v a l u e s o b s e r v e d a r e 16% f o r t h e 30° t a k e o f f and 13.8% 

f o r t h e 70° t a k e o f f . T h i s agreement i s q u i t e good and 

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

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

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

e x p l a i n e d s i n c e t h e r e a r e v e r y few b a s i c groups formed. 

.6 D i s c u s s i o n and C o n s i d e r a t i o n o f R e s u l t s 

The r e s u l t s i n t h i s c h a p t e r show c l e a r l y t h e 

a d v a n t a g e s o f t h e ESCA t e c h n i q u e o v e r MIR IR when 

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

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

and so i s n o t t o be d e s p i s e d . The i o d i n e l i b e r a t i o n 

t e c h n i q u e d e s c r i b e d i n s e c t i o n .5 above does g i v e some 

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

more work i s needed on t h i s b e f o r e q u a n t i t a t i v e r e s u l t s 

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

a r i s i n g from t h e i o d i n e l i b e r a t i o n e x p e r i m e n t s was 

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

q u a n t i t a t i v e amounts, as c o u n t e r i o n f o r c a r b o x y l a t e i o n . 
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The p r e s e n c e o f a c i d i c groups, a f t e r c o r o n a t r e a t m e n t 

o f p o l y e t h y l e n e , has been shown by t h e work o f C o u r v a l , 
178 

Gr a y and G o r i n g , who found t h a t b a s i c d y e s c o u l d be 

a b s o r b e d by t h e polymer s u r f a c e b u t t h a t a c i d i c d y e s 

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

i n n i t r o g e n o n l y b a s i c groups were formed s i n c e t h e n 

a c i d i c d y e s were a b s o r b e d b u t b a s i c d y e s were n o t . 

The ESCA r e s u l t s above, i n s e c t i o n .3, show t h a t a f t e r 

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

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

g a s e s o t h e r t h a n a i r or oxygen a r e u s e d t h e oxygen may 

come e i t h e r from i m p u r i t i e s i n t h e g a s e s or from g a s e s 

a b s o r b e d on the s u r f a c e o f t h e p o l y e t h y l e n e . The oxygen 

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

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

e t h e r and p e r o x i d e . Q u i t e l a r g e , r e l a t i v e l y s p e a k i n g , 

q u a n t i t i e s o f h y d r o p e r o x i d e a r e u s u a l l y formed. A l s o formed 

m s m a l l amounts a r e n i t r a t e groups and amines ( n o t when 

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

n i t r a t e i o n s were not a l w a y s o b s e r v e d while amine groups 
163 

were commonly o b s e r v e d . Y e t o t h e r w o r k e r s i n t h i s f i e l d ' 

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

T h i s may w e l l be due t o t h e way t h e s p e c t r a were r e c o r d e d 

and t h e time of e x p o s u r e t o X-Rays. I n s e c t i o n s -3a and 3 

above, the r e s u l t s o f l e a v i n g a sample exposed t o X-Ray 

r a d i a t i o n f o r 2 h o u r s and t h e n r e c o r d i n g t h e s p e c t r a , 

a r e d i s c u s s e d . What was o b s e r v e d was t h a t n i t r a t e 

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

t h e n i t r o g e n s p e c t r a were a l w a y s r e c o r d e d l a s t , t h a t 
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i s i n f a c t a f t e r about an hour, t h i s c o u l d e x p l a i n t h e 

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

e x p o s u r e t o X-Rays h y d r o p e r o x i d e s were o b s e r v e d t o 

d e c r e a s e a s t h e y a r e decomposed by t h e r a d i a t i o n . I t 

would t h e r e f o r e not seem p o s s i b l e t o measure, f o r one 

sample, t h e amounts o f n i t r a t e and h y d r o p e r o x i d e w i t h 

g r e a t a c c u r a c y . 

When u s i n g n i t r o g e n a s t h e c o r o n a gas t h e oxygen 

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

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

f u n c t i o n and p r o b a b l y no h y d r o p e r o x i d e formed. On t h e 

o t h e r hand t h e r e were formed c o n s i d e r a b l e amounts o f 

amine and amide f u n c t i o n s . T h i s l a t t e r was s e e n b o t h m 

t h e n i t r o g e n and oxygen I s s p e c t r a . 

D e g r a d a t i o n o f polymer s u r f a c e s , a f t e r c o r o n a d i s c h a r g e , 

h a s been o b s e r v e d as have changes i n s u r f a c e m o r p h o l o g y 6 . 

Thus Kim and G o r i n g found t h a t c o r o n a t r e a t m e n t o f low 

d e n s i t y p o l y e t h y l e n e i n oxygen or oxygen c o n t a i n i n g g a s e s 

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

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

o f d e f i n i t e bumps on t h e s u r f a c e t h a t a ppeared t o grow 

w i t h t i m e . They s u g g e s t t h a t d u r i n g t h e t r e a t m e n t degraded 

m a t e r i a l may a c t u a l l y move t o v a r i o u s p o i n t s on t h e 

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

i n p a r t , why t h e r e i s n o t a d e c r e a s e i n mass d u r i n g t h e 

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

w h i c h t h e y s u g g e s t i s c a u s e d by t h e a d d i t i o n o f oxygen 
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c o m p e n s a t i n g f o r t h e l o s s o f any polymer m a t e r i a l . 

The "corona" d i s c h a r g e used f o r t r e a t m e n t p u r p o s e s 

i s known t o be composed o f e l e c t r o n s , i o n s , e x c i t e d 

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

p r i n c i p a l l y m t h e u l t r a v i o l e t r e g i o n . I t would be 

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

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

t i m e t h i s i s n ot known. I t would a l s o be u s e f u l t o know 

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

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

p o l y m e r s . T h i s i n f o r m a t i o n would be o f v a l u e n o t o n l y 

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

o f p o lymers b u t a l s o t o e l e c t r i c a l e n g i n e e r s whom i t 

might be s a i d would o f t e n r a t h e r t h e e f f e c t s d i d not t a k e 

p l a c e . M a y o u x 1 ^ ' h a s s t u d i e d t h e e f f e c t s , s e p a r a t e l y , 

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

He found t h a t an e l e c t r o n beam, a c c e l e r a t i n g v o l t a g e 

1500 V, produced a brown s p o t on p o l y e t h y l e n e . U s i n g 

MIR IR he was a b l e t o show t h e f o r m a t i o n o f h y d r o x y l and 

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

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

O t h e r groups d e t e c t e d were e t h y l e n i c and c a r b o x y l g r o u p s . 

When bombardment w i t h i o n s or i r r a d i a t i o n w i t h u l t r a v i o l e t 

l i g h t was c a r r i e d out he o b s e r v e d t h e same groups b u t t h a t 

t h e s e were n o t n e c e s s a r i l y formed t o t h e same e x t e n t i n 

e a c h c a s e . F u r t h e r m o r e he c o n c l u d e d t h a t c o r o n a t r e a t m e n t 

i n a i r c o u l d not be c o n s i d e r e d a s t h e s i m p l e sum o f t h e 
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e f f e c t s o f e l e c t r o n s , i o n s and u l t r a v i o l e t r a d i a t i o n . 

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

u s u a l l y l o o k e d f o r i s t h e f o r m a t i o n of f r e e r a d i c a l s . 
179 

T h i s h a s been o b s e r v e d , by Waterman and D o l e , u s i n g 

1 MeV e l e c t r o n s on p o l y e t h y l e n e 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 s . The f r e e r a d i c a l s were found t o p e r s i s t a t 

room t e m p e r a t u r e s . F r e e r a d i c a l s a r e a l s o known t o be 

formed as a r e s u l t o f u l t r a v i o l e t r a d i a t i o n . I t i s 

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

normal c o r o n a t r e a t m e n t . T h a t t h e y a r e n o t o b s e r v e d 
176 188 

a f t e r t h e t r e a t m e n t ' may s i m p l y be due t o t h e f a c t 

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

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

p e r o x i d e s and o t h e r oxygen c o n t a i n i n g g r o u p s . 
180 181 The o x i d a t i o n o f p o l y e t h y l e n e and p o l y p r o p y l e n e 

by u l t r a v i o l e t r a d i a t i o n h a s been shown t o be dependent 
on t h e p r e s e n c e o f h y d r o p e r o x i d e s and f r e e r a d i c a l s . 

180 

Thus Chew, Gan and S c o t t s u g g e s t t h a t t h e h y d r o p e r o x i d e 

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

R*+ 0 2 RO* ( i ) 

RO* + RH ROOH + R 4 ( l l ) 

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

a c a r b o n y l compound 

RO" + RH $ ROH + R* ( i v ) 

R 0 * « - ^ R'_ C - R~ + H* (v) 
!l 
0 
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The r e a c t i o n i s a c h a i n one, new i n i t i a t i n g r a d i c a l s 

b e i n g formed i n r e a c t i o n s ( m ) and ( I V ) . T e r m i n a t i o n i s 

l i k e l y t o be by d i s p r o p o r t l o n a t i o n o f t h e a l k y l p e r o x i d e 

r a d i c a l s . 

2 R 0* ^ s t a b l e p r o d u c t s 

181 

C a r l s s o n , G orton and W i l e s i n t h e i r work on p o l y 

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

may be formed by t h e r e a c t i o n o f s i n g l e t oxygen w i t h 

d ouble bonds a s w e l l a s by t h e r e a c t i o n o f o r d i n a r y 

oxygen w i t h f r e e r a d i c a l s . 

R e a c t i o n s s i m i l a r t o t h e one d i s c u s s e d i n s e c t i o n .3f 

above have been proposed f o r t r e a t i n g t h e s u r f a c e s o f 
p o l y m e r s , b o t h n a t u r a l and s y n t h e t i c . Thus S a k a t a and 

182 

G o r i n g found t h a t e t h y l a e r y l a t e c o u l d be g r a f t e d onto 

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

n o t r e p o r t any s p e c t r o s c o p i c e x a m i n a t i o n o f t h e polymer 
13 7 

s u r f a c e formed. Hay has found t h a t a c o r o n a d i s c h a r g e 

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

u s i n g a moving f i l m as a c a r r i e r f o r t h e d e p o s i t e d 
183 

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

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

d i e l e c t r i c s i n e l e c t r i c a l c a p a c i t o r s . However, t h e 
3 

p r e s s u r e s he u s e s a r e l e s s t h a n a t m o s p h e r i c , 3 x 10 
_2 

Nm , so h i s p r o c e s s may be t h e one u s u a l l y c a l l e d p lasma 

p o l y m e r i s a t i o n ( s e e C h a p t e r 6) r a t h e r t h a n a " c o r o n a " 

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

or f o r p r o d u c i n g t h i n polymer f i l m s i t c a n n o t be assumed 

t h a t t h e polymer formed i s e x a c t l y t h e same a s t h a t 

produced from t h e monomer by t h e more u s u a l c h e m i c a l 
172 

r e a c t i o n s . Thus Ca r c h a n o and G u a s t a v i n o found t h a t 

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

i n t h e s o l v e n t s w h i c h c o u l d n o r m a l l y be use d t o d i s s o l v e 

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

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

O ther examples o f t h e use, p r e s e n t or s u g g e s t e d f o r 

c o r o n a i n d u c e d g r a f t i n g and m o d i f i c a t i o n o f polymer 

s u r f a c e s w i l l be found i n t h e r e f e r e n c e s g i v e n m C h a p t e r 

one. 
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C h a p t e r 5 

E f f e c t s and Uses o f Corona T r e a t m e n t on P o l y e t h y l e n e 

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

2 S u r f a c e E n e r g y and C r i t i c a l S u r f a c e 

T e n s i o n f o r W e t t i n g 
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c ) R e s u l t s and D i s c u s s i o n 

Shear S t r e n g t h , ESCA and MIR IR 

4 S u r f a c e C h a r g i n g 

a) E l e c t r i c a l P r o p e r t i e s o f Polymers 

b) Measurement o f Charge 

c ) R e s u l t s and D i s c u s s i o n 

5 C o n c l u s i o n s and Uses o f Corona T r e a t m e n t 
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• 1 I n t r o d u c t i o n 

The low s u r f a c e energy of many polymers leads to 

poor wettxng by commercial p r i n t i n g inks and low adhesion 

when used w i t h normal glues and ad h e s i v e s . There i s 

g e n e r a l l y a need to ensure t h a t the s u r f a c e energy of 
-2 

the polymer i s a t l e a s t 40 mN m before use w i t h the 
184 

ordinary commercial ink s and adhesives . A method t h a t 

i s cheap and c l e a n and needs l i t t l e or no pretreatment or 

c l e a n i n g up a f t e r the process i s r e q u i r e d . The commonest 
2 4 methods are I ) using flame and plasma torches , 

n ) corona treatment, d e a l t w i t h i n Chapter 4 and t h i s 

chapter, and n i ) plasma treatment a t low p r e s s u r e s , d e a l t 

w i t h i n Chapter 6. 

The method of corona treatment of polymer s u r f a c e s 

has been the s u b j e c t of q u i t e e x t e n s i v e patent l i t e r a t u r e 

by i n d u s t r i a l u s e r s (see s e c t i o n .5 below). 

Discharge 
Phenomena 
of Corona 

Corona 

Discharge 
4/-

Changes i n 
Surface 
Chemistry 

I 

E l e c t r o s t a t i c s 

Adhesion 
Phenomena 

E l e c t r o 
photography 
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Although i t i s known t h a t corona treatment i n c r e a s e s the 

c r i t i c a l s u r f a c e t e n s i o n for wetting i t has not always 

been very c l e a r why i t should do so. C l e a r l y the t r e a t e d 

s u r f a c e i s able to e x e r t some in c r e a s e d a t t r a c t i o n for 

the ink and adhesive molecules. Van der Waals f o r c e s , 
185 

weak and induced d i p o l e s can be used to e x p l a i n t h i s 

i n c r e a s e provided t h a t the s u r f a c e s are i d e a l , t h a t i s 

c l e a n and a t o m i c a l l y smooth and pl a n a r . However, s u r f a c e s 

are u s u a l l y f a r from i d e a l and so somewhat l a r g e r f o r c e s 

than simple Van der Waals fo r c e s are needed to e x p l a i n 

the observed i n c r e a s e s i n s u r f a c e energy. The formation 

of l a r g e permanent d i p o l e s , such as are present i n 

hydroxyl groups could e x p l a i n some of the i n c r e a s e . The 

formation of d e f i n i t e c ovalent bonds between the polymer 

and the ink (or adhesive) would of course produce l a r g e 

f o r c e s . These c o v a l e n t l i n k s could be formed by the f i s s i o n 

of peroxy bonds or by e s t e r formation from hydroxyl and 

carb o x y l groups (Chapter 4 . 3 ) . Evidence t h a t a polymer 

may form covalent bonds w i t h another s u r f a c e has been put 
186 

forward by Buckley and Bra i n a r d from t h e i r work w i t h 

p o l y t e t r a f l u o r o e t h y l e n e and polyimide polymers and tungsten. 

I o n i c bonds could be formed by the i o n i s a t i o n of c a r b o x y l i c 

a c i d groups on the polymer s u r f a c e or the presence of 
178 

other i o n i c groups. Thus Courval, Gray and Goring r e p o r t 

the formation of b a s i c groups on the s u r f a c e of poly

ethylene s u b j e c t to a corona discharge i n n i t r o g e n . The 
187 

presence of trapped e l e c t r o n s , forming an e l e c t r e t 
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m a t e r i a l , might a l s o produce the e f f e c t of having 

n e g a t i v e l y charged groups attached to the polymer 

m a t e r i a l . In f a c t i t has been suggested by Kim, Evans 
188 

and Goring t h a t these comparatively deep seated 

e l e c t r o n s are l a r g e l y r e s p o n s i b l e for the in c r e a s e d 

autoadhesion of corona t r e a t e d p o l y e t h y l e n e . 

I t i s p o s s i b l e t h a t a l l the f o r c e s mentioned above, 

Van der Waals, covalent, i o n i c and e l e c t r e t charge are 

involved to some degree i n i n c r e a s i n g the a b i l i t y of 

corona t r e a t e d polyethylene to accept inks and adhes i v e s . 

Furthermore i t i s p o s s i b l e t h a t the r e l a t i v e e f f e c t of 

each component force may change w i t h time from the 

proportion of each, immediately f o l l o w i n g p r i n t i n g and 

gl u e i n g . Thus e l e c t r e t a t t r a c t i o n and Van der Waals f o r c e s 

may be r e s p o n s i b l e i n i t i a l l y and i o n i c and cova l e n t f o r c e s 

may become more important w i t h time. There i s another 

e f f e c t not mentioned so f a r and th a t i s d i f f u s i o n of 
181 

m a t e r i a l a t the i n t e r f a c e . This could lead to an 
i n c r e a s e i n adhesive s t r e n g t h due to mutual entanglement 
of the d i f f e r e n t m a t e r i a l s . I t has been suggested by 

181 
Schonhorn t h a t the in c r e a s e d adhesive s t r e n g t h i s due 

more to removal of weak s u r f a c e l a y e r s than due to 

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

idea w i l l be d i s c u s s e d f u r t h e r i n the s e c t i o n s below. 

.2 Surface Energy 

a) Theory 

The energy for a l i q u i d to spread must a r i s e 



262 

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

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

o f d i s p e r s i o n , o r i e n t a t i o n and i n d u c t i o n f o r c e s , assuming 

no c h e m i c a l b o n d i n g o c c u r s . T h i s l a t t e r i s u n l i k e l y except 

f o r l i q u i d adhesives b e i n g spread on t h e s u r f a c e . The 

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

f l u c t u a t i n g e l e c t r o n c l o u d s o f t h e m o l e c u l e s . D i s p e r s i o n 
189 

f o r c e s are common t o a l l molecules and K a e l b l e has 

shown t h a t f o r many polymers t h e d i s p e r s i o n f o r c e s a re 

t h e main component o f t h e t o t a l s u r f a c e energy o f t h e 

polymer. The o r i e n t a t i o n f o r c e s a r i s e from permanent 

d i p o l e s , w i t h i n t h e l i q u i d and s o l i d , w h i c h can r o t a t e so 

t h e y a re a t t r a c t e d t o each o t h e r . I n d u c t i o n f o r c e s a r i s e 

when a d i p o l e moment i n one phase can induce a temporary 

d i p o l e moment i n t h e o t h e r phase, t h u s g i v i n g r i s e t o 

a t t r a c t i o n . O r i e n t a t i o n and i n d u c t i o n f o r c e s a re o f t e n 

i n c l u d e d under t h e g e n e r a l heading o f p o l a r f o r c e s and 
t h e p o l a r component,§ , o f s u r f a c e energy may be w r i t t e n 

190 
as 

?.2J 

where i s t h e d i p o l e - d i p o l e component, PP 
i s t h e d i p o l e - induced d i p o l e component, 

and ^ l s t^ l e hydrogen b o n d i n g component (a hydrogen 

bond i s an "extreme" d i p o l e - d i p o l e a t t r a c t i o n ) . 

The e f f e c t s o f t h e f o r c e s , p o l a r and d i s p e r s i o n , when 
181 

a l i q u i d i s p l a c e d on a s u r f a c e , can be c o n s i d e r e d i n 
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terms o f the s u r f a c e energy o f t h e two phases. When a 

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

f o r w e t t i n g i s t h e d i f f e r e n c e between t h e energy Y s v °^ 

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

i s covered by t h e d r o p and t h e energy Jf C T o f t h e s o l i d -

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

Thus T = - 5.2.2 

where T i s t h e energy a v a i l a b l e f o r w e t t i n g . 

The s e p a r a t e v a l u e s o f Y C,T and Y C T cannot be 

de t e r m i n e d e x p e r i m e n t a l l y b u t t h e d i f f e r e n c e can be, by 

c o n s i d e r i n g t h e c o n t a c t a n g l e , 0, a t t h e edge o f a d r o p 

o f l i q u i d on t h e s o l i d s u r f a c e . 

y LV 

liquid vapour 

SL s v dS 0 
7 7 7 7 7 7 / / 

C dR B 
solid 

Liquid Drop on Surface 

Figure 5 2 1 
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I f t h e edge o f t h e drop, r a d i u s R, advances from B t o C 

t h e p e r i p h e r y o f t h e d r o p i s now AC i n s t e a d o f AB and 

t h e change i n f r e e energy dG, i s g i v e n by 

dG = 27TRdR^ s v - 2 7TRdRj^ -2 7TRdS* L V 52 3 

but dS = dRcosG 

therefore dG= 2 TTRdR ( X$y - y cosS) 5.2.4 

When t h e drop i s i n e q u i l i b r i u m dG = 0 and 

t h e r e f o r e y _ y = y 0 5 2 5 

SV SL LV 

T h i s i s known as t h e Young-Dupre e q u a t i o n and s u b s t i t u t i o n 

i n e q u a t i o n 5.2.2 g i v e s 

L V cos 0 5.2.6 

The s u r f a c e energy o f a l i q u i d can r e a d i l y be measured 

and t h e c o n t a c t a n g l e , O, o f t h e l i q u i d on t h e s u r f a c e i s 

a l s o e a s i l y measured and hence T can r e a d i l y be c a l c u l a t e d . 

Since $fT..T i s a p r o p e r t y s o l e l y o f t h e l i q u i d , t h e 

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

o f t h e s o l i d and t h e l i q u i d t o promote w e t t i n g i s cos 0. 

