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ABSTRACT 

The p h o t o e m i s s i o n o f e l e c t r o n s from molecules upon 

t h e i r i r r a d i a t i o n by X-rays forms t h e b a s i s o f E.S.C.A. 

(XPS) s p e c t r o s c o p y . The e l e c t r o n s r e m a i n i n g i n t h e 

molecule e x p e r i e n c e an e f f e c t i v e i n c r e a s e i n n u c l e a r 

charge accompanying p h o t o i o n i s a t i o n , and undergo a 

" r e l a x a t i o n " process. The energy a s s o c i a t e d w i t h t h i s 

( t h e r e l a x a t i o n energy) a f f e c t s n o t o n l y the i n t e n s i t y 

and shape o f the e x p e r i m e n t a l l y determined peak, but a l s o 

i t s p o s i t i o n ( o r b i n d i n g energy) t o a s i g n i f i c a n t e x t e n t 

and g i v e s r i s e t o accompanying lower k i n e t i c energy, 

s a t e l l i t e s t r u c t u r e . 

By means o f w e l l - e s t a b l i s h e d quantum mechanical 

methods, i t i s p o s s i b l e t o c a l c u l a t e t h e o r e t i c a l l y t h e 

b i n d i n g e n e r g i e s and r e l a x a t i o n e n e r g i e s f o r core e l e c t r o n 

p h o t o i o n i s a t i o n , and t h e t r a n s i t i o n e n e r g i e s and i n t e n s i t i e s 

o f accompanying shake-up s a t e l l i t e s . 

A s e r i e s o f C,H,N,0, c o n t a i n i n g molecules has been 

i n v e s t i g a t e d encompassing a. wide range o f f u n c t i o n a l i t i e s 

o f i n t e r e s t t o th e polymer ch e m i s t . Trends i n b i n d i n g 

e n e r g i e s as a. f u n c t i o n o f e l e c t r o n i c environment are e s t a b ­

l i s h e d and t h e i r dependence upon changes i n r e l a x a t i o n 

e f f e c t s i s n o t e d . The manner i n which weak i n t e r a c t i o n s 

o f the ground s t a t e are enhanced on g o i n g t o th e core h o l e 

s t a t e m a n i f o l d i s demonstrated i n a d e t e r m i n a t i o n o f t h e 

c l a s s i c a l o r n o n - c l a s s i c a l n a t u r e o f c a r b o c a t i o n s o f c u r r e n t 

i n t e r e s t and i n a st u d y o f hydrogen bonding i n 1,3 d i c a r b o n y l 

systems. S h i f t s i n b i n d i n g energy are found t o be h i g h l y 

c h a r a c t e r i s t i c o f a g i v e n s t r u c t u r a l t y pe and i n the case 

o f the l a t t e r t h i s i s a l s o m a n i f e s t i n th e accompanying 

s a t e l l i t e s t r u c t u r e . 



F i n a l l y , the importance of such s t r u c t u r e i s emphasised 

i n s t u d i e s r e l a t i n g t o the i s o m e r i c hydrocarbons and benzo-

quinones, where the f a c t o r s d e t e r m i n i n g s h i f t s i n b i n d i n g 

energy are so s h o r t range i n n a t u r e as t o r e n d e r them 

n e g l i g i b l e . 
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1 

CHAPTER ONE 

MOLECULAR ORBITAL THEORY 

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

T h i s Chapter c o n t a i n s a b r i e f survey o f some fundamental 

concepts and r e l a t i o n s h i p s needed f o r the t h e o r y o f e l e c t r o n i c 

s t r u c t u r e o f ma n y - e l e c t r o n systems, w i t h s p e c i a l emphasis on 

M o l e c u l a r O r b i t a l (MO) t h e o r y . The a p p r o p r i a t e forms o f 

bo t h the H a m i l t o n i a n o p e r a t o r and the w a v e f u n c t i o n are d e v e l ­

oped and t h e n s o l u t i o n o f the S c h r o d i n g e r e q u a t i o n i s d i s ­

cussed w i t h i n the Hartree-Fock f o r m a l i s m . The in a d e q u a c i e s 

o f t h i s method are d i s c u s s e d and mention i s made of c o r r e l ­

a t i o n and r e l a t i v i s t i c e f f e c t s . F i n a l l y , a b r i e f d e s c r i p t i o n 

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

programs used i s i n c l u d e d . 

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

whole area and s e v e r a l t e x t s have been used i n t h i s d i s -
1-10 

c u s s i o n . 

1.2 An i n t r o d u c t o r y Survey o f Quantum Mechanics 

1.2.1 The Sch r o d i n g e r E q u a t i o n 

The e l e c t r o n i c s t r u c t u r e and p r o p e r t i e s o f any 

molecule, i n any o f i t s a v a i l a b l e sta.tiona.ry s t a t e s , may 

be d e t e r m i n e d i n p r i n c i p l e by s o l u t i o n o f the ti m e - i n d e p e n d e n t 

S c h r o d i n g e r equa.tion. For a system o f n e l e c t r o n s i n a 

p o t e n t i a l f i e l d o f N n u c l e i t h i s i s o f t h e form: 

H y(r,R) - E v(r,R) (1.1) 

where the H a m i l t o n i a n o p e r a t o r ( t o t a l energy,.-e«€-pator where H I 

E i s t h e t o t a l energy o f the system 
°CT 1981 

r ' O f V 

rary 



and <p(r,R) i s the w a v e f u n c t i o n depending upon c o t h rue 

e l e c t r o n i c c o o r d i n a t e s r and n u c l e a r c o o r d i n a t e s R, 

sucii t n a t <!<*'/' i s tne p r o o a ' c i l i t y d e n s i t y :'unction f o r 

zhe e l e c t r o n d i s t r i c u t i o n i n a 4n d i m e n s i o n a l space . 

For such a system c o m p r i s i n g o f N n u c l e i , w i t n charges Z e 

a.nd masses M (v- 1,2, ... N), and n e l e c t r o n s , w i t h charges 

-e and masses M the H a m i l t o n i a n o p e r a t o r i s of the form: 

N 0 n n ;•; „ 2 
Y 2 ^ 2 . 

y = l 8 " M ftl 8 7 1 M e i = l ,=1 ° 1 P 

l\T 2 n n Z..Z..e 

U = l V > \1 P 1 = 1 - >1 

where h i s Planck's c o n s t a n t : 
2 ? 2 .2 . ,̂ T -, . ^ 6 6" 6 V i s the L a p l a c i a n o o e r a t o r ~ + + ? 2 ?' 

x i y i z i 

K ( = 4TTE } where e i s the o e r m i t t i v i t v o f f r e e space o o o " " 
and r i s the d i s t a n c e between two p a r t i c l e s i n zhe system 

w i t h i and j r e f e r r i n g t o t h e e l e c t r o n s , a.nd y and v 

the n u c l e i . 

I t i s c o n v e n i e n t t o express the e q u a t i o n i n a more s i m p l i f i e d 

f o rm by the i n t r o d u c t i o n o f atomic u n i t s . Thus, the r e s t 

mass o f the e l e c t r o n , M , ^^2-n, e and K are set equal t o 
' e o 

u n i t y . C l e a r l y , t he e i g e n v a l u e s r e s u l t i n g from the s o l u t i o n 

o f the S c h r o d i n ^ e r e q u a t i o n i n t n i s form • ; i l l a l s o oe i n 

terms o f atomic u n i t s . The t o t a l energy H w i l l ce i n 
e 2 n 2

 K ' h a r t r e e s (E ) where E = and a (- — ^ i s the • o o a < o v .„ 2 o o M 
atomic u n i t o f l e n g t h , the "bohr". 
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The energy computed i n h a r t r e e s i s d e f i n e d f o r a 

s i n g l e p a r t i c l e : 

1 h a r t r e e p a r t i c l e - 1 = 27-2107eV p a r t i c l e 1. 

For an Avagadro number o f p a r t i c l e s , i n CGS or SI u n i t s 

t h i s v a l u e becomes: 

1 h a r t r e e p a r t i c l e 1 627-5kcal mol 1 2625-5 k j mol 1 

The H a m i l t o n i a n t h e r e f o r e reduces t o t h e e x p r e s s i o n : 

N n n N 7 
H = Y r f - v"\. - £ > - > Y r 2 Zr M v 2 £-> 1 Z , 

v=l i = l 1=1 w=i 

N N n n 

1 'M 

2 2 — 5 : 2 - d.3) 
1 y v . I T 

u = l v>y 1 = 1 i > i 

The f i r s t and second terms i n the o p e r a t o r r e l a t e t o 

t h e k i n e t i c energy o f the n u c l e i and e l e c t r o n s r e s p e c t i v e l y 

w h i l s t the r e m a i n i n g t h r e e p o t e n t i a l energy terms, i n o r d e r 

o f appearance, a.re the n u c l e u s - e l e c t r o n a t t r a c t i o n and the 

n u c l e a r - n u c l e a r and e l e c t r o n - e l e c t r o n , r e p u l s i o n e x p r e s s i o n 

S o l u t i o n o f equa.tion (1.1) may be s i m p l i f i e d oy the 

i n t r o d u c t i o n o f c e r t a i n assumptions and a p p r o x i m a t i o n s . 

Thus i f the Born-Qppenheimer 1 1 a p p r o x i m a t i o n i s i n t r o d u c e d 

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

p a r t s : 

Mr.R) = * R ( r ) e(R> (1.4) 

T h i s assumption i s e q u i v a l e n t t o the p h y s i c a l idea, 

t h a t e l e c t r o n s can i n s t a n t a n e o u s l y a.djust t h e i r motion t o 

any change i n motion o f the n u c l e i . (v) i s t h e r e f o r e an 

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

e(R) i s the n u c l e a r wave f u n c t i o n . The v a l i d ! L v o f t h i s 



assumption r e l i e s upon the f u n c t i o n ( r • h a v i u r a p a r a m e t r i c 
12 

dependence upon tne n u c l e a r c o o r d i n a t e s . Also, o n l y t h a t 

p a r t o f the Hatniltonia.n o p e r a t o r which i s dependent upon the 

p o s i t i o n , and n o t the momenta o f the n u c l e i i s c o n s i d e r e d . 

The k i n e t i c energy o p e r a t o r due t o the n u c l e i ( : i s t h e r e -
n 

f o r e n e g l e c t e d , where: 
N 

1 "O 1 „ 2 
M = l 

The e l e c t r o n i c H a m i l t o n i a n o p e r a t o r i s t h e r e f o r e o f the 

form: 

n n N 7 N N 7 7 -- I 2 2 2 2 
1=1 1=1 U=l y = l V>U 

n n 
1 

+ 2 2 777 ( 1- 6 ; 

i = l j > i x' 

De n o t i n g h as the sum o f the mono-electronic o p e r a t o r s and 

V as t h e p o t e n t i a l - e n e r g y o p e r a t o r f o r the r e p u l s i o n terms, 

the e l e c t r o n i c Ha m i l • i t t e n as; 

H = h + V ( 1 .7 • 

e 

The o p e r a t o r (h + V) i s assumed t o s a t i s f y the S c h r o d i n g e r 

e q u a t i o n : 
(h + V) * R ( r ) = E(R) * R ( r ) (1.8) 

E(R) i s the t o t a l energy o f the system w i t h i n the f i x e d -

n u c l e i a p p r o x i m a t i o n and i s e q u a l t o the e l e c t r o n i c energy o f 

th e n e l e c t r o n s moving i n the f i e l d p r o v i d e d oy the N, f i x e d -

c o o r d i n a t e , n u c l e i PLUS t h e i r mutual r e p u l s i o n energy. 

P l o t t i n g E(R) as a f u n c t i o n o f the n u c l e a r c o o r d i n a t e s w i l l 

l e a d t o a p o t e n t i a l - e n e r g y s u r f a c e i n t h e g e n e r a l case, or 
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more s p e c i f i c a l l y , f o r d i a t o m i c m o l e c u l e s , t he p o t e n t i a l -
energy curve, i f t he Born-Oppenheimer a p p r o x i m a t i o n i s a 
v a l i d one. 

That the s o l u t i o n o f (1.1) may be t r e a t e d as a p u r e l y 

e l e c t r o n i c problem i s e v i d e n t i n the l a r g e r a t i o between the 

e l e c t r o n i c and n u c l e a r masses, however i n the s p e c i f i c case 
1"5 

of the J a h n - T e l l e r e f f e c t , a p r o p e r t y g e n e r a l l y c o n s i d e r e d 

t o be e l e c t r o n i c i n n a t u r e , t he motion o f the n u c l e i has a. 

p r o f o u n d e f f e c t . 

The S c h r o d i n g e r e q u a t i o n d e s c r i b i n g t he n u c l e i t h e r e f o r e 

ha.s t he f o r m : 
(T + E(R)) 6(R) = E N 9(R) (1.9) 

C l e a r l y the t o t a l energy E i s the sum o f the e l e c t r o n i c 

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

n u c l e a r energy: 

E t o t a l = E < V + EN (1-10) 

A second assumption made i n f o r m u l a t i n g e x p r e s s i o n (1.2) i s 

t h a t terms r e p r e s e n t i n g i n t e r a c t i o n s between p a r t i c l e s o t h e r 

t h a n those o f p u r e l y e l e c t r o s t a t i c o r i g i n , such as e l e c t r o n 

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

have been n e g l e c t e d . The o m i s s i o n o f magnetic terms from 

H i s d e l i b e r a t e s i n c e magnetic e f f e c t s are on a ve r y much 

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

(1.2) t h e r e f o r e determines t he e l e c t r o n i c d i s t r i o u t i o n by 

means o f the n o n - r e l a t i v i s t i c , s p i n - f r e e , e l e c t r o s t a t i c 

Hamiltonia.n H. A b r i e f d i s c u s s i o n o f the magnitudes o f the 

r e l a t i v i s t i c c o r r e c t i o n s t o t h i s model w i l l be p r e s e n t e d i n 

a subsequent s e c t i o n . 
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A t t e n t i o n w i l l now be drawn towards d e t e r m i n i n g the 

form o f t h e e l e c t r o n i c wave f u n c t i o n iK_,(ri. A l t h o u g h the 
K 

e l e c t r o n i c w a v e f u n c t i o n does n o t take i n t o account e l e c t r o n 

s p i n , f o r ma n y - e l e c t r o n systems i t i s necessary t o i n c l u d e 

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

the P a u l i p r i n c i p l e which i n t u r n ensures t n a t o n l y v a l i d 

forms o f the e l e c t r o n i c wave f u n c t i o n are c o n s i d e r e d , i n 

accordance w i t h t he r e s t r i c t i o n s imposed by the i n d i s t i n g u i s h -

i b i l i t y o f the e l e c t r o n s . The n o n - r e l a t i v i s t i c t h e o r y o f 

e l e c t r o n s p i n , based upon the g e n e r a l t h e o r y o f a n g u l a r 

momentum determines t h a t a s s o c i a t e d w i t h each e l e c t r o n i s 

a s p i n va.riaole (M = - i ) • The two p o s s i b l e s p i n f u n c t i o n s 

f o r an e l e c t r o n i are w r i t t e n a.s a ( i ) , where M = h and 3 ( i ) ; 

where M = 
s 2 

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

= 1, a ( - | ) = 0 
(1.11) 

3 ( 1 ; = o, g ( - i ) = l 

and c l e a r l y , t he s p i n f u n c t i o n s are orthoriorma 1 : 

/ a ( i V f a ( i ) dM c = 1 
(1.12) 

/ a ( i ) * 3(1) dM s = 0 

The P a u l i p r i n c i p l e r e q u i r e s t h a t the t o t a l wave 

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

o f c o o r d i n a t e s r ^ o f any two e l e c t r o n s and t h i s i s made poss­

i b l e by the a b i l i t y t o express r ^ i n terms o f Doth space and 

s p i n v a r i a b l e s . Thus, where P i s an o p e r a t o r p r o d u c i n g an 

a r b i t r a r y p e r m u t a t i o n among the e l e c t r o n i c space and s p i n 

v a r i a b l e s r ^ , and P i s the p a r i t y o f the p e r m u t a t i o n - the 

number o f p a i r t r a n s p o s i t i o n s t o which t he p e r m u t a t i o n i s 

e q u i v a l e n t , t h e n : 



P^ R ( r 1 . r 0 . ... r . ... r n ) = ( - 1 ^ P * R (ri<r?- ••• l\ ••• r

n^ 

(1.1.?) 

i s a c o n s t r a i n t which must be s a t i s f i e d by any t r i a l wave 

f u n c t i o n i f a v a l i d s o l u t i o n t o the e l e c t r o n i c :ave e q u a t i o n 

i s t o oe found. 

There are two d i s t i n c t methods which enaole t h i s d i f f i c ­

u l t y t o be overcome. The f i r s t i s t o c o n s t r u c t a l l p o s s i b l e 

s p i n f u n c t i o n s f o r an n - e l e c t r o n system, i n v e s t i g a t e t h e i r 

t r a n s f o r m a t i o n s under p e r m u t a t i o n s and c o n s i d e r o n l y those 

s o l u t i o n s o f e q u a t i o n (1.1) which when comoined w i t h the known 

s p i n f u n c t i o n s produce a t o t a l wave f u n c t i o n which i s a n t i ­

symmetric under p e r m u t a t i o n s . A good account of t h i s method-
- rr _̂ , 1 4 

i s g i v e n Dy Kota.ni et al-

The method c o n s i d e r e d here w i l l be t h a t due t o S l a t e r , 

i n which trie s p a t i a l and s p i n dependence o f the wave f u n c t i o n s 

are combined from the b e g i n n i n g o f the c a l c u l a t i o n d e s p i t e 

the absence o f e l e c t r o n s p i n i n the S c h r o d i n g e r e q u a t i o n . 

I n s p e c t i o n o f the form o f the m o l e c u l a r - e l e c t r o n i c 

Ha.miltonian (1.6) demonstrates t h a t t h e a n a l y t i c a l problem 

p r e s e n t e d by the s o l u t i o n o f the S c h r o d i n g e r e q u a t i o n i s a 

p a r t i a l d i f f e r e n t i a l e q u a t i o n i n J>n dimensions. Due t o the 

e l e c t r o n - e l e c t r o n r e p u l s i o n term i n t h e o p e r a t o r , t h e r e can 

be no f u r t h e r r e d u c t i o n i n t o e q u a t i o n s o f s m a l l e r dimension. 