Since a s u r f a c e on w h i c h a dr o p i s s p r e a d i n g i s 

m e q u i l i b r i u m w i t h t h e vapour above t h e d r o p , a b s o r p t i o n 

o f t h e vapour must t a k e p l a c e . T h i s a b s o r p t i o n must reduce 
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t h e s u r f a c e energy o f t h e s o l i d from i t s vacuum v a l u e 

and t h i s must reduce t h e c o n t a c t a n g l e . The r e d u c t i o n 

o f t h e s u r f a c e energy o f t h e s o l i d below i t s vacuum v a l u e , 

yg, i s c a l l e d t h e s p r e a d i n g p r e s s u r e o f t h e l i q u i d , Hfg> 

and i s g i v e n by 

Y Y. 5.2.7 

The Young-Dupre e q u a t i o n , 5.2.5, t h e n becomes 
$ 5 2 8 

and cos 0 = 
*9 5.2 9 

7—Z.. a=TA C=3 C X 2 £ £ 3 

The t e r m ~.. i s s o l e l y concerned w i t h pure c l e a n 

s u r f a c e s and i f assumptions c o n c e r n i n g t h e v a l u e o f ]T 

can be made, i n f o r m a t i o n can t h e n be o b t a i n e d as t o how 

m o l e c u l a r s t r u c t u r e d e t e r m i n e s c o n t a c t a n g l e s . V a r i o u s 
189 191 192 

approaches t o t h i s problem have been made ' ' , 
192 

b o t h t h e o r e t i c a l and e m p i r i c a l . Zisman's approach t o 

t h e problem o f w e t t i n g i s s e m i - e m p i r i c a l and i s one o f 

more immediate u s e f u l n e s s . 

A c c o r d i n g t o Zisman t h e a b i l i t y o f a l i q u i d t o spread 

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

where S i s t h e decrease i n t h e f r e e energy o f t h e system 

when t h e l i q u i d d r o p spreads. Since d u r i n g t h i s process 

a s o l i d - l i q u i d i n t e r f a c e and a l i q u i d - v a p o u r i n t e r f a c e 
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are formed and a s o l i d - v a p o u r i n t e r f a c e i s l o s t 

S = - A G = * S V - * S L - * L V 5 2.10 

Since S must be p o s i t i v e i f t h e l i q u i d i s t o 

spread and g V f ° r many o r g a n i c polymers i s s m a l l , 

( 40 inN m" , a l i q u i d w i l l o n l y spread p r o v i d e d t h a t 

and Jf'gy a r e a l s o s m a l l . The i n v e s t i g a t i o n s o f Zisman 

have shown t h a t t h e r e i s a l i n e a r r e l a t i o n s h i p between 

cos O and $fTT7 o f t h e form 

cos 0 = b - c y L V 5.2.11 

where a and b are c o n s t a n t s f o r a homologous s e r i e s 

o f l i q u i d s on a g i v e n polymer s u r f a c e . 

The v a l u e o f Jf f o r w h i c h 0 = 0 , and cos 0 = 1 , 
i-j v 

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

i f t h e s u r f a c e f o r c e s are t o a s s i s t t h e w e t t i n g p r o c e s s , 

t h a t i s i f S i s t o be p o s i t i v e . T his maximum v a l u e o f 

J ^ L V has been c a l l e d by Zisman t h e " c r i t i c a l s u r f a c e 
t e n s i o n f o r w e t t i n g " , $ . T h i s does n o t mean t h a t i f 

^ LV ^ y C t ^ l a t n o s p r e a d i n g w i l l occur s i n c e 

g r a v i t a t i o n a l and o t h e r f o r c e s w i l l cause some s p r e a d i n g 

and a t e q u i l i b r i u m e s t a b l i s h m e n t o f a d r o p o f l i q u i d on 

t h e s u r f a c e w i t h c o n t a c t angle 0. The c r i t i c a l s u r f a c e 

t e n s i o n f o r w e t t i n g i s r e p r o d u c i b l e even when non-homologous 

l i q u i d s are used, though m t h i s case t h e r e i s more 

s c a t t e r i n t h e v a l u e s o f cos © and %' , w h i c h g i v e r i s e 
J_i v 

t o some u n c e r t a i n t y i n t h e v a l u e o f t h e c r i t i c a l s u r f a c e 

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

Zisman was a b l e t o t a k e J f c as a fundamental s u r f a c e 



267 

p r o p e r t y o f t h e s u r f a c e and t o r e l a t e i t e m p i r i c a l l y t o 
189 

s t r u c t u r a l f e a t u r e s . U s i n g Zisman's r e s u l t s K a e l b l e has 

been a b l e t o show t h a t t h e r e i s a f a i r c o r r e l a t i o n between 

Jf c and J^g, t h e r e l a t i o n s h i p b e i n g 

0.3 where 

and t h e r e f o r e Y / Y 
C ^ S 5.2 13 

Where § as found by Zisraan i s l e s s t h a n JT i t i s 

suggested by K a e l b l e t h a t t h i s i s due t o t h e f a c t t h a t 
t e n d s t o u n d e r e s t i m a t e t h e p o l a r component $ ̂  of t h e 

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

The above d i s c u s s i o n has assumed t h a t t h e l i q u i d 

spreads on a smooth f l a t s u r f a c e . I f t h e s u r f a c e i s rough 

or has a composite n a t u r e t h e n c o n t a c t a n g l e s are d i f f e r e n t 

f r o m those expected and f u r t h e r m o r e a h y s t e r e s i s e f f e c t 

i s observed f o r t h e c o n t a c t angle 0 depending on whether 

t h e l i q u i d d r o p i s a d v a ncing or r e c e d i n g over t h e s u r f a c e . 

For an advancing d r o p G w i l l be l a r g e r and t h e s u r f a c e 

l e s s e a s i l y w e t t e d w h i l e f o r a r e c e d i n g d r o p 9 w i l l be 

s m a l l e r and t h e s u r f a c e more e a s i l y w e t t e d ^ ' . 

When t h e s u r f a c e i s rough t h e n e q u a t i o n 5.2.2 

becomes 

TR = r (^SV - ^SL 5 5 ' 2 - 1 4 

where r i s t h e roughness f a c t o r and each s u r f a c e i s 

m u l t i p l i e d by r w h i l e T R r e f e r s t o u n i t area o f t h e 
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a p p a r e n t s u r f a c e . Hence from e q u a t i o n 5.2.6 t h e c o n t a c t 

a n g l e on t h e rough s u r f a c e 0, w i l l be g i v e n by 

TR 

cos 0 = f^Tv 5.2.15 

wh i c h w i t h e q u a t i o n 5.2.14 
becomes cos 0 = r % g 5.2.16 

y 
" l v 

and s u b s t i t u t i n g , u s i n g e q u a t i o n 5.2.5 t h i s becomes 

cos 0 = r cos 0 5.2.17 

and cos 0 _ 5.2 .18 

cos 0 

T h i s i s known as Wenzel's e q u a t i o n and shows t h a t 

i f t h e i n t r i n s i c c o n t a c t a n g l e 0 o f a l i q u i d on a s o l i d 

i s l e s s t h a n 90° t h e n t h e apparent c o n t a c t a n g l e 0 w i l l 

be reduced by r o u g h e n i n g w h i l e i f 0 i s g r e a t e r t h a n 90° 

t h e n 0 w i l l be i n c r e a s e d . For a composite s u r f a c e i t can 

be shown i n a s i m i l a r manner t h a t t h e app a r e n t c o n t a c t 

a n g l e i s g i v e n by 

cos 0 = J l 1 c o s 6 1 + J l 2 c o s 0 2 5.2 19 

where J fL^ and 9̂  , 9 2
 a r e t h e r e l a t i v e 

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

two components. 

The observed h y s t e r e s i s i n c o n t a c t a n g l e measurements 
193 

has been e x p l a i n e d by D e t t r e and Johnson as b e i n g 

due t o measurements b e i n g made on drops i n m e t a s t a b l e 
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e q u i l i b r i u m . A c c o r d i n g t o them t h e most s t a b l e p o s i t i o n 

f o r t h e edge o f a drop, on a rough s u r f a c e , i s c l o s e t o 

t h e t o p o f a t r o u g h and as t h e d r o p advances or recedes 

i t must pass t h r o u g h h i g h e r energy s t a t e s as i t moves 

fro m c r e s t t o c r e s t . 

Using a si m p l e model f o r t h e s u r f a c e o f t h e polymer, 

as shown i n f i g u r e 5.2.1, t h e maximum and minimum v a l u e s 

o f 0 can be fou n d . The i n t r i n s i c c o n t a c t a n g l e i s 9 b u t 

t h e measured c o n t a c t angle w i l l be 

0 A = 0 + f o r an advancing edge, and 

0 = 0 - «c f o r a r e c e d i n g edge. 

So 0 A w i l l be l a r g e r t h a n 0 R and t h e c r i t i c a l s u r f a c e 

t e n s i o n f o r w e t t i n g f o r t h e s o l i d w i l l appear t o be l e s s 

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

When a l i q u i d i s p l a c e d on a composite s u r f a c e , t h e 

adva n c i n g c o n t a c t angle w i l l be g r e a t e r t h a n t h e r e c e d i n g 

c o n t a c t a n g l e . T h i s i s because (assuming t h e c o n t a c t 

a n g l e i s n o t zero) t h a t as t h e l i q u i d edge i s advancing 

i t w i l l be h e l d back by t h e areas o f lower s u r f a c e energy 

w h i c h i t cannot wet so e a s i l y . When t h e l i q u i d edge i s 

r e c e d i n g i t w i l l be h e l d back a t t h e areas o f h i g h e r 

s u r f a c e energy as these r e q u i r e more energy t o expose 

them. T h i s i s i l l u s t r a t e d i n f i g u r e 5.2.2. 

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

r o u g h and composite i n n a t u r e . The r e s u l t i n g c o n t a c t 

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

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

t h e n be d e t e r m i n e d by a c o m b i n a t i o n o f b o t h t h e s e f a c t o r s . 
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b) Measurement o f C r i t i c a l S u r f a c e Tension f o r W e t t i n g . 

The c r i t i c a l s u r f a c e t e n s i o n f o r w e t t i n g was 

o b t a i n e d i n two ways; by t h e ASTM wipe t e s t and by 

c a l c u l a t i o n from t h e c o n t a c t angle o f a d r o p o f w a t e r 

p l a c e d on t h e s u r f a c e . The ASTM wipe t e s t has been 

d e s c r i b e d p r e v i o u s l y i n Chapter 3.4a, and i n v o l v e s 

o b s e r v i n g d i f f e r e n t l i q u i d s "wiped" on t h e s u r f a c e and 

n o t i n g t h e one w h i c h j u s t does n o t "draw t o g e t h e r " and 

from s e p a r a t e d r o p s . I t can be concluded, from t h e method 

o f c a r r y i n g o u t t h e t e s t , t h a t t h e value i t g i v e s , 1^/ 

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

t h a t f o r a r e c e d i n g l i q u i d d r o p . P l a c i n g a l i q u i d d r o p on 

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

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

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

method used f o r o b t a i n i n g t h e c o n t a c t angles f o r w a t e r 

drops on t h e p o l y e t h y l e n e s u r f a c e s was as f o l l o w s . A 1 

m i c r o l i t r e d r o p o f wa t e r was p l a c e d on t h e s u r f a c e and 

a l l o w e d t o e q u i l i b r a t e f o r about 30 seconds. A ph o t o g r a p h 

was t h e n t a k e n from t h e s i d e and t h e c o n t a c t angle was 

t h e n e i t h e r measured d i r e c t l y , from a p r i n t , u s i n g a 

p r o t r a c t o r or i n d i r e c t l y from t h e h e i g h t o f t h e d r o p and 

i t s r a d i u s o f c o n t a c t on t h e s u r f a c e . From t h e s e two 

measurements t h e c o n t a c t a n g l e 0 i s g i v e n by 

t a n 0 / 2 = -

where h i s t h e h e i g h t o f t h e d r o p and R i s i t s r a d i u s 

on t h e s u r f a c e (see appendix 4-) • 



2 72 

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

o b t a i n e d from t h e c o n t a c t angle 0 by means o f t h e 
184 

e m p i r i c a l e q u a t i o n o f Kim, Evans and Go r i n g 

JC0 = A + B cos 0 

For w a t e r A has t h e v a l u e o f 32 mN m-''" and B has t h e 

va l u e 21 mN m ^. 

c) R e s u l t s and D i s c u s s i o n 

When t h e r e s u l t s o f b o t h LDPE and HDPE, Tables 

5.2.1 and .3, are compared i t i s seen t h a t f o r comparable 

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

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

w e t t i n g . The l i m i t i n g v a l u e appears t o be o f t h e o r d e r 

o f 50 mN m - 1. A l s o t h e d i f f e r e n c e between Jf* , and Y 
CW C0 

i s o n l y s m a l l w i t h Y~„, t e n d i n g t o be s m a l l e r t h a n Y~... 
C0 3 CW 

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

r i s e s v e r y r a p i d l y w i t h t r e a t m e n t t i m e and a f t e r a v e r y 

s h o r t t i m e , o f t h e o r d e r o f 1 second t h e r e i s v e r y l i t t l e 

change and a f t e r 3 seconds v i r t u a l l y no change. T h i s 

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

t r e a t m e n t has a l s o been observed by L e c l e r c q and co-workers 

u s i n g 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 ) . They suggest t h a t t h e 

i n c r e a s e d w e t t a b i l i t y observed i s due t o t h e i n c r e a s e m 

p o l a r groups formed a t t h e s u r f a c e o f t h e polymer. The 

ESCA r e s u l t s g i v e n m th e t a b l e s i n Chapter 4 would s u p p o r t 

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

t o remember here t h a t s p e c t r a r e c o r d e d a t 70° t a k e o f f 



Corona Time / Sec 

A i r \ 0.5 1 2 3 50 

0 61° 59° 5 7° 50° 

^C0 42 43 44 45 

^CW 39 46 47 49 48 

N i t r o g e n -

ĈW 40 42 46 48 48 

Oxygen 

ĈW 48 48 48 48 

Argon 

ĈW 41 42 44 46 50 

C r i t i c a l S u r f a c e Tensions f o r W e t t i n g , $^/mN m , 

f o r LDPE a f t e r Corona Treatment i n v a r i o u s gases 

Table 5.2.1 
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Corona Time / Sec 

A i r \ 0 0.25 0.5 0.75 

0 91 66 61 56 

32 41 42 44 C0 
CW 32 

Corona Time / Sec 

A i r \ 1 3 7 15 

45 46 46 48 

45 45 43 50 
C0 
CW 

N i t r o g e n 

^C0 43 49 49 49 

Oxygen 

^C0 

Argon 

^C0 

47 48 49 50 

50 48 47 46 

-1 C r i t i c a l Surface Tensions f o r W e t t i n g , #C0,/mN m 

f o r HDPE a f t e r Corona Treatment m d i f f e r e n t gases 

Table 5.2.3 

HDPE s u b j e c t t o DC d i s c h a r g e f o r 5 mi n u t e s , 2 mm gap 

Upper E l e c t r o d e V o l t a g e + 12 kv 33 mN m 
cw 

+ 25 kV 38 mN m 

- 25 kV 38 mN m 

-1 

- 1 

- 1 

Table 5 .2 .4 
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c o r r e s p o n d t o t h e a c t u a l s u r f a c e o f t h e polymer, b u t s t i l l 

c o n t a i n some e l e c t r o n s sampled from s u b s u r f a c e l a y e r s . 

The Tables m Chapter 4.3 do show t h a t e s p e c i a l l y f o r 

LDPE t h e o u t e r l a y e r , as r e v e a l e d by t h e 70° t a k e o f f s p e c t r a 

does r a p i d l y a c q u i r e p o l a r groups and t h a t t h i s t a k e s 

p l a c e w i t h i n about 1 second and i s v i r t u a l l y complete 

w i t h i n 3 seconds. The oxygen corona e x p e r i m e n t s a r e t h e 

s i m p l e s t t o e x p l a i n s i n c e f o r b o t h LDPE and HDPE % c 

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

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

For HDPE and gases o t h e r t h a n oxygen, t h e ESCA s t u d i e s 

show t h a t p o l a r groups are produced and t h a t a f t e r an 

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

s l o w l y . T h i s corresponds q u i t e w e l l w i t h t h e r e s u l t s o f 

& c i n T able 5.2.3 wh i c h show an i n i t i a l r a p i d r i s e and 

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

The r e s u l t s , f o r corona t r e a t m e n t i n argon o f HDPE, o f 
a r e somewhat anomalous s i n c e t h e y a c t u a l l y decrease 

w i t h t r e a t m e n t t i m e . The ESCA r e s u l t s , Table 4.3.17 do 

show some s t r a n g e v a r i a t i o n s , though, w h i c h m i g h t e x p l a i n 

t h i s t o some e x t e n t . Thus t h e 0, 534.3 eV 70° t a k e o f f 
I s 

peak does decrease and so do t h e 535.5 and 535.5 eV peaks. 

These peaks a l l c o r r e s p o n d t o p o s s i b l e p o l a r groups, 

carboxy, h y d r o x y l and c a r b o r y l , and c a r b o n a t e . There i s 

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

o x i d a t i o n has bound up absorbed oxygen and wa t e r vapour, 

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

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

I n t h e case o f n i t r o g e n t h e p o l y e t h y l e n e t a k e s l o n g e r 

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

t h i s i s matched by a l o n g e r t i m e f o r t h e oxygen 

f u n c t i o n a l i t y t o r e a c h i t s maximum v a l u e . The oxygen 

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

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

unswept areas, from absorbed oxygen and w a t e r vapour on 

t h e p o l y e t h y l e n e , and from t h e f a c t t h e n i t r o g e n was n o t 

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

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

amine groups, though i t i s known t h a t t h e s e a r e p o l a r and 
175 

absorb a n i o n i c dye m a t e r i a l s . Since t h e peak area f o r 

t h e n i t r o g e n a t 400 eV i s s u b s t a n t i a l , Table 4.3.14 and 15, 

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

does have some e f f e c t . 

I t i s n o t p o s s i b l e i n t h e ESCA d a t a o b t a i n e d t o p i c k 

o u t any p a r t i c u l a r peaks t h a t would c o r r e l a t e e x a c t l y 

w i t h t h e observed changes i n t h e w e t t a b i l i t i e s . T h i s i s 

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

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

T h i s does n o t a l l o w f o r secondary s h i f t s nor f o r t h e 

f a c t t h a t i n t h e 0^ g s p e c t r a a d e c o n v o l u t i o n peak may 

i n c l u d e more t h a n one t y p e o f group. The 0- ĝ 533 .5 eV 

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

and p e r o x i d e and i t i s n o t p o s s i b l e t o d e c i d e t h e amount 

o f each t h a t i s p r e s e n t . 
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The f o r m a t i o n o f c a r b o n y l groups and h y d r o x y 1 groups 

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

MIR IR s p e c t r a , w h i c h have been reproduced m Chapter 4.4. 

The c a r b o n y l group shows as a bro a d peak a t 1715 cm-"'" 

and t h e h y d r o x y 1 group as a bro a d peak a t a p p r o x i m a t e l y 

3400 cm-"*". T h i s b r o a d e n i n g o f t h e h y d r o x y l peak, as 

d i s c u s s e d p r e v i o u s l y (Chapter 4.4) may be due t o hydrogen 

b o n d i n g w i t h o t h e r groups w h i c h may be o t h e r h y d r o x y l 

groups b u t c o u l d a l s o i n c l u d e p e r o x i d e s , amines and 

c a r b o n y l g r oups. 

L e c l e r c q and co-workers"*""^0 were a b l e t o show t h e 

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

c a l c i u m i o n s . I t s h o u l d be n o t e d here t h a t t h i s assumes 

t h a t a l l t h e p o l a r groups a r e n e g a t i v e i n c h a r a c t e r and 

a l s o a c i d i c . There i s though a d i s t i n c t p o s s i b i l i t y t h a t 

some o f t h e p o l a r groups w i l l be p o s i t i v e i n c h a r a c t e r , 
174 

p o s s i b l y amines . I f t h e p o l a r groups on t h e s u r f a c e 

w i l l absorb c a l c i u m i o n s t h e n i t may w e l l be assumed t h a t 

t h e y w i l l absorb o t h e r p o s i t i v e i o n s . T h i s was shown i n 

Chapter 4.5 where i t was seen t h a t p o t a s s i u m i o n s were 

absorbed by corona t r e a t e d p o l y e t h y l e n e i n a p p r o x i m a t e l y 

q u a n t i t a t i v e amounts c o r r e s p o n d i n g t o c a r b o x y l a t e g r o u p s . 

I t was noted i n those e x p e r i m e n t s t h a t v e r y l i t t l e 

n e g a t i v e i o n ( i o d i d e ) a b s o r p t i o n t o o k p l a c e w h i c h agreed 

w i t h t h e ESCA d a t a t h a t showed t h e r e t o be v e r y l i t t l e 

amine f u n c t i o n a l i t y t o be p r e s e n t . ESCA a b s o r p t i o n 

e x p e r i m e n t s were n o t c a r r i e d o u t f o r n i t r o g e n corona 
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t r e a t e d p o l y e t h y l e n e , w h i c h was shown i n Chapter 4.3c 

t o possess n i t r o g e n f u n c t i o n a l i t y i n t h e form o f amine 

and amide groups. T h i s m a t t e r o f t h e f o r m a t i o n o f p o l a r 

groups and t h e i r d e t e c t i o n by ESCA a b s o r p t i o n e x periments 

i s one t h a t m i g h t m e r i t f u r t h e r i n v e s t i g a t i o n . Due t o 

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

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

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

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

o f t h e ESCA d a t a would be a problem s i n c e t h e d e p t h o f 

corona t r e a t m e n t i s g r e a t e r t h a n t h e ESCA sam p l i n g d e p t h . 