For o n e - e l e c t r o n systems, where o f cou r s e , no e l e c t r o n r e p u l ­

s i o n terms e x i s t s o l u t i o n o f the t h r e e - d i m e n s i o n a l e q u a t i o n 

i s p o s s i b l e by a n a l y t i c a l methods but i t i s c l e a r t h a t an 

" e x a c t " s o l u t i o n o f t h e S c h r o d i n g e r e q u a t i o n f o r molecules i s 

n o t p o s s i b l e . However i f t he e l e c t r o n - e l e c t r o n r e p u l s i o n 

o p e r a t o r c o u l d oe n e g l e c t e d then a. s i m p l e r e q u a t i o n would 

r e s u l t . 

http://Kota.ni


H ' * r V r ) = h M ( r ) = E ' M ( r ) (1.14) e R v R R v ; v 

where the prime i n d i c a t e s t h i s s i m p l i f i c a t i o n . 

Clea.riy, s i n c e e-e r e p u l s i o n terms- a-.re n e g l e c t e d , t h e r e 

i s an e q u a t i o n o f t h i s t y pe f o r ea.ch o f the n e l e c t r o n s . 

h ( i ) M i ) = e- M i ) (1.15) 

where <f> . ( i ) and e _. a.re the e i g e n f u n c t i o n s and e i g e n v a l u e s 

o f h ( i ) r e s p e c t i v e l y . 

Then : 

* R' ( r ) = ^ ( 1 ) * 2 ( 2 ) . . . * k ( n ) (1-16) 

and 
! 

z j l + ,j2 + ••• j n U - i ^ 

I n these e x p r e s s i o n s , the f u n c t i o n s $ . ( i ) a.re o r b i t a . l s , 

i n t h e sense t h a t "an o r b i t a l i s a s o l u t i o n o f any r e a l or 

model s i n g l e - e l e c t r o n S c h r o d i n g e r equation''. The e l e c t r o n i c 

s p a t i a l v a r i a b l e s r ^ are a b b r e v i a t e d by i . The f a c t t h a t 

t he t r u e m o l e c u l a r e l e c t r o n i c H a m i l t o n i a n does c o n t a i n the 
n n 

terms ^ ^ —^- means t h a t * ( r ; i s n o t the t r u e 
i = i 3 > i 

m o l e c u l a r e l e c t r o n i c wave f u n c t i o n . However the idea o f a 

o n e - e l e c t r o n f u n c t i o n ( t h e o r b i t a l a p p r o x i m a t i o n ) i s concept­

u a l l y s i m p l e : and i t i s u s e f u l t o c o n s i d e r p r o d u c t s o f one-

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

approach the exact f u n c t i o n s . Thus, i f i t i s p o s s i b l e t o 

p a r t i t i o n the n - e l e c t r o n H a m i l t o n i a n i n t o n separate one-

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

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

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

e q u a t i o n . 
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The many e l e c t r o n wave f u n c t i o n s may he c o n s t r u c t e d as 

p r o d u c t s o f o n e - e l e c t r o n , s p i n o r b i t a l s , which i n t u r n are 

the c o m b i n a t i o n o f both t he s p a t i a l c o o r d i n a t e s and s p i n -

f u n c t i o n a or 3 o f each e l e c t r o n : 

and 
n ^ ( 1 ) <l>2(2) n 

j ( i ) c t ( i ) 

, ( i ) 3(1) 

(1.18 

(1.19) 

where both t ne prime and s u b s c r i p t R have been dropped, 

s i n c e i t i s now un d e r s t o o d t h a t i> i s a non-exact e l e c t r o n i c 

wave f u n c t i o n w i t h i n the f i x e d n u c l e i a p p r o x i m a t i o n , and i 

i s t h e a o b r e v i a t i o n f o r b o t h space and s p i n v a r i a b l e s assoc­

i a t e d w i t h ea.ch e l e c t r o n . 

Since the e l e c t r o n s are i n d i s t i n g u i s h a b l e , t h e r e are 

nl p e r m u t a t i o n s o f e q u a t i o n (1.18) 'which are a l s o s o l u t i o n s 

t o t h e wave e q u a t i o n . A s o l u t i o n , as p r e v i o u s l y n o t e d , i s 

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

and t h e r e f o r e i n t r o d u c i n g t he a n t i s y m m e t r i s i n g o p e r a t o r A 

t o t he simple p r o d u c t o f s p i n o r b i t a . l s , t r a n s f o r m s them i n t o 

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

n, 
1 

/ n i P 
where P i s as d e f i n e d i n (1.1^;. 

n: 
Hi,2 ... n) = / n , J P n ( l ) ^ ( 2 ) t|>n 

(1.20) 

(n) (1.21) 

<Kl 2, n) = ^ ( i * ( i ) 
n -

* 1 ( n ) ^ n ( n ) 

(1.22) 
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The f a c t o r • ensures t h a t t h e d e t e r m i n a n t i s 

n o r m a l i s e d , p r o v i d i n g t h a t t h e s p i n - o r b i t a l s i ^ ( i N | form 

an orthonorma 1 s e t . C l e a r l y , each ^ ( i ^ may 'ce expressed 

i n terms o f i t s space and s p i n f u n c t i o n s (1.1-- ' : n the above 

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

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

s t o o d : 

*(1,2 ... n) = | < D 1 ( l ) a ( i ) d , l ( 2 ) B ( 2 ) . . . * n ( n - 1 ) a ( n - l ) 4> n(n) 3 (n) | 

(1.23) 
= J *1J1 ... 4 n ? n | (1.24) 

where a s p i n i s u n d e r s t o o d and 3 s p i n i s denoted oy the 

ba r , 

I t i s c l e a r t h a t t h e P a u l i e x c l u s i o n p r i n c i p l e i s now 

s a t i s f i e d - oy the p r o p e r t i e s o f d e t e r m i n a n t s . 

1.2.2 The V a r i a t i o n P r i n c i p l e 

15 
The v a r i a t i o n p r i n c i p l e i s Dased upon the 

f a c t t h a t t h e energy f o r any n o r m a l i s e d approximate wa.ve 

f u n c t i o n i s the e x p e c t a t i o n v a l u e o f the H a m i l t o n i a n 

o p e r a t o r : 
E = />* H * d T (1.25) 

and w i l l l i e above the t r u e energy o f the m o l e c u l a r system 

under c o n s i d e r a t i o n . 

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

method, the p r o p e r t i e s o f the wave f u n c t i o n s h o u l d be r e ­

i t e r a t e d , i n t h a t i t must be c o n t i n u o u s , s i n g l e - v a l u e d , a.nd 

possess an i n t e g r a b l e square ( t o s a t i s f y t h e n o r m a l i s a t i o n 

c o n d i t i o n } . 



fty* ^ ci T = 1 (1.26) 

Because o f the Hermitia.n symmetry o f the o p e r a t o r H. i t 

can be shown t h a t e i g e n f u n c t i o n s a s s o c i a t e d w i t n d i f f e r e n t 

e i g e n v a l u e s o f the sa.me system are o r t h o g o n a l . 

1 K = A 

fK * A D T = 6 K A 
(1.27) 

y_ 0 K 4 A 

where 5 i s termed t he Kronecker d e l t a . 
< A 

From the wave e q u a t i o n , t he f o l l o w i n g may be d e r i v e d , 

/if/*H |JQT = E / I J J * t j i d : 
(1.28) 

o r S = /i|i*H i j i d i 

/ \\> k ijj d x 

I n accordance w i t h the v a r i a t i o n p r i n c i p l e , i f ij; i s 

r e p l a c e d by some approximate f u n c t i o n \p then the a s s o c i a t e d 

energy E w i l l be a h i g h e r v a l u e d , a p p r o x i m a t i o n t o the t r u e 

energy s o l u t i o n o f the S c h r o d i n g e r e q u a t i o n : 

fi* H 'y d. x 
E = — ; > E (1.29) 

fip * \p d T 

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

s o l u t i o n i s o b t a i n e d by m i n i m i s i n g t he v a l u e of1 an : ' i n t e g -

r a t e d e x p r e s s i o n " ; the s o l u t i o n i s the best p o s s i b l e s o l u t i o n 

o f t h e model type i n the mean; however the d i f f e r e n t i a l form 

ha.s p o i n t by p o i n t s o l u t i o n s . I t must t h e r e f o r e ce expected 

t h a t m o l e c u l a r p r o p e r t i e s dependent upon the va l u e o f 4> a t 

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

c o n s t a n t s , w i l l n o t be w e l l d e s c r i b e d , w h i l s t those dependent 

upon v a r i o u s i n t e g r a t i o n s o f i> s h o u l d be w e l l reproduced. 



12 

The v a r i a t i o n method p r o v i d e s a. t e c h n i q u e f o r the 

c o m p u t a t i o n o f the a p p r o x i m a t e , o r b i t a l model wave f u n c t i o n : 

n 
* = E D K $ K (1-30) 

K=l 

where 

\ = I * * 2 ( 2 ) . . . * n ( n ) | 

and 

^ ( i ) = *.(!)« ( i ) or <(> ( i ) 3 ( i ) 

The t i l d e (above^) has been dropped s i n c e o n l y approx­

imate wave f u n c t i o n s are t o be c o n s i d e r e d . 

E x p r e s s i o n (1.30) i s s u b s t i t u t e d i n t o the v a r i a t i o n a l 

e x p r e s s i o n (1.29) which i s tnen m i n i m i s e d w i t h r e s p e c t t o 

the c o e f f i c i e n t s and any parameters c o n t a i n e d i n the 

d e f i n i t i o n o f the s p a t i a l o r b i t a l s $.(i). 
(J 

The f u l l o p t i m i s a t i o n o f e x p r e s s i o n (1.30^ i s termed 

th e M u l t i - C o n f i g u r a t i o n S e l f - C o n s i s t e n t Method, and i n 

p r a c t i c e i s complex and t i m e consuming f o r m a n y - e l e c t r o n 

systems. The most w i d e l y used approach i s the M o l e c u l a r 

O r b i t a l model i n which o n l y a s i n g l e t e r m i s r e t a i n e d f r o m 

e x p r e s s i o n (1.30) ( D - ^ l , D^=o, i > l ) . A l l o f the computat­

i o n a l e f f o r t i s thrown i n t o c h o o s i n g the b e s t p o s s i b l e 

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

Valence-Bond method f i x e s the o r b i t a l s <f> . ( i ) and o p t i m i s e s 

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

wave f u n c t i o n . Both t h e H a r t r e e - Fock and Valence bond 

methods are s p e c i a l cases o f the G e n e r a l i s e d Valence Bond 

(GVB) approach. 

I n t h i s method every o r b i t a . l i s a l l o w e d t o be d i f f e r e n t 



and s i n g l y o c c u p i e d , no o r t h o g o n a l i t y c o n d i t i o n s are p l a c e d 

on t h e o r b i t a . l s each o r b i t a l i s s o l v e d s e l f c o n s i s t e n t l y 

i n t he f i e l d due t o o t h e r o r b i t a . l s , and the wave f u n c t i o n 

ensures t n a t the t o t a l w a v e f u n c t i o n possesses the p r o p e r 

s p i n symmetry. Goddard, u s i n g t h i s method, has examined 

the r e s u l t s o f ab -initio c a l c u l a t i o n s o f r e a c t i o n c o o r d i n a t e s 

and n o t e d the dependence o f t h e a c t i v a t i o n energy upon c e r t a i n 

phase r e l a t i o n s h i p s between the o r b i t a l s o f bot h r e a c t a n t s 

and p r o d u c t s . T h i s forms the b a s i s f o r the O r b i t a l Phase 
16 

C o n t i n u i t y P r i n c i p l e . 

The c o m p u t a t i o n o f optimum l i n e a r expansion c o e f f i c i e n t s , 

o f ( 1 . 3 0 ) , when f u n c t i o n s $ are n o t o p t i m i s e d , i s p a r t i c ­

u l a r l y ea.sy t o f o r m u l a t e i n g e n e r a l . 

T h e r e f o r e i f 
* - 2 D K K 

K 
t h e n s u b s t i t u t i o n i n t o (1.29) g i v e s 

YD.D.H. . 
^ 1 .1 i . l E = 
1.-1 (1-31 
Y D.D S. . 

where 

and 

1."! 

H. . = .H $ . dx (1.32! 
1J 1 J ' 

S 1 J = / $ i di (1.33) 

R e a r r a n g i n g (1.^1) g i v e s : 

VD.D.S..E = TD.D.H. . ( j = l , 2 ) 
i i 

(SF 

Forming — — f o r each v a l u e o f j and e q u a t i n g each p a r t i a l 

d e r i v a t i v e - t o zero ensures a minimum i n ( l . ^ l ) . 
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C o l l e c t i n g t h e r e s u l t i n g e q u a t i o n s i n m a t r i x form g i v e s : 
(H - E S) D = 0 ( 1 - 3 ^ ) 

o r H D - E S D 

where H and S a r e the m a t r i c e s whose e l e m e n t s a r e d e f i n e d 

by ( l . j 5 2 ) and ( 1 . 3 3 ) r e s p e c t i v e l y , and D i s a column v e c t o r 

of t h e c o e f f i c i e n t s D ^ . C h o o s i n g a. s e t o f o r t h o g o n a l f u n c t i o n s 

*, r e d u c e s ( 1 . 3 4 ) to t h e m a t r i x a n alogue of the S c h r o d i n g e r 

E q u a t i o n : 

H D = E D ( 1 - 3 5 ) 

s i n c e S = _1. 

E i g e n v e c t o r (D) and e i g e n v a l u e ( E ) problems o f t h i s 

form f i n d t h e i r s o l u t i o n s i n d i a g o n a l i s a t i o n o f the m a t r i x 

( H ) . Thus the v a r i a t i o n a l c a l c u l a t i o n a s s o c i a t e d w i t h t h e 

V a l e n c e - B o n d method r e d u c e s t o a s i n g l e m a t r i x d i a g o n a l i s a t i o n . 

1.3 The S e l f C o n s i s t e n t - F i e l d Method 

The most f r e q u e n t a p p l i c a t i o n o f the v a r i a t i o n p r i n c i p l e 

i s t o the c a l c u l a t i o n o f S e l f C o n s i s t e n t F i e l d ( S C F ) wave 

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

i n a c l o s e d s h e l l s t a t e , any number o f d i f f e r e n t S l a t e r 

d e t e r m i n a n t s may be u s e d a s a pproximate wave f u n c t i o n s . 

However, t h e r e i s o n l y one H a r t r e e - F o c k d e t e r m i n a n t , namely 

t h a t f o r w h i c h the o r b i t a l s <J>̂  i n ( 1 . 2 4 ) have been v a r i e d 

to g i v e the l o w e s t p o s s i b l e e n e r g y . By m i n i m i s i n g the e n e r g y 

r e s u l t i n g from the s i n g l e d e t e r m i n a n t a l wave f u n c t i o n , a s e t 

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

H a r t r e e - F o c k (HF) e q u a t i o n s . 



Only f o r o n e - e l e c t r o n systems such as the hydrogen 

atom can the HF e q u a t i o n s be s o l v e d i n c l o s e d form. However, 

t h e y have been s o l v e d t o a h i g h degree o f accuracy by numer­

i c a l i n t e g r a t i o n i n the cases o f atoms. For m o l e c u l e s , 

each m o l e c u l a r o r b i t a l (M.O.) i s c o n s t r u c t e d from a. number 

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

and r e f e r r e d t o as atomic o r b i t a l s (AO) (due t o t h e i r one 

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

used f o r an i s o l a t e d a.tom. T h i s i s u s u a l l y r e f e r r e d t o as 

the " l i n e a r combina.tion o f a t o m i c - o r b i t a l s ! : (LCAO j approxim­

a t i o n . 

C l e a r l y , o n l y approximate s o l u t i o n s may be o o t a i n e d i n 

m o l e c u l a r c a l c u l a t i o n s s i n c e i t i s never p o s s i b l e t o i n c l u d e 

a. m a t h e m a t i c a l l y complete s e t o f b a s i s f u n c t i o n s , but the SCF 

energy and w a v e f u n c t i o n w i l l approach the HF r e s u l t s , as the 

se t i s expanded. The MO method w i l l t h e r e f o r e d e t e r m i n e 

the best p o s s i b l e ( l o w e s t energy) s i n g l e - c o n f i g u r a t i o n s o l u t i o n 

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

the S e l f C o n s i s t e n t - F i e l d (SCF) wave f u n c t i o n . 

1.3.1 The H a r t r e e Fock (HF) Eq u a t i o n s 

Given the u s u a l n o n - r e l a t i v i s t i c H a m i l t o n i a n , 

2n ( 2 n - l ^ 2n 

y=l y =1 v > y 

( n e g l e c t i n g the n u c l e a r r e p u l s i o n t e r m , which f o r the system, 

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

a. system o f 2n e l e c t r o n s a g e n e r a l e x p r e s s i o n may be d e r i v e d 

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

which n s p a t i a l o r b i t a l s are d o u b l y o c c u p i e d . 



l b 

h i s a m o n o e l e c t r o n i c o p e r a t o r d e s c r i b i n g the i n t e r ­im 
a c t i o n op the e l e c t r o n w i t h the K n u c l e i and the expec t -

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

pendent p a r t i c l e energy. Analogous t o e q u a t i o n ,1.6 , t h i s 

o p e r a t o r takes t he form 

N z 

Where ^ i s a d e t e r m i n a n t o f s c i n - o r b i t a l s , wbose 
o 

s p a t i a . l components are the o r t h o n o r m a l m o l e c u l a r o r b i t a l s 

<^ c o n s t r u c t e d as a l i n e a r c o m b i n a t i o n o f atomic o r b i t a l s 

n t h e n the e l e c t r o n i c energy i s g i v e n as: 
( 2 n - l ) 2n 

1 
-1 pv v v ~ x v > p 

where |H | ^ > = -/> *H ^ q d t , i n t r o d u c i n g t he b r a - k e t 

n o t a t i o n o f D i r a c , and 

^ 0 ( 1 , 2 , ... 2n) = 1 ^ ( 1 ) * 2 (2) . . . ^ 2 n ( 2 n ) l =1 V 1 V 2 ' • ' 

when ^^(M) = <S>.(v) a (v) and *( y + 1 } ( y + 1 ) ^ ^ ( u + l ' B ( u+1}. 