Thus a c t i v e s i t e s below t h e ESCA samplin g d e p t h would n o t 

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

a c t i v e t r a c e r s were used. 

The presence o f p o l a r groups, on corona t r e a t e d 
196 

p o l y e t h y l e n e , has been deduced by C a r l e y and K i t z e who 

examined t h e c o n t a c t angles o f d i f f e r e n t l i q u i d s on t h e 

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

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

s u r f a c e energy o f t h e p o l y e t h y l e n e . These r e s u l t s showed 

t h a t t h e p o l a r component i n c r e a s e d i n magnitude q u i t e 

c o n s i d e r a b l y w h i l e t h e d i s p e r s i o n component tended t o 

decrease. 

The f a c t t h a t t h e ASTM wipe t e s t , y„7, and t h e c o n t a c t 

a n g l e method, %C0i r e s u l t s , Tables 5.2.1 and .3, are v e r y 

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

u n i f o r m and t h a t t h e s u r f a c e roughness produced i s n o t 
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i m p o r t a n t . The s u r f a c e morphology o f p o l y e t h y l e n e i s known 

t o change when i t i s s u b j e c t e d t o corona t r e a t m e n t and 
197 

t h e s u r f a c e has been shown t o be roughened . I t i s 

p o s s i b l e t h a t t h e changes i n morphology, though c l e a r l y 

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

There i s a p o s s i b i l i t y t h a t t h e r e i s some change 

i n t h e c r y s t a l l i n i t y o f t h e s u r f a c e o f t h e p o l y e t h y l e n e 
198 

sample. Schonhorn and Ryan have shown t h a t an i n c r e a s e 

i n t h e c r y s t a l l i n i t y o f p o l y e t h y l e n e w i l l produce an 

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

They g i v e t h e v a l u e o f % f o r p o l y e t h y l e n e as 

3 5.4 ^ ^ c ^ 6 6 . 1 mN m depending on t h e degree o f 

c r y s t a l l i n i t y . Some c a l c u l a t i o n s on % ^ and have a l s o 
185 

been c a r r i e d o u t by K a e l b l e on t h e r e s u l t s o f Schonhorn 

and Ryan f o r p o l y t e t r a f l u o r o e t h y l e n e n u c l e a t e d on a g o l d 

s u r f a c e . He found t h a t I f was 45.6 mN n f 1 i n s t e a d o f 

15.5 mNm-"'" and t h a t t h i s was caused by ^ D = 36.3 and 

Jf p = 9.3 mNm"1 i n s t e a d o f Jf D = 14.5 and | f p = 1.0 mN m - 1 

f o r normal PTFE. I t has been suggested t h a t d u r i n g corona 

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

p o l y e t h y l e n e . Since t h e o u t e r l a y e r tends t o be amorphous, 

w h i l e t h e s u b s u r f a c e i s more c r y s t a l l i n e t h i s would r e s u l t 

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

cause an i n c r e a s e i n t h e w e t t a b i l i t y . However, i n t h a t case 

LDPE wou l d r e q u i r e l o n g e r t r e a t m e n t t i m e s s i n c e i t s s u r f a c e 

amorphous r e g i o n i s t h i c k e r t h a n t h a t o f HDPE and would 

t a k e l o n g e r t o remove. The r e s u l t s show t h a t t h i s i s n o t 
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SURFACE 

-amorphous 

crystal l ine 

BULK 
LDPE HDPE 

Surface and Sub-surface Features of 

LDPE and HDPE ( ref 199) 

Figure 5 2.3 

t h e case and so i t i s c o ncluded t h a t changes i n 

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

i n c r e a s e d w e t t a b i l i t y . 

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

f o r t h e i n c r e a s e i n w e t t a b i l i t y . T h i s idea has i n f a c t 
184 

been suggested by Kim and co-workers t o e x p l a i n i n c r e a s e s 

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

As w i l l be seen m s e c t i o n .4 o f t h i s Chapter q u i t e deep-

seated n e g a t i v e charges are produced d u r i n g corona 

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

groups and here i t i s i n t e r e s t i n g t o note t h a t when s u b j e c t 

t o a DC d i s c h a r g e a s l i g h t i n c r e a s e i n w e t t a b i l i t y , 3̂ ~7, 

was obs e r v e d . A f t e r t h e DC d i s c h a r g e t h e p o l y e t h y l e n e 

was found t o be e l e c t r i c a l l y charged b u t t h e oxygen 

f u n c t i o n a l i t y was v i r t u a l l y u n a l t e r e d (see Table 4 . 3 . 6 ) . 
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T h i s p a r t i c u l a r l i n e o f e n q u i r y , though perhaps o f 

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

n o t pursued as i t was r e g a r d e d as d i v e r g i n g t o o f a r 

fro m t h e main body o f t h e work. 

When samples o f p o l y e t h y l e n e were h e a t e d , Table 

5.2.2, i t was found t h a t t h e c r i t i c a l s u r f a c e t e n s i o n 

f o r w e t t i n g f e l l , b u t n o t t o t h e o r i g i n a l v a l u e f o r 

u n t r e a t e d p o l y e t h y l e n e . T h i s can be e x p l a i n e d by assuming 

t h a t some p o l a r groups are l o s t by v o l a t i l i s a t i o n o f low 

m o l e c u l a r mass m a t e r i a l and a l s o by t u r n i n g i n o f p o l a r 

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

r e d u c t i o n i n carbon and oxygen f u n c t i o n a l i t y i s a l s o 

observed by t h e r e d u c t i o n s i n t h e C, and 0, ESCA s p e c t r a 1 I s I s * 
when corona t r e a t e d p o l y e t h y l e n e i s heated, Table 4.3.7. 

I t i s seen t h a t a f t e r a s h o r t p e r i o d o f h e a t i n g , o f t h e 

o r d e r o f a few m i n u t e s , t h e carbon and oxygen f u n c t i o n a l 

groups r e a c h a lower l i m i t i n g v a l u e . There are l a r g e 

r e d u c t i o n s i n t h e oxygen peaks w h i c h are a s s o c i a t e d w i t h 

p o l a r groups and w i t h most o f the carbon peaks. The 

carbon peak a t 286.6 eV i s however n o t g r e a t l y reduced 

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

h y d r o p e r o x i d e s (0 534.3 eV) which may t h e n form e t h e r 
X s 

l i n k s . T h i s i d e a i s suggested by t h e r a t h e r low v a l u e o f 

t h e 0^ 533.5 eV peak w h i c h i s n o t l a r g e enough t o be 

caused by h y d r o x y 1 groups, C, 286.6 eV, b u t would 
X s 

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

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

as c h l o r o f o r m , a l c o h o l and acetone and washing w i t h aqueous 
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d e t e r g e n t had no apparent e f f e c t on t h e w e t t a b i l i t y o f 

t h e s u r f a c e . 

The r e s u l t s o b t a i n e d above suggest t h a t t h e i n c r e a s e d 

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

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

f o r m i n g p o l a r groups w i t h some s m a l l e r c o n t r i b u t i o n from 

t h e s u r f a c e c h arge. The importance o f p o l a r groups has 

been suggested by many o t h e r w o r k e r s . B a s z k i n and 

S a r a g a ^ 0 0 measured t h e thermodynamic f r e e energy o f 

adhesion W and t h e d e n s i t y o f p o l a r groups f o r c h e m i c a l l y 

o x i d i s e d p o l y e t h y l e n e . They were a b l e t o c o r r e l a t e t h e 

two and t o show t h a t i t was t h e p o l a r component o f t h e 

f r e e energy, $f , t h a t had i n c r e a s e d w h i l e t h e d i s p e r s i o n 

component Y^ was v e r y l i t t l e changed. They a l s o found 

t h a t W,. and Y i n c r e a s e d r a p i d l y a t f i r s t and t h e n r o s e A p 
more s l o w l y t o t h e i r maximum v a l u e s . B r i g g s and co-workers' 

u s i n g corona t r e a t m e n t on p o l y e t h y l e n e found s i m i l a r 

c o r r e l a t i o n s between t h e c o n t a c t angle f o r w a t e r drops 

on t h e s u r f a c e and t h e t i m e o f t r e a t m e n t . They found u s i n g 

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

i n c r e a s e d w i t h t i m e and t h a t much o f t h i s i n c r e a s e came 

from groups t h a t had p o l a r c h a r a c t e r i s t i c s , t h a t i s 

h y d r o x y l , c a r b o n y l and c a r b o x y l i c a c i d f u n c t i o n s . I n 

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

o t h e r gases and found t h a t t h e r e was u s u a l l y an i n c r e a s e 

i n t h e oxygen f u n c t i o n a l i t y and an i n c r e a s e i n t h e 

w e t t a b i l i t y . When u s i n g hydrogen, however, t h e y found t h a t 
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t h e r e was v i r t u a l l y no change m c o n t a c t angle upon 

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

matched by v i r t u a l l y no i n c r e a s e i n t h e oxygen f u n c t i o n a l i t y . 

Rather s i m i l a r r e s u l t s were o b t a i n e d by Kim, Evans and 
184 

G o r i n g who c a r r i e d o u t corona t r e a t m e n t i n d i f f e r e n t 

gases i n c l u d i n g hydrogen. They suggest t h a t t h e i n c r e a s e d 

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

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

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

.3 Adhesion 
> _, 202-5 a) Theory 
When an adhesive bond i s made between two m a t e r i a l s , 

two s u r f a c e s are d e s t r o y e d and an i n t e r f a c e i s made. I f 

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

decrease i n f r e e energy i s t h e work o f adhesion, Ŵ . For 
a l i q u i d on a s u r f a c e t h i s l a t t e r q u a n t i t y has been 

202 
d e f i n e d by Dupre as 

WA = + " *SL 5 - 3 ' 1 

where i s t h e s u r f a c e energy o f t h e s o l i d and 

and | f 0 are t h e s u r f a c e e n e r g i e s o f t h e two i n t e r f a c e s . 
o i _ i 

I n t h e case o f an adhesive j o i n t i n v o l v i n g two s o l i d s , 

t h e adhesive and t h e m a t e r i a l b e i n g j o i n e d , t h i s becomes 

WA = *a + ^ b " ^ab 5 ' 3 - 2 

where Y , X, and Y i _ are t h e s u r f a c e and i n t e r f a c e a b ab 
e n e r g i e s o f t h e two s o l i d s . 
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I t can be s h o w n ^ ^ t h a t 

^ab = K + K ~ 2< ^Da ^ D b ^ " 2< ^ P a ^ P b ^ 5 ' 3 - 3 

where D and P r e f e r t o t h e d i s p e r s i o n and p o l a r components 

o f t h e s u r f a c e e n e r g i e s , and e q u a t i o n 5.3.2 t h e n becomes 

WA = ^ D a ^ D b * 2 + 2 ( y P a ^ 2 5 - 3 ' 4 

205 
(Though t h i s has been d i s p u t e d by some wo r k e r s ) . 
T h e r e f o r e t h e work o f adhesion i s t h e r e s u l t o f t h e 

A 

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

t h e s u r f a c e e n e r g i e s . The i n t r i n s i c f a i l u r e energy 0 q 

may be d e f i n e d as t h e energy t o break u n i t area o f 

atom i c bonds across t h e f r a c t u r e p l a n e . I f o n l y p o l a r and 

d i s p e r s i v e f o r c e s are i n v o l v e d t h e n O q s h o u l d c o r r e s p o n d 

v e r y c l o s e l y t o Wft and t h i s i s i n f a c t what has been 
202 

observed by Andrews and K i n g . I n cases where c h e m i c a l 

b o n d i n g between t h e two s u r f a c e s can occur, or where 

e n t r o p y can i n c r e a s e by i n t e r - d i f f u s i o n a t the i n t e r f a c e , 

t h e n t h e decrease i n f r e e energy and 0 w i l l be much 
202 

l a r g e r t h a n W . T h i s has i n f a c t been observed f o r a 

number o f polymers s u b j e c t e d t o s u r f a c e t r e a t m e n t when 

t h e i n t r i n s i c f a i l u r e energy may be more t h a n an o r d e r 

o f magnitude g r e a t e r t h a n WA. Furthe r m o r e , i n cases 

where QQ % W"A i t was p o s s i b l e t o show t h a t f a i l u r e was 

i n t e r f a c i a l w h i l e where 0 Q ^ t h e f a i l u r e was found t o 

be p a r t l y c o h e s i v e e i t h e r i n t h e s u b s t r a t e o r m t h e adhesive 
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When ch e m i c a l b o n d i n g i s i n v o l v e d i t may be c o v a l e n t , 

f o r example 

A l - 0 r CH2 - CH - R 

OH 

I n t e r f a c e 

or i t may a r i s e as a r e s u l t o f i o n i c a t t r a c t i o n s . I n c l u d e d 

m t h i s l a t t e r i s t h e p o s s i b i l i t y o f e l e c t r i c charge 
x. , - , . , . 176,188,205 

a t t r a c t i o n w h i c h has been suggested on s e v e r a l o c c a s i o n s . 

The i n j e c t i o n o f charge i n t o t h e s u r f a c e o f p o l y e t h y l e n e 

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

w i l l be d e a l t w i t h m g r e a t e r d e t a i l i n s e c t i o n .4 o f 

t h i s c h a p t e r below. Hydrogen bonds sho u l d p r o b a b l y be 

c o n s i d e r e d here as a form o f c h e m i c a l b o n d i n g though t h e y 

a r e f o r m a l l y p o l a r f o r c e s . T h e i r much g r e a t e r magnitude, 

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

them as a s i m p l e component o f . The p o s s i b l e e f f e c t s 

o f m e c h a n i c a l " k e y i n g " , due t o s u r f a c e roughness, s h o u l d 

be t a k e n i n t o account when c o n s i d e r i n g a d h e s i o n . To 

some e x t e n t t h i s e f f e c t may be due t o t h e i n c r e a s e i n 
205 

s u r f a c e a r e a , w h i c h r o u g h e n i n g produces . T h i s means 

t h a t t h e atomic i n t e r a c t i o n s are o p e r a t i n g over a g r e a t e r 

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

deduced from a smooth s u r f a c e . Mechanical k e y i n g may have 

some d i r e c t e f f e c t though and i n f a c t most m e t a l and 
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o t h e r d e n t a l f i l l i n g s s t a y i n t o o t h c a v i t i e s because o f 

t h i s k e y i n g r a t h e r t h a n by a d h e s i o n . 

b) Lap Shear Test 

The adhesive p r o p e r t i e s o f polymers, b o t h b e f o r e 

and a f t e r s u r f a c e t r e a t m e n t s are o f t e n i n v e s t i g a t e d by 
205 

e i t h e r l a p shear t e s t s or p e e l t e s t s . Peel t e s t s were 

n o t used f o r t h e work i n t h i s t h e s i s and so w i l l n o t be 

d i s c u s s e d f u r t h e r . 

The double l a p shear t e s t a v o i d s t h e d i s t o r t i o n 

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

(see f i g u r e 5.3.2). Due t o t h i s d i s t o r t i o n f a i l u r e i s 

n o t due t o pure shear f o r c e s b u t i s t h e r e s u l t o f 

t e n s i l e f o r c e s . I t was t h o u g h t t h a t t h e double l a p j o i n t , 

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

However, i t has been shown t h a t when u s i n g t h i s j o i n t w i t h 

a b r i t t l e epoxy adhesive f a i l u r e o c curs by c r a c k p r o p a g a t i o n 
205 207 

from t h e p o i n t s o f g r e a t e s t s t r e s s ' . These p o i n t s 

are t h e ends o f t h e j o i n t or t h e f i l l e t o f adhesive 

exuding from t h e end o f t h e j o i n t . I t i s a l s o t h o u g h t 

t h a t w i t h t h e same t y p e o f adhesive a sim p l e l a p j o i n t , 

even though i t d i s t o r t s , f a i l s by c r a c k p r o p a g a t i o n 

s t a r t i n g i n t h e same manner. T h e r e f o r e , f o r t h e l a p shear 

t e s t s d e s c r i b e d below, s i m p l e l a p j o i n t s were used r a t h e r 

t h a n double l a p j o i n t s . 
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Double Lap Shear 

Lap Shear 

9 peel 
T-peel 

7 

Lap Shear and Peel Tests 

Figure 5.3.1 

Distortion of Lap Shear Joint 

Figure 5 3.2 



289 

c) R e s u l t s 

The l a p j o i n t s were made up as shown i n f i g u r e 

5.3.3. High d e n s i t y p o l y e t h y l e n e was used and was t r e a t e d 

on b o t h s i d e s by corona d i s c h a r g e i n a i r , u s i n g t h e d i s c 

e l e c t r o d e s . The aluminium used was 25 mm wide and 3mm t h i c k , 

Adhesive 

Polyethylene 
sample 

i / / / t / > 11 i i / 3mm Aluminium 

Lap Joint Construction 

Figure 5.3 3 

t h i s t h i c k n e s s b e i n g d e t e r m i n e d by t h e need t o d r i l l a 

h o l e m t h e end f o r ease o f attachment i n t h e H o u n s f i e l d 

Type W T e n s i l e S t r e n g t h T e s t i n g Machine. When t h i n n e r 

a l u m i n i u m was used, i t was found t h a t t h e al u m i n i u m 

s t r i p tended t o d i s t o r t round t h e h o l e . The l e n g t h o f 

o v e r l a p was a p p r o x i m a t e l y 24 mm and t h i s , w i t h t h e s t r i p 

w i d t h o f 25 mm, g i v e s t h e area o f c o n t a c t as b e i n g 
2 

a p p r o x i m a t e l y 6 cm . The adhesive used was a s t a n d a r d 

A r a l d i t e a d h e s i v e . D e t a i l s o f t h i s as g i v e n by t h e 

m a n u f a c t u r e r s CIBA b e i n g t h a t i t i s a b i s p h e n o l AV100 

w h i c h i s mixed b e f o r e use w i t h a polyamide HN100. No 

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

t h e c o m p o s i t i o n o f t h e a d h e s i v e . 
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B e f o r e making up t h e l a p j o i n t s , t h e a l u m i n i u m s u r f a c e s , 

where t h e adhesive was t o be spread, were s u b j e c t e d t o a 

s u r f a c e o x i d a t i o n p r o c e s s . I t has been found t h a t such 

processes g i v e more c o n s i s t e n t r e s u l t s and s t r o n g e r 
204 

j o i n t s t h a n u s i n g t h e m e t a l w i t h o u t any such t r e a t m e n t 

The process used was f i r s t t o degrease t h e a l u m i n i u m 

s t r i p s u s i n g b o i l i n g 1, 1, 2 - t r i c h l o r o e t h a n e and t h e n , 

a f t e r a i r d r y i n g t o immerse t h e aluminium s t r i p s f o r 30 

minutes i n a b a t h c o n t a i n i n g 350g o f s u l p h u r i c a c i d . 

50g o f f l a k e chromium V I t r i o x i d e and w a t e r t o g i v e a 
3 

t o t a l volume o f 1 dm . The b a t h t e m p e r a t u r e was h e l d 

between 60° - 70° C and a f t e r 30 minutes t h e a l u m i n i u m 

s t r i p s were removed, washed w e l l w i t h d i s t i l l e d w a t e r and 

t h e n a i r d r i e d . A l t h o u g h t h e B r i t i s h Standard p r o c e d u r e 

recommends use w i t h i n a c e r t a i n t i m e t h i s was n o t always 

done as t h e p r i n c i p a l aim was t o examine t h e j o i n t s a f t e r 

f r a c t u r e r a t h e r t h a n a c h i e v e maximum s t r e n g t h . 

The j o i n t s were made up i n t h e f o l l o w i n g f a s h i o n . 

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

i n s t r u c t i o n s and spread on t h e end o f one a l u m i n i u m s t r i p . 

A 3cm square o f t r e a t e d p o l y e t h y l e n e was p l a c e d on t o p o f 

t h e a d h e sive and a second a l u m i n i u m s t r i p w i t h adhesive 

p l a c e d on t o p o f t h i s . The whole assembly was h e l d i n a 

s i m p l e j i g w h i l e t h e a dhesive s e t , t o produce a t e s t 

p i e c e as shown i n f i g u r e 5.3.3. W h i l e t h e a d h e s i v e was 

s e t t i n g a 2 kg w e i g h t was p l a c e d on t h e j o i n t t o a p p l y 

p r e s s u r e b u t shims or o t h e r d e v i c e s were n o t used 

t o c o n t r o l t h e t h i c k n e s s o f t h e adhesive m t h e j o i n t . 



291 

Nevertheless v i s u a l i n s p e c t i o n of f r a c t u r e revealed a 
reasonably c o n s i s t e n t t h i c k n e s s . When the adhesive had 
set and p r e f e r a b l y before i t became too hard excess 
adhesive and polyethylene were trimmed from the j o i n t 

2 
l e a v i n g the area of contact, as already s t a t e d , as 6cm . 

When the adhesive had f u l l y hardened, t h a t i s a f t e r 
a time i n t e r v a l of approximately 24 hours the t e s t 
specimens were t e s t e d t o d e s t r u c t i o n on a Hounsfield 
Tensile Strength t e s t e r . A l l samples were t e s t e d a t the 
same s t r a i n r a t e , which was 0.16 cm minute-"'" and a l l the 
f a i l u r e s appeared t o be by f r a c t u r e cleavage. 