A f t e r i n t e g r a t i n g over the s p i n c o o r d i n a t e s , the mono-

e l e c t r o n i c p o r t i o n becomes: 

n n 
2 

i = l i = l 
J <4> 1(u) |h y \ ^ ( v ) > = 2 J h i i * (1-39) 

where the s u p e r s c r i p t $ i n d i c a t e s t h a t t h e m a t r i x r e p r e s e n t ­

a t i v e s are over the m o l e c u l a r o r b i t a l b a s i s . For i d e n t i t y 

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

( 2 n - l ) 2n 
X 2 * v

 ( v ) 1 7 ^ - 1 ^ u ( ^ ) * v ( v ' ) > (1.40) 
U=l v>y ^ 



Whenever y i s odd and v = y + 1 then 

* ( M) = <K( y) a ( y) a n d * v ( v) = <$> ± ( v) 3 ( v) (1.41) 

I n t e g r a t i n g over s p i n g i v e s : 

n n 
Y < * i ( M) ̂ (V) ^ < O i ( y ) * i ( v ) > = 2 J i i * ^ ' 4 2 ) 

i = l y v i = l 

Where J., i s a coulombic i n t e g r a l , d e f i n e d g e n e r a l l y as: 
1 1 

J i 1 - < ^ ( y ) * j ( v) | p ^ - | <o i(y) <j> 1(v)> (1.43) 
yv J 

Such an i n t e g r a l r e p r e s e n t s t he energy due t o e l e c t r o s t a t i c 

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

u t i o n s | (J). ( y) | a.nd | $ . ( v) | , r e s p e c t i v e l y . 

For a l l o t h e r v a l u e s o f y<v t h e r e are f o u r ways i n 

which t he coulombic i n t e g r a l J\ _. from (1.40) can be o b t a i n e d : 

<j). ( y) a ( y) 
i . e . ^ CM) = 

y 4>±( y) 3 ( y) 

e i t h e r one o f which may be a s s o c i a t e d w i t h 

'<)>.. ( v) a ( v) 

<l>. 
. T< ( v) 3 ( v) v J 

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

u t i o n o f 

n (nr-1) n 

i = l i = l j > i 

I n the case o f t w o - e l e c t r o n p e r m u t a t i o n s (odd p a r i t y ) then 

( 2 n - l ) 2n 

" 2 S ^ ( p ) ^ y
( v ) 1 * y ( v ) ( 1 ' 4 5 ) 

y v>y V V V 
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When M i s odd and v = y + l zero i n t e g r a l s r e s u l t due 

t o s p i n o r t h o g o n a l i t y . For o t h e r v a l u e s of v j< v the forms 

o f the i n t e g r a l s a r e : 

< <j>. ( M ) * . ( v) | _ L - j *.(V)> = K . . (1.46) 

and these are termed exchange i n t e g r a l s . U n l i k e the 

coulombic i n t e g r a l s , t h e exchange i n t e g r a l s have no simple 

c l a s s i c a l i n t e r p r e t a t i o n s i n c e t h e y a r i s e s o l e l y as a con­

sequence o f t h e n o n - c l a s s i c a l a n t i s y m m e t r y p r i n c i p l e . Of 

the f o u r M<V c o m b i n a t i o n s l e a d i n g t o a p a r t i c u l a r 'K. o n l y 

two ( t h o s e i n v o l v i n g o n l y one type o f s p i n f u n c t i o n ) l e a d 

t o non-zero i n t e g r a l s f o r t w o - e l e c t r o n p e r m u t a t i o n s . Thus 

the t o t a l c o n t r i b u t i o n due t o t w o - e l e c t r o n p e r m u t a t i o n s i s : 

i = l J >i 

The t o t a l e l e c t r o n i c energy can now be w r i t t e n as a 

summation over the n s p a t i a l o r b i t a l s , t hus 

n n (n-1) n 
E = 2 2 ^ + 2 + 2 2 2 <*'iW> 

i = l i = l i = l j > i 

n n 

= 2 2 2 <2 J i j ^ - K i / ) 
1=1 

U 
Eq u a t i o n (1.48) i s v a l i d o n l y f o r e l e c t r o n i c systems 

w i t h c l o s e d s h e l l c o n f i g u r a t i o n s i n which the t o t a l wave 

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

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

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

t r e a t m e n t w i l l be extended t o open s h e l l c o n f i g u r a t i o n s . 



Using the v a r i a t i o n method, the o b j e c t i s no : t o 

det e r m i n e the best s i n g l e d e t e r m i n a n t s 1 wave f u n c t i o n 

which leads t o a. minimum v a l u e o f the energy ( 1 . 4 8 ) s u b j e c t 

t o t he r e s t r i c t i o n t h a t t h e o r b i t a l s are o r t h o n o r m a l . 

I n t r o d u c i n g Lagrangia.n m u l t i p l i e r s . .) 

i = l i , j i , j 
( 1 .^9) 

where <S. . = 1. i = j 
i J 
6. . = 0, i j£ j 

For E t o ha.ve a. minimum v a l u e , i t must be i n v a r i a n t 

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

D e f i n i n g the Coulomb and Exchange o p e r a t o r s by: 

J ( M) * ( v) = < *. (v ) <(. (v)>4> ( M ) 

A ^ M ; v . J = -4- . v v ; I I * i V v I - v i V M ; 

t h e n the i n t e g r a l s i n (1.4-9) may be w r i t t e n 

J j j * = < * i ( ^ ) I J j (M ) 1 <(>1(P) >=<*(v )| J ^ v ) ! $ . ( v) > 

K ± j * = ± ( u )| K j ( n)J <fr 1( l J)> =<*.(v )|K i(v )| * i ( v ) > 

The f i r s t o r d e r v a r i a t i o n i n E i s : 

(1-50) 

(1.51 

n 
6E = 2 y (<6d> . |h 14. > + < <b . I h |<Sd> .> ) 

i = l 
n 

+ 2 ( < < H i 1 2 J j " K j I <*>!>+ «!> i I 2 J j " K j | 6 <(> ±> ) 
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+ 
n 

i • 3 
( < 6 <j) . | 2J. - K. | <|» .>+<<(». 2 J. - K . 6 4> . > ) 

J i 1 J 3 1 i 

n 
( A. . < 6 d>. Id) > + A 
V 1 J 1 J i j 

<<j) 6 <}> >1 i ,i (1.52) 

i s t h e m o n o - e l e c t r o n i c p a r t o f the atomic H a m i l t o n i a n 

o p e r a t o r . The f i r s t and second douole summations are sym­

m e t r i c i n t h e i r i n d i c e s and l e a d t o the same f i n a l sums. 

Thus, n 

i 

n 
2 2 

n 

<6d). !h + J (2 J , - K. 
. 1 M « J J 

J n 
<<l>. h + i 1 y 2 ( 2 Jj ~ K j ) |6<|, i > ] (1.53) 

~ 2 X ( Aij <«* 1l ̂  + <*jj < 5 < } > i > 

1 > 3 

Since h , J. and K. are h e r m i t i a . n , t he f i r s t and second 
v 3 3 

summations are the a.d j o i n t s o f each o t h e r . A l s o , 

n n 
V * . < <t>. I <$<(>.> = A < 6 d> <f> >* 

J i i J 
(1.54) 

1 > 3 i • J 

T h e r e f o r e (1.53) becomes: 

n 
SE = 2 > <<5d>. 

n 
h + y (2 J V 

n 

2 A . , <6<j> 

n 
+ 2 T 1 <6<f> • I h 1 y 

n n 
A . . <6 

(1.55) 
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When 6 E = 0 

n n 

and 

n n 

j J 

Taking the complex conjugate of (1.57) and s u b t r a c t i n g 
from ( I . 5 6 ) gives: 

n 
2 - A * ) = 0 (1.58) 

a.nd since the o r b i t a l s <j>̂  are l i n e a r l y independent, then 

A i j = A j i * 

The equations ( I . 5 6 ) and (1.57) are complex conjugates 
of one another and are termed the Hartree-Fock (HF) equations 

17 
o r i g i n a l l y proposed simultaneously and independently by Fock 

18 
and by S l a t e r , though the present d e r i v a t i o n i s a modi f i c -

19 
a t i o n of t h a t given by Roothaan . The X. A are eigenvalues 
of the molecular o r b i t a l s <f> ̂  and where the Fock operator i s 
defined by 

n 
F T (2J - K . ) (1 .59) 

J 
then the HF equations may be w r i t t e n i n the form 

P*1 = <)>iAi (1 .60) 

C l e a r l y these are expressed i n terms of the molecular 
o r b i t a l s 4,̂ , which i n themselves may each be expressed i n 
terms of a l i n e a r combination of atomic o r b i t a l s n : i n an 
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exact form i f a complete set of o r b i t a l s are used: but i n 
p r a c t i c e , a truncated set of, say m, f m i c t i o n s are used as 
an approximation of the LCAO form. 

m 
lr C i K " < 

= 1 
n ( l . 6 l ^ 

This may be presented i n matrix form, where the ba.sis 
f u n c t i o n s n form an m-dimensiona.l row vector and are 

K 

transformed i n t o the molecular o r b i t a l s $^ by matrix m u l t i ­
p l i c a t i o n w i t h the (mxn)-dimensional matrix of c o e f f i c i e n t s , 
C. 

1 = H £ (1-62) 

The Hartree-Fock eigen-problem equation (1.00 } may 
be w r i t t e n as: 

or ( I . 6 3 ) 

F j = j _£ 

where e i s a diagonal matrix. Taking the inner product 
w i t h (j>̂  gives : 

< <j> I F I d) > = < d> Id) > P 1 1 ' 1 i ' l ^ i 
or ( 1 . 6 4 ) 

<J> d> F = S _£ 

C l e a r l y i f the molecular orbita.ls <(> are orthogona l then 
S = _1, and t h i s would imply t h a t the matrix r e p r e s e n t a t i v e 
of an operator over the eigenvector space i s a diagonal matrix. 
However since the molecular o r b i t a l s <}> are constructed by 
the LCAO method using a basis set which g e n e r a l l y does not 
co n s i s t of orthogonal f u n c t i o n s , then the c o e f f i c i e n t matrix 
which dia.gonalises F cannot be found by an orthogonal t r a n s -



f o r m a t i o n . I t i s t h e r e f o r e necessary t o transform the 
non-orthogonal set {n} i n t o an orthogonal set ( x ) . I n 
the o r t h o g o n a l i s a t i o n procedure, the matrix V i s introduced 
w i t h the c o n d i t i o n f o r generating an orthogonal set. 

V V + = s" 1 (1.65) 

Where C i s non-orthogonal: 

F n C = S n C _e 

then F n l C = S n . l C _ e 

since X V - 1 = 1 F n X X ~ 1 C = S n V V ~ 1 C . e 

p r e m u l t i p l y i n g by V + (V + F^V) (V _ 1C) = (V + S n V) (V _ 1C)e. 

where V i s orthogonal V + F n V = F X 

and V + S n V = S X = 1 

th e r e f o r e F x U = U _e where V _ 1C = U (1 .66) 

Expanding i n terms of the orthonormal basis set {x} , 
i n (1.64) gives: 

F * = U + V + F n V U = U + V + S n V U z (1.67) 

Lowdin showed t h a t the o r t h o g o n a l i s i n g matrix V may 
_ 1, 

be chosen to be S 2. This i s known as the Symmetric or 
20 

Lowdin , o r t h o g o n a l i s a t i o n . Therefore: 
F X - S~* F n S~* (1 .68) 

and 
F*J> = u + F X U = U + S X U c 

Since (x) i s orthonorma.l, S => 1, t h e r e f o r e 

F* = U U 

U i s orthogonal thus U + U = 1, and 

= _£ (1.69) 



C l e a r l y , the r e a l symmetric matrix F x i s dia.gonalised 
by the u n i t a r y matrix U i n a s i m i l a r i t y t r a n s f o r m a t i o n . 
A widely used method f o r the diagonalisa.tion of r e a l sym­
metric matrices i s t h a t of Jacobi which i s based upon a. 
succession of plane r o t a t i o n s . I f i n (I . 6 9 ) above, the 
matrix F x i s f i n a l l y diagonalised by the < t i _ 1 r o t a t i o n , then 
the matrix U above, i s ootained as the product of the < 
preceding u n i t a r y matrices. 

I n the HF matrix equation over the o r i g i n a l basis { n } : 
+ 1 + n C F C = C S C e 

where 
F n = h n + G n (1.70) 

C = V u c + = u + v H 

and S n = < n I n > pq p q 

The corresponding matrix elements are given by 

h n = < n | h | n > (1-71) p q p ' q 
n 

2<n_ I J , I n n > - < n n I K, I n >) pq p 1 1 q 4-* v P J Q 'p J ' Q 
J = l 

n m 
= 1 1 C r j C s j * ( 2 < r t ( p ) n s ( v ) I g | n q ( u ) n r ( v) > 

j = l r,s 

" < n p ^ p ' 1 n s ( ' v ^ I g l n r ( y ) n q ( v ) > ) 

m 
= 2 R r s ^ 2 < p s I S I > - < ps I g I rq >) (1.72) 

r , s 
n 

where R Q = 0 . £ c * defines the matrix elements of the 

f i r s t - o r d e r density matrix i n the matrix r e p r e s e n t a t i o n , 
assuming n doubly occupied o r b i t a . l s . Thus: 
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P n = h n + G n (1.73) 
pq pq pq \ ^/ 

Comparing the expression f o r E i n (1.48) w i t h (1 .71) . 

(1.72) and (1.73)» then w r i t i n g E i n terms of the oasis 
f u n c t i o n s , gives: 

n n 
E 2 C i + n + ( 2 h * + Gl)))^Ci = ^ C i + ( 2 l- n Q n ) C i 

1=1 1=1 
n 
2 C i + ^ h n + F n ) C i 

1 = 1 

E = t r {R ( h n + F n ) } (1.74) 

C l e a r l y from (1.7^) the expression f o r the t o t a l energy 
may be w r i t t e n i n several forms: 

i . e . E = 2 t r R h n + t r R Gn 

= 2 t r R F n - t r R G n 

= t r R ( h n + F n) as i n (1.74) 

= 2 t r R ( h n + |Gn) (1-75) 

Where from the diagona.lisation of the H-F matrix (1.69) 

and (1.70) i t i s evident t h a t each element of the diagonal 
ma.trix i s an associated o r b i t a l energy; i n (1.75) dia.gona.l-
i s a t i o n i s over the occupied o r b i t a l s only; however i t i s 
important to note t h a t the t o t a l energy i s not j u s t twice the 
sum of the SCF o r b i t a l energies (two e l e c t r o n s i n each o r b i t a l ) 
f o r each o r b i t a l energy includes the i n t e r a c t i o n between i t s 
e l e c t r o n and the e l e c t r o n s i n a l l other o r b i t a l s and, i n 
summing, the i n t e r a c t i o n s are counted t w i c e . R e f e r r i n g again 
t o (1.75)* the second expression introduces the sum of the 
o r b i t a l energies, reduced by the e l e c t r o n - e l e c t r o n r e p u l s i o n s 
t o cancel out doubly-counted i n t e r a c t i o n s . The f i n a l form 
shows t h a t the t o t a l energy can be w r i t t e n a.s a sum of 
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modified o r b i t a l energies. 

1.3.2 A Summary of the SCF Procedure 

Since F depends upon R and hence upon the 
s o l u t i o n of the problem, i t e r a t i o n i s necessary: w i t h an 
assumed R, F i s set up and solved: from the lowest energy 
o r b i t a l s , R i s r e - c a l c u l a t e d , F re v i s e d , and the process 
repeated. Eventually, assuming t h a t the process converges, 
the R which emerges w i l l d i f f e r inappreciably from t h a t used 
i n s e t t i n g up F ( i . e . R of the previous cycle) and the solu­
t i o n i s thenSelf Consistent. I n p r a c t i c e , the t o t a l energy 
i s c a l c u l a t e d , using one of the expressions i n (1.74)and 
(1.75) at each i t e r a t i o n as a more convenient means of 
determining convergence and t h i s i s discussed i n a. l a t e r 
s e c t i o n . 

The f i r s t step i n the procedure i s the approximation of 
the LCAO method to define the molecular o r b i t a l s , i n terms 
of a. f i n i t e set of basis f u n c t i o n s . These are then used 
to c a l c u l a t e the molecular i n t e g r a l s h n (1.71) and Gn 

0 PQ pq 
( 1 . 7 2 )> as considered i n a subsequent s e c t i o n . The basis 
f u n c t i o n s used are u n l i k e l y to be orthogonal and t h e r e f o r e 
an o r t h o g o n a l i s a t i o n m a t r i x V i s introduced, which i s con-
s t r u c t e d from the overlap matrix S as S_ 2 ( I . 6 5 ) . 

At t h i s p o i n t , the i t e r a t i v e cycle begins. The i n i t i a l 
d e n s i t y matrix R i s oonstructed from the molecular o r b i t a l 
c o e f f i c i e n t s C (1 .72) , which are u s u a l l y obtained by diagon-
a.lising the one-electron Hamiltonian matrix ( I . 7 1 ) . The G 
matrix i s then constructed from R and the two e l e c t r o n i n t e ­
g r a l s , (1.72) (the computational aspects of t h i s procedure 
are considered i n due course), therefore a l l o w i n g an energy 
value t o be c a l c u l a t e d . 



The Fock matrix i s constructed from (1.70^ and t r a n s ­
formed to orthogonal basis using procedure ( l . o o . This 
i s then diagonalised using a technique 1 such as t h a t of 
Jacobi y i e l d i n g U as i n (1.69), and hence C from (1 .70) . 

A rev i s e d d e n s i t y matrix R* may now be constructed and the 
procedure repeated u n t i l the t o t a l energy E and hence R be 
reproduced w i t h i n a given t h r e s h o l d . 

1.4 Open S h e l l SCF Methods 

I n general i t i s not possible to express the HF wave 
f u n c t i o n f o r an open s h e l l atom or molecule as a s i n g l e 
determinant. However, the HF wave f u n c t i o n s f o r the ground 
st a t e s of most r a d i c a l s (open-shell species) can be w r i t t e n 
as s i n g l e determinants. I n p a r t i c u l a r , an e l e c t r o n c o n f i g u r ­
a t i o n w i t h only a s i n g l e e l e c t r o n outside closed s h e l l s ( s p i n 
m u l t i p l i c i t y 2) i s of common occurrence and w i l l be described 
i n t h i s manner. However there are two approaches to t h i s 
problem w i t h i n the LCAO MO framework. The R e s t r i c t e d Ha.rtree-
Fock (RHF) Method, t r e a t s the two wavefunctions and spin 
s t a t e s as equivalent i n the absence of a magnetic f i e l d , and 
only by convention examines t h a t w i t h the l a r g e r spin eigen­
values. The U n r e s t r i c t e d Hartree-Fock approach removes the 
assumption t h a t the s p a t i a l p a r t s of ea.ch p a i r of spin-
o r b i t a l s be i d e n t i c a l and f o r t h i s reason has been termed 
both; "the Spin U n r e s t r i c t e d Hartree-Fock (SUHF)" method and 
the " D i f f e r e n t O r b i t a l s f o r D i f f e r e n t Spins (DODS)" approach. 

t 
Footnote: A t t e n t i o n i s drawn t o reference 21 f o r a. 

discussion of a l t e r n a t i v e methods f o r matrix 
d i a g o n a l i s a t i o n . 
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Those molecular e x c i t e d s t a t e s of chemical i n t e r e s t 
which are u s u a l l y represented by the RHF wave f u n c t i o n s have 
only a. few el e c t r o n s outside closed s h e l l s . For t h i s reason, 
the number of determinants, taken as a l i n e a r combination, 
which i s required to give the c o r r e c t spin and s p a t i a l sym­
metry to the RHF f u n c t i o n i s u s u a l l y q u i t e small. A b r i e f 
d iscussion of these methods w i l l be given below i n terms of 
t h e i r d i f f e r e n c e s and analogies to the closed s h e l l case. 