The r e s u l t s of the experiments are given i n Table 
5.3.1 which includes the ESCA r e s u l t s f o r the cleaved 
surfaces. For each separate corona treatment time 5 t e s t 
pieces were prepared and broken and the u l t i m a t e "shear" 
s t r e n g t h at f r a c t u r e given as the average value. I n view 
of the l i m i t e d number of t e s t s , which show considerable 
v a r i a t i o n , of the order o f + 15%,a s t a t i s t i c a l treatment 
of the r e s u l t s was not attempted. T y p i c a l r e s u l t s of the 
t e s t s are shown i n f i g u r e 5.3.4. Normally only one t e s t 
piece was subjected t o ESCA. MIR IR spectra were attempted, 
using the method given i n Chapter 4.4, but due t o poor 
contact the spectra were very weak. 

The r e s u l t s i n Table 5.3.1 show t h a t the shear 
s t r e n g t h , f o r the corona times and power inputs used, 
v a r i e s very l i t t l e and also the shear strengths f o r the 
composites i s not much less than t h a t f o r an a r a l d i t e / 
aluminium lap shear j o i n t . This more or less constant 
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value f o r the shear s t r e n g t h does not f i t the simple 
idea t h a t i t i s surface o x i d a t i o n t h a t i s responsible f o r 
the increase m shear s t r e n g t h compared t o untreated 
polyethylene. On t h i s basis increased o x i d a t i o n should 
give increased adhesive s t r e n g t h and Table 4.3.5 shows 
t h a t increased corona treatment time r e s u l t s i n a higher 
l e v e l of o x i d a t i o n . However, as was stated i n Chapter 4, 
increased o x i d a t i o n may be at the expense of increased 
chain Scission and much of the increased o x i d a t i o n may 
be contained m low molecular mass compounds. These would 
only be weakly attached t o the surface and might d i f f u s e 
i n t o the adhesive (see Chapter 4.5 and the e f f e c t s of 
soaking i n acetone). The r e s u l t then might be a more 
constant l e v e l of o x i d a t i o n at the surface, which would 
not change w i t h time and might be expected t o give a more 
or less constant shear s t r e n g t h . This " l e v e l l i n g o f f " of 
the adhesive s t r e n g t h has been reported by Briggs and 

2 08 
Brewis who noted t h a t a f t e r reaching a maximum adhesion 
of polyethylene d i d not increase even though o x i d a t i o n 
l e v e l s might do so. Below t h i s maximum adhesion l e v e l i t 

196 
does appear t h a t adhesion does increase w i t h time of 
corona treatment and t h e r e f o r e w i t h l e v e l of o x i d a t i o n . 
This increase i n adhesion w i t h o x i d a t i o n of polyethylene 

209 
has also been observed by Briggs and co-workers when 
examining the adhesion of polyethylene extruded as a 
melt onto aluminium. Their lap shear strengths are also 
comparable t o those observed i n the a l u m i n i u m - a r a l d i t e -
polyethylene lap j o i n t s used m the work f o r t h i s t h e s i s . 
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The ESCA r e s u l t s i n Table 5.3.1 enable conclusions 
t o be drawn as t o whether the f a i l u r e i s e n t i r e l y m t e r -
f a c i a l or whether f a i l u r e i s p a r t l y cohesive i n c haracter. 
F i r s t a sample of a r a l d i t e was prepared by spreading on 
aluminium f o i l . This f o i l was taken s t r a i g h t o f f a r o l l 
and would have a surface contamination of hydrocarbon 
from the r o l l i n g process of i t s manufacture. Then the 
various lap j o i n t s were made and the ESCA spectra measured 
a f t e r c a r r y i n g out the st r e n g t h t e s t . I t was found t h a t 
the lap j o i n t made using untreated polyethylene gave 
r e s u l t s t h a t resembled very c l o s e l y the spectra f o r 
untreated polyethylene, Table 4.3.5, and the a r a l d i t e 
spread on aluminium f o i l . I t can t h e r e f o r e be concluded 
t h a t t h i s f a i l u r e was purely J n t e r f a c i a l , the f a i l u r e 
crack separating the two surfaces . The shear strengths of 
these t e s t pieces were also very weak, an order of 
magnitude less than the others and they tended t o break 
under zero load i f t w i s t e d or knocked. The a r a l d i t e l ap 
shear t e s t pieces were s u r p r i s i n g l y d i f f e r e n t from the 
simple a r a l d i t e surface and t h i s may be caused by "turmng-
m" of polar groups which would give a lower surface 
energy f o r the spread a r a l d i t e . Th:s would cause the 
l e v e l of o x i d a t i o n as recorded t o be lower than t h a t of 
the a r a l d i t e lap shear t e s t pieces and t h i s i s i n f a c t 
what i s observed. The oxygen I s spectra were deconvoluted 

16 7 
by using peaks set at 534.3, 533.5 and 532.7 eV and 
m a d d i t i o n two peaks at 531.8 and 531 eV. The f i r s t of 



297 

these two l a t t e r peaks w i l l probably correspond t o amide 
210 

features , or oxygen bound t o carbon associated w i t h 
n i t r o g e n . The l a s t , at 531 eV, cannot be r e a d i l y assigned 
t o a f u n c t i o n a l group but since i t i s not always present 
i t may be an a r t i f i c i a l e f f e c t a r i s i n g from the method 
of deconvolution. 

The ESCA r e s u l t s f o r corona t r e a t e d polyethylene 
a r a l d i t e lap j o i n t s a l l show t h a t f a i l u r e i s not simply 
i n t e r f a c i a l but i s at l e a s t i n p a r t cohesive. Furthermore, 
the cohesive f a i l u r e would seem t o be l a r g e l y i n the 
a r a l d i t e r a t h e r than m the polyethylene. Thus the C^g, 
N^s and 0^ s spectra a l l resemble the a r a l d i t e spectra, 
e i t h e r f o r simple spreading or f o r lap shear r a t h e r than 
the polyethylene spectra. This i s not i n e v i t a b l y t r u e and 
fo r some samples, at 7 and 15 seconds corona treatment, 
the C, spectra are very s i m i l a r to t h a t f o r untreated I s ^ 2 

polyethylene. However, even f o r these samples the and 
°ls s P e c t r a a r e m o r e l i k e the a r a l d i t e spectra. This might 
of course be due t o d i f f u s i o n of some low molecular mass 
m a t e r i a l i n t o the polyethylene. That the bond between the 
polyethylene and a r a l d i t e was strong was also revealed by 
the f a c t t h a t i t was impossible to tear or peel the 
polyethylene from the aluminium. This i s why the MIR IR 
spectra were so poor since a piece of aluminium had t o 
be cut, w i t h the adhesive-polyethylene adhering and t h i s 
then used t o record the absorption spectra. What can be 
said of the MIR IR spectra i s t h a t , l i k e the ESCA spectra, 
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they showed t h a t f a i l u r e was at l e a s t p a r t l y cohesive 
and m the a r a l d i t e r a t h e r than i n the poly e t h y l e n e . 
The f a i l u r e m the a r a l d i t e may be explained by the f a c t 
t h a t a crack m the polyethylene would tend t o become 
blu n t e d , due t o p l a s t i c deformation and the s t r e s s 
i n t e n s i f i c a t i o n at the crack t i p would then become reduced. 
W i t h i n the a r a l d i t e , e s s e n t i a l l y a three dimensional cross 
l i n k e d epoxy r e s i n , the a b i l i t y of a crack t o be blu n t e d 
would be s u b s t a n t i a l l y l e s s . The stres s i n t e n s i f i c a t i o n 
a t the crack t i p would not be reduced and so the crack 
could propagate w i t h i n the adhesive. Near the i n t e r f a c e 
p l a s t i c deformation could also occur and so the crack 
could not e i t h e r propagate m or pass through the i n t e r f a c e 
i n t o the polyethylene. 

The O, spectra show considerable d i f f e r e n c e t o t h a t I s ^ 
f o r the o r i g i n a l corona t r e a t e d p o l y e t h y l e n e . There i s 
no oxygen f u n c t i o n a l i t y at 535.5 eV, corresponding t o 
carbonate or peroxy aci d groups though t h i s i s c l e a r l y 
evident before the polyethylene i s used t o make the 
j o i n t (Table 4.3.5). The peak at 534.3 eV i s u s u a l l y 
q u i t e evident and would normally be ascribed t o e i t h e r 
c a r b o x y l i c or hydroperoxide groups. I t would seem 
unreasonable to suggest t h a t s u b s t a n t i a l q u a n t i t i e s of 
hydroperoxide remain i n the set adhesive but the carbon 
I s peak at 289.2 eV i s u s u a l l y i n s u f f i c i e n t , i n most 
spectra, t o account f o r a l l the oxygen f u n c t i o n a l i t y at 
534.3 eV. There i s of course the p o s s i b i l i t y of d i f f e r e n t i a l 
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sample charging brought about by the f r a c t u r e process 

T h i s could r e s u l t m displacement of some peaks r e l a t i v e 

to others and may be r e s p o n s i b l e for some r e s u l t s t h a t 

do not seem c o n s i s t e n t w i t h the ge n e r a l c o n c l u s i o n s . For 

example the 0, spectrum for HDPE w i t h one second of 
J- s 

corona treatment shows, a t 70° take o f f , a much higher 

degree of oxygen f u n c t i o n a l i t y a t 534.3 eV than the other 

s p e c t r a . 

The carbon I s peak a t 286.6 eV i s normally a s s o c i a t e d 

w i t h carbon s i n g l y bound to one oxygen. However, carbon 

s i n g l y bound to nitrogen would a l s o produce a peak near 

t h i s value and t h i s w i l l account for the f a c t t h a t the 

286.6 eV peak i n the s p e c t r a i s too l a r g e j u s t to 

correspond to the peak a t 533.5 eV, even i f a l l the 

groups are ether groups. There i s though a f a i r l y s u b s t a n t i a l 

n i t r o g e n f u n c t i o n a l i t y , l a r g e l y p r e s e n t i t i s assumed as 

amino groups and these, as s t a t e d , w i l l produce a carbon 

f u n c t i o n a l i t y near 286.6 eV. 

The n i t r o g e n f u n c t i o n a l i t y , for most s p e c t r a normally 

deconvolutes as tv/o peaks a t 400.5 and 3 99 eV, w i t h i n 

some i n s t a n c e s a t h i r d peak a t 402 eV though t h i s l a t t e r 

i s u s u a l l y very s m a l l . The peak a t 400.5 eV i s most 

l i k e l y to be nit r o g e n s i n g l y bound to one carbon w h i l e 

the peak a t 399 eV i s probably due to amide n i t r o g e n . 

The e f f e c t of the carbonyl group i n the amide would be 

expected to produce a lowering of the binding energy 

which i s i n f a c t what i s observed. The amide oxygen I s 
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spectra w i l l also be expected t o appear at low b i n d i n g 
energy and would account f o r the peak observed at 531.8 eV 
b i n d i n g energy. 

213 
I t has been suggested by Schonhorn and Ryan t h a t 

the increase m adhesive j o i n t s t r e n g t h on surface 
treatment of polyethylene a r i s e s more from the removal of 
the weak boundary layer than from other e f f e c t s . 

2 14 
Schonhorn m f a c t suggests t h a t cross l i n k i n g on the 
surface, producing i n e f f e c t a strong boundary layer by 
o x i d a t i o n . For corona treatment of polyethylene i t was 
found, d u r i n g the work of t h i s t h e s i s , t h a t though surface 
l e v e l s of o x i d a t i o n increased the j o i n t s t r e n g t h was 

201 
remarkably constant. Also Briggs and co-workers found 
t h a t autoadhesion increased r a p i d l y t o a maximum before 
the maximum l e v e l of surface o x i d a t i o n was reached. This 
would agree p a r t l y w i t h the observations of Schornhorn 213 6 and Ryan i f considered w i t h the idea of Kim and Goring . 
They suggest t h a t d u r i n g the corona treatment of 
polyethylene bumps of low molecular mass products 
accumulate on the surface. These low molecular mass 
products, i t might be argued, are more h i g h l y o x i d i s e d 
than the r e s t of the surface and on spreading the adhesive 
they would d i s s o l v e , l e a v i n g the stronger subsurface 
layer m contact w i t h the adhesive. That low molecular mass 
products c o n t a i n i n g high degrees of oxygen f u n c t i o n a l i t y 
are present and can d i s s o l v e m solvent was shown i n 
Chapter 4.5. This would also e x p l a i n the observation t h a t 
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w e t t a b i l i t y does not ne c e s s a r i l y c o r r e l a t e w i t h adhesive 
s t r e n g t h . W e t t a b i l i t i e s are o f t e n measured under c o n d i t i o n s 
which do not permit ready s o l u t i o n of surface m a t e r i a l , 
so h i g h l y oxidised and t h e r e f o r e polar products i n 
polyethylene surfaces w i l l not ne c e s s a r i l y r e s u l t i n 
stronger adhesive j o i n t s . 

However, simple removal of the weak surface layer 
i s probably not the only cause of the increased adhesion 
observed m corona t r e a t e d polyethylene. Stradal and 

215 
Goring have shown t h a t the autoadhesion of LDPE i s 
increased t o a greater degree than t h a t of HDPE on corona 
treatment. Yet presumably LDPE has a t h i c k e r weak boundary 

2X5 23-6 
layer (see s e c t i o n .2a above). They , Owens and 

201 
Briggs and co-workers , suggest t h a t ketones t h a t can 
eno l i s e t o give r i s e t o hydrogen bonds are responsible 
f o r much of the observed increase i n autoadhesion. LDPE 
w i t h i t s more h i g h l y branched chains would be oxidised 
t o a greater degree and thus i t s autoadhesion would be 
increased. This i s not the case though since i t was shown 
m Chapter 4.3 t h a t HDPE becomes more h i g h l y oxidised 
than LDPE. I t i s p ossible though t h a t chain m o b i l i t y i s 
important m forming hydrogen bonds and LDPE w i t h i t s 
more mobile branches would be able t o produce stronger 
hydrogen bonds as groups could t u r n t o give shorter 
separation distances. The suggestion of cross l i n k i n g 
at the surface^ was examined by Kim and Goring^ f o r 
corona t r e a t e d polyethylene. They examined the g e l f r a c t i o n s 
f o r polyethylene both before and a f t e r corona treatment 
but were unable t o f i n d any s i g n i f i c a n t d i f f e r e n c e . 
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From t h i s they concluded t h a t cross l i n k i n g was nor an 
important feature of corona treatment f o r polye t h y l e n e . 
.4 Surface Charging 

a) E l e c t r i c a l P roperties of Polymers 
The e l e c t r i c a l p r o p e r t i e s of polymers are of 

considerable i n t e r e s t t o commercial users. Many s y n t h e t i c 
polymers are very poor conductors of e l e c t r i c i t y as f a r 
as the bu l k i s concerned and so i t i s the a b i l i t y of the 
polymer to hold or disperse s t a t i c charges t h a t i s of 
gre a t e s t importance. There are some instances where the 
a b i l i t y of a m a t e r i a l t o hold s t a t i c charge i s d e s i r a b l e 
f o r example m xerography and e l e c t r e t manufacture, but 
i n most cases s t a t i c charge i s a nuisance and may even 

211 
be dangerous . Thus s t a t i c b u i l d up d u r i n g corona 
treatment of polymer f i l m may r e s u l t m poor p r i n t i n g as 
the ink may spread i n a spiky fashion due t o e l e c t r o s t a t i c 

2 
forces . The b u i l d up of charge as a r e s u l t of f r i c t i o n 
can give r i s e t o hazards when sparking on discharge t o 
a larg e metal ob j e c t occurs. This can produce uncomfortabl 
shocks t o people and animals and may i n some instances 
cause f i r e s and explosions due to i g n i t i o n of flammable 

2 10 
ma t e r i a l s . Another important e f f e c t i s the a t t r a c t i o n 
of dust p a r t i c l e s t o the surface of the polymer which 
then a f f e c t the appearance and f r i c t i o n a l p r o p e r t i e s of 
the polymer. 

212 
I t has been suggested by Lewis t h a t the charge 

induced on a polymer, e i t h e r by f r i c t i o n or by corona 
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treatment i s i n i t i a l l y deposited on the surface or i n 
the surface l a y e r . With time the charge decays e i t h e r by 
conduction along the surface or by conduction i n t o the 
b u l k . Due t o the very low c o n d u c t i v i t y of the bulk 
polymer charge induced i n the b u l k w i l l have a very low 
m o b i l i t y which may be as low as l O - " ^ cm^ V-''" S ^. This 
means t h a t m e f f e c t the charge i s trapped very s t r o n g l y 
and may take times of the order of years t o decay. This 
of course i s the basis of e l e c t r e t m a t e r i a l s . Since the 
surface layers of many m a t e r i a l s and polymers are 
d i f f e r e n t ro the b u l k decay of surface charge by conduction 
along the surface i s more f e a s i b l e . This i s made more 
l i k e l y when polar groups are present at the surface, which 
can a t t r a c t water molecules and ions thus i n c r e a s i n g the 
surface c o n d u c t i v i t y . 

I t i s o f t e n assumed t h a t the charge induced i n the 
217 

polymer i s the r e s u l t of trapped e l e c t r o n s and t h a t 
the traps are formed as a r e s u l t of the absorption o f 

218 
oxygen . This i s probably t r u e f o r n e g a t i v e l y charged 
polymers but some other type of t r a p would be r e q u i r e d 
f o r p o s i t i v e l y charged surfaces and where the charging 
i s c a r r i e d out m the absence of oxygen. The surface charge 

219 
i s o f t e n measured by the technique described by Davies 

2 12 
using an electrometer-probe. Using t h i s method Lewis 

217 218 
and others ' have examined the movement of e l e c t r i c a l 

2 12 
charge on polymer surfaces. Lewis has found t h a t at 
the surface normal breakdown of the surrounding atmosphere 
has the e f f e c t of l i m i t i n g the surface charge t o less 
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than 10 C m , which corresponds t o approximately 
12 -2 

60 x 10 ions m . This i s small compared t o the average 
surface packing f o r atoms i n a polymer which i s 

19 -2 
approximately 10 m . A somewhat simpler technique f o r 
measuring surface charge i s t o use a Faraday cage and 
to measure the voltage produced when a piece of charged 
m a t e r i a l i s dropped i n . This gives the average charge 
f o r the whole piece of polymer which i s q u i t e u s e f u l and 
i s the method used t o o b t a i n the r e s u l t s i n s e c t i o n b 
below. I t does not however give as much d e t a i l as the 
electrometer-probe method and i s not very u s e f u l f o r 
measuring movement and decay of charge. 

b) Surface Charging of Polyethylene by Corona Dischar 
The measurements were made using a Faraday cage 

connected to a v i b r a t i n g reed voltmeter. The a c t u a l cage 
consisted of a s t a i n l e s s s t e e l c y l i n d e r as shown i n 
f i g u r e 5.4.1 and the voltages were measured by a K e i t h l e y 
621 Electrometer. 

The Faraday cage was supported by a r i g i d nylon 
tube so t h a t i t was approximately 20 cm away from any 
nearby o b j e c t s . When charged by a 9V b a t t e r y i t was not 
found t h a t there was any appreciable discharge over a 
peri o d of about 5 minutes. The capacity of the cage and 
measuring system was found by charging a small condenser 
(150 pF) by the b a t t e r y and then connecting t h i s condenser 
to the Faraday cage. Knowing the voltage of the b a t t e r y , 
the c apacity of the small condenser and the f i n a l voltage 
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Electrostatic charges on surfaces 
11) Total charge FARADAY CAGE 

11 
polymer • 

sample 

insulated 
support 

measure V 

know C 

calculate Q 

hence 
O" charge/cm 2 

F i g u r e 5 4.1 

enables the capacity of the equipment t o be obtained from 

Q = C 
V 

where Q i s the charge, C i s the capacity and V i s the 
voltage . 

This gave the capacity of the equipment as 265 pF 
and hence by measuring the voltage when pieces of 
polyethylene were dropped m the charge could be c a l c u l a t e d . 
The pieces of polyethylene were dropped i n by c u t t i n g a 

2 
large piece so t h a t a small piece, approximately 1 cm 
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dropped i n and thus handling was avoided. The s i z e of 

the p i e c e v/as such t h a t i t was not thought l i k e l y to 

a l t e r the c a p a c i t y of the system. I t was found t h a t the 

voltage was not a f f e c t e d by nearby movement u n l e s s 

o b j e c t s were held c l o s e r than 5 cm. The a r e a of the 

polyethylene sample was found by weighing a l a r g e r piece, 

10 cm x 10 cm, and a l s o weighing the sample a f t e r i t s 

charge had been measured. Hence the area could be found 
o 

and then the charge per m and the e q u i v a l e n t number of 
2 

ions per m of the s u r f a c e , 
c) R e s u l t s and D i s c u s s i o n 

The r e s u l t s are given i n Table 5.4.1 and are for 

HDPE t h a t has been corona t r e a t e d i n a i r , n i t r o g e n and 

argon. The polyethylene was normally found to a c q u i r e an 

o v e r a l l negative charge, though for short periods of 

time some samples acquired a p o s i t i v e charge. The r e s u l t s 

are averages for two v a l u e s and c o n s i d e r a b l e v a r i a t i o n s 

(not shown) were sometimes found; i n f a c t for 1 second 

i n argon and 3 seconds m n i t r o g e n the samples had 

a c q u i r e d opposite charges. 