1 . 4 . 1 R e s t r i c t e d Hartree-Fock (RHF) Theory 

Discussions i n t h i s s e c t i o n w i l l be of a s u i t a b l y 
general nature so t h a t the equations mentioned may be a p p l i c ­
able to both, open-shell states of maximum m u l t i p l i c i t y where 
only a s i n g l e determinant i s r e q u i r e d , and states of less 
than maximum m u l t i p l i c i t y using a l i n e a r combination of deter­
minants. The i n i t i a l c o n s t r a i n t s of the system are t h a t n^ 
o r b i t a l s are doubly occupied w h i l s t the remaining o r b i t a l s 
are s i n g l y occupied. 

The MO of the closed and open s h e l l s may be c o l l e c t e d 
i n matrices T-̂  and Tg w i t h and columns r e s p e c t i v e l y , 
and d e n s i t y matrices f o r each s h e l l are defined, 

£l = 1-L T x
+, R2 = T 2 T 2

+ (1.76) 

where the su b s c r i p t s 1 and 2, imply closed and open respect­
i v e l y . 

The energy expression which replaces ( 1 . 4 8 ) i s as f o l l o w s 
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i i . j r r , s 

+ 2f J ( 2 J
i r - K i r ) (!-77^ 

i , r 

where i and j r e f e r to the closed s h e l l o r b i t a l s and r and 
s the open s h e l l . 

The constants a. and b depend upon the p a r t i c u l a r s t a t e 
considered, and f may be thought of as a " f r a c t i o n a l occup­
a t i o n number" Osfsl per spin o r b i t a l . These values may 
be obtained by s e t t i n g up the appropriate combinations of 
determinants and w r i t i n g down the expressions f o r the energy. 
Many of these have been l i s t e d f o r d i f f e r e n t states by 

22 

Rootha.an who developed the procedure. I n the case where 
the e l e c t r o n spins are p a r a l l e l (maximum m u l t i p l i c i t y ) then 
the values f = \, a = 1 and b = 2 are appr o p r i a t e . Proceeding 
i n a manner equivalent to the d e r i v a t i o n of (1.74) and hence 
(1.75) ̂  t h i s may be expressed as f o l l o w s : 

E = 2 t r R1 (h + | G 1) + 2 f t r R2 (h + \ G_2) (1-78} 
where the two s h e l l s have s l i g h t l y d i f f e r e n t e l e c t r o n i n t e r ­
a c t i o n matrices 

G1 = G (2R X) + G (2f R 2) Closed s h e l l 

(1.79) 

G 2 = G (2R X) + G ' (2f R 2) Open s h e l l 

expressed i n terms of coulomc and exchange matrices, through 

G(R) = J(R) - |K(R) 
(1.80) 

G ' (R) = a.j(R) - h bK (R) 

I n Go, the G-term represents the coulomb-exchange e f f e c t 
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of the closed s h e l l e l e c t r o n s , while the G'-term r e f e r s 
t o the other open-shell e l e c t r o n s . 

A p p l i c a t i o n of the v a r i a t i o n p r i n c i p l e i n an Rna.la.gous 
manner to t h a t p r e v i o u s l y descrioed f o r the closed s h e l l 
case shows t h a t the two sets of o r b i t a l s (closed and open 
s h e l l s ) are eigenfunctions of two molecular POCK operators: 

= I i £1 Closed s h e l l 

F 0 !U = T 0 E ~ Open s h e l l 
—C —CL —CL. —d 

( l . 8 l ) 

(where o r t h o g o n a l i s a t i o n of the basis f u n c t i o n s may be 
assumed since an orthogona.lisa.tion method has ceen described 
f o r the closed s h e l l ca.se (1 .66) ) . 

Consequently, there are two HF matrices. 

F 2 = (h + G 2 

(1.82 

The ooject i s t o ob t a i n one equation, by r e - d e f i n i n g 
the Fock operator, 
i . e . F T = T E (1.83) 

The matrix F must combine the p r o p e r t i e s of F-̂  and 
F_2, having the same eigenvectors, T_2, as F_2. and g i v i n g zero 
when m u l t i p l y i n g T-̂  and any other matrix w i t h e i & e n f u n c t i o n s 
of F-̂ , and zero when m u l t i p l y i n g TV,. Any a d d i t i v e combin­
a t i o n of two such matrices has the property of F. 

Assuming T_ to be orthogonal and normalised 

1+ T = 1 ( 1 . 8 4 ) 

Since T-̂  and T_2 are p a r t i t i o n s of T then: 

http://orthogona.lisa.tion
http://ca.se


31 

l x
+ T, = 1 

and (1.85) 

T + T = 1 -2 -2 -

Since T-̂  and T_2 have no column of T i n common. 

m + m _m + rp Q 
- 1 -2 -2 - 1 U 

These p r o p e r t i e s of o r t h o g o n a l i t y and no r m a l i s a t i o n of the 
T matrices define the matrix products w i t h R. 

Rx T x = T 1 T x
+
 1 ± = T x 

-2 -2 -2 -2 -2 -2 

Rx 1 2 = T 1 T x
+ T 2 - 0 

- 1 = ^2 - 2 + - 1 = -

(1.86) 

Thus, the matrices ( l _ - R^), and ( l _ - R_2) have the 
p r o p e r t i e s : 

(1 - ^1 = 9. 

(1 -• «i> ^2 = 12 

• R 2) ? i - li 

( I " - R a) ̂ 2 = 0 

(1.87, 

These r e l a t i o n s may now be used t o form P. Consider, 

(1 - R2; ?! (1 - R 2) (1.88) 

operating on T_2. Using the above r e l a t i o n s 

( I - R 2) F i ( I ~ R 2) l x = (1 - R 2) (T x - 0) 

= ( I " R 2) Z 1 e_1 

= T x e x (1.89) 

Operating on T_2 gives: 

(1 " R 2
} ^ 1 ( i " ̂  ^ 2 = 2 (1-90) 



(1 . 88 ) has the same eigenvectors as F-̂  and gives zero when 
oper a t i n g on the eigenfunctions of BV,. 

A s i m i l a r a n a l y s i s of 

(I - «l) F 2
 ( i " ^ 1 } (1.91) 

on and T_2 gives 0 and T_2 _£2 r e s p e c t i v e l y . Therefore any 
matrix which i s a l i n e a r combination of (1 .88) and (1.91) 
has eigenvectors T-̂  and T_2 as r e q u i r e d by F. 

i . e . a ( l - R 2) F x (1 - R 2) + b ( l - R x) F g (1 - R±) (1 .92) 

where a and b are a r b i t r a r y constants. 

This may be extended to include the v i r t u a l o r b i t a l s also. 

F = a ( l - R 2) F± (1 - R 2) + b ( l - R]_) F 2 (1 - R±) 

+ c ( l - R^) (2F X - F 2) (1 - R ?) (1 .93) 

where R̂  = T, T + and R, = (1 - R, - R_) —3 -3 -3 -3 v— - 1 —2 
I t i s convenient t o allow a, b and c t o be equal to u n i t y . 

Again, the equation must be solved i t e r a t i v e l y u n t i l 
s e l f consistency i s achieved: the matrix T-̂  may be found 
from the f i r s t eigenvectors and T_2 from the next n 2 , so 
determining , R2 and a revised F f o r the next i t e r a t i o n . 
I n f a c t , the technique i s as i n the closed s h e l l case, and 
the a d d i t i o n a l steps are a l l simple matrix m u l t i p l i c a t i o n s . 
The eigenvalues have no simple meaning ( u n l i k e those c a l c u l ­
ated f o r the closed s h e l l ) and may not be thought of as o r b i t a l 
energies since F i s non-unique. Only the t o t a l energy E 

q 
and the d e n s i t i e s R, and RQ have an i n v a r i a n t s i g n i f i c a n c e . 
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1.4.2 U n r e s t r i c t e d Hartree-Fock(UHF) Theory 

As p r e v i o u s l y noted, the UHF method i s an 
extension of the RHF method i n th a t tue r e s t r i c t i o n , t h a t 
the s p a t i a l f u n c t i o n s of each closed s h e l l p a i r of spin-

23 
o r b i t a l s are i d e n t i c a l , i s removed . The wave f u n c t i o n 
i s t h e r e f o r e w r i t t e n as a si n g l e determinant of n.. o r b i t a l s . 
occupied by el e c t r o n s of a spin and n^ o r b i t a . l s , w i t h 3 spins, 
where f o r the open s h e l l case n^n^. C l e a r l y , t h i s d i f f e r s 
from the RHF c l a s s i f i c a t i o n according t o closed and open 
s h e l l s . To determine the o r b i t a l s which minimise the energy 
f o r a. f u n c t i o n of t h i s form, i t i s convenient t o w r i t e the 
t o t a l energy i n terms of two R-ma.trices, one f o r o r b i t a l s i n 
the a-spin manifold Ra and one f o r those i n the S-spin mani­
f o l d R3. 

Again, the two d i f f e r e n t types of MO may be c o l l e c t e d 
ct 6 

i n matrices T and T w i t h and n^ columns r e s p e c t i v e l y . 

R A = T A T A + 

(1-94) 

R ̂  = T ̂  T 

The energy expression i n t h i s case i s 

E - t r R A h + \ t r G A R A 

+ t r R P h + \ t r G*3 R 6 

where 
G a = j ( R A ) - K ( R A ) + J(R3) 

(1-95) 

(1-96) 

G e = J(R B) - K (R °) + j ( R a ) 

and h, J and K are of t h e i r usual form (1 .72) . The c o n d i t i o n s 
f o r a. s t a t i o n a r y value may again be formulated i n terms of a 
matrix eigenvalue equation f o r the sets of o r b i t a l c o e f f i c i e n t s , 
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and there i s one equation f o r the o r b i t a l s of each type, 

p a r p a _ r p a e
a 

and (1.97) 

and where the two Fock matrices are 

F a = h + G a 

and (1.98) 

F B = h + G 6 

A s e l f c o n s i s t e n t s o l u t i o n may again be achieved by 
i t e r a t i o n . , i n ex a c t l y the same manner as f o r the closed s h e l l 
case, but the r e s u l t a n t wave f u n c t i o n w i l l no longer i n 
general contain doubly occupied o r b i t a l s , i . e . a-type and 
3-type spin orbita.ls w i t h a common o r b i t a l f a c t o r . 

Because the o r b i t a l f a c t o r s are s p l i t i n the UHF method, 
24 

the r e s u l t i n g UHF f u n c t i o n i s not a spin e i g e n f u n c t i o n , and 
i s t h e r e f o r e , s t r i c t l y spea.king unsuitable f o r representing 
a r e a l spectroscopic s t a t e . 

The most s t r a i g h t f o r w a r d way of making the UHF wave 
2 

f u n c t i o n an exact e i g e n f u n c t i o n of S i s t o apply a spin 
25 

p r o j e c t i o n operator . The r e s u l t i n g wave f u n c t i o n may be 
r e f e r r e d to as the Projected U n r e s t r i c t e d Hartree Fock (PUHF) 
wave f u n c t i o n , but t h i s wave f u n c t i o n i s not s t r i c t l y v a r i a t ­
i o n a l , and the energy i s s t i l l minimised f o r the UHF wave 
f u n c t i o n . 

1.5 C o n f i g u r a t i o n I n t e r a c t i o n 

1. '3.1 C o r r e l a t i o n Energy 

The Hartree-Fock energy i s usu'-. '.ly wi.thin less 



than Vfo of the experimental value, f o r organic systems and 
although t h i s may seem a very good agreement, i t must be 
noted t h a t absolute energies are not of much s i g n i f i c a n c e 
t o p r a c t i c a l problems. Generally, of i n t e r e s t are energy 
d i f f e r e n c e s , such as the energy d i f f e r e n c e between two spectro­
scopic s t a t e s . However, the energy d i f f e r e n c e s are o f t e n 
no l a r g e r than 1% of the t o t a l energy of e i t h e r s t a t e , and 
t h e r e f o r e small e r r o r s i n the t o t a l energies may lead t o 
larg e r e l a t i v e e r r o r s i n t h e i r d i f f e r e n c e s . I . , the HF 
approximation, the motion of each e l e c t r o n i s solved i n the 
presence of the average p o t e n t i a l created by the remaining 
(n-1) e l e c t r o n s and as such, the approximation t h e r e f o r e 
neglects the instantaneous r e p u l s i o n s between p a i r s of electrons. 
The c o n t r i b u t i o n to the t o t a l energy due to instantaneous 
rep u l s i o n s i s termed the c o r r e l a t i o n energy, E 
^ toJ' c o r r . 

More s p e c i f i c a l l y , the c o r r e l a t i o n energy i s seen as 
the energy d i f f e r e n c e between the HF l i m i t energy (the l i m i t 
approached by r e s t r i c t e d s e l f - c o n s i s t e n t f i e l d c a l c u l a t i o n s 
as the basis set approaches completeness) and the exact s o l u t -

26 
i o n of the n o n - r e l a t i v i s t i c Schrodinger equation 

Although i t i s evident t h a t i n such cases as the c a l c u l ­
a t i o n of heats of a t o m i s a t i o n , heats of r e a c t i o n and d i s ­
s o c i a t i o n energies; e s p e c i a l l y when applied to e x c i t e d s t a t e s ; 
these are inadequately t r e a t e d w i t h i n the HF formalism; there 
are many instances i n which chemical phenomena, are w e l l 
described. 

Molecular geometries, and some one-electron p r o p e r t i e s 
p r e d i c t e d from RHF wave f u n c t i o n s , are f r e q u e n t l y i n good 
agreement w i t h experiment, and g e n e r a l l y , changes i n E Q o r r 

27 
have been shown to be small f o r both b a r r i e r s t o r o t a t i o n 
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28 a.nd i n the s p e c i f i c case of heats of isodesmic r e a c t i o n s 

One of the main methods f o r c a l c u l a t i n g i o n i s a t i o n 
p o t e n t i a l s i s the ASCF method. I n t h i s technique, i o n i s ­
a t i o n p o t e n t i a l s are given by 

Tp _ £ HF E HF 
(ion ) ( n e u t r a l ) (1-99) 

where i t i s assumed t h a t c o r r e l a t i o n c o r r e c t i o n s u n i f o r m l y 
lower the t o t a l energy of the ground and io n i s e d states of a 
given molecule and t h i s w i l l be discussed i n greater d e t a i l 
w i t h i n the content of the f o l l o w i n g chapters. 

Of those features showing the inadequacies of the HF 
method, the most important i s i t s i n a b i l i t y t o c o r r e c t l y 
describe molecule formation and d i s s o c i a t i o n , due to i n c o r r e c t 
behaviour at large i n t e r n u c l e a r separations. This i s 
i l l u s t r a t e d i n Figure ( 1 . 1 ) . 

Figure (1.1) A comparison of the HF and experimental 
p o t e n t i a l energy curves f o r a diatomic molecule 

Energy 

^ Bond length 
I r ) 



However, from the discussions of Cade and coworkers , 
i t i s evident t h a t some important aspects of p o t e n t i a l energy 
surfaces, namely e q u i l i b r i u m geometries and force constants 
can be s u c c e s s f u l l y p r e d i c t e d w i t h i n the Hartree-Fock form­
alism. C l e a r l y , from Figure ( 1 . 1 ) , comparison of the com­
puted and experimental p o t e n t i a l energy curves of a diatomic 
molecule shows t h a t although the HF curve l i e s above the 
experimental, the shapes of the two curves are s i m i l a r around 
t h e i r minima and they are almost p a r a l l e l . Consequently, 
the computed e q u i l i b r i u m bond distances are normally close 
t o the observed values ( u s u a l l y underestimated by a few 
hundredths of an Angstrom) and also the v i b r a t i o n a l frequenci< 
and t h e r e f o r e force constants are w e l l reproduced by HF 
f u n c t i o n s ( u s u a l l y overestimated w i t h a r e d u c t i o n i n size 
of basis s e t ) . Equivalent observations are made i n m u l t i ­
dimensional p o t e n t i a l energy surfaces of polyatomic molecules 
where e q u i l i b r i u m geometries and force constants can be 
s u c c e s s f u l l y computed from HF wave f u n c t i o n s . 

1.5-2 Solving the C o r r e l a t i o n Energy Problem 

The most f r e q u e n t l y used approach to the problem 
of c o r r e l a t i o n energy i s the i n c o r p o r a t i o n of the method of 
c o n f i g u r a t i o n i n t e r a c t i o n ( C I ) . However, since no use of 
CI has been made i n the c a l c u l a t i o n s i n t h i s t h e s i s , only a 
b r i e f discussion w i l l be included, but a. b r i e f i n t r o d u c t i o n 

4 
i s given i n Schaefer , and a t t e n t i o n i s drawn to two recent 

8 10 
t e x t s f o r a. more d e t a i l e d discussion ' 

For any atom or molecule, there are an i n f i n i t e number 
of o r b i t a l s i n a d d i t i o n t o the HF o r b i t a l s , which may be used 
to c o n s t r u c t other c o n f i g u r a t i o n s . A CI wavefunction i s a 
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l i n e a r combination of such c o n f i g u r a t i o n s w i t h c o e f f i c i e n t s 
v a r i a t i o n a l l y determined, and i s t h e r e f o r e of the form 

* e = 2 C i * i C 1 - ^ 
i 

where the *'s are an orthonormal set of n e l e c t r o n c o n f i g u r ­
a t i o n s , and the c o e f f i c i e n t s are determined to minimise 
the energy /> e* H g ^ e dx. 