At f i r s t s i g h t i t would appear strange t h a t an 

a l t e r n a t i n g d i s c h a r g e should charge the s u r f a c e of the 

p o l y e t h y l e n e s i n c e i t might be thought t h a t the charge 

produced on one h a l f c y c l e would be n e u t r a l i z e d on the 

o t h e r . However the d i s c h a r g e c y c l e i s known to be 

a s s y m e t r i c a l (see Chapter 4) and a l s o there i s no c e r t a i n t y 

t h a t e l e c t r o n and ion avalanches w i l l s t r i k e e x a c t l y 

the same area of s u r f a c e . There w i l l t h e r e f o r e be a 
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r e s u l t a n t accumulation of charge i n d i f f e r e n t areas, 
some of which may be p o s i t i v e and some negative. These 
ideas would also e x p l a i n the observation t h a t the charge, 
as measured i n Table 5.4.1 does not change i n a re g u l a r 
fashion w i t h treatment time but sometimes increases and 
sometimes decreases. An attempt was made, using the 
Faraday cage, t o see i f the charge decreased w i t h time. 
However, each time a measurement i s made the charge may 
be modified or destroyed and the same piece of polyethylene 
cannot have i t s charge measured t w i c e . The r e s u l t s were 
found t o be inconclusive and i t was decided t h a t the method 
was too i n s e n s i t i v e t o give meaningful r e s u l t s i n t h i s 
area. The r e s u l t s i n Table 5.4.1 are however m general 

, ,. _ , 212,220,221,222 
agreement w i t h the r e s u l t s of other workers 
who o f t e n use DC corona f o r the charging process. I t has 

212 222 been suggested by Lewis and co-workers t h a t exposure 
t o the corona l i g h t speeds up the decay of the charge 
produced and f o r t h i s reason samples of the polyethylene 
were cut from the edge of the discharge treatment area 
as w e l l as the middle. The r e s u l t s were not very 
conclusive though there does seem t o be a tendency f o r 
the middle of the treatment area t o end up w i t h a s l i g h t l y 
lower charge than the edge. Since the middle has the 
maximum exposure t o the electromagnetic r a d i a t i o n of the 
corona t h i s would agree w i t h Lewis's observations. 

From Table 5.4.1 i t i s p o s s i b l e t o compare the l e v e l 
of charge produced w i t h the maximum surface charge t h a t 
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according t o Lewis can be formed before discharge t o 
the atmosphere can accur. I t i s seen t h a t the charges 
produced by corona treatment are w e l l i n excess of the 
maximum suggested and m f a c t may be nearly an order of 
magnitude g r e a t e r . This i s m good agreement w i t h the 
suggestion t h a t the charge i s held p a r t l y on the surface, 

223 
m shallow traps and also i n deep traps below the 
surface i n the subsurface l a y e r s . These deep-seated 
charges, g i v i n g r i s e t o e l e c t r e t behaviour, have been 

173 176 
suggested ' as being responsible f o r the autoadhesion 
of n i t r o g e n corona t r e a t e d polyethylene and also f o r the 
uptake of iodine by such polyethylene. However i t should 
be noted here t h a t the uptake of p o s i t i v e ions by a i r 
corona t r e a t e d polyethylene may be explained i n terms of 
counter ions f o r the carboxyl groups formed (see Chapter 
4.5). I t i s possible t h e r e f o r e t h a t the iodine i s taken 
up i n the form of counter ions f o r the amine groups t h a t 
have been shown to be formed m n i t r o g e n corona t r e a t e d 
polyethylene (see Chapter 4.3). 

I t was found t h a t the surface charge was removed 
by washing w i t h organic s o l v e n t s . This i s not n e c e s s a r i l y 
due t o the removal of the trapped charges but could also 
be due t o an e f f e c t i v e n e u t r a l i s a t i o n of the surface 
charge by absorbed ions e t c . I t was not p o s s i b l e t o 
reach a d e c i s i o n on t h i s from the experimental r e s u l t s 
b u t perhaps an examination of e l e c t r e t behaviour could 
resolve t h i s problem. 
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.5 Conclusions and Uses of Corona Treatment 
Corona treatment of polymer surfaces, i n a i r using 

a l t e r n a t i n g supply voltages, has been found t o b r i n g 
about a marked improvement i n surface energy and adhesive 
bond s t r e n g t h . These improvements have been found t o be 
associated w i t h an increase m the polar character of the 
surface. Using ESCA and t o a lesser extent MIR IR i t has 
been shown t h a t the increase i n polar character i s l a r g e l y 
due t o an increase i n the oxygen f u n c t i o n a l i t y of the surfac 
The polar groups found appear t o be p r i n c i p a l l y h ydroxyl, 
carbonyl and carboxyl together w i t h some carbonate and 
sometimes amine groups. When gases other than a i r are 
used the presence of small traces of a i r , oxygen and 
oxygen c o n t a i n i n g molecules, leads t o the formation of 
the same groups but not ne c e s s a r i l y m the same p r o p o r t i o n . 
When n i t r o g e n i s used a considerable p r o p o r t i o n of amine 
and amide groups are formed. However the surface energies 
are very s i m i l a r regardless of the gas used, except f o r 

201 
hydrogen where l i t t l e change i s observed 

There does not seem t o be any simple d i r e c t c o r r e l a t i o n 
between the increases m surface energy, adhesive bond 
s t r e n g t h and changes i n the oxygen f u n c t i o n a l i t y . Except 
th a t i n i t i a l l y an increase i n oxygen f u n c t i o n a l i t y i s 
accompanied by increases m surface energy and adhesive 
bond s t r e n g t h . The oxygen f u n c t i o n a l i t y though continues 
t o r i s e a f t e r the surface energy and adhesive character 
have reached t h e i r maximum values. Neither i s there a 



311 

simple r e l a t i o n s h i p between the surface energy and 
adhesive bond s t r e n g t h . 

The autoadhesion of polymers and the s t r e n g t h of 
j o i n t s made using adhesives, a f t e r corona treatment, 
seem t o be caused by d i f f e r e n t p r o p o r t i o n s of the same 

215 
types of fo r c e s . Strada and Goring found t h a t 
autoadhesion i n polyethylene f e l l as sample d e n s i t y 

213 
increased w h i l e Schonhorn and Ryan found t h a t the 
st r e n g t h of j o i n t s made using adhesives increased as the 
c r y s t a l l m i t y increased. A possible explanation of t h i s 
i s t h a t i n autoadhesion hydrogen bonds are important and 
t h a t i n a low d e n s i t y polyethylene the presence of 
branched chains increased the p r o b a b i l i t y of hydrogen 
bonds being made. When adhesives are used Schonhorn and 

213 
Ryan have shown t h a t the presence of weak boundary 
layers reduces the bond s t r e n g t h . Increasing the 
c r y s t a l l m i t y reduces the thickness of the weak boundary 
lay e r and t h e r e f o r e increases the s t r e n g t h of the bond. 
Increased c r y s t a l l i n i t y i s o f t e n accompanied by increased 
d e n s i t y and so i t may appear t h a t increased adhesive bond 
s t r e n g t h goes w i t h increased d e n s i t y which i s the reverse 
of what i s seen f o r autoadhesion. 

When subjected t o corona treatment surfaces o f t e n 
became charged and i t i s possible t h a t t h i s charge 
a f f e c t s the surface energy. In f a c t i t i s known t h a t 

2 
excessive charge leads t o poor p r i n t i n g and experiments 
using a DC supply suggest t h a t surface charge does cause 
an increase i n surface energy (see s e c t i o n .2 above). 
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I t would be i n t e r e s t i n g t o know how the surface energy 
of e l e c t r e t m a t e r i a l s changes, i f a t a l l , d u r i n g the 
p o l i n g process. 

There have been many patents taken out concerning 
the use of corona treatment of polymers. These uses are 
many and v a r i e d . For example, there i s the B r i t i s h Patent 

225 
by Dawes and Gupta which deals w i t h the use of corona 
treatment m making laminated p l a s t i c s . Some of the uses 
are more s t r a i g h t f o r w a r d as, f o r example, the U.S. Patent 

2 26 
by Beatty and V o u r l i s which simply deals w i t h the 
corona treatment of polymers t o improve t h e i r surface 
adhesive c h a r a c t e r i s t i c s . During corona treatment 
manufacturers have o f t e n found t h a t the surface charge 
introduced i s a nuisance. This as overcome i n the German 

154 
Republic Patent by Gunther e t a l by the use of a second 
corona treatment at a much higher frequency (1 megahertz). 

The advantages f o r manufacturers of the corona 
treatment process i s t h a t i t i s quick, clean and 
comparatively cheap. The only chemical used i s i n f a c t 
a i r and other gases do not normally have any advantage 
over a i r . The only main disadvantage and hazard i s the 
ozone produced though t h i s i s u s u a l l y e a s i l y disposed 
of by means of a s u i t a b l e v e n t i l a t i o n system. 
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• 1 I n t r o d u c t i o n 
The use of plasmas, formed b^ radiofrequency e l e c t r i c a l 

discharges i n gases at low pressures, i s an important 
i n d u s t r i a l technique f o r t r e a t i n g polymer surfaces. The 

22 7 
process i s normally used f o r small a r t i c l e s though 

228 
some work has been done on f a b r i c s and also on the 

22 7 
continuous treatment of monofilaments and f i b r e s 

The process, l i k e corona treatment, i s e s s e n t i a l l y 
a "clean" one and involves l i t t l e pretreatment or cle a n i n g 
up a f t e r the ope r a t i o n . I t i s not as convenient as corona 
treatment f o r sheet and f i l m m a t e r i a l since i t i s , as 
normally operated, a batch process. This r e s u l t s from 
the normal operating gas pressure, of the order of 1 t o r r 
(1 t o r r i s e q uivalent t o a pressure of 1mm of mercury). 
This r e q u i r e s some form of pressure chamber, i n which the 
objects t o be t r e a t e d can be placed, which can then be 
evacuated. Continuous treatment processes r e q u i r e e i t h e r 

178 
winding mechanisms i n s i d e the vacuum chamber , or 
narrow gaps through which a continuous f i b r e can pass 

22 9 
and e f f i c i e n t pumping t o maintain the low pressure 

Plasma treatment i s very convenient f o r the treatment 
of small, awkwardly shaped a r t i c l e s e s p e c i a l l y as the 
treatment i s not merely confined t o the outer surface 
but also includes the inner surface. This can also 
produce an a d d i t i o n a l b e n e f i t since the treatment can be 
made t o render a r t i c l e s s t e r i l e . Apart from plasma 
treatment the only a l t e r n a t i v e , a l b e i t an e f f e c t i v e one, 
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f o r the i n t e r i o r treatment of objects i s t o use a 
chemical e t c h i n g process w i t h the attendant disadvantages 
of cleaning up a f t e r the treatment. Flame treatment of 

2 
b o t t l e surfaces , although less complicated, i s not 
s u i t a b l e f o r small, i r r e g u l a r o bjects and does not t r e a t 
the i n s i d e of containers m a s a t i s f a c t o r y manner. 

The plasma i s e x c i t e d by e i t h e r r e s i s t i v e , c a p a c i t i v e 
or i n d u c t i v e coupling of the radiofrequency generator 
t o the r e a c t i o n chamber (see Chapter 3.5a) . T y p i c a l 
frequencies are of the order of a few megahertz though ' 2 28 Wrokel and co-workers have used frequencies i n the 
k i l o h e r t z range and lower. The use of low frequencies 
has the advantage t h a t s h i e l d i n g of personnel i s unnecessary 
and the problem of generator and load impedance matching 
are reduced. However, at low frequencies r e s i s t i v e c o upling 
must be used, since c a p a c i t i v e and i n d u c t i v e coupling 
are i n e f f i c i e n t at low frequencies. As a r e s u l t electrodes 
must be replaced m the r e a c t i o n chamber and these may 
become contaminated and cause contamination i n t u r n of 
a r t i c l e s being t r e a t e d . Also at low frequencies, down 
t o 50 Hz, there i s a p o s s i b i l i t y t h a t the discharge 
may resemble the corona process and surface charging may 
occur. This could be a nuisance and i n f a c t i n corona 
treatment can be a problem (see Chapter 5.4). There i s 
of course the p o s s i b i l i t y t h a t plasma discharges at 
radiofrequencles could produce sample charging and t h i s 
i s a matter t h a t could be i n v e s t i g a t e d f u r t h e r . In 
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connection w i t h t h i s though i t may be noted t h a t a 
German patent by Agfa-Gevaert 154 s p e c i f i e s a discharge 
at approximately 1 MHz t o remove the charge produced 
on polyethylene by corona treatment at 40 - 60kHz. 

Under the co n d i t i o n s normally used f o r plasma 
treatment, a few seconds at power loadings a few w a t t s , 
pressure /V1 t o r r , i t has been shown by Clark and co-workers 
t h a t the depth of plasma treatment i s of the order of a 
few monolayers from the surface. That i s a depth of the 

-9 
order of 10 metres. The con c e n t r a t i o n p r o f i l e i s b e l i e v e d 
t o be l i k e t h a t shown i n f i g u r e 6.1.1. 

Concentration 
Surface 

Depth 

C omcentration/Depth Prof i le for 
Plasma Treatment 

Figure 6 1.1 



As i n the case of corona treatment the thinness 
of the t r e a t e d layer prevents the use of conventional 
a n a l y t i c a l techniques f o r determining the composition of 
the surface of the polymer a f t e r treatment. E l e c t r o n 
microscopy has been used t o examine the e f f e c t on the 

228 2 30 
surface morphology ' but t h i s of course does not 
provide i n f o r m a t i o n regarding composition. I n f r a red 
spectroscopy may be employed and using a system o f m u l t i p l e 

168 22 8 
i n t e r n a l r e f l e c t i o n ' i t i s p ossible t o gain some 
i n f o r m a t i o n . However, i n view of the thinness of the 
modified layer and the much greater depth of p e n e t r a t i o n 
of the MIR technique i t i s o f t e n d i f f i c u l t t o i d e n t i f y a l l 
the changes t h a t occur. They tend t o be "swamped" and 
l o s t m the general noise compared t o the s p e c t r a l features 
of the bulk, untreated polymer. I t i s t h e r e f o r e necessary 
t o use an a n a l y t i c a l technique, such as ESCA, i f d e t a i l e d 
i n f o r m a t i o n concerning the changes i n the surface layer 
f o l l o w i n g plasma treatment i s r e q u i r e d . The ESCA technique 

-9 
samples the surface t o a depth of the order o f 10 

—8 
10 m (see Chapter 2 .6f) and 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 examining the surface of a polymer a f t e r plasma 
treatment. I t also allows the s u b t l e changes t h a t occur 
when a plasma t r e a t e d sample i s subjected t o f u r t h e r 

232 233 
treatment processes t o be followed ' 
.2 Experlmental 

a) Reactor and Sample D e t a i l s 
The r e a c t o r consisted of a pyrex tube, 5cm 

i n t e r n a l diameter, 30cm long and f i t t e d w i t h ground glass 
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flanges at each end. This was then "sandwiched" between 
two f u r t h e r ground glass flanges using 'O' r i n g s as 
vacuum seals. Samples of polyethylene were introduced, 
two a t a time, as described below, before assembling the 
apparatus. The whole assembly was pumped by an Edwards 
EDM 6 d i r e c t d r i v e pump preceded by a cold t r a p . A i r or 
oxygen were leaked i n v i a a needle valve and the pressure 
i n the r e a c t o r maintained at 0.2 t o r r . The a i r was not 
d r i e d and the oxygen was not subjected t o any p u r i f i c a t i o n 
but was used as supplied by B r i t i s h Oxygen.The temperature 
of the gases m the r e a c t i o n vessel, before and a f t e r the 
plasma discharge, was ambient. When oxygen was used the 
flow of oxygen was maintained f o r approximately h a l f an 
hour before i n i t i a t i n g the discharge t o purge the 
apparatus and f l u s h out any a i r . 

The discharges were e x c i t e d by an approximately 
4 micro henry copper c o i l wound c o a x i a l l y on the pyrex 
r e a c t o r tube. The copper was 0.12 5 m copper t u b i n g and 
the c o i l consisted of 10 turns wound over a distance of 
7 cm. The c o i l was p o s i t i o n e d w i t h i t s centre approximately 
7 cm from the gas i n l e t end of the react o r tube. While 
the discharge was running i t was observed t h a t the glow 
completely f i l l e d the s e c t i o n of the tube contained 
w i t h i n the c o i l and also f i l l e d , but not completely the 
r e s t o f the tube. 

The plasma was e x c i t e d by a Tegal Corporation RF 
generator, 13.5 M Hz and the power measured by a 
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Figure 6.2 1 

H e a t h k i t HM 102 wattmeter. The react o r c o i l and generator 
impedances were matched using a Tegal Corporation matching 
network. This i s necessary i n order t o maximise the t r a n s f e r 
o f power from the generator t o the reactor c o i l . F a i l u r e 
t o ensure at l e a s t a reasonable impedance match can also 
cause damage t o the generator from r e f l e c t e d standing 
waves. The procedure f o r determining the best match i s 
i n f a c t t o minimise the standing wave r a t i o and i n t h i s 
equipment was done using the impedance matching u n i t which 
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had v a r i a b l e c o n t r o l s . The other advantage of matching 
the impedances of the r e a c t o r c o i l and the RF generator 
i s t h a t the power input t o the re a c t o r c o i l i s the same 
as the power output of the RF generator. 

I t has been found t h a t the surface of polyethylene 
may be modified by using q u i t e modest power loadings, 
of q u i t e short time d u r a t i o n s . Using the equipment 
described above, t h i s was found t o be of the order of a 
w a t t and the time of the order of a second. For the work 
described i n t h i s chapter, a power input of 0.5 w a t t f o r 
one second was used. At t h i s power l e v e l i t was sometimes 
found d i f f i c u l t t o i n i t i a t e and maintain a plasma discharge 
using a continuous mode f o r the RF supply. The problem 
i s overcome by using a pulsed supply of higher power and 
i n t h i s instance 10 wa t t pulses were used and by a d j u s t i n g 
the pulse w i d t h and frequency an average i n p u t of 
0.5 W sec ^ t o the c o i l round the re a c t o r tube was obtained. 

The polymer used i n the f o l l o w i n g experiments was 
hig h d e n s i t y polyethylene TFE 554 supplied by the Metal 
Box Company. The m a t e r i a l was r e l a t i v e l y f r e e from 
a d d i t i v e s and the l e v e l s of a n t i o x i d a n t s are as described 
i n Chapter 4.2. The samples were cut from the r o l l and 
t h e i r sizes were approximately 3 cm by 30 cm and the 
thickness was 0.1 mm. No pretreatment was used and i t was 
found t h a t the f i l m possessed s u f f i c i e n t r i g i d i t y t o 
keep i t from contact w i t h the sides of the r e a c t o r tube. 
That i s apart from the edges of the s t r i p s . 
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I n view of the short treatment time, 1 second, i t 
was necessary t o c a r r y out the impedance matching and 
arrange the power s e t t i n g w i t h o u t the sample i n the 
r e a c t o r tube. The experiment was then repeated w i t h the 
samples i n p o s i t i o n , w i t h o u t a l t e r i n g the power s e t t i n g s 
and s w i t c h i n g the power supply on f o r the one second 
d u r a t i o n . This method assumes t h a t the presence of the 
sample has l i t t l e e f f e c t on the impedance of the r e a c t o r 
assembly. In view of the d i e l e c t r i c p r o p e r t i e s of 
polyethylene and the volume of the samples t h i s i s probably 
a reasonable assumption. 

While the discharge was running i t was observed t h a t 
most of the sample was completely w i t h i n the glow 
discharge region except f o r the p a r t f u r t h e s t from the 
c o i l and nearest the pumping system. As a r e s u l t of t h i s 
i t was found t h a t both sides of the s t r i p of polyethylene 
appeared t o receive the same i n t e n s i t y of treatment. 

A f t e r c a r r y i n g out the plasma treatment, using 
e i t h e r a i r or oxygen, a piece of the polyethylene, from 
the s e c t i o n w i t h i n the r e gion of the copper c o i l , was 
removed and examined by ESCA. The r e s t of the s e c t i o n 
was placed i n the oven, held at 75°C and pieces removed 
f o r a n a l y s i s at r e g u l a r i n t e r v a l s . I n a d d i t i o n the samples 
were examined f o r w e t t a b i l i t y using the techniques described 
i n Chapter 5.2. The r e s u l t s of the experiments are 
presented i n the f o l l o w i n g s e c t i o n . 

b) Results 
As i n Chapter 4.3 the spectra were recorded on 
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an AEI ES 200 AA/B spectrometer using M 9 K ^ ] _ 2
 r a d i a t l o n 

o f energy 1253.7 eV. The same assumptions were made 
concerning the b i n d i n g energies of the carbon and oxygen 
f u n c t i o n a l i t i e s and spectra were deconvoluted as bef o r e * " ^ 
That i s using a Dupont 310 curve r e s o l v e r peaks were 
set up at 285, 286.6, 287.8, 289.2 and 290.3 eV 
corresponding t o C-̂ s s i g n a l s from hydrocarbon, s i n g l y 
bonded C - 0, doubly bonded C = 0, c a r b o x y l i c carbon and 
carbonate f u n c t i o n s r e s p e c t i v e l y . For the oxygen I s peak 
the curve r e s o l v e r was set up w i t h peaks at 531.8, 532.7, 
533.5, 534.3 and 535.5 eV corresponding t o amide oxygen, 
oxygen doubly bonded i n carboxyl, oxygen s i n g l y bonded i n 
a l c o h o l s , ether and peroxide, oxygen s i n g l y bonded m 
acids, esters and hydroperoxides and s i n g l y bonded oxygen 
i n carbonate, peroxy acid and peroxy esters r e s p e c t i v e l y . 
The carbon : oxygen peak r a t i o f o r a s t o i c h i o m e t r y of 
one t o one was taken as before as 

C : 0 : : 1 : 1.7 

No allowance was made f o r carbon peaks corresponding t o 
carbon i n amines and amides. Since however as w i l l be 
seen the n i t r o g e n f u n c t i o n a l i t y introduced i s only small 
t h i s does not produce a serious e r r o r i n the deconvolution 
of the carbon peaks. 

I ) ESCA Results using A i r Plasma 
As can be seen from f i g u r e 6.2.2 the e f f e c t of 
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t h e plasma t r e a t m e n t i s t o i n c r e a s e b o t h t h e n i t r o g e n 

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

carbon ones. The more d e t a i l e d r e s u l t s , a f t e r d e c o n v o l u t i o n , 

are g i v e n m Table 6.2.1 and from these r e s u l t s some idea 

c o n c e r n i n g t h e f u n c t i o n a l groups can be o b t a i n e d . 

The d e c o n v o l u t e d n i t r o g e n peaks suggest t h a t amine, 

402 and 400.5 eV, and amide, 3 99 eV, groups are formed 

and t h e r e i s evidence f o r t h i s l a t t e r group m t h e presence 

o f an oxygen peak a t 531.8 eV. The oxygen peaks a t 535.5 

and 534.3 eV p r o v i d e some evidence f o r t h e e x i s t e n c e o f 

pero x y a c i d f u n c t i o n a l i t i e s and h y d r o p e r o x i d e g r o u p . T a k i n g 

t h e 289.2 and 290.3 eV peaks and u s i n g t h e r e l a t i o n s h i p 

between carbon and oxygen peak areas and s t o i c h i o m e t r y as 

above g i v e s t h e f o l l o w i n g area r a t i o s . 

B i n d i n g Energies / eV 

289 .2 290.3 534 .3 535 . 5 

c a l c . obs . c a l c . obs . 

3 .8 0.8 6.5 8 2 .7 4 .4 

2 .4 0.6 4.1 7 2 .0 1.7 

C a l c u l a t e d and Observed 0, I s Peak Areas ( C 1 285 eV = 100) 

Table 6 .2 .2 
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The 70° take o f f values a t 290.3 and 535. eV show-

t h a t t h e r e does n o t seem t o be much peroxy a c i d f u n c t i o n a l i t y 

i n t h e s u r f a c e l a y e r . The v a l u e s a t 289.2 and 534.3 eV 

do suggest though t h e presence o f h y d r o p e r o x i d e groups 

a t t h e s u r f a c e . The 30° t a k e o f f v a l u e s a t 290.3 and 

535.5 eV do r e v e a l though t h e presence o f peroxy a c i d 

f e a t u r e s i n t h e s u b s u r f a c e t o t h e e x t e n t t h a t about a t h i r d 

o f t h e 535.5 eV peak i s due t o peroxy a c i d f e a t u r e s . I n 

view o f t h i s t h e c a l c u l a t e d 0^ g peak a t 534.3 eV s h o u l d 

be reduced s l i g h t l y s i n c e n o t a l l o f t h e c a r b o x y l group, 

C, = 289.2 eV, s i n g l y bonded oxygen w i l l appear a t 534.3 eV. J- s 
The e f f e c t though w i l l n o t be l a r g e b u t t a k i n g i t i n t o 

account i t would seem t h a t about a q u a r t e r o f t h e 0^ g peak 

a t 534.3 eV a r i s e s from h y d r o p e r o x i d e g r o u p s . 

I t i s p r o b a b l y unwise t o r e l y t o o much on these 

c a l c u l a t i o n s b u t t h e c o n c l u s i o n can be drawn t h a t peroxy 

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

and a r e e i t h e r n o t formed a t t h e s u r f a c e or decompose, 

or r a p i d l y t u r n inwards from t h e s u r f a c e on b e i n g formed. 

A l s o h y d r o p e r o x i d e s are formed b o t h a t t h e s u r f a c e and 

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

I t i s n o t so easy t o come t o any f i r m c o n c l u s i o n s 

from t h e peaks a t 286.6, 287.8, 532.7 and 533.5 eV s i n c e 

n o t enough can be deduced c o n c e r n i n g t h e r e l a t i v e amounts 

o f f r e e a c i d and h y d r o x y l groups. T h i s i s i n f a c t one o f 

t h e l i m i t a t i o n s o f ESCA t h a t hydrogen cannot be d e t e c t e d . 

I t does seem though t h a t , a f t e r a l l o w i n g about 1 u n i t o f 
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t h e 286.6 eV peak f o r h y d r o p e r o x i d e carbon, t h e 

peaks agree b e t t e r w i t h t h e idea o f m a i n l y e t h e r l i n k s 

between carbon atoms r a t h e r t h a n h y d r o x y l g r oups. 

The e f f e c t o f heat t r e a t m e n t i s i n t e r e s t i n g and g i v e s 

some q u i t e s u r p r i s i n g r e s u l t s . I n f i g u r e 6.2.3 t h e 

v a r i a t i o n i n t o t a l oxygen f u n c t i o n a l i t y i s shown and i t 

i s seen t h a t a t f i r s t t h e l e v e l o f oxygen f a l l s and t h e n 

r i s e s a g a i n . The d e t a i l i n Table 6.2.1 shows t h a t t h i s 

i n c r e a s e i s l a r g e l y due t o 0^ a t 532.7 and 534.3 eV. 

These c o r r e s p o n d t o t h e 0- ŝ s i g n a l s from c a r b o x y l i c a c i d 

f u n c t i o n s y e t i t i s seen t h a t though t h e f i n a l v a l u e s o f 

the s e two peaks i s e v e n t u a l l y t h e same t h e y do n o t i n i t i a l l y 

i n c r e a s e a t t h e same r a t e . A l s o t h e C, 289.2 eV peak i s 
I s c 

n o t s u f f i c i e n t t o account f o r a l l t h i s i n c r e a s e though 

t h e C^s peak a t 286.6 eV i n c r e a s e s and c o u l d account f o r 

t h e i n c r e a s e i n t h e 534.3 eV i f i t i s due t o h y d r o 

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

One p o s s i b l e e x p l a n a t i o n f o r t h e i n c r e a s e i n oxygen 

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

a t t h e s u r f a c e and i n t h e s u b s u r f a c e l a y e r . These f r e e 

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

produce c a r b o n y l , c a r b o x y l and h y d r o p e r o x i d e groups and 

t h e process o f heat t r e a t m e n t would be expected t o 
234 

a c c e l e r a t e t h i s p r o c e s s . Yasuda and co-workers have 
i n f a c t shown t h a t f r e e r a d i c a l s are produced d u r i n g plasma 

231 

t r e a t m e n t . Yasuda has a l s o shown t h a t t h e polymer 

produced by plasma d i s c h a r g e i n a c e t y l e n e has a h i g h f r e e 
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r a d i c a l c o n c e n t r a t i o n , 2.8 x 10 s p i n s m - , and t h a t 

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

months under ambient c o n d i t i o n s . F urthermore, t h e MIR IR 

spectrum a t f i r s t showed no c a r b o n y l s t r e t c h i n g a b s o r p t i o n 

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

d e t e c t e d . The presence o f w a t e r vapour m t h e a c e t y l e n e 

l e d , he found, t o no f r e e r a d i c a l s d e t e c t a b l e by ESR 

and a l s o a marked c a r b o n y l a b s o r p t i o n i n MIR IR w h i c h 

d i d n o t change w i t h t i m e . He a l s o found t h a t f o r plasma 

p o l y m e r i s e d e t h y l e n e t h e use o f p u l s e d RF induced plasma 

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

d i d t h e use o f a c o n t i n u o u s RF induced plasma. There would 

t h e r e f o r e seem t o be some j u s t i f i c a t i o n m assuming t h a t 

f r e e r a d i c a l s are formed m t h e s u r f a c e l a y e r s o f t h e 

p o l y e t h y l e n e d u r i n g plasma t r e a t m e n t and t h a t when 

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

oxygen i n t he a i r t o b r i n g about an i n c r e a s e i n t h e oxygen 

f u n c t i o n a l i t y . 

The C, peak a t 2 90.3 eV and t h e 0, peak a t 53 5.5 eV I s ^ I s c 

would suggest t h a t t h e e f f e c t o f h e a t i n g i s t o remove t h e 

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

reduce t h e o v e r a l l c a r b o n a t e f u n c t i o n a l i t y . There may be 

some t u r n i n g m o f these f u n c t i o n a l groups s i n c e a t one 

p o i n t t h e r e i s a s l i g h t i n c r e a s e m t h e C^s 290.3 eV and 

t h e 0^ s 535.5 eV peaks. The s i t u a t i o n i s however complex 

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

The amount o f h y d r o p e r o x i d e does n o t i n i t i a l l y seem t o 
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change much when t h e plasma o x i d i s e d p o l y e t h y l e n e i s 

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

i n t h e amount o f h y d r o p e r o x i d e , as e x p l a i n e d above. 

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

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

m o l e c u l a r mass m a t e r i a l occurs and a l s o t h a t t h e t u r n i n g 

i n o f p o l a r groups from t h e s u r f a c e t a k e s p l a c e . The l o s s 

o f low m o l e c u l a r mass m a t e r i a l i s shown by t h e decrease, 

o v e r a l l , o f t h e peaks a t 287.8, 289.2 and 290.3 eV. The 

t u r n i n g i n i s r e v e a l e d by t h e d i f f e r e n c e between t h e 70° 

and 30° t a k e o f f peaks a t 286.6 and 287.8 eV. For t h e 

former peak t h e 30° t a k e o f f v a l u e remains c o n s t a n t 

i n i t i a l l y w h i l e t h e 70° t a k e o f f peak i s f a l l i n g . T h i s 

m i g h t o f course though be t h o u g h t due t o t h e s u r f a c e l a y e r 

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

o f t h e 289.2 eV peak though t h e 30° t a k e o f f peak does 

a c t u a l l y i n c r e a s e a t f i r s t w h i l e t h e 70° peak i s d e c r e a s i n g 

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

n ) ESCA R e s u l t s u s i n g Oxygen Plasma 

As can be seen from f i g u r e 6.2.4 t h e e f f e c t 

o f t h e plasma t r e a t m e n t i s t o i n c r e a s e t h e oxygen 

f u n c t i o n a l i t y and a l s o t h a t o f t h e c a r b o n . No n i t r o g e n 

peaks were observed w h i c h i n d i c a t e s t h a t n i t r o g e n 

f u n c t i o n a l i t i e s were n o t formed ( f r o m p o s s i b l y occluded 

n i t r o g e n ) , and a l s o no amide oxygen a t 531.8 eV was seen. 

One i n t e r e s t i n g aspect r e v e a l e d i n f i g u r e 6.2.3 i s t h a t 

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

by t h e 70° t a k e o f f s p e c t r a , i s g r e a t e r t h a n t h a t o f t h e 
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s u b s u r f a c e l a y e r . 

The oxygen peaks a t 534.3 and 535.5 eV enable 

d e d u c t i o n s t o be made c o n c e r n i n g t h e presence or o t h e r w i s e 

o f h y d r o p e r o x i d e groups and peroxy a c i d f e a t u r e s . T a k i n g 

t h e C-̂ s 290.3 eV peak c a l c u l a t i o n s u s i n g 

C : 20 :: 1 : 3.4 

show t h a t t h e r e i s p r o b a b l y v e r y l i t t l e p e roxy a c i d 

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

l a y e r . The C, 290.3 eV and 0, 53 5.5 eV peaks are b o t h 2 I s I s * 
s m a l l and i n view o f t h e i n a c c u r a c i e s o f t h e d e c o n v o l u t i o n 

process i t i s l i k e l y t h a t t h e r e i s o n l y a s m a l l amount o f 

c a r b o n a t e f u n c t i o n and t h i s i s s u f f i c i e n t t o account f o r 

t h e 0 l s 535.5 eV peak. The C 1 & 289.2 eV peak may be used 

t o c a l c u l a t e t h e expected 0^ g 534.3 eV peak c o r r e s p o n d i n g 

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

oxygen peak t h e n enables t h e presence o f h y d r o p e r o x i d e t o 

be d e c i d e d . These c a l c u l a t i o n s are p r e s e n t e d i n Table 

6.2.4 t o g e t h e r w i t h t h e observed v a l u e s . 

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

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

h y d r o p e r o x i d e s i n c e most o f t h e 30° t a k e o f f s i g n a l appears 

t o be due t o h y d r o p e r o x i d e . A t t h e s u r f a c e however t h e r e 

does n o t seem t o be i n i t i a l l y such a h i g h p r o p o r t i o n o f 

h y d r o p e r o x i d e . 
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B i n d i n g Energies / eV 

289 .2 534 .3 

Treatment c a l c . obs 

Plasma 1.6 2 .7 9.4 

2 .2 3.7 5 

A t 75°C f o r 

5 mms 1.4 2 .4 7.4 

1 .9 3 .2 5 .6 

10 mins 1 1.7 6.6 

1 .8 3 .1 7 

15 mins 1 1.7 4 .4 

1 .6 2 .7 6 .6 

20 mins 0.9 1.5 6 .2 

1 .5 2 .6 8 .2 

25 mins 0.9 1.5 6 .2 

1 .6 2.7 7 

24 h r s 0.9 1.5 6 .8 

1 .5 2 .6 7 .8 

C a l c u l a t e d and Observed 01 Peak Areas ( C l g 285 eV = 100) 

Table 6.2.4 



335 

an 
ro o 

QJ 
oo QJ 00 

r u QJ 
QJ 

QJ ro QJ 
QJ 

cs i LM 
00 
CO 

00 Q_ 

csi 

CO 
CSI 

CO 
r s j 

oo Ln 
CSI CD 

CSI 00 

a i 

en 
oo 

m 

m 



336 

Again i t i s n o t easy t o come t o any f i r m c o n c l u s i o n s 

from t h e peaks a t 286.6, 287.8, 532 .7 and 533.5 eV. The 

s i t u a t i o n i s c o m p l i c a t e d by t h e d e c o n v o l u t i o n procedure 

and i t i s p o s s i b l e t h a t some o f t h e r e c o r d e d 0, 532.7 eV * I s 
peak i s r e a l l y due t o s i n g l y bonded oxygen w h i c h was 

assumed t o appear a t 533.5 eV. T h i s b e i n g so i t would 

seem t h a t , a f t e r making al l o w a n c e i n t h e 286.6 eV peak 

f o r h y d r o p e r o x i d e carbon, t h e r e i s v e r y l i t t l e p e r o x i d e 

b o n d i n g between carbon atoms b u t t h a t t h e r e i s s u b s t a n t i a l 

e t h e r l i n k i n g . 

The e f f e c t o f heat t r e a t m e n t i s much s i m p l e r t h a n 

th e case f o r a i r plasma t r e a t e d p o l y e t h y l e n e . F i g u r e 

6.2.4 and Table 6.2.3 show t h a t t h e r e i s an o v e r a l l 

r e d u c t i o n i n a l l t h e f u n c t i o n a l groups and l i t t l e e v idence 

o f oxygen b e i n g t a k e n up. O v e r a l l t h e t o t a l oxygen 

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

decreases i n t h e carbon f u n c t i o n a l i t y . The one group 

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

w h i c h seems t o remain r e m a r k a b l y c o n s t a n t , as shown by 

th e v a l u e s o f t h e 534.3 eV peak m t a b l e s 6.2.3 and 6.2.4. 

Thi s l a c k o f o x i d a t i o n on h e a t i n g , compared t o t h e case o f 

a i r plasma t r e a t e d p o l y e t h y l e n e , i s i n good agreement w i t h 
231 

the r e s u l t s o f Yasuda mentioned above i n s e c t i o n I ) . 

I t would seem t h e r e f o r e t h a t t h e e f f e c t o f h e a t 

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

m o l e c u l a r mass m a t e r i a l and t h a t t h e r e i s no evidence f o r 

th e t u r n i n g i n o f f u n c t i o n a l groups or f o r any o x i d a t i o n 
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processes t a k i n g p l a c e . One aspect n o t r e v e a l e d i n these 

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

between polymer c h a i n s a t t h e s u r f a c e . I t i s knownthat 
2 14 

t h i s process can occur and has been shown by C l a r k , 
159 

D i l k s and S h u t t l e w o r t h t o t a k e p l a c e f o r o t h e r , s i m i l a r , 

polymers when s u b j e c t e d t o plasma t r e a t m e n t . 

i n ) Surface Energy S t u d i e s 

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

w h i c h may be equated w i t h s u r f a c e e n e r g i e s (see Chapter 

5.2a) were measured by t h e advancing water d r o p method, 

and by t h e ASTM wipe t e s t , %'Q^-

The r e s u l t s a r e p r e s e n t e d i n Tables 6.2.5 and 6.2.6 

and m f i g u r e 6.2.7. The g e n e r a l arrangement i s a l s o shown 

s c h e m a t i c a l l y i n f i g u r e 6.2.6. The m a j o r i t y o f t h e r e s u l t s 

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

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

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

Measurements were a l s o made on some LDPE f o r comparison 

purposes. I n t h e case o f t h e oxygen plasma ASTM wipe t e s t s 

were c a r r i e d o u t a l o n g t h e whole l e n g t h o f t h e sample and 

i t i s t h ese r e s u l t s t h a t a re shown i n f i g u r e 6.2.6. 

As can be seen from Table 6.2.5 t h e e f f e c t o f plasma 

t r e a t m e n t i s t o r a i s e t h e s u r f a c e energy o f b o t h LDPE 

and HDPE t o some v a l u e exceeding 57 mN m ,th e maximum 

v a l u e o f V i s k m s o l u t i o n used. T h i s however i s u s i n g t h e 

ASTM wipe t e s t w h i c h corresponds t o a r e c e d i n g l i q u i d d r o p 
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and t h e advancing d r o p method g i v e s a much lower v a l u e 

T h i s d i f f e r e n c e c o u l d be due t o an i n c o m p l e t e coverage 

o f t h e s u r f a c e or rou g h e n i n g caused by t h e removal o f 
230 

s u r f a c e m a t e r i a l . Both o f these a re known t o cause 
t h e v a l u e s o f S^p and t o d i f f e r , see Chapter 5.2a. 

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

a r i s e s p a r t l y from t h e way t h e t e s t s were c a r r i e d o u t . 

For t h e advancing d r o p t e s t , w a t e r was used and f o r 

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

s o l u t i o n s u p p l i e d , and t h i s may have some e f f e c t . 

The f a c t t h a t t h e s u r f a c e energy i n c r e a s e s , a f t e r 
-2 -2 

plasma t r e a t m e n t , from about 32 mNm t o over 57 mN m 

does agree w i t h t h e ESCA d a t a m s e c t i o n s ( l ) and ( n ) 

wh i c h show an i n c r e a s e i n oxygen f u n c t i o n a l i t y and t h e r e f o r e 

presumably an i n c r e a s e i n p o l a r g r o u p s . 

When s u b j e c t e d t o heat t r e a t m e n t t h e plasma o x i d i s e d 

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

u s i n g oxygen as t h e plasma gas. Using oxygen t h e v a l u e o f Og^ f a l l s s t e a d i l y r e a c h i n g what appears t o be a 

l i m i t i n g v a l u e o f 48 mN m .This same v a l u e i s a l s o reached 

on k e e p i n g a sample f o r t h r e e weeks a t ambient t e m p e r a t u r e s . 