A p p l i c a t i o n of the V a r i a t i o n P r i n c i p l e leads to the 
eigen value problem, i n the manner p r e v i o u s l y discussed 
(Section 1.2.2). 

(H - E l ) C = 0 (1.101) 

H i s composed of matrix elements between c o n f i g u r a t i o n s 

H i j = / $ i * ^e $ j d T (1.102) 

I f M c o n f i g u r a t i o n s are included i n the CI c a l c u l a t i o n s , 
then s o l u t i o n of (1.101) gives M d i s t i n c t eigenvalues 
( e n e r g i e s ) , and from MacDonald's Theorem-^ the k t h lowest 
eigenvalue of (1.101) i s a r i g o r o u s upper bound to the k ^ 
lowest exact energy. With each energy E i s associated an 
eigenvector composed of c o e f f i c i e n t s C\, d e f i n i n g the corres­
ponding CI wave f u n c t i o n . 

Hamiltonian matrix elements H. . between c o n f i g u r a t i o n s 
i and j of d i f f e r e n t symmetries are zero, and t h e r e f o r e a. 
c o n s i d e r a t i o n of only those c o n f i g u r a t i o n s having the t o t a l 
symmetry of the i n v e s t i g a t e d e l e c t r o n i c s t a t e , g r e a t l y s i m p l i f ­
ies the secular equation. 

Of general i n t e r e s t , i s the lowest eigenvalue and corres­
ponding eigenvector s o l u t i o n , and t h e r e f o r e methods f o r ob­
t a i n i n g these p a r t i c u l a r values only, have been developed,^' ̂ 2 

making possible the c o n s i d e r a t i o n of much l a r g e r CI problems 
than are u s u a l l y considered p r a c t i c a l . 
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At t h i s stage, i t i s necessary to introduce the termin­
ology t o be used i n the discussion of CI. An o r b i t a l 
occupancy i s a c o l l e c t i o n of o r b i t a l s , w r i t t e n without regard 
t o those quantum numbers not a f f e c t i n g the o r b i t a l energy 
(e.g. M-, and M values) and i s u s u a l l y r e f e r r e d to as the 
e l e c t r o n c o n f i g u r a t i o n . 

A c o n f i g u r a t i o n , however, i s defined as a symmetry-
adapted l i n e a r combination of S l a t e r determinants. 1Symmetry-
adapted' i m p l i e s t h a t the chosen l i n e a r combination of deter­
minants possesses a l l the symmetry of the molecular s t a t e 
being described by the approximate wave f u n c t i o n . A S l a t e r 
determinant i s defined as i n Section 1.2.1 and thus the 
c o n f i g u r a t i o n * i s w r i t t e n : 

«> = 2 C i D i (1-103) 
i 

I t i s o f t e n found t h a t several d i f f e r e n t c o n f i g u r a t i o n s 
a r i s e from a s i n g l e o r b i t a l occupancy, and a c o n s i d e r a t i o n 
of only the e l e c t r o n s outside closed s h e l l s determines what 
c o n f i g u r a t i o n s are p o s s i b l e . Having determined the manifold 

33 

f o r a given o r b i t a l occupancy, ^ i t i s then necessary to f i n d 
which c o n f i g u r a t i o n s of t h i s manifold give r i s e to the desired 
spin m u l t i p l i c i t y . A less tedious approach to the problem 
than the d i r e c t a p p l i c a t i o n of angular momentum operators i s 
the use of p r o j e c t e d wave f u n c t i o n s . I n p a r t i c u l a r Nesbet's 

25 
method i s simple to apply, and time saving i n CI studies i n 
t h a t i t reduces the number of terms involved i n matrix elements 

I t i s o f t e n the case t h a t a CI wavefunction i s dominated 
by a s i n g l e c o n f i g u r a t i o n , the HF wavefunction and t h a t approx­
imately 95$ of the c o r r e l a t i o n energy can be accounted f o r by 
c o n f i g u r a t i o n s which d i f f e r by only one or two o r b i t a l s from 
t h i s . 



A s i n g l y e x c i t e d c o n f i g u r a t i o n (or s i n g l e e x c i t a t i o n ̂  
d i f f e r s from the reference c o n f i g u r a t i o n i n the nature of the 
occupancy of only one o r b i t a l w h i l s t a double e x c i t a t i o n i s 
a c o n f i g u r a t i o n a r i s i n g from an o r b i t a l occupanc.. d i f f e r i n g 
by two o r b i t a . l s . Thus, where D i s the reference or HF 

o 
c o n f i g u r a t i o n , 

D Q = | * 1 ( 1 ) <fr2(2) ... 4>. ( i ) ... <fr (p) ... * n ( n ) | (1.104) 

then a s i n g l e e x c i t a t i o n obtained by promoting an e l e c t r o n 
from the spin o r b i t a l to the spin o r b i t a l i s repres­
ented a s : 

D p
Q = 1 ^ ( 1 ) * 2 ( 2 ) ... <f q(p) ... * n ( n ) | (1.105) 

and a. double e x c i t a t i o n as: 

where e x c i t a t i o n i s from spin o r b i t a l s <f>̂  and <}>D to spin 
o r b i t a l s <t>^ and <)> r e s p e c t i v e l y . 

The matrix elements H. ., now expressed i n terms of 
^- 3 

these determina.nta.1 f u n c t i o n s may be evaluated by the 
use of S l a t e r s Rules f o r the c a l c u l a t i o n of Matrix Elements, 
summarised i n Table ( 1 . 1 ) . 

The e l e c t r o n i c wavefunction may now be w r i t t e n as 

*p = C n D n + X C q D q + T C°-V D q j
 + ... (1.107) 

* e o o Z=» p p p i p i v 1 ' 
P , q P , q > i , j 

which i s termed the CI expansion. 

Within an orthonormal set of o r b i t a l s , i f two deter­
minants d i f f e r by three or more spin o r b i t a l s , the H matrix 
element between these two determinants i s i d e n t i c a l l y zero. 
I t i s e s s e n t i a l l y f o r t h i s reason t h a t when the UF c o n f i g u r ­
a t i o n dominates the wavefunction, only s i n g l y and doubly 



TABLE 1.1 A C o l l e c t i o n of Useful S l a t e r Rules 

4 1 

1. Overlap I n t e g r a l 

<D ID > = <D ID Q >= <D ID C-.j'> = o 
o'o o'p o ' p i 

2. One-electron Operators 

occupied 
< Do> 2! P ^ I V = 2 «*> p CD |P(D |* (D> 

i P 
Q l 5 ) p ( i ) | D p

q >= <* p (1) | P ( 1 ) |4> q ( l ) > 
i 

i 

3• Two-electron Operators 

occupied 
< D

0
12 P ^ . J ) iv = 2 ^ D

( 1 ) * Q ( 2 ) ^ ( 1 ' 2 ) i * p ( 1 ) * c ( 2 ) > 

1<J P< C 
- «|> (1)<J, ( 2 ) |P(1,2) U (2)4, 

occupied 
<D Q| J P.(i,j)|D r

p> = j " < * p ( l ) < 0 Q ( 2 ) | P ( l , 2 ) | ^ ( l ) , | , R ( 2 ) > 
it)' 

- <* 0 (D<0 Q(2) | P ( l , 2 ) | * O (2)<j»r(l) > 

<D0l2P(i>j)|D r
q

S > = < * (!) O>|p(i j 2)| 0 ( i H ( 2 ) > 
p q 1 r Ts 

•<<)> ( 1 ) * ( 2 ) | P ( 1 , 2 ) | * ( 2 ) * ( 1 ) > 

<Do| J) P ( l , j ) | D r S / .J > = 0 
p q -

wherej) P( i) and J) P ( i , j ) are g^ueral one- and two- e l e c t r o n 
i i<j 

operators r e s p e c t i v e l y . 
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e x c i t e d c o n f i g u r a t i o n s w i l l give s i g n i f i c a n t c o n t r i b u t i o n s 
t o the v>ave f u n c t i o n . 

I n HF Theory, the expansion i s l i m i t e d to the f i r s t 
determinant, w i t h a. c o e f f i c i e n t of u n i t y and then the spin 
o r b i t a l s are optimised. I n CI, the spin orbit.als are f i x e d , 
out the c o e f f i c i e n t s Ĉ  are optimised. I d e a l l y the c a l c u l ­
a t i o n should De a combination of these two ideas and indeed 
t h i s i s the aim of the M u l t i C o n f i g u r a t i o n SCF procedure, 
where both spin o r b i t a l s and c o e f f i c i e n t s are simultaneously 
v a r i e d to give the lowest MCSCF wave f u n c t i o n . Although 
t h i s method i s i n c r e a s i n g i n p o p u l a r i t y , s o l u t i o n of the MCSCF 
equations i s computationally d i f f i c u l t and very time consuming. 

The generalised valence bond wave f u n c t i o n , b r i e f l y 
r e f e r r e d to i n Section 1.2.2, i s a p a r t i c u l a r form of an 
MCSCF wave f u n c t i o n i n which each chemical bond i s described 
i n terms of a. p a i r of l o c a l i s e d , nonorthogonal, optimised 
o r b i t a l s . At large i n t e r n u c l e a r distances, t h i s d e s c r i p t i o n 
i s advantageous since each o r b i t a l o" a p a i r would tend t o 
l o c a l i s e on one atom (or molecular fragment, i n g e n e r a l ) , 
p r o v i d i n g a. simple d e s c r i p t i o n of the d i s s o c i a t i o n process 
i n terms of a s i n g l e - c o n f i g u r a t i o n wave f u n c t i o n . Such 
o r b i t a l s would be expected t o have a. b e n e f i c i a l e f f e c t upon 
the convergence of a. CI expansion, but they cannot be used 
conveniently without o r t h o g o n a l i s a t i o n . Near e q u i l i b r i u m 
bond l e n g t h , o r t h o g o n a l i s a t i o n renders t h e i r expression 
i n f e r i o r i n performance. However, R a f f e n e t t i and Kahn have 
found t h a t the orthogona.lised form i s p r e f e r a b l e as a basis 
f o r a CI expansion whenever the o r i g i n a l G.V.B. o r b i t a l s 
have an overlap i n t e g r a l smaller i n magnitude than ^ 2 - 1 . ^ 
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Due to the nature of the i n f o r m a t i o n r e q u i r e d , the 
use of these methods have not been necessary, and t h e r e f o r e 
a d e t a i l e d discussion of the procedures w i l l be neglected, 
out a t t e n t i o n i s again drawn to the e x c e l l e n t t e x t s a v a i l a b l e 

q i n 
on these t o p i c s and methods of s o l u t i o n . 

1.5-3 The R e l a t i v i s t i c C o r r e c t i o n 

I n the previous s e c t i o n , the c o r r e l a t i o n energy 
has been descrioed as the d i f f e r e n c e between the exact non-
r e l a t i v i s t i c H.F. energy and the exact n o n - r e l a t i v i s t i c 
energy of a given system. The r e l a t i v i s t i c c o r r e c t i o n i s 
the energetic consequence of the r e l a t i v i s t i c e f f e c t s s u f f e r e d 
by the e l e c t r o n s on passing the nucleus. A c o n s i d e r a t i o n 
of the V i r i a l Theorem, (V = -2T where V i s the p o t e n t i a l 
energy and T the k i n e t i c energy) shows t h a t an e l e c t r o n i n 
a. given region of high p o t e n t i a l w i l l have a correspondingly 
high k i n e t i c energy. The r e l a t i v i s t i c e f f e c t i s a f u n c t i o n 
of atomic number, being small f o r the f i r s t row atoms but 
considerably l a r g e r f o r the heavier elements. For the 
heavier atoms i t i s not inconceivable t h a t t h i s may become 
s i g n i f i c a n t i n c a l c u l a t i o n s on p h o t o i o n i s a t i o n . F o r t u n a t e l y , 
r e l a t i v i s t i c c o r r e c t i o n s to s h i f t s i n core - e l e c t r o n binding 
energies are small, and i t i s assumed t h a t the e f f e c t s f o r 
atoms are unchanged upon molecule formation: 

T o t a l No. of atoms 
i . e . E ™ 1 = ^ ( E R a t 0 m ) k ( 1 - 1 0 8 ) 

k 

Tabulations of r e l a . t i v i s t i c expectation values f o r atoms 
35 

have been made, a l l o w i n g d e t a i l e d comparison w i t h non-
r e l a t i v i s t i c r e s u l t s . Also, n e u t r a l atom ASCF bi n d i n g 
energies from r e l a t i v i s t i c HF c a l c u l a t i o n s (2<Z<106) have 
been p u b l i s h e d , a l l o w i n g a comparison between these and 
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Koopmans' values to be made. 

1.6 Population Analysis 

The population a n a l y s i s i s f r e q u e n t l y used i n q u a l i t a t i v e 
"57 

discussions of e l e c t r o n i c s t r u c t u r e . Following M u l l i k e n , ' 
overlap i n t e g r a l s between the basis f u n c t i o n s are used to 
analyse an SCF wave f u n c t i o n so t h a t a c e r t a i n number of 
ele c t r o n s i s assigned to each basis f u n c t i o n . 

More g e n e r a l l y , i f the molecular o r b i t a l s (MO) are 
expressed as a l i n e a r combination of atomic o r b i t a l s (AO): 

C, 1 n (1.109) 
-1- u J 

then, the MO p r o b a b i l i t y d ensity f u n c t i o n i s given by 

3 3 K 

' i ,i i k 

(1.110) 

The sum of the squares of the c o e f f i c i e n t s of ^ i n 
a l l <j>1 gives the t o t a l "occupation number" of AO n • • This 

t h 
i s the sum of the squares of the i row of C m u l t i p l i e d by 
the number of e l e c t r o n s i n each s p a t i a l MO (N^). I f i n 
(1.110), the s p e c i f i c case of j=k i s excluded, then m u l t i ­
p l y i n g the c o e f f i c i e n t s of n m by Ni and summing gives the 

j k 

p o p u l a t i o n of the overlap region. 
I n t e g r a t i n g over a l l space, the o r b i t a l p o p u l a t i o n Ni 

i s : 
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N, = N. / *. dx = N ± £ £ c i j C i k/ n A dx 
J k 

= N i 2 2 C i j C i k S j k f 1 ' 1 1 1 ' 
j k 

where S ., i s the overlap i n t e g r a l / n.n. d x =<n.| n, > . j k J k J k 

Summing over a l l occupied MO gives: 

i i j k 

= 2 2 s J k ( 2 ^ c i k ) ^ - 1 1 2 ) 
3 k i 

where N i s the t o t a l number of e l e c t r o n s . I n the general 
case, the o r b i t a l occupancy would be incorporated i n t o 
the d e n s i t y matrix ( i . e . (1.72) would be modi f i e d ) . I n a. 
cl o s e d - s h e l l system, N^= 2 f o r a l l of the occupied MO. There­
fore, from (1.72): 

MO occupied MO occupied 
= V C .. C.,+ = V C .. C, ,* = T c . C, . j k Z J J i i k Z* j i k i £* j i k i 

i i i 

(1.113) 

Since the M.O. are r e a l . Thus (1.112) becomes 

j k 

A popu l a t i o n matrix P may be defined 

P 1 3 = 2 R l j S i J (1.115) 

Along the p r i n c i p a l diagonal, the equal t o 2 R ^ 
(since S^ = 1 ) , represent the e l e c t r o n i c populations, or the 
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"atomic charge" i n u n i t s of e l e c t r o n s , w h i l s t the o f f -
diagonal elements P. . are overlap populations, r e l a t e d t o 
the simple idea of "bond order". Since both R and S are 
symmetric, then P. . = P... 

C l e a r l y , from (1.114) 

i J 

The summation of a l l P. . elements associated w i t h a 
given p a i r of atoms A and B reduces the " o r b i t a l by o r b i t a l " 
p o p u lation matrix P t o an "atom by atom" matrix Q. 

AO i n A AO i n B 
QAB = 2 2 P i j (1.H7) 

i J 
The t o t a l number of el e c t r o n s associated w i t h atom A, 

N^, i s given by: 

A 
atoms atoms 

NA ' ÂA + 2 QAB + & 2 
B/A B^A 

a t oms 
ÂA + £ QAB 

B̂ A 
a l l atoms 

= 2 Q A B ( i - i i 8 ) 
B 

Since M u l l i k e n has suggested t h a t the e l e c t r o n density 
be equally p a r t i t i o n e d between A and B. Where Z i s the 
nuclear charge associated w i t h atom A then the net charge 
on atom A i s given by ZA~N^. 
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1.7 O r b i t a l s and Basis Functions 

1.7»1 Molecular I n t e g r a l E v a l u a t i o n 

The expression of the MO i n terms of a l i n e a r 
combination of basis f u n c t i o n s has been focussed upon f r e ­
quently i n the previous sections. Molecular c a l c u l a t i o n s 
are g e n e r a l l y c a r r i e d out i n terms of basis f u n c t i o n s centred 
on each atom i n the molecule, and the choice of these f u n c t ­
ions i s important i n t h a t the accuracy of the wavefunction 
i s determined by the q u a l i t y of the basis set from which i t 
i s constructed. 

The term l i n e a r combination of atomic o r b i t a l s (LCAO) 
has also a r i s e n i n previous discussions, and t h i s i s h i s t o r i c a l 
i n t h a t basis f u n c t i o n s were chosen by p h y s i c a l analogy t o 
o r b i t a l s , however, since the number of computationally d i f f i c u l t 
two e l e c t r o n i n t e g r a l s increases w i t h the number of basis 
f u n c t i o n s as N , these so c a l l e d S l a t e r - t y p e o r b i t a l s (STO) 
have been replaced by the more mathematically and computationally 
convenient Gaussian type f u n c t i o n s (G.T.F.) i n many cases. 

A c l e a r advantage of the Gaussian f u n c t i o n i s seen i n 
i t s expression, i n t h a t the product of such f u n c t i o n s w i l l 
always produce another Gaussian f u n c t i o n , as w i l l be seen, 
and t h i s i s not inherent i n the form of the S l a t e r - t y p e 
f u n c t i o n . Consequently, f o r the GTF, three and f o u r centre 
i n t e g r a l s which are very time-consuming i n LCAO MO c a l c u l a t i o n s 
are reduced to r e l a t i v e l y simple two centre i n t e g r a l s . 

Thus, 
< G a G b l*7rl G c G d > = < G e ' r ^ T 1 G f > f 1 - 1 1 * ) 
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The c l e a r disadvantage of using G.T.F. i s t h a t they 
do not resemble atomic o r b i t a l s i n form. I n p a r t i c u l a r , 
the s-type GTF lacks a cusp at the nucleus, and also at 
large distances decreases too r a p i d l y as i l l u s t r a t e d i n 
Figure ( 1 . 2 ) . 

Figure 1.2. A comparison of S l a t e r - and Gaussian-type 
f u n c t i o n s 

A 

STO 
GTF 

10 0-5 
r (bohr) 

However, t h i s i s not a serious problem, as i t merely 
means t h a t more GTF must be used t o approximate t h i s behaviour 
and since a l l GTF type i n t e g r a l s may be evaluated as standard 
forms the desired r e s u l t i s obtained more r a p i d l y . 

1.7-2 S l a t e r Type Functions 

The use of exponential f u n c t i o n s was f i r s t 
suggested by S l a t e r , ^ a n d p r i o r t o the e a r l y 196o's almost 
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a l l MO c a l c u l a t i o n s were performed w i t h STO of the form: 

^nlm ( r' 9>*) = A n ^ e~' V' Y l m ^ ^ - 1 2 ° ) 

where A i s a n o r m a l i s a t i o n f a c t o r ; n 
n,l.m are the p r i n c i p l e , azimuthal and magnetic 

quantum numbers ; 
£ i s the o r b i t a l exponent; 

and Y-̂ m (6,<j)) are the spherical harmonics, i n t r o d u c i n g 
the r e q u i r e d angular dependence. 

1.7.3 Gaussian Type Functions 

The use of Gaussian f u n c t i o n s i n e l e c t r o n i c 
39 

s t r u c t u r e c a l c u l a t i o n s was f i r s t suggested by Boys and 
i n past years many large scale MO c a l c u l a t i o n s have used 

40 

G.T.F. The r a d i a l dependence of a G.T.F. may be w r i t t e n 
as: 

2 
n = B n r n e " a r (1.121) 

where i s again a. n o r m a l i s a t i o n f a c t o r ; 
and n i s the analogue of the p r i n c i p a l quantum number; 

t a k i n g values 1, 1+2, 1+4, e t c . 
Angular dependence i n t h i s case i s introduced by a f u n c t i o n 
of the form: 

C x p y q z S e " ^ (1.122) 

where p, q and s are in t e g e r s and the r e s u l t i n g f u n c t i o n 
i s t h e r e f o r e termed a c a r t e s i a n gaussian. 

4 l 42 Preuss and Whitten , independently, have developed 
another procedure termed the gaussian lobe method which uses 

2 
only S-type gaussians of the form Be and f l o a t i n g the 
centres of these f u n c t i o n s away from the atomic centres to 
simulate s, p, d .... o r b i t a l s . 
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1.JA The Minimal Basis Set 

A minimal basis set includes only one f u n c t i o n 
f o r ea.ch AO occupied i n each atom of the molecule and i s 
us u a l l y considered t o be of S l a t e r type. (e.g. f o r carbon: 
I s 2s 2px 2py). The choice of o r b i t a l exponent r, was 
o r i g i n a l l y made using the set of e m p i r i c a l r u l e s deduced by 
Sl a t e r , where: 

C = ( ^ f ) (1.123) n 
Here, Z i s the a c t u a l charge on the nucleus; 

S i s a screening constant; 
and n* i s an e f f e c t i v e quantum number. 

4 3 44 

A more d i r e c t approach by Clementi and coworkers 
was to v a r i a t i o n a l l y optimise c values f o r each atom, pro­
ducing ta.bles of best atom exponents, used repeatedly i n 
t h i s work. I n p r i n c i p l e , the exponents should be re-optimised 
f o r each molecule under con s i d e r a t i o n , but t h i s i s p r o h i b i t i v e l y 
expensive and t h e r e f o r e i f greater accuracy i s re q u i r e d then 
the basis set i s expanded. 

As p r e v i o u s l y noted, the computation of m u l t i c e n t r e two-
e l e c t r o n i n t e g r a l s i n v o l v i n g STO i s d i f f i c u l t although the 
minimal basis set may be conceptually simple. To overcome 
t h i s problem, the concept i s r e t a i n e d , but each STO i s replaced 
by a. l i n e a r combination of n-GTF and the basis set i s termed 

45 46 47 
STO-nG, being fundamentally gaussian i n nature. ' i t 

46 47 

has been shown ' th a t even when n i s equal t o s i x , the 
t o t a l molecular SCF energies are -leV above the exact STO 
values and t h a t since i t i s energy d i f f e r e n c e s which are of 
importance, four gaussians to each STO are adequate. 
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The c o e f f i c i e n t s and exponents of the gaussians are 
optimised by a l e a s t squares procedure to f i t a Sl a t e r o r b i t a l 
of u n i t exponent. The S l a t e r exponent i s then chosen, and 
the gaussian exponent scaled accordingly; 

(Scaled gaussian exponent = l e a s t squared optimised exponent 
X ( S l a t e r exponent) ) 

to be used i n the STO-nG expansion. 

V i r t u a l l y a l l of the current semi-empirical SCF methods 
i n use are i n p r i n c i p l e based upon a minimum set of STO and 
many of the concepts i n organic chemistry (e.g. resonance 
s t r u c t u r e s , h y b r i d i s a t i o n ) can only be discussed i n these 
terms. 

1.7.5 S p l i t Valence Sh e l l Basis Sets 

Greater f l e x i b i l i t y i n the d e s c r i p t i o n of valence 
o r b i t a l s i s introduced by s p l i t t i n g of the valence-shell i n 
each heavy atom and t h i s allows f o r o r b i t a l d i s t o r t i o n upon 
bond formation. A commonly used example of t h i s type, used 

48 
e x t e n s i v e l y i n t h i s work, i s the STO-4-j51G basis set, " i n 
which the inner ( I s ) s h e l l of the f i r s t - r o w atoms i s represented 
by a l i n e a r combination of 4 G.T.F., w h i l s t the valence s h e l l s 
(2s,2p) are d i v i d e d i n t o "inner" and "outer" components r e ­
presented by 3 and 1 GTF r e s p e c t i v e l y . Hydrogens are repres­
ented by a s p l i t I s s h e l l , again comprising of "inner" (3GTF) 
and "outer" (1GTF) p a r t s . 

49 
As emphasised by Nesbet, y the i n c l u s i o n of f u n c t i o n s 

having a higher 1 value i n the d e s c r i p t i o n of each atom, termed 
p o l a r i s a t i o n f u n c t i o n s , can lead to a s u b s t a n t i a l lowering i n 
SCF energy and an improvement I n the computed expectation 
values of various p r o p e r t i e s of the molecule (e.g. d i s s o c i a t i o n 
energies and dipol e moments). Thus a f u r t h e r improvement i s 
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obtained by a d d i t i o n of a s i n g l e set of gaussian d f u n c t i o n s 
to the basis set f o r each f i r s t row atom, a commonly used 
basis set being ST0-6.31G*; a d d i t i o n of a si n g l e set of 
gaussian p f u n c t i o n s t o t h a t f o r each hydrogen atom gives 
the f o l l o w i n g terminology: 

STO - 6.31G.** 5 0 

For reasons of economy, the exponents of the p o l a r i s a t i o n 
f u n c t i o n s are not optimised i n the course of the c a l c u l a t i o n s , 

51 
but are obtained from c a l c u l a t i o n s on small molecules, since 
f o r t u n a t e l y c a l c u l a t e d t o t a l energies are not p a r t i c u l a r l y 
s e n s i t i v e to small v a r i a t i o n s i n exponents. A reasonable 
value f o r the gaussian exponent f o r hydrogen would be a( l s ) = 1 . 0 
and f o r the f i r s t row atoms, a (3d)=0.8. I n general, a t r e n d 
of i n c r e a s i n g optimum 3d exponents i s assumed f o r both S l a t e r 
and gaussian f u n c t i o n s i n going across the period. 

I . 7 . 6 Double Zeta and Extended Basis Sets 

The double zeta. ba.sis set, i n which twice as 
many fu n c t i o n s as would be used i n the minimal basis are 
included, y i e l d s a. considerable improvement i n t o t a l energy. 
For the carbon atom t h e r e f o r e the basis set consists of two 
I s S l a t e r f u n c t i o n s , two 2s f u n c t i o n s and two sets of 2p 
f u n c t i o n s (px, py and pz), each p a i r having two d i f f e r e n t 
exponents £ and optimised by successive ground s t a t e SCF 

152 53 c a l c u l a t i o n s . ' 

A f t e r the double zeta l e v e l has been reached f o r a f i r s t 
row atom, the next most important c o n t r i b u t i o n to the t o t a l 
energy i s again provided by the a d d i t i o n of p o l a r i s a t i o n 
f u n c t i o n s i n the form of f i v e 3d f u n c t i o n s corresponding to 
the 5^1 values associated w i t h 1=2. Equally important f o r 
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m o l e c u les c o n t a i n i n g hydrogen i s t h e i n c l u s i o n o f 2px, 2py' 

and 2pz f u n c t i o n s i n each H atom e x p r e s s i o n . The STO ex­

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

a reasonable v a l u e f o r the hydrogen and f i r s t - r o w atoms i s 

S(2p) = C(3d) = 2.0. 

SCP e n e r g i e s v e r y c l o s e t o the HF v a l u e may be g a i n e d 

by u s i n g STO b a s i s s e t s l a r g e r t h a n the double z e t a l e v e l , 

and these are termed extended b a s i s s e t s . An example o f 

such a b a s i s i s t h e t r i p l e z e t a , t h e form o f which i s s e l f 

e x p l a n a t o r y i n b e i n g analogous t o the above-mentioned double 

z e t a b a s i s s e t . 

1.7-7 Gaussian B a s i s Sets 

The above d i s c u s s i o n s have l a r g e l y c e n t r e d upon 

the use o f the S l a t e r f u n c t i o n and Gaussian a p p r o x i m a t i o n s 

t o i t , as a b a s i s f o r m o l e c u l a r c a l c u l a t i o n s . However,, the 

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

form o f the gaussian f u n c t i o n , d e s p i t e i n c r e a s e s i n t h e i r 
if 

numbers p r o p o r t i o n a l t o N , as p r e v i o u s l y n o t e d , a l l o w s a 

more d i r e c t approach i n t h a t the e l e c t r o n i c wave f u n c t i o n 

may be expanded as l a r g e s e t s o f n u c l e a r c e n t r e d gaussian 

f u n c t i o n s . Indeed, o p t i m i s e d gaussian b a s i s s e t s o f s e v e r a l 

s i z e s have been r e p o r t e d i n the l i t e r a t u r e , w i t h exponents 

a (as i n (1.121) and ( 1 . 1 2 2 ) ) o p t i m i s e d f o r each atom by 

v a r i a t i o n u n t i l a minimum i n the SCF energy i s computed. 

A l t h o u g h the r e q u i r e d i n t e g r a l s r e s u l t i n g f r o m such 

b a s i s s e t s may be computed e f f i c i e n t l y , the i t e r a t i v e s o l u t i o n 

o f the m a t r i x HF e q u a t i o n s can be time consuming. Numerous 

t e c h n i q u e s have been d e v i s e d t o a c c e l e r a t e the convergence o f 

t h e s o l u t i o n s as w i l l be seen i n the n e x t s e c t i o n , however, 
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r a t h e r t h a n r e d u c i n g t h e number o f i t e r a t i o n s , i f the b a s i s 

f u n c t i o n s c o u l d be grouped t o g e t h e r i n some manner t h e n a. 

r e d u c t i o n i n the time r e q u i r e d per i t e r a t i o n would ensue and 

t h i s i s the fundamental concept o f b a s i s s e t c o n t r a c t i o n . 

I f t h e r e are n f u n c t i o n s i n the p r i m i t i v e s e t and m 

f u n c t i o n s i n the c o n t r a c t e d s e t , t h e n c o n t r a c t i o n reduces 

t h e number o f i n t e g r a l s t o be m a n i p u l a t e d by ( m / n ) \ I n 
EC 

p r a c t i c e , l i t t l e accuracy i s l o s t i f ra^ so t h a t the 

c o n t r a c t e d s e t c o n t a i n s 1/16 the number o f i n t e g r a l s and 

w i l l r e q u i r e o n l y 1/16 o f t h e time per i t e r a t i o n . 
I n g r o u p i n g t o g e t h e r t h e p r i m i t i v e gaussian f u n c t i o n s , 
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f i x e d c o e f f i c i e n t s are assumed-^ and t h e r e f o r e i n s o l v i n g 

t h e SCF e q u a t i o n s , o n l y the c o e f f i c i e n t s r e l a t e d t o each SCF 

o r b i t a l o f the c o n t r a c t e d f u n c t i o n must be determined. 
The c o n t r a c t i o n o f gaussian b a s i s s e t s r e q u i r e s g r e a t 
55 

c a r e . A complete c o n t r a c t i o n t o atomic SCF o r b i t a l s may 
seem an obvious move, and f o r the gaussian (9s5p) p r i m i t i v e 

54a 
s e t o f Huzinaga, h a v i n g 24 f u n c t i o n s per atom, t h i s would 

be d e s i g n a t e d ( 9 s 5 p / 2 s l p ) or |2slpJ + . However, the use o f 

such a b a s i s s e t would be a. mistake as i t i s d r a s t i c a l l y 

o v e r c o n t r a c t e d and would l e a d t o erroneous d e s c r i p t i o n s o f 

m o l e c u l a r p r o p e r t i e s (e.g. u n r e a l i s t i c a l l y l a r g e bond d i s t ­

ances and s m a l l d i s s o c i a t i o n e n e r g i e s ) . T h i s i s due t o a 

l a c k o f f l e x i b i l i t y i n d e s c r i b i n g the rearrangement o f the 

e l e c t r o n d i s t r i b u t i o n upon molecule f o r m a t i o n , and t h e r e f o r e 

a. minimum STO b a s i s s e t i s p r e f e r a b l e t o such an e n e r g e t i c a l l y 

s u p e r i o r gaussian c o n t r a c t i o n . 
+ U n c o n t r a c t e d s e t s are denoted by p a r e n t h e s e s , w h i l e 

c o n t r a c t e d s e t s are denoted by b r a c k e t s . 
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52 53 
S u r v e y i n g p r e v i o u s work i n d i c a t e s t h a t t h e aim 

i n p e r f o r m i n g a. b a s i s s e t c o n t r a c t i o n i s t o o b t a i n a. con­

t r a c t e d gaussian b a s i s comparable t o the double zeta. S l a t e r -

f u n c t i o n s e t s . Indeed, one o f the most e f f e c t i v e gaussian 

b a s i s s e t s i s the double zeta r4s3pl 5 5 c o n t r a c t i o n o f the 54a 
(9s5p) p r i m i t i v e s e t r e f e r r e d t o p r e v i o u s l y . I n t h i s 

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

GTF c o n t r i b u t e t o each AO and t h e c o n t r a c t i o n scheme i n t h e 

above f o l l o w s t h a t , which experi e n c e has shown t o be most 

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

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

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

most ( l a r g e s t exponent) p r i m i t i v e s . T h i s p e r m i t s t h e o u t e r 

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

t o respond t o changes which occur upon molecule f o r m a t i o n 

w h i l s t the i n n e r f u n c t i o n s d e s c r i b e r e g i o n s which are l a r g e l y 

atomic i n c h a r a c t e r . The double ze t a ^s3PJ c o n t r a c t i o n 

has been used i n a number o f c a l c u l a t i o n s i n t h i s t h e s i s , 

p r o v i d i n g e c o n o m i c a l l y v i a b l e computations o f c o m p a r a t i v e l y 

good q u a l i t y as w i l l be seen i n subsequent c h a p t e r s . 

1.8 Co m p u t a t i o n a l Aspects o f ab initio C a l c u l a t i o n s 

The t h e o r i e s r e l a t i n g t o quantum mechanics and i n 

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

second q u a r t e r o f t h i s c e n t u r y however, o n l y w i t h t h e advent 

o f modern e l e c t r o n i c computers i n the 1960's t o g e t h e r w i t h 

a p p r o p r i a t e w e l l documented computer programs has t h e ah 

initio t e c h n i q u e become an e s t a b l i s h e d t o o l i n modern s c i e n c e . 

Man-years o f e f f o r t have now produced a number o f these 

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

n a t i o n a l o r g a n i s a t i o n s such as t h e Quantum Chemistry Program 
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57 Exchange (Q.C.P.E.) , reads as f o l l o w s : 

Gl 
,62 

ALCHEMY58, GAUSSIAN 7 0 5 9 , IBMOL V 6 ° , MOLECULE61, and 

POLYATOM 2 

The c a l c u l a t i o n s I n t h i s t h e s i s have been c a r r i e d out u s i n g 

the ATMOL 3 s u i t e o f programs and t h i s s e c t i o n w i l l be 

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

the packages; a more d e t a i l e d d e s c r i p t i o n may be found i n 

the a p p r o p r i a t e ATMOL 3 documentation. 

ATMOL c o n s i s t s o f s e v e r a l packages, which were o r i g i n a l l y 

d e v i s e d by H i l l i e r and Saunders i n the l a t e 1960's as ex­

t e n s i o n s o f the POLYATOM and IBMOL systems. I n common w i t h 

most ab initio programs, i t has the f o l l o w i n g e s s e n t i a l 

s t a g e s : 

( i ) The comp u t a t i o n o f s i n g l e and m u l t i - c e n t r e i n t e g r a l s 

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

t r a n s f o r m a t i o n o f these i n t e g r a l s over c o n t r a c t e d 

f u n c t i o n s s h o u l d t h i s be r e q u i r e d . 

( i i ) An i t e r a t i v e assembly and diagona.lisa.tion o f the 

Fock m a t r i x u n t i l t h e r e q u i r e d s e l f - c o n s i s t e n c y 

i s reached. 

( i i i ) A n a l y s i s o f the m o l e c u l a r wave f u n c t i o n i n t h e 

form o f a M u l l i k e n p o p u l a t i o n a n a l y s i s , e l e c t r o n 

d e n s i t y c o n t o u r plots and the c a l c u l a t i o n o f ex­

p e c t a t i o n v a l u e s o f some 1 - e l e c t r o n o p e r a t o r s 

(e.g. d i p o l e moments, e t c . ) 

1.8.1 I n t e g r a l C o n s i d e r a t i o n s 

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

has l a r g e l y c e n t r e d around t h e co m p u t a t i o n , s t o r a g e and 

http://diagona.lisa.tion
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r e t r i e v a l o f m o l e c u l a r i n t e g r a l s , s i n c e these areas are 

the most time-consuming i n any MO c a l c u l a t i o n . T h i s i s 

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

g r a l s , a l t h o u g h ATMOL 3 has e x t e n s i v e i n t e g r a l f i l e h a n d l i n g 

f a c i l i t i e s p r o v i d e d by a SERVICE program which a l l o w s t h e 

co p y i n g , e d i t i n g and merging o f i n t e g r a l f i l e s and t h e 

INTEGRALS package i t s e l f has b o t h r e s t o r e and r e s t a r t 

f a c i l i t i e s t o overcome problems a t t r i b u t i n g t o i n t e g r a l 

s t o r a g e space and the c o m p u t a t i o n a l t i m e - f a c t o r . 