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

i n f o r m a t i o n shown i n f i g u r e 6.2.7. The r e s u l t s agree q u i t e 

w e l l w i t h t h e ESCA r e s u l t s , Table 6.2.3, and f i g u r e 6.2.4 

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

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

When a i r i s used i t would seem from Table 6.2.6 t h a t 

t h e r e i s v e r y l i t t l e change i n s u r f a c e energy when t h e 
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Polymer 
and Treatment 

LDPE 
A i r Plasma 

Plasma 

HDPE 
A i r Plasma 
C>2 Plasma 

Contact Angle o 
0 

81 
64 

74 
52 

y. 
cfi 

35 
41 

38 
45 

CW 

57 
57 

57 
57 

Table 6.2.5 
Heat Treatment 
at 75°C 

Time 

2 mm 
5 

10 
15 
20 

24 hours 

7 day ambient 
21 day ambient 

Plasma 
$CW 

55 
50 
50 
50 
50 
48 

57 
48 

A i r Plasma 
ĈW 
57 
55 
55 
55 
57 

C r i t i c a l Surface Tensions f o r Wetting, 2^, /mNm-^ 

Table 6.2.6 
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plasma oxidised HDPE i s subjected t o heat treatment. 
There i s however a s l i g h t d i p i n the value of a n £3 i t 
i s possible t h a t t h i s c o r r e l a t e s w i t h the d i p i n oxygen 
f u n c t i o n a l i t y and carbon s i n g l y bonded t o oxygen 
f u n c t i o n a l i t y observed i n f i g u r e 6.2.3. Also the surface 
of the a i r plasma t r e a t e d polyethylene has a higher 
maximum value of oxygen f u n c t i o n a l i t y than the minimum 
value reached by the surface of the oxygen plasma t r e a t e d 
polyethylene. This agrees w i t h the f a c t t h a t the minimum 
value of f o r a i r plasma, 55 mN m - 2 i s higher than the 

the f i n a l value of JCT T / 48 mN m - 2 reached when using oxygen 
plasma treatment. 
. 3 Discussion 

a) Comparison of A i r and Oxygen Plasma Treatment 
A f t e r exposure t o plasma f o r the same time and 

at the same power and pressure i t i s seen, f i g u r e 6.3.1, 
t h a t the t o t a l oxygen f u n c t i o n a l i t y i n the subsurface 
layer o f HDPE i s less than t h a t a t the surface when oxygen 
i s used. In oxygen the surface l a y e r , as shown by the 70° 
take o f f spectra reaches a higher l e v e l of oxygen 
f u n c t i o n a l i t y than the subsurface l a y e r though the d i f f e r e n c e 
i s only s m a l l . I n a i r i t i s the subsurface layer which 
becomes more h i g h l y oxidised and the d i f f e r e n c e between 
the surface and subsurface layers i s l a r g e r . These 
d i f f e r e n c e s i n oxygen f u n c t i o n a l i t y are matched by 
corresponding values f o r the carbon I s peaks. These show 
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bigger values f o r the subsurface layer compared t o the 
surface layer f o r a i r plasma, Table 6.2.1, w h i l e the 
reverse i s t r u e f o r oxygen plasma, Table 6.2.3. The 
deconvoluted oxygen spectra show t h a t there i s more 
hydroperoxide produced i n the subsurface layer when oxygen 
i s used but at the surface the amount o f hydroperoxide 
i s much less and seems t o be about the same f o r both a i r 
and oxygen plasmas. The e f f e c t of heat i n g the plasma 
t r e a t e d HDPE reveals some d i f f e r e n c e s between a i r and 
oxygen plasma treatments. A f t e r a i r plasma treatment the 
oxygen f u n c t i o n a l i t y and the peaks f a l l a t f i r s t 
d u r i n g heat treatment and then r i s e . At the end of the 
heat treatment the oxygen f u n c t i o n a l i t y has reached very 
much the same value as a t the beginning. Table 6.2.1 shows 
t h a t some C, and 0, peaks have become smaller w h i l e I s I s * 
others have at f i r s t decreased and then increased. 
C a l c u l a t i o n s r e v e a l t h a t i n f a c t there i s more hydroperoxide 
at the end than a t the s t a r t . The HDPE t r e a t e d i n oxygen 
plasma behaves i n a much simpler way and the oxygen and 
carbon f u n c t i o n a l i t i e s f a l l d u r i n g the treatment, reaching 
a minimum value a f t e r which l i t t l e change occurs. This 
behaviour can be explained by assuming fr e e r a d i c a l s are 
present i n the HDPE a f t e r a i r plasma treatment but not 
a f t e r oxygen plasma treatment. On heating the samples 
v o l a t i l e m a t e r i a l i s l o s t but the fr e e r a d i c a l s i n the 
HDPE can r e a c t w i t h atmospheric oxygen t o form hydroperoxide 
which cause the oxygen f u n c t i o n a l i t y t o r i s e . For the 
oxygen plasma treatment there are no fre e r a d i c a l s l e f t 
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a t the end and so as low molecular mass m a t e r i a l v o l a t i l i s e s 
the oxygen f u n c t i o n a l i t y f a l l s u n t i l no f u r t h e r change 
occurs. I t i s p ossible t h a t f r e e r a d i c a l s are formed, 
by the u l t r a v i o l e t r a d i a t i o n from the plasma, d u r i n g 
both treatments but i n oxygen they may be destroyed by 
conversion i n t o hydroperoxides e t c . , as soon as they are 
formed. I n a i r there i s not as much oxygen a v a i l a b l e and 
so at the end there may s t i l l be unreacted f r e e r a d i c a l s . 
These w i l l be trapped below the surface and on he a t i n g 
they can reac t as oxygen d i f f u s e s i n . 

The surface energy of HDPE a f t e r plasma treatment 
seems t o be much the same when e i t h e r a i r or oxygen i s 
used. When heated the surface energies f o l l o w very c l o s e l y 
the trends observed i n the oxygen f u n c t i o n a l i t i e s . Thus 
f o r oxygen plasma the surface energy f a l l s t o a minimum 
value and then remains constant. A f t e r a i r plasma, followed 
by heating the surface energy f a l l s s l i g h t l y , as does the 
oxygen f u n c t i o n a l i t y , and then r i s e s again t o about the 
same value as a t the s t a r t . 

These r e s u l t s show t h a t plasma treatment i s a very 
e f f e c t i v e way of incr e a s i n g the w e t t a b i l i t y of the surface 
of polyethylene and t h a t t h i s i s associated w i t h an 
increase i n the oxygen f u n c t i o n a l i t y . They also r e v e a l 
t h a t there i s no advantage i n using oxygen instead of a i r 
and i n f a c t using a i r has some advantages. A f t e r using a i r 
the surface energy would seem t o hold i t s value w h i l e a f t e r 
using oxygen the w e t t a b i l i t y w i l l tend t o f a l l s l i g h t l y . 
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b) Comparison of Corona and Plasma Treatments 
Corona treatment operates at atmospheric pressure 

and as a system i s very s u i t a b l e f o r the treatment of 
sheet and f i l m m a t e r i a l . Indeed i t might be said t h a t i t 
i s only r e a l l y convenient f o r the treatment of f l a t surfaces 
and as a continuous treatment process i t i s not s u i t a b l e 
f o r and i n f a c t almost impossible t o use on shaped ob j e c t s 
of any k i n d . The process normally operates using a i r 
w i t h o u t any form of treatment other than p o s s i b l y simply 
f i l t e r i n g t o remove dust p a r t i c l e s . The use of other gases 
i s more d i f f i c u l t though i n p r i n c i p l e they could be used 
and might be added t o the general a i r f l o w . The process 
though would tend t o be w a s t e f u l , most m a t e r i a l s cost 
money, and though recovery of unused m a t e r i a l would be 
possible contamination by breakdown products would be a 
problem. 

Plasma treatment operates a t low pressures and i s 
e s s e n t i a l l y a batch process working i n a discontinuous 
manner, though some work has been done on the continuous 

229 
treatment of yarn . I t can be used f o r any shaped o b j e c t , 
f l a t or moulded and has the advantage over corona treatment 
t h a t a l l of the surface of an o b j e c t , e x t e r i o r and i n t e r i o r , 
i s t r e a t e d . The process i s very s u i t a b l e f o r use w i t h 
gases other than a i r and i t i s very easy t o add other 
substances, which may be done a f t e r the plasma has been 

139 
operated, f o r surface treatment and g r a f t i n g . I n view 
of the low pressure at which the process operates the 
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amounts of gases and other substances used tend t o be 
small and the enclosed nature of the p l a n t (a vacuum 
chamber) chemical hazards are e a s i l y contained. The complete 
surface of the m a t e r i a l , such as a spun yarn, w i l l be 
t r e a t e d when surface m o d i f i c a t i o n i s being c a r r i e d out. 
This i s an advantage over corona treatment where only the 
immediate surface on which the corona discharge impinges 
i s a f f e c t e d . The plasma process also has the advantage 
over corona treatment i n t h a t the formation o f ozone, when 
using a i r , i s much reduced. 

Although other gases than a i r may be used f o r the 
plasma process, i t would seem t h a t i f only an increase 
i n surface energy i s r e q u i red then a i r i s i n f a c t b e t t e r 
than oxygen (see s e c t i o n .2b above). With corona treatment 
the same applies and there does not seem t o be any 
advantage i n using oxygen instead of a i r when wishin g t o 
increase the surface energy though oxygen does seem t o 
give a quicker increase i n surface energy. Both the processes, 
plasma and corona, need only short treatment times and 
both give clean and l a r g e l y s t e r i l e surfaces which need 
no a d d i t i o n a l treatment. 

The values of surface energy as measured by the 
ASTM wipe t e s t Y a n d t n e water drop method YC0 r e v e a l 
an i n t e r e s t i n g d i f f e r e n c e between corona and plasma 
treatment. Whereas f o r corona treatment the two values 
are very n e a r l y the same, f o r plasma treatment the d i f f e r e n c e 

187 
i s q u i t e large . Both treatments are known t o a f f e c t the 
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6 228 
surface morphology ' and there seems t o be no reason 
t o suppose t h a t plasma treatment gives a less uniform 
coverage than corona treatment. The one f a c t o r t h a t i s 
d i f f e r e n t i s the surface charge produced i n corona 
treatment and i t does appear t h a t t h i s can cause an increase 
i n surface energy (see Chapter 5 ) . I t i s possible t h e r e f o r e 
t h a t t h i s surface charge causes an increase i n -̂,0 f o r 
corona treatment t h a t i s not seen m plasma treatment, 
t h i s not normally producing a surface charge. The value of 

produced by plasma treatment i s much l a r g e r than the 
maximum produced by corona treatment so there must be some 
e f f e c t produced by plasma treatment t h a t i s much l a r g e r 
than t h a t produced by corona treatment. At t h i s stage i t 
i s not poss i b l e t o put forward any suggestion as t o what 
t h i s i s since the e f f e c t s of the two processes do not 
seem markedly d i f f e r e n t (see below). 

The adhesive bond s t r e n g t h of polyethylene surfaces 
increases when subject t o corona and plasma treatment. 

214 
I t has been suggested by Schonhorn t h a t t h i s i s due 
mainly t o the removal of weak surface layers and the 
formation of a strong boundary layer by increased 
c r y s t a l l i m t y and cross l i n k i n g . Cross l i n k i n g of polymer 

233 
surfaces has been detected as a r e s u l t of plasma and 

213 
corona treatment 

The increase i n surface energy caused by plasma 
and corona treatment seems t o be associated w i t h an 
increase m the oxygen f u n c t i o n a l i t y of the surface as 
w e l l as any cross l i n k i n g t h a t takes place. I t i s d i f f i c u l t 
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t o make accurate comparisons as t o the l e v e l s of oxygen 
and carbon f u n c t i o n a l i t i e s introduced by both processes 
since the power input t o the corona i s not ac c u r a t e l y 
known. The c a l c u l a t i o n s t h a t have been made, see Chapter 
4.2d, suggest a s i m i l a r value f o r the power input i n both 
processes, corona /v0.6 J sec \ plasma 0.5 J sec ̂ , but 
the corona volume i s much less than the plasma volume. The 
two methods cannot t h e r e f o r e be run so t h a t the t o t a l 
energy t h a t impinges on u n i t area of the surface i s the 
same but notwit h s t a n d i n g t h i s some general conclusions 
can be drawn. 

When using a corona discharge the l e v e l s of hydro
peroxide t h a t can be formed are much l a r g e r f o r a i r corona 
than f o r oxygen corona, Tables 4.3.5 and .12. An a i r 
plasma however produces a lower l e v e l of hydroperoxide, 
m the subsurface layer than an oxygen plasma, Tables 
6.2.1, and .3. The a i r corona also seems t o be capable 
of producing much higher l e v e l s of oxygen f u n c t i o n a l i t y 
than an a i r plasma. I t was i n t e r e s t i n g t o see t h a t a f t e r 
heating the a i r plasma t r e a t e d sample of HDPE f o r 24 hours 
i t s carbon and oxygen f u n c t i o n a l i t i e s were very s i m i l a r 
t o the one second a i r corona t r e a t e d HDPE, apart from the 
C l s ^86.6 eV peak. The surface energies however were very 

d i f f e r e n t , f o r the a i r plasma t r e a t e d HDPE being 
-2 

^SVmN m and f o r the a i r corona t r e a t e d HDPE being 
_2 

/^45mN m . The main d i f f e r e n c e i n the ESCA spectra f o r 
the same treatment time seems t o be t h a t plasma treatment 
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produces l a r g e r peaks at 286.6 and 287.8 eV, and 
f o r a i r plasma smaller peaks at 532.7 eV and l a r g e r 
0^ s peaks at 533.5 eV than corona treatment does. When 
oxygen i s used the 0, peaks at 532.7 eV are l a r g e r using 

-i- S 
plasma treatment and the peaks at 533 .5 eV are smaller 
than those f o r corona treatment. The carbon I s spectra 
suggest t h a t plasma treatment produces a higher l e v e l of 
carbonyl f u n c t i o n , C^g b i n d i n g energy 287.8 eV, than 
corona treatment and also, a l l o w i n g f o r hydroperoxide, 
a higher l e v e l of ether linkages, C, b i n d i n g energy 
286.6 eV. 

The e f f e c t of heating polyethylene samples a f t e r 
treatment reveals t h a t f o l l o w i n g plasma treatment, using 

231 
a i r , f r e e r a d i c a l s are probably present , trapped below 
the surface. The absence of any e f f e c t a f t e r oxygen plasma 
or corona treatment can be explained by assuming t h a t any 
fre e r a d i c a l s formed are removed immediately a f t e r 
formation by r e a c t i o n w i t h oxygen. 

The two methods corona and plasma o f f e r ways of 
in c r e a s i n g the surface energies f o r two d i f f e r e n t forms o f 
product. The corona treatment i s a convenient method f o r 
sheet and f i l m w h i l e the plasma process i s a v a i l a b l e f o r 
moulded objects and i n t e r i o r s . Both produce s i m i l a r 
e f f e c t s on w e t t a b i l i t i e s and adhesive bond s t r e n g t h and 
the e f f e c t s produced seem l a r g e l y due t o an increase i n 
oxygen f u n c t i o n a l i t y w i t h cross l i n k i n g being of some 
importance when forming adhesive j o i n t s . The surface 
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charging r e s u l t i n g from corona treatment, sometimes a 
nuisance, may have some e f f e c t on w e t t a b i l i t y b ut i s not 
l i k e l y t o be important when using adhesives. 
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Chapter 7 

Some Aspects of the Structure and Bonding 
m the Perchlorodiphenylaminyl Radical 

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

.2 Experimental 

.3 Results and Discussion 
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• 1 I n t r o d u c t i o n 
There has been considerable i n t e r e s t on both an 

experimental and t h e o r e t i c a l f r o n t i n the i n v e s t i g a t i o n of 
m u l t i p l e t e f f e c t s accompanying core i o n i s a t i o n w i t h the 
predominent emphasis t o date being on paramagnetic metal 

31 2 3 5 —2 3 8 
complexes ' ~ . With the present background o f 
a v a i l a b l e i n f o r m a t i o n the i n v e s t i g a t i o n of m u l t i p l e t e f f e c t s 
m the core i o n i s a t i o n of t r a n s i t i o n metal complexes provides 
a u s e f u l t o o l f o r the i n v e s t i g a t i o n o f spin s t a t e , 
stereochemistry, o x i d a t i o n s t a t e and d i s t r i b u t i o n o f unpaired 

31 235 238 
ele c t r o n s which i s becoming i n c r e a s i n g l y important ' 

By c o n t r a s t there have been r e l a t i v e l y few i n v e s t i g a t i o n s 
o f paramagnetic organic systems; the published data being 

239 
confined t o the diphenyl p i c r y l hydrazyl r a d i c a l and 

240 
d i t e r t i a r y b u t y l and d i t r i f l u o r o m e t h y l n i t r o x i d e systems 
Although i n p r i n c i p l e ESCA studies of m u l t i p l e t e f f e c t s i n 
such systems should (and m the case of the n i t r o x i d e s does) 
provide a means of i n v e s t i g a t i n g unpaired sp i n d i s t r i b u t i o n s 
t here are r e l a t i v e l y few s t a b l e organic f r e e r a d i c a l s which 
may conveniently be studied w i t h conventional i n s t r u m e n t a t i o n . 
From a v a i l a b l e t h e o r e t i c a l c a l c u l a t i o n s i t i s c l e a r t h a t even 
f o r systems i n which an unpaired e l e c t r o n i s e s s e n t i a l l y 
l o c a l i s e d on an atom (e.g. C, N, or 0) the m u l t i p l e t s p l i t t i n g 
m the I s core l e v e l s i s p r e d i c t e d t o be q u i t e small (1-2 eV), 
comparable t o the t y p i c a l ESCA instrumental r e s o l u t i o n 3 1 ' 2 3 5 ' 2 3 6 . 

Indeed f o r the two systems which have been stu d i e d i n most 
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d e t a i l the m u l t i p l e t s p l i t t i n g s i n each were manifest as 
broadenings of the core l e v e l s i g n a l s since there i s considerable 

2-tO 
d e l o c a l i s a t i o n of the unpaired e l e c t r o n i n both cases 

In recent years a new class of s t a b l e organic f r e e 
r a d i c a l s have been produced by s y n t h e t i c routes pioneered 
by B a l l e s t e r et a l »**** # T h e basic r a t i o n a l e behind the 
work i s t o s t e r i c a l l y s h i e l d the s i t e o f high spin d e n s i t y by 
appropriate c h l o r i n e s u b s t i t u t i o n . I n t h i s way f o r example 

241 242 

the perchlorodiphenylammyl r a d i c a l has been prepared ' , 
as a s t a b l e s o l i d which may be kept i n a i r on a time scale 
of months w i t h o u t appreciable o x i d a t i o n . ESR studies a t f i r s t 
s i g h t suggest a high degree of spin l o c a l i s a t i o n on n i t r o g e n 
comparable w i t h diphenyl p i c r y l hydrazyl and somewhat less 
than f o r d i t e r t i a r y b u t y l n i t r o x i d e . However the magnitude 
o f the hyperfme s p l i t t i n g as a measure of s p i n l o c a l i s a t i o n 
i s ambiguous since d i s t o r t i o n from p l a n a r l t y about the n i t r o g e n 
can lead t o s u b s t a n t i a l s character f o r the s i n g l y occupied 
molecular o r b i t a l , the net e f f e c t being t h a t q u i t e a small 
s p i n d e n s i t y could lead t o an appreciable h y p e r f i n e c o u p l i n g ^ ^ - ^ ^ 
The r e l a t i v e chemical inertness o f the perchlorodiphenylaminyl 
r a d i c a l could t h e r e f o r e p o s s i b l y a r i s e from extensive 
d e l o c a l i s a t i o n of spin d e n s i t y over the phenyl s u b s t i t u e n t s 
w i t h a r e l a t i v e l y small spin d e n s i t y on n i t r o g e n which 
c o n s t i t u t e s the r e a c t i v e c e n t r e . S t e r i c hindrance provided by 
the four ortho c h l o r i n e s could then e x p l a i n the r e l a t i v e 
i nertness of the system. The s u b s t a n t i a l h y p e r f i n e s p l i t t i n g 
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on n i t r o g e n xn t h i s c a s e would be e x p l i c a b l e m terms o f 

s i g n i f i c a n t 2s c h a r a c t e r on n i t r o g e n f o r t h e s i n g l y o c c u p i e d 
243 246 

m o l e c u l a r o r b i t a l ' . T h i s i s not u n r e a s o n a b l e on t h e 

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

d i s t o r t i o n about the CNC c e n t r e . The a l t e r n a t i v e r a t i o n a l i z a t i o n 

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

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

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

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

h y p e r f m e s p l i t t i n g however would s u g g e s t t h a t i f t h i s were 

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

l a r g e amount o f n i t r o g e n 2 p c h a r a c t e r so t h a t t h e s p l i t t i n g 

a r i s e s from i n d i r e c t p o l a r i z a t i o n . 

.2 E x p e r i m e n t a l 

The sample o f p e r c h l o r o d i p h e n y l a m i n y l r a d i c a l was k i n d l y 

s u p p l i e d by P r o f e s s o r B a l l e s t e r o f t he Department o f C h e m i s t r y , 

B a r c e l o n a U n i v e r s i t y . The sample ( <y 1 mg) was s u b l i m e d onto 

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

s c o t c h tape t o t h e s p e c t r o m e t e r probe. The ESCA s p e c t r a were 

r e c o r d e d a t 30° t a k e - o f f a n g l e on an A E I ES 200 AA/B s p e c t r o m e t e r 

e m p l o y i n g M g K < ^ ^ / 2 r a d i a t i o n . Under t h e c o n d i t i o n s employed 

t h e A u 4 f 7 ^ 2 l e v e l a t 84.0 eV b i n d i n g energy, u s e d f o r 

c a l i b r a t i o n o f t h e i n s t r u m e n t , had a FWHM of 1.15 eV. The 

t h i c k n e s s of t h e f i l m d e p o s i t e d was s u c h t h a t when sam p l e s 

were r u n t h e g o l d s p e c t r a were no t o b s e r v e d . E n e r g y r e f e r e n c i n g 

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

(285 eV) s e l e c t i v e l y d e p o s i t e d onto the sample a f t e r t h e c o r e 
l e v e l s p e c t r a had been r e c o r d e d . 
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.3 R e s u l t s and D i s c u s s i o n 

The c o r e l e v e l s p e c t r a (N I s ' C I 2s abd Cl„ ) f o r 

th e p e r c h l o r o d i p h e n y l a m i n y l r a d i c a l a r e shown i n f i g u r e 7.3.1. 