D e t a i l s o f the n u m e r i c a l procedures used f o r t h e 

e v a l u a t i o n o f m o l e c u l a r i n t e g r a l s over G.T.P., t o g e t h e r 

w i t h a d i s c u s s i o n o f the g e n e r a l s t r a t e g y employed are g i v e n 
64 

by Saunders . For STO, s i n g l e - c e n t r e t w o - e l e c t r o n i n t e g r a l s 

are computed a n a l y t i c a l l y , w h i l s t a l l o t h e r t w o - e l e c t r o n 

i n t e g r a l s are computed by the gaussian t r a n s f o r m t e c h n i q u e 
65 

o f S h a v i t t and K a r p l u s . 
The m a t r i x o f o n e - e l e c t r o n i n t e g r a l s can be c o n v e n i e n t l y 

s t o r e d i n a tw o - d i m e n s i o n a l a r r a y i n t h e f a s t s t o r e o f t h e 

computer o r where s t o r a g e space i s i m p o r t a n t , o n l y d i s t i n c t 

elements need be saved and t h e r e f o r e , due t o the H e r m i t i a n 

symmetry o f t h e o n e - e l e c t r o n H a m i l t o n i a n o p e r a t o r , o n l y 

!-m(m+l) unique i n t e g r a l s are s t o r e d , where m i s the number 

of b a s i s f u n c t i o n s . 
The t r e a t m e n t o f the f o u r - c e n t r e r e p u l s i o n i n t e g r a l s 

d i f f e r s from t h a t where space s a v i n g i s not c o n s i d e r e d s i n c e 
4 

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

elements and would n e g l e c t a number o f i m p o r t a n t e q u a l i t i e s 

among the i n t e g r a l s which would p e r m i t a c o n s i d e r a b l e s a v i n g 

o f s t o r a g e space, t h e r e b y a l l o w i n g the method t o be used f o r 

o n l y the s m a l l e s t molecules. 
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Due t o the p e r m u t a t i o n s o f the i n d i c e s p, q, r and s 

b e i n g independent o f m o l e c u l a r symmetry, o n l y one o f t h e 

f o l l o w i n g i n t e g r a l s need be computed and s t o r e d : 

<ps|g|qr> = <qs|g|pr> = <pr|g|qs> = <qrjg|ps> 
(1.124) 

<sq|g|rq> - <rp|g|sq> = <sq|g|rp> = <rq|g|sp> 

C l e a r l y , depending upon the e q u a l i t i e s among p, q, r and s, 

t h e r e are 1, 2, 4 or 8 i n t e g r a l s w i t h t h e same va l u e as 

<ps|g|qr> and an o r d e r i n g c o n v e n t i o n , among the i n d i c e s , i s 

needed i n s t o r i n g t h i s i n t e g r a l . The c o n v e n t i o n used by 

ATMOL i s : 

p ^ q ; s >,r; [pq] > [ s r ] (1.125) 

where JpqJ = ^ p ( p - l ) + q and t h i s c o n v e r t s t he o t h e r w i s e 

4-dimensiona.l a r r a y i n t o a pseudo-2-dimensiona.l m a t r i x , w i t h 
4 "5 2 

the number o f d i s t i n c t elements g i v e n by -|(m + 2m + J>m + 2m) 

m b e i n g the number of b a s i s f u n c t i o n s . 

The i n t e g r a l s are s t o r e d on an e x t e r n a l f i l e by f i r s t 

computing and s t o r i n g them i n b l o c k s i n the f a s t s t o r e and 

then w r i t i n g these b l o c k s as u n i t s t o a d i s k or tape u s i n g 

the f o l l o w i n g scheme: 
( i ) a s s i g n a. b l o c k o f st o r a g e i n the f a s t s t o r e - a 

" b u f f e r " - f o r temporary s t o r a g e o f t h e i n t e g r a l s j 

( i i ) s e t up loops r a n g i n g over p, q, r and s s a t i s f y i n g 

the o r d e r i n g c o n v e n t i o n p q; s^. r ; |pqj >, | s r j ; 

( i i i ) u s i n g t h e c u r r e n t l a b e l s p, q r and s and the 

m o l e c u l a r geometry, o r b i t a l s p e c i f i c a t i o n s , e t c . 

compute the c u r r e n t i n t e g r a l < ps jg jqr >; 

( i v ) add t h e computed < ps| g| qr > t o the b u f f e r ; i f t h i s 

f i l l s t h e b u f f e r go t o ( v ) . i f n o t go t o ( v i ) ; 
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( v ) w r i t e t h e c o n t e n t s o f t h e b u f f e r t o d i s k ; 

( v i ) i ncrement p, q, r , s, c o n s i s t e n t w i t h t h e o r d e r i n g 

c o n v e n t i o n o f ( i i ) j 

( v i i ) i f t he l o o p s on p, q, r , s are exhausted i . e . 

q=m go t o ( v i i i ) , i f n o t go t o ( i i i ) ; 

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

The computed i n t e g r a l s , i n s t o r a g e , need t o be accessed 

and i d e n t i f i e d f o r use i n the o r b i t a l b a s i s c a l c u l a t i o n . 

The two g e n e r a l methods f o r unique i d e n t i f i c a t i o n o f each 

i n t e g r a l i n such a f i l e a r e : 

(a) s t o r e t he v a l u e s o f t h e l a b e l s p, q, r , s and o f 

the i n t e g r a l <ps |g |qr>, t o g e t h e r i n t h e f i l e ; 

o r ( b ) s t o r e t h e i n t e g r a l s <ps|g|qr> i n a p a r t i c u l a r o r d e r 

i n the f i l e so t h a t v a l u e s o f p, q, r and s are 

det e r m i n e d by t h e p o s i t i o n o f t h e va l u e o f <ps|g|qr> 

i n t h e f i l e . 

B o th methods have t h e i r r e l a t i v e advantages and d i s ­

advantages however, a l t h o u g h r e q u i r i n g more space f o r s t o r a g e 

method (a) has the d i s t i n c t advantage i n t h a t any i n t e g r a l s 

w hich are zero may be o m i t t e d from t he f i l e , t h u s g i v i n g 

g r e a t e r f l e x i b i l i t y i n the case where such an a p p r o x i m a t i o n 

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

I n r e a l i t y , each b l o c k o f s t o r a g e i n t h e ATMOL 3 system 

i s l i m i t e d t o a v a l u e o f 3̂ -0 i n t e g r a l s , and the maximum number 

o f c o n t r a c t e d f u n c t i o n s which may be handled by t h e VRSINTEG 

program i s 127 w i t h a. maximum number o f p r i m i t i v e s w i t h i n a. 

c o n t r a c t i o n b e i n g 6. An improved program (BIGINTEG) has 

r e c e n t l y been documented which i n c r e a s e s t he c o n t r a c t e d f u n c t ­

i o n s parameter t o 250. W i t h i n b o t h programs, t h e r e e x i s t s 
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t h e f a c i l i t y t o use t h e symmetry p r o p e r t i e s o f the molecule 

t o improve t h e e f f i c i e n c y o f c a l c u l a t i o n o f the t w o - e l e c t r o n 

i n t e g r a l s . 

1.82 Co m p u t a t i o n a l Aspects o f the Closed S h e l l 
SCF Procedure 

As p r e v i o u s l y n o t e d , ( S e c t i o n 1.3.2) the SCF 

c a l c u l a t i o n proceeds i n an i t e r a t i v e manner, w i t h each c y c l e 

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

( i ) C o n s t r u c t i o n o f the Fock m a t r i x ( I . 7 0 ) ; 

( i i ) S o l u t i o n o f t h e pseudoeigen value e q u a t i o n (1.70); 

( i i i ) R e c o g n i t i o n as t o whether or not s e l f - c o n s i s t e n c y 

has been reached; i f n o t t h e r e - i n p u t o f the new 

t r i a l v e c t o r s , (C i n 1.70) by t h e c o n s t r u c t i o n o f 

R (1.72), f o r t he n e x t e y c l e . 

Each o f these steps r e q u i r e s some a u x i l i a r y c a l c u l a t i o n s 

such as t h e f o r m a t i o n o f t h e d e n s i t y m a t r i x R i n step ( i i i ) . 

At each i t e r a t i o n , t h e t o t a l energy E (1.7^) i s c a l c u l a t e d 

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

aim i s t o b r i e f l y draw a t t e n t i o n t o t h e approach o f t h e ATMOL 3. 

VRSSCF program and some o f i t s f a c i l i t i e s . 

From (1.73) and (1.72) i t i s c l e a r t h a t a g e n e r a l element 

o f t h e Fock m a t r i x i s d e s c r i b e d by 

Fpq = hpq + Gpq = hpq + ^ R r s (2<ps|g|qr>-<ps|g|rq>) 
r s (1.126) 

I n b u i l d i n g t he Fock m a t r i x t h e r e f o r e , i t i s necessary 

t o f i r s t c o n s t r u c t the G m a t r i x from t h e d e n s i t y m a t r i x R 

and t h e f i l e o f 2 e l e c t r o n r e p u l s i o n i n t e g r a l s remembering 

t h a t t h i s f i l e c o n t a i n s o n l y one r e p r e s e n t a t i v e form o f the 
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i n t e g r a l e q u a l i t i e s ( 1 . 1 2 4 ) . Since t h e r e a d i n g o f an 

e x t e r n a l f i l e i s a slow process, i n t h e c o m p u t a t i o n a l scheme 

used t h i s procedure must occur o n l y a m i n i m a l number o f t i m e s . 

I t i s t h e r e f o r e u n s a t i s f a c t o r y t o approach the problem by 

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

t h i s would i n v o l v e r e a d i n g the f i l e |-m(m+l) times i n t o t a l . 

However, l o o k i n g a t each i n t e g r a l <ps|g|qr> and i t s l a b e l s 

p, q, r , s, w i t h i n the c o n t e x t o f the p r e v i o u s s t o r a g e con­

v e n t i o n , g i v e s the p o s s i b l e elements which i t c o n t r i b u t e s t o 

the m a t r i x G t h e r e b y o n l y r e q u i r i n g t o read the f i l e once, 

I t i s p o s s i b l e t o w r i t e a simple a l g o r i t h m f o r t h e f o r m a t i o n 

o f the G m a t r i x ^ . 

The s t a n d a r d method f o r s o l u t i o n o f the Roothaan 

e q u a t i o n (1.6j5) f o r the c l o s e d s h e l l system, i n t h e f o r m of 

a t r a n s f o r m a t i o n t o an e i g e n v a l u e problem by Lowdin o r t h o -
20a 

g o n a l i s a t i o n ' and o b t a i n i n g the e i g e n v a l u e s and e i g e n v e c t o r s 

o f the r e a l , symmetric m a t r i x by a. d i a g o n a l i s a t i o n t e c h n i q u e 

such as t h a t o f J a c o b i , has been r e f e r r e d t o i n a p r e v i o u s 

S e c t i o n ( l . ^ . l ) . However, of i n t e r e s t i s the n a t u r e o f the 

t r i a l v e c t o r s used t o c a l c u l a t e t h e d e n s i t y m a t r i x R i n the 

i n i t i a l stages of the c a l c u l a t i o n and a t the end o f each c y c l e , 

s i n c e comparison of these v e c t o r s a f t e r each i t e r a t i o n t o 

e s t a b l i s h t h e i r agreement w i t h i n a f i x e d t h r e s h o l d , i s t h e 

c r i t e r i o n f o r convergence b e i n g achieved. 

C l e a r l y a good cho i c e o f i n i t i a l v e c t o r s , i n the sense 

t h a t t h e y are s i m i l a r i n form t o the s o l u t i o n s e t , w i l l be 

advantageous on two c o u n t s , s i n c e fewer i t e r a t i o n s w i l l be 

needed t o achieve the r e q u i r e d r e s u l t , and the p o s s i b i l i t y 

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

The f l e x i b l e f i l e - h a n d l i n g c a p a b i l i t i e s o f ATMOL 3 a l l o w such 



62 

c h o i c e s t o be made e i t h e r f o r a m o l e c u l a r fragment, o r a. 
r e l a t e d molecule, from the v e c t o r s produced i n p r e v i o u s 
c a l c u l a t i o n s . A l t e r n a t i v e l y , t r i a l v e c t o r s may be formed 
by d i a g o n a l i s a t i o n o f t h e o n e - e l e c t r o n H a m i l t o n i a n o p e r a t o r 
m a t r i x . The s o l u t i o n e i g e n v e c t o r s are o r d e r e d a c c o r d i n g 
t o i n c r e a s i n g e i g e n v a l u e . 

Where a t r i a l s e t o f v e c t o r s i s a poor r e p r e s e n t a t i o n 

o f t h e exact s o l u t i o n , i t i s n o t i n c o n c e i v a b l e t h a t converg­

ence problems may a r i s e . I n ATMOL 3 t h e r e f o r e an u n c o n d i t ­

i o n a l guarantee o f convergence may be o b t a i n e d a c c o r d i n g t o 

the procedure proposed by Saunders and H i l l i e r ^ . I n a 

2n e l e c t r o n system, over m b a s i s f u n c t i o n s , n d o u b 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 s may be c o n s t r u c t e d (DOMOS) and t h e r e f o r e 

(m-n) v i r t u a l MO (VMOS), such t h a t the complete s e t o f MO 

i s o r t h o n o r m a l . Where n, 4>-̂  and ^ r e p r e s e n t t h e row v e c t o r s 

o f b a s i s f u n c t i o n s , DOMOS and VMOS r e s p e c t i v e l y , t h e n : 

( f L J * 2 ) = ( n ) ( C 1 J C 2 } = Jl £ (1-127) 

where a. column o f C g i v e s t he atomic o r b i t a l c o e f f i c i e n t 

o f a g i v e n MO. 

Since the t o t a l wave f u n c t i o n and Energy are i n v a r i a n t 

t o m i x i n g between DOMOS o n l y , c o n s i d e r a t i o n need o n l y be g i v e n 

t o t h e m i x i n g between DOMOS and VMOS. Where I ^ denotes the 

i d e n t i t y m a t r i x o f o r d e r n, and A i s t h e " m i x i n g " m a t r i x o f 

or d e r (m-n)Xn w i t h a r b i t r a r y elements o f s m a l l v a l u e t h i s may 

be r e p r e s e n t e d as: 

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

t h a t w i t h these v a r i a t i o n s , the DOMOS remain o r t h o n o r m a l t o 

the f i r s t o r d e r . Thus: 
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s + , t / - r 11 A + 

= ^ + A + A (1.129) 

From p e r t u r b a t i o n t h e o r y , t he e l e c t r o n i c energy change 

accompanying the v a r i a t i o n s i n t h e DOMOS may be w r i t t e n a s : ^ 

v i r t u a l o c cupied 
E — t ~ > EQ + 4 ^ 'J? A ^ F k * + h i g h e r terms 

k i 
(1.130) 

where E Q i s the energy o f t h e u n p e r t u r b e d w a v e f u n c t i o n and 
F k i d e n o t e s t h e m a t r i x element c o n n e c t i n g the k VMO w i t h 

t h 
t h e i DOMO over t he Fock o p e r a t o r i n the t r i a l MO b a s i s s e t . 

tsE \ 
C l e a r l y , t h e c o n d i t i o n s f o r s e l f - c o n s i s t e n c y ( i . e . j - ^ r J ^ = 0 ) 

\ v / 
are s a t i s f i e d when a l l F, = 0 and i f a l l A, . are chosen such 

k i k i 
t h a t t h e y be o f o p p o s i t e s i g n t o t h e c o r r e s p o n d i n g F k i (making 

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

s m a l l i n magnitude so as t o make t h e h i g h e r terms s m a l l e r i n 

magnitude than those o f the f i r s t order, an i t e r a t e d wave 

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

generated and convergence guaranteed. T h i s does n o t , however, 

guarantee convergence t o t h e l o w e s t energy, s t a t i o n a r y p o i n t 

on t he p o t e n t i a l energy s u r f a c e . 

E q u i v a l e n t r e s u l t s may be o b t a i n e d by d i a g o n a l i s i n g the 

Fock m a t r i x c o n s t r u c t e d i n t h e b a s i s o f t h e t r i a l MO: 
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(C ! c 2 ) + F n ( c 1 ; c 2 ) 

I 
= C ±

+ F n , C1' F " C 2 

I 
C 2

+ F n C 1 i C 2
+ F n C 2 

I 

where C-^~ F n and C_2
+ F n £ 2 c o r r e s p o n d t o t h e Fock m a t r i c e s 

i n t h e bases o f the DOMOS and VMOS r e s p e c t i v e l y and t h e o f f 

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

DOMOS w i t h VMOS. 

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

Fock m a t r i x i n which the elements o f the o f f - d i a g o n a l DOMO-

VMO b l o c k s are m u l t i p l i e d by a "damp-factor" (A ) w h i l s t a 

" l e v e l - s h i f t e r " ( a ) l _ 2 i s added t o t h e d i a g o n a l elements o f 

the Fock m a t r i x i n the b a s i s o f the VMOS where I 2 i s the 

i d e n t i t y m a t r i x o f (m-n) o r d e r . 

^MOD J p n ^ | p n ^ 

(1.131) 

(1.132; 

A C 2

+ F n C]_ I C 2
+ F n C 2 + a l 2 | 

I 

The m o d i f i e d Fock m a t r i x i s d i a g o n a l i s e d , and t h e e i g e n v e c t o r s 

o r d e r e d a c c o r d i n g t o the 'aufba.u' p r i n c i p l e based upon t h e 

r e s u l t i n g e i g e n v a l u e s . 