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

peak c e n t r e d a t 286.7 eV, somewhat lower i n b i n d i n g e n e r g y 

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

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

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

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

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

t o h i g h e r b i n d i n g e n e r g y (CH i n p e n t a c h l o r o b e n z e n e 286.2 eV) 

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

t h e same a s t h a t a p p r o p r i a t e t o the C - C l s t r u c t u r a l f e a t u r e s 

The n e t e f f e c t t h e r e f o r e i s t h a t t h e o v e r a l l l i n e shape and 

l i n e w i d t h f o r t h e d i r e c t p h o t o i o n i z a t i o n peak f o r t h e 

C, l e v e l s i s e s s e n t i a l l y t h a t a p p r o p r i a t e t o a s i n g l e 

component o f FWHM 1.2 eV. B e f o r e d i s c u s s i n g t h e s a t e l l i t e s 

t o t h e low 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 z a t i o n 

p e a k s , a t t r i b u t a b l e t o I f - 4 * 1 ^ shake up s a t e l l i t e s , t h e 

measured b i n d i n g e n e r g i e s and FWHM f o r t h e o t h e r c o r e l e v e l s 

w i l l be c o n s i d e r e d . The n i t r o g e n c o r e l e v e l s p e c t r u m shows a 

somewhat a s y m m e t r i c l i n e shape s u g g e s t i n g t h a t i t a r i s e s 

from t h e s u p e r p o s i t i o n o f two components. A n a l y s i s o f th e 

l i n e shape i n terms o f two components o f i n t e n s i t y r a t i o 1:3 

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

s e p a r a t i o n o f 0.6 eV i s comparable w i t h t h a t measured f o r 

t h e N l s l e v e l s o f th e n i t r o x i d e s b u t s u b s t a n t i a l l y s m a l l e r 

t h a n f o r NO (1.4 eV) o r NF_ (1.9 eV) f o r w h i c h t h e r e i s a 

(287.5 eV) 247 . T h i s i s n o t e n t i r e l y u n e x p e c t e d on th e b a s i s 
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l a r g e d e g r e e o f s p i n l o c a l i s e d on t h e n i t r o g e n . The ESCA 

d a t a show however t h a t t h e r e must be a s i g n i f i c a n t u n p a i r e d 

s p i n d e n s i t y on t h e n i t r o g e n and the ESR d a t a t h e r e f o r e 

i m p l y a v e r y s m a l l d e g r e e o f n i t r o g e n 2s c h a r a c t e r . The 

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

f o r p e r c h l o r o i n d o l i n w h i c h forms a s u i t a b l e model f o r 
248 

c o m p a r i s o n p u r p o s e s . The C l 2 g and c l
2 p 3 / 2 c o r e l e v e l s 

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

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

l o w e r / f o r p e n t a c h l o r o b e n z e n e . 

The e v i d e n c e from t h e d i r e c t p h o t o i o n i s a t i o n o f t h e 

c o r e l e v e l s t h e r e f o r e seems t o s u p p o r t an i n t e r p r e t a t i o n 

o f t h e ESR s p e c t r a i n terms o f c o n s i d e r a b l e l o c a l i s a t i o n 

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

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

c o n t r i b u t i o n from t h e n i t r o g e n 2s o r b i t a l . 

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

a m m y l r a d i c a l t h e hyper f i n e c o u p l i n g c o n s t a n t i s somewhat 
246 

l a r g e r , 14.8 ga u s s , w h i c h i s a l s o i n d i c a t i v e o f more 

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

s y s t e m . The l i n e w i d t h o b s e r v e d f o r t h e p e r c h l o r o d i p h e n y l -
241 

a m m y l r a d i c a l i s q u i t e l a r g e , 4 g a u s s , w h i c h may be 

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

c h l o r i n e s . 

F o r t h e h o l e s t a t e t h e m u l t i p l e t s p l i t t i n g i s g i v e n 

by ^ E = f x K where f i s t h e f r a c t i o n o f u n p a i r e d s p i n 
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d e n s i t y on n i t r o g e n and K i s t h e one c e n t r e exchange 
236 

i n t e g r a l between a c o r e and v a l e n c e e l e c t r o n on n i t r o g e n 
249 250 

I n t h e s p i r i t of t h e t r a n s i t i o n f o r m a l i s m ' i t i s 

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

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

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

t h e ground s t a t e . Thus f o r a s i m p l e s y s t e m s u c h a s NO t h e 

c a l c u l a t e d , I N D O , u n p a i r e d s p i n d e n s i t i e s a t t h e n i t r o g e n 

and oxygen f o r t h e ground s t a t e a r e 15% and 2 8 % l a r g e r 

r e s p e c t i v e l y t h a n t h o s e a p p r o p r i a t e t o t h e h a l f i o n i s e d 
249 250 

s y s t e m s , computed from t h e e q u i v a l e n t c o r e s s p e c i e s ' 

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

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

be s t r a i g h t f o r w a r d l y a v a i l a b l e . As a p r o t o t y p e s y s t e m t o 

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

i n t h e ground s t a t e t h e r e f o r e c a l c u l a t i o n s have been c a r r i e d 

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

t h e N, c o r e h o l e s t a t e s p e c i e s s i m u l a t e d by t h e a p p r o p r i a t e 
-LS 

e q u i v a l e n t c o r e s s p e c i e s . F o r an a n g l e about n i t r o g e n o f 

103.4° and s t a n d a r d bond l e n g t h s the u n p a i r e d s p i n 

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

dependent on t h e r e l a t i v e c o n f o r m a t i o n o f t h e two p h e n y l 

g r o u p s . Thus w i t h the p l a n e o f t h e r i n g a t an a n g l e o f 45° 

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

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

some 5% l o w e r f o r t h e e q u i v a l e n t c o r e s p e c i e s . W i t h one 

o f t h e p h e n y l groups i n p l a n e and t h e o t h e r r o t a t e d by 90° 
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t h e change i n u n p a i r e d s p i n d e n s i t y i n g o i n g from t h e ground 

s t a t e t o t h e h a l f i o n i s e d s p e c i e s i s even l e s s , 2%. I t i s 

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

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

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

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

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

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

t h e n e u t r a l s y s t e m . Model c a l c u l a t i o n s would seem t o 

p r o v i d e s t r o n g e v i d e n c e t h a t t h e s p i n d e n s i t i e s a r e not 

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

t h e t e n d e n c y w i l l u n d o u b t e d l y be i n a s e n s e t h a t t h e 

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

s y s t e m w i l l be s l i g h t l y s m a l l e r as adjudged by d a t a 

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

i n t e g r a l K does not depend s t r o n g l y on the e x t e n t o f s and 

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

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

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

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

I n t h i s r e s p e c t t h e r e f o r e t h e u n p a i r e d s p i n d e n s i t y on 

n i t r o g e n c a n more r e a d i l y be i n v e s t i g a t e d by ESCA and the 

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

i n d i c a t e q u i t e c l e a r l y t h a t t h e u n p a i r e d s p i n d e n s i t y on 

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

s u b s t a n t i a l . 
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The c o r e l e v e l s p e c t r a d i s p l a y e d i n f i g u r e 7.3.1 

show e v i d e n c e o f s a t e l l i t e s t o t h e low 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 s . Such s a t e l l i t e s have 

been w e l l documented f o r u n s a t u r a t e d s y s t e m s and o r i g i n a t e 

m shake up t r a n s i t i o n s accompanying c o r e 
2 52 2 53 

l o n i s a t i o n ' . F o r t h e C ^ s l e v e l s s h ake 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 4.5, 5.6 and 10.4 eV from 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 a r e o b s e r v e d w i t h r e l a t i v e i n t e n s i t y 

3, 6 and 2% w i t h r e s p e c t t o the d i r e c t p h o t o i o n i s a t i o n 
peak. For the C l _ and N, l e v e l s s a t e l l i t e s a r e a l s o ^ 2p I s 
o b s e r v e d a t e n e r g y s e p a r a t i o n s o f 4/5.7 eV and 4^5.4 eV 

r e s p e c t i v e l y , the s a t e l l i t e s f o r t h e C x 2 p x e v e x s 

e x h i b i t i n g t h e c h a r a c t e r i s t i c s p i n o r b i t c o u p l i n g , 1.5 eV» 

o f the d i r e c t p h o t o i o n i s a t i o n peak. The s h ake up i n t e n s i t i e s 

f o r the N^ s and C ^ s l e v e l s a r e s i g n i f i c a n t l y h i g h e r t h a n 

f o r t h e Cl„ l e v e l s w h i c h i s i n d i c a t i v e o f t h e f a c t t h a t 2p 
t h e t r a n s i t i o n s o f t h e l a t t e r i n v o l v e o c c u p i e d and v i r t u a l 

o r b i t a l s w i t h s m a l l c o n t r i b u t i o n s from C1-, v a l e n c e o r b i t a l s , 
3p 

A l t h o u g h s t r i c t l y s p e a k i n g t h e r e i s no s i g m a - p i s e p a r a b i l i t y 

i t i s n e v e r t h e l e s s c o n v e n i e n t t o d i s c u s s t h e shake up 

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

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

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

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

by C l a r k e t a i 2 5 2 , 2 5 3 ^ a v e s j l o w n t h a t t h e low e n e r g y 

s a t e l l i t e s i n t h e r e g i o n l e s s t h a n 8 eV from t h e d i r e c t 

p h o t o i o n i s a t i o n peaks o r i g i n a t e i n t r a n s i t i o n s i n v o l v i n g 

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

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

more complex s i n c e t r a n s i t i o n s i n v o l v i n g b o t h t h e s i n g l y and 

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

s t r i k i n g f e a t u r e c l e a r l y e v i d e n t i n comparing the shake 

up s t r u c t u r e f o r t h e C ^ s l e v e l s o f t h e p e r c h l o r o d i p h e n y l -

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

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

o f t h e low e n e r g y shake up s t r u c t u r e and t h e g r e a t l y 

r e d u c e d t r a n s i t i o n e n e r g i e s . The s h a k e up i n t e n s i t y f o r 

b o t h the N, and C l 0 l e v e l s i s c o n s i d e r a b l y lower and I s 2p 1 

t h e c e n t r o i d o f t he peaks c o r r e s p o n d s m e n e r g y t o t h e 

h i g h e r e n e r g y o f the two low e n e r g y s a t e l l i t e s f o r t h e 

C-^g l e v e l s . By a n a l o g y w i t h t h e s u b s t i t u t e d a r o m a t i c s y s t e m s 
252-254 

w h i c h have been s t u d i e d , t h e low e n e r g y s a t e l l i t e s 

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

h i g h e s t o c c u p i e d and low u n o c c u p i e d M.O.'s. I n t h e 

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

low 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 peak 

h a s been s t u d i e d i n somewhat more d e t a i l an a d d i t i o n a l 

h i g h e r energy, 10.4 eV, t r a n s i t i o n i s a l s o a p p a r e n t . I t i s 

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

shake up t r a n s i t i o n s f o r t h e l e v e l s c o r r e s p o n d s q u i t e 

c l o s e l y i n e n e r g y t o t h e most i n t e n s e o f t h e U V - v i s i b l e 

t r a n s i t i o n s f o r t h e r a d i c a l , A 296 x 10~ 9m, 4.2 eV. 

R a t h e r s i m i l a r low e n e r g y C ^ g shake up peaks were a l s o 

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

m e t h y l and t h e p-methyl p e r c h l o r o p h e n y l , d i p h e n y l m e t h y l 

r a d i c a l s . However f o r t h e s e r a d i c a l s i t was n o t p o s s i b l e 
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t o d e t e c t any u n p a i r e d s p i n d e n s i t y on t h e t n v a l e n t c a r b o n 

atom. T h i s was o f c o u r s e due t o t h e p r e s e n c e o f t h e o t h e r 

C-^g p e a k s . I n view o f t h i s and t h e r a t h e r s m a l l s p l i t t i n g , 

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

was c o n c l u d e d t h a t t h i s a p p r o a c h would n o t y i e l d much 

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

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

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

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

(2.6 c n ) i n f o r m a t i o n c o n c e r n i n g f r e e r a d i c a l s and t h e 

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

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

q u i t e low e n e r g y C shake up peaks a r e o b s e r v e d . 
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Calculat ion of Contact Angles from Dimensions 
of Water Drops 

tan 0/2 = 2h /D 

where h is the height and D is the diameter 
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APPENDIX 5 

The B o a r d o f S t u d i e s i n C h e m i s t r y r e q u i r e s t h a t e a c h 
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e x t e r n a l s p e a k e r s ) a r r a n g e d b y t h e D e p a r t m e n t o f C h e m i s t r y 

d u r i n g t h e p e r i o d when r e s e a r c h f o r t h e t h e s i s was c a r r i e d 
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18 May 1977 
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Dr. J . M c C l e v e r t y ( U n i v e r s i t y o f S h e f f i e l d ) , 

"Consequences o f D e p r i v a t i o n and O v e r c r o w d i n g on the C h e m i s t r y 
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" R e a c t i o n s o f O r g a n i c Compounds w i t h Xenon F l u o r i d e s " 
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Dr. G. R i c h a r d s ( U n i v e r s i t y o f O x f o r d ) , "Quantum 
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P r o f e s s o r K . J . I v m (Queens U n i v e r s i t y , B e l f a s t ) , 

"The O l e f i n M e t a t h e s i s R e a c t i o n : Mechanism o f Ring-Opening 

P o l y m e r i s a t i o n o f C y c l o a l k e n e s " 
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D r . A. H artog ( F r e e U n i v e r s i t y , Amsterdam), "Some 
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2 2 F e b r u a r y 1978 
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" S i l i c o n i n t h e B i o s p h e r e " 

1 March 1978 
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3 March 1978 
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22 March 1978 

P r o f e s s o r H. Vahrenkamp ( U n i v e r s i t y of F r e i b u r g ) , 
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Dr. M. B a r b e r (U.M.I.S.T.), "Secondary I o n Mass S p e c t r a 

o f S u r f a c e s Adsorbed S p e c i e s " 

15 May 1978 

Dr. M.I. B r u c e ( U n i v e r s i t y o f A d e l a i d e ) , "New R e a c t i o n s 

o f Ruthenium Compounds w i t h A l k y n e s " 

16 May 1978 

Dr. P. F e r g u s o n (C.N.R.S., G r e n o b l e ) , " S u r f a c e Plasma 
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P r o f e s s o r M. Gordon ( U n i v e r s i t y o f E s s e x ) , "Three 

C r i t i c a l P o i n t s m Polymer S c i e n c e " 

22 May 1978 

P r o f e s s o r D. Tuck ( U n i v e r s i t y o f Windsor, O n t a r i o ) , 

" E l e c t r o c h e m i c a l S y n t h e s i s o f I n o r g a n i c and O r g a n o m e t a l l i c 

Compounds" 

24/2 5 May 19 78 

P r o f e s s o r P. von R. S c h l e y e r ( U n i v e r s i t y o f E r l a n g e n , 

N u r n b e r g ) , 

( I ) " P l a n a r T e t r a - C o o r d m a t e Methanes, P e r p e n d i c u l a r 

E t h y l e n e s and P l a n a r A l l e n e s " 

( n ) " A r o m a t i c i t y i n T h r e e D i m e n s i o n s " 

( m ) " N o n - C l a s s i c a l C a r b o c a t i o n s " 

21 June 1978 

Dr. S.K. T y r l i k (Academy o f S c i e n c e s , Warsaw), 

" D i m e t h y l g l y o x i m e - C o b a l t Complexes - C a t a l y t i c B l a c k B o x e s " 

23 June 1978 

P r o f e s s o r W.B. P e r s o n ( U n i v e r s i t y o f F l o r i d a ) , "Diode 

L a s e r S p e c t r o s c o p y a t 16 m" 

2 7 June 1978 

P r o f e s s o r R.B. K i n g ( U n i v e r s i t y o f G e o r g i a , A t h e n s , 

G e o r g i a , U.S.A.), "The Use o f C a r b o n y l A n i o n s i n t h e 

S y n t h e s i s o f O r g a n o m e t a l l i c Compounds" 

30 June 1978 

P r o f e s s o r G. Mateescu (Cape W e s t e r n R e s e r v e U n i v e r s i t y ) , 

"A C o n c e r t e d S p e c t r o s c o p y Approach t o t h e C h a r a c t e r i s a t i o n 

o f I o n s and I o n P a i r s : F a c t s , P l a n s and Dreams" 
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15 September 19 78 

P r o f e s s o r W. S i e b e r t ( U n i v e r s i t y o f Marburg, West 

Germany), "Boron H e t e r o c y c l e s as L i g a n d s i n T r a n s i t i o n 

M e t a l C h e m i s t r y " 

22 September 1978 
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R e a c t i o n s " 
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"The A p p l i c a t i o n o f N.M.R. to the Study o f Motions i n 
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Dr. J . C . Walton ( U n i v e r s i t y of S t . Andrews), " P e n t a -
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M a t r i c e s " 
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C h e m i s t r y , U n i v e r s i t y of Munich), "Five-membered Phosphorus 

H e t e r o c y c l e s C o n t a i n i n g D i c o o r d i n a t e P h o s p h o r u s " 

9 May 1979 

Dr. A . J . K i r b y ( U n i v e r s i t y o f C a m b r i d g e ) , " S t r u c t u r e 

and R e a c t i v i t y i n I n t r a m o l e c u l a r and Enzymic C a t a l y s i s " 

9 May 19 79 

P r o f e s s o r G. Maier ( L a h n - G i e s s e n ) , " T e t r a - t e r t -

b u t y l t e t r a h e d r a n e " 

10 May 1979 

P r o f e s s o r G. A l l e n , F.R.S. ( S c i e n c e R e s e a r c h C o u n c i l ) , 

"Neutron S c a t t e r i n g S t u d i e s o f P o l y m e r s " 

16 May 1979 

Dr. J . F . Nixon ( U n i v e r s i t y o f S u s s e x ) , " S p e c t r o s c o p i c 

S t u d i e s on P h o s p h i n e s and t h e i r C o o r d i n a t i o n Complexes" 

23 May 1979 

Dr. B. W a k e f i e l d ( U n i v e r s i t y o f S a l f o r d ) , " E l e c t r o n 

T r a n s f e r m R e a c t i o n s o f M e t a l s and O r g a n o m e t a l l i c Compounds 

w i t h P o l y c h l o r o p y r l d i n e D e r i v a t i v e s " 
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13 June 1979 

Dr. G. Heath ( U n i v e r s i t y o f E d i n b u r g h ) , " P u t t i n g 

e l e c t r o c h e m i s t r y i n t o M o t h b a l l s - (Redox P r o c e s s e s o f 

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

14 June 1979 

P r o f e s s o r I . U g i ( U n i v e r s i t y o f Munich), " S y n t h e t i c 

U s e s o f Super N u c l e o p h i l e s " 

20 June 1979 

P r o f e s s o r J.D. C o r b e t t (Iowa S t a t e U n i v e r s i t y , Ames, 

Iowa, U.S.A.), " Z i n t l I o n s : S y n t h e s i s and S t r u c t u r e o f 

Homopolyatomic A n i o n s o f t h e P o s t - T r a n s i t i o n E l e m e n t s " 

2 7 June 1979 

Dr. H. F u e s s ( U n i v e r s i t y o f F r a n k f u r t ) , "Study o f 

E l e c t r o n D i s t r i b u t i o n i n C r y s t a l l i n e S o l i d s by X - r a y and 

Neutron D i f f r a c t i o n " 

21 November 1979 

Dr. J . M u l l e r ( U n i v e r s i t y o f B e r g e n ) , " P h o t o c h e m i c a l 

R e a c t i o n s o f Ammonia" 

2 8 November 19 79 

Dr. B. Cox ( U n i v e r s i t y o f S t i r l i n g ) , " M a c r o b i c y l I C 

C r y p t a t e Complexes, Dynamics and S e l e c t i v i t y " 

5 December 1979 

Dr. G.C. Eastmond ( U n i v e r s i t y o f L i v e r p o o l ) , " S y n t h e s i s 

and P r o p e r t i e s of some Multicomponent P o l y m e r s " 

12 December 1979 

Dr. C . I . R a t c l i f f e ( U n i v e r s i t y o f London), "Rotor 

Motions m S o l i d s " 
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19 December 1979 

Dr. K.E. Newman ( U n i v e r s i t y o f L a u s a n n e ) , "High 

P r e s s u r e M u l t m u c l e a r NMR m t h e E l u c i d a t i o n of t h e 

Mechanisms o f F a s t , S i m p l e I n o r g a n i c R e a c t i o n s " 

30 J a n u a r y 1980 

Dr. M.J. Barrow ( U n i v e r s i t y o f E d i n b u r g h ) , "The 

S t r u c t u r e s o f some Si m p l e I n o r g a n i c Compounds o f S i l i c o n 

and Germanium - P o i n t e r s t o S t r u c t u r a l T r e n d s i n Group I V " 

6 F e b r u a r y 1980 

Dr. J.M.E. Q u i r k e ( U n i v e r s i t y o f Durham), D e g r a d a t i o n 

o f C h l o r o p h y l l - a m S e d i m e n t s " 

23 A p r i l 1980 

B. G r i e r s o n , B.Sc., ( U n i v e r s i t y o f Durham), "Halogen 

R a d i o p h a r m a c e u t i c a l s " 

14 May 1980 

Dr. R. Hutton (Waters A s s o c i a t e s , U.S.A.), "Recent 

Developments m M u l t i - m i l l i g r a m and M u l t i - g r a m S c a l e 

P r e p a r a t i v e High P e r f o r m a n c e L i q u i d Chromatography" 

21 May 1980 

Dr. T.W. B e n t l e y ( U n i v e r s i t y o f Swansea), "Medium and 

S t r u c t u r a l E f f e c t s m S o l v o l y t i c R e a c t i o n s " 