The d i a g o n a l ! s a t i o n o f F ^ 0 0 may be analysed by f i r s t 

o r d e r p e r t u r b a t i o n t h e o r y , and assuming t h a t t he ca.nonica.l-

i s a t i o n o f the t r i a l MO i s such as t o g i v e t he d i a g o n a l b l o c k s 

i n d i a g o n a l form, t h e n : 

http://ca.nonica.l-
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I f i t i s assumed t h a t t he damp-factor (A ) ta k e s i t s 

normal v a l u e o f u n i t y and t h e l e v e l - s h i f t e r (a) i s p o s i t i v e 

and s u f f i c i e n t l y l a r g e i n magnitude t h e n : 

( i ) the f i r s t o r d e r a n a l y s i s w i l l be v a l i d ; 

( i i ) t he t r i a l MO can be f o r c e d t o obey the 'aufbau' 

p r i n c i p l e w i t h r e s p e c t t o t h e l e v e l - s h i f t e d Fock 

o p e r a t o r , so t h a t swapping o f MO between the 

v i r t u a l and occupied s h e l l s w i l l n o t occur; 

( i i i ) t he A can be chosen t o be o f o p p o s i t e s i g n t o 

the F ^ and a r b i t r a r i l y s m a l l i n magnitude so 

t h a t t h e f i r s t o r d e r energy v a r i a t i o n i s n e g a t i v e 

and l a r g e r i n magnitude than the h i g h e r o r d e r terms. 

Hence, a s u f f i c i e n t l y l e v e l - s h i f t e d procedure w i l l always g i v e 

convergence t o a s t a t i o n a r y p o i n t on the energy s u r f a c e . 

As p r e v i o u s l y n o t e d , s i n c e t he MO o r d e r i n g procedure i s 

dependent upon t h e e i g e n v a l u e s o f the l e v e l - s h i f t e d Fock 

o p e r a t o r , convergence t o e x c i t e d s t a t e s n o t n e c e s s a r i l y 

obeying the 'a.ufba.u' p r i n c i p l e , and o f t e n c h a r a c t e r i s e d by 

an unreasonably low f i r s t i o n i s a t i o n p o t e n t i a l when a p p l y i n g 

Koopmans' Theorem, i s p o s s i b l e when t h e n o n - l e v e l s h i f t e d 

Fock o p e r a t o r i s a p p l i e d . A f e a t u r e o f ATMOL j5 which has 

proven p a r t i c u l a r l y u s e f u l i n such cases i s t h e AUTO d i r e c t i v e 

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

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

C onversely, i t i s not a d v i s a b l e t o use e x c e s s i v e l y 

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

convergence, t he r a t e o f i t s achievement becomes un d u l y slow. 

I d e a l l y l a r g e v a l u e s ( ""4 t o 5 h a r t r e e s ) are used i n the f i r s t 

few i t e r a t i o n s t hus s t a b i l i s i n g the c a l c u l a t i o n , and the n 

t y p i c a l values are ~0.3 t o 1 h a r t r e e . 
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Convergence i s r e c o g n i s e d a t the end of a g i v e n i t e r a t i o n 
I f each component o f t h e v e c t o r s c o r r e s p o n d i n g t o the occupied 
o r b i t a l s , d i f f e r s from t h a t used i n b u i l d i n g t h e Fock m a t r i x 
by a v a l u e l e s s t h a n t h e s e t t h r e s h o l d . C a r e f u l c o n s i d e r a t i o n 
must be g i v e n t o t h i s t h r e s h o l d v a l u e , s i n c e i f t h i s i s s e t 
t o o l a r g e then the r e s u l t s w i l l be u n n e c e s s a r i l y i n a c c u r a t e ; 
i n t he a l t e r n a t i v e case a p e r f e c t l y adequate c a l c u l a t i o n may 
be r e j e c t e d as d i v e r g e n t . 

I n g e n e r a l , due t o t h e more r a p i d convergence o f the 

t o t a l energy v a l u e , t h i s i s e s t a b l i s h e d , u s i n g ( 1 . 7 4 ) , b e f o r e 

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

o f the v e c t o r s . C o n f i r m a t i o n t h a t convergence has been 

ach i e v e d may a l s o be found i n the form o f the Fock m a t r i x , i n 

t h a t o f f - d i a g o n a l elements w i l l have the form F, t = 0 a t D k i 
convergence. 

1.8.3 C o m p u t a t i o n a l Aspects o f the Open-Shell 
SCF Procedure 

For t h e o p e n - s h e l l case, the procedure i s by and 

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

c a l c u l a t i o n i s an i t e r a t i v e one i n c o r p o r a t i n g t h e t h r e e stages 

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

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

open s h e l l s r e s p e c t i v e l y i n t h e R e s t r i c t e d H a r t r e e - F o c k Theory 

( S e c t i o n 1.4.1), and a l l o w i n g f o r the d i f f e r e n t s p i n f a c t o r s 

i n the U n r e s t r i c t e d H artree-Fock Theory ( S e c t i o n 1.4.2). 

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

t h e s i s have been c a r r i e d out w i t h i n the RHF f o r m a l i s m i t i s 

t h e c o m p u t a t i o n a l aspects o f t h e ATMOL 3 programs r e l a t i n g 

t o t h i s t h e o r y which w i l l be d i s c u s s e d . 
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Two Fock m a t r i c e s a r i s e as a consequence o f t h e two 

d e n s i t y m a t r i c e s and Rg ( I . 7 6 ) , f rom b o t h c l o s e d and open 

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

t o f o r m two G m a t r i c e s ( 1 . 7 9 ) . C o m p u t a t i o n a l l y , these are 

e a s i l y formed by minor changes t o the c l o s e d s h e l l r o u t i n e 

p r e v i o u s l y r e f e r e n c e d . F o l l o w i n g t he arguments i n S e c t i o n 

1.4.1, the two Fock m a t r i c e s may be combined t o g i v e a s i n g l e 

m a t r i x o f the form (1.93) which i s the n d i a g o n a l i s e d . As 

a l o g i c a l e x t e n s i o n t o t h e c l o s e d - s h e l l case, a " l e v e l -

s h i f t i n g " t e c h n i q u e has a l s o been developed f o r t h e open-
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s h e l l system , t h e r e b y p e r m i t t i n g guaranteed convergence as 

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

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

due t o the i n c l u s i o n o f terms r e l a t i n g t o the s i n g l y occupied 

m o l e c u l a r o r b i t a l s (SOMOS). 

I n t h e energy m i n i m i s a t i o n procedure, t he b l o c k i n g i n 

the m a t r i x , e q u i v a l e n t t o (1.131)* i s now n i n e - f o l d , and w i t h 

the i n c l u s i o n o f the 'damp-factors' and ' l e v e l - s h i f t e r s ' , 

a g a i n i n t r o d u c e d by t h e program, appears as f o l l o w s : 
F*MOD = + p n c I c + p n c 

1 1 j 12 1 2 
J 

A 1 2 C 2 F n C l C 2
+ F n C^+ cd 

A 1 3 ° 3 + F"Ci A 2 3 C 3 + F " C 2 

A 1 3 C l + p n C 3 

23 C 2 + p T 1 c 3 

C,+ FT1C,+ (a+B ) I 3 3 

(1.134) 

Where i n d i c e s 1, 2 and 3 are r e l a t e d t o t h e DOMOS, SOMOS 

and VMOS r e s p e c t i v e l y and t h e A v a l u e s are t h e 'damp f a c t o r s ' 

w h i l s t a and B r e p r e s e n t t he ' l e v e l s h i f t e r s ' , t h e n t h e elements 

o f (1.134) are c l e a r l y d e f i n e d as i n (1.1 3 1 ) . P r o c e e d i n g as 

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

( A ) =
 x13 F k i * 

1 p i i * - F k k * - a " 3 

( A P ^ i = ^ ^ ( 1 - 1 3 5 ) 

3 F j j * - F k k * " B 

( A ) = . u s J j i ! 
> J 1 F F - a i l J J 

where the i n d i c e s 1, j and k corr e s p o n d t o DOMOS, SOMOS and 

VMOS r e s p e c t i v e l y . 

F o l l o w i n g t h e p r e v i o u s arguments, i f t he 'damp f a c t o r s ' 

are a l l o c a t e d t h e i r normal v a l u e o f u n i t y , t h e n p r o v i d i n g 

t h a t t h e v a l u e s o f a and 6 are s u f f i c i e n t l y l a r g e i n magnitude 

and p o s i t i v e , convergence t o a s t a t i o n a r y p o i n t on t h e energy 

s u r f a c e i s guaranteed. The convergence o f t h e c a l c u l a t i o n 

i s a g a i n d e t ermined by e x a m i n a t i o n o f the t o t a l energy ( I . 7 8 ) 

a t t h e end o f each i t e r a t i v e c y c l e b e f o r e c o n s i d e r a t i o n i s 

g i v e n t o the v a r i a t i o n i n the e i g e n v e c t o r s w i t h r e s p e c t t o 

a t h r e s h o l d l i m i t . These e i g e n v e c t o r s may be o r d e r e d a c c o r d ­

i n g t o the 'aufbau' p r i n c i p l e , o r by the use o f t h e LOCK 

d i r e c t i v e which causes i t e r a t e d m o l e c u l a r o r b i t a l s t o be 

s e l e c t e d on the p r i n c i p l e o f maximum o v e r l a p w i t h the t r i a l 

MO. 

I n the case o f e x c i t e d s t a t e s w i t h p a r a l l e l s p i n s , t h i s 

d i r e c t i v e i s p a r t i c u l a r l y u s e f u l combined w i t h t h e l e s s e r 

g e n e r a l i s e d energy e q u a t i o n , where a = l , h=2 and f=|- i n ( I . 7 7 ) , 

( I . 7 8 ) and ( 1 . 7 9 ) , i n what i s termed the RHF module. The 

t o t a l l y g e n e r a l case which i s a p p l i c a b l e t o b o t h t h e above, 

and e x c i t e d s i n g l e t s i s c a l l e d t h e GRHF module and does n o t 

need such a f a c i l i t y . 
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W h i l s t t h e former i s u s e f u l i n such cases as core 

h o l e s t a t e s p e c i e s as encountered i n t h e c a l c u l a t i o n o f 

core b i n d i n g e n e r g i e s , t h e l a t t e r i s necessary i n e s t a b ­

l i s h i n g t h e e n e r g i e s o f Auger t r a n s i t i o n s , due t o t h e two 

e l e c t r o n n a t u r e o f t h e process, as w i l l become e v i d e n t i n 

the f o l l o w i n g c h a p t e r . 
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CHAPTER TWO 

ELECTRON SPECTROSCOPY FOR 

CHEMICAL APPLICATIONS (E.S.C.A.) 

2.1 I n t r o d u c t i o n 

I n t h i s c h a p t e r , the fundamental processes i n v o l v e d 

i n E.S.C.A. (XPS) w i l l be o u t l i n e d , f o l l o w e d by a d e s c r i p t i o n 

o f t h e i n s t r u m e n t a t i o n used, and the main f e a t u r e s o f the 

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

t h e study o f core e l e c t r o n s ( u n l i k e UPS which i s s t r i c t l y a 

valence e l e c t r o n t e c h n i q u e ) , however t h e manner i n which t h i s 

r e f l e c t s t h e environment o f the valence e l e c t r o n s i s a l s o 

i n c l u d e d . I n p a r t i c u l a r such valence processes as shake-up 

and s h a k e - o f f are c o n s i d e r e d and the r e l a t i o n s h i p o f E.S.C.A. 

t o Auger and X-ray f l u o r e s c e n c e s p e c t r o s c o p y i s n o t e d . Also 

d i s c u s s e d are the v a r i o u s schemes f o r c a l c u l a t i o n o f core 

e l e c t r o n b i n d i n g e n e r g i e s (BE) and r e l a x a t i o n e n e r g i e s (RE), 

w i t h emphasis g i v e n t o ab initio quantum mechanical methods. 

I n a d d i t i o n t o the works o f Siegbahn et al,1®'^1 s e v e r a l 
7' 

t e x t s and r e v i e w s are a v a i l a b l e r e g a r d i n g b o t h the t e c h n i q u e 

and t h e o r e t i c a l aspects ~ o f E.S.C.A. 

2.2 X-Ray Photoemission Processes 
Q̂ z 

F o l l o w i n g t he i n i t i a l work by E i n s t e i n ^ and independent 

i n v e s t i g a t i o n s o f t h e p h o t o e l e c t r i c e f f e c t by R o b i n s o n ^ - ^ 
O n 

and De B r o g l i e i n the e a r l y 20th c e n t u r y , i t was n o t u n t i l 

t h e e a r l y 1950's t h a t Siegbahn and co-workers c o n s t r u c t e d an 

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

E.S.C.A. ( E l e c t r o n Spectroscopy f o r Chemical A p p l i c a t i o n s ) 

was a p p l i e d . 
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The e a r l y development o f e l e c t r o n s p e c t r o s c o p y ( i . e . 

pre-Siegbahn) has been documented by J e n k i n , Leckey and 
8 8 

Liesengang. 

2.2.1 Photoemission 

The sample t o be i n v e s t i g a t e d i s i r r a d i a t e d 

u s i n g a monoenergetic beam o f s o f t X-rays, t y p i c a l l y T i ^ a , 

Al, o r Mg, w i t h photon e n e r g i e s o f 4510 eV, 1 4 8 6 . 6 eV 
k a L , 2 R a L , 2 

and 1253.7 eV r e s p e c t i v e l y . Photoemission o f e l e c t r o n s w i t h 

BE lower t h a n these t h r e s h o l d s i s c l e a r l y p o s s i b l e , and the 
- 1 7 

process i s complete i n 10 seconds. The t o t a l k i n e t i c 

energy (KE) o f such an e l e c t r o n i s g i v e n by: 
KE = hv - BE - E r (2.1) 

where h v i s t he energy o f t h e i n c i d e n t photon; 

h i s Planck's c o n s t a n t ; 

v i s the fr e q u e n c y o f t h e X-rays; 

BE i s the b i n d i n g energy o f the p h o t o e j e c t e d e l e c t r o n , 

d e f i n e d a.s t h e energy r e q u i r e d t o remove an e l e c t r o n 

t o i n f i n i t y w i t h zero KE; 

and E r i s the r e c o i l energy o f the atom or mo l e c u l e . 

Since i n t h i s work, comparison i s made w i t h e x p e r i m e n t a l 

d a t a f o r samples i r r a d i a t e d u s i n g s o f t X - r a y s , i t i s g e n e r a l l y 
7 0 

accepted t h a t t h e r e c o i l energy i s n e g l i g i b l e and t h a t t h e 

gas phase e q u a t i o n (2.1) i s reduced t o : 
KE = h v - BE (2.2) 

8 9 

However, r e c e n t s t u d i e s by Cederbaum and Domcke ^ have shown 

t h a t w i t h h i g h energy photon sources t h e v i b r a t i o n a l band 

envelopes i n the E.S.C.A. s p e c t r a o f molecules are m o d i f i e d 
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due t o r e c o i l - i n d u c e d e x c i t a t i o n s . I t i s n o t i n c o n c e i v a b l e 
t h a t as i n c r e a s e d t e c h n o l o g y y i e l d s s p e c t r a o f h i g h e r r e s o l ­
u t i o n t h e n t h i s w i l l be more r e a d i l y observed. 

2.2.2 R e l a x a t i o n Phenomena 

I n any atom or molecule, t h e major c o n t r i b u t i o n 

t o the t o t a l energy i s due t o t h e core e l e c t r o n s and as 

p r e v i o u s l y n o t e d , a l t h o u g h these do n o t e x p l i c i t l y t a k e p a r t 

i n bonding, t h e y do m o n i t o r v a l e n c e - e l e c t r o n d i s t r i b u t i o n s . 

T h e r e f o r e , upon core i o n i s a t i o n , due t o an e f f e c t i v e i n c r e a s e 

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

o c c u r s , termed " r e l a x a t i o n " . 

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

t h a t t h e r e l a x a t i o n process i s a s e n s i t i v e f u n c t i o n o f the 
90-Q"5 

e l e c t r o n i c s t r u c t u r e o f the molecule ^ and t h a t w i t h i n 
a s e r i e s of r e l a t e d m o l e c u l e s , t h e d i f f e r e n c e s i n r e l a x a t i o n 
energy ( R E ) are s m a l l but s i g n i f i c a n t i n t h a t t h e y are r e s ­
p o n s i b l e f o r s h i f t s i n BE o f the core e l e c t r o n s . Of p a r t i c ­
ular- importance t o t h i s s e c t i o n are r e c e n t s t u d i e s showing 
t h a t w i t h i n t h e l i m i t a t i o n s of t h e RHF aSCF f o r m a l i s m , r e l a x ­
a t i o n e n e r g i e s may be p a r t i t i o n e d amongst the v a r i o u s occupied 

9 4 - 9 8 
o r b i t a l s , and t h i s w i l l be e l a b o r a t e d i n a l a t e r s e c t i o n . 

2.2.3 Shake-Up and Shake-Off Phenomena 

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

e l e c t r o n i c e x c i t a t i o n s may accompany c o r e - i o n i s a t i o n as a 

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

i s f rom a valence occupied o r b i t a l t o a v i r t u a l o r b i t a l , the 

process i s termed shake-up, as i l l u s t r a t e d i n F i g u r e ( 2 . 1 ) 

and i n t h e case o f s imultaneous e m i s s i o n o f the v a l e n c e e l e c t r o n , 
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s h a k e - o f f . These processes are o f t e n c l e a r l y d i s c e r n i b l e 

as s a t e l l i t e peaks t o the low k i n e t i c - e n e r g y s i d e o f t h e 

main p h o t o i o n i s a t i o n peak. 

F i g u r e 2.1 A schematic r e p r e s e n t a t i o n o f the b a s i c 
processes i n E.S.C.A. 

Photoionization 

Virtual 
Orbitals 

Valence 
Orbitals 

-o—<v-

Retaxotton 

""Ffozen" 

TTT^TTTTTr. "Relaxed" 
o—o 

Shake-up 

Core 
Orbitals 

hv 

Virtual ® 

0 hv 
Core i 

.Frozen" 

The t r a n s i t i o n i n t e n s i t y o f a shake-up process may be 
9 9 

t r e a t e d w i t h i n the sudden a p p r o x i m a t i o n , as b e i n g d i r e c t l y 

r e l a t e d t o the sum o f the o v e r l a p terms i n v o l v i n g t h e oc c u p i e d 

o r b i t a l s o f t h e ground s t a t e system and v i r t u a l o r b i t a l s o f 

the h o l e s t a t e s p e c i e s under c o n s i d e r a t i o n . I n t h e approxim­

a t i o n , i t i s assumed t h a t due t o the r a p i d t i m e - s c a l e o f the 

i o n i s a t i o n p r o c e s s , upon removal of an e l e c t r o n a t t=0, t h e 

change i n H a m i l t o n i a n as a f u n c t i o n o f time w i l l be almost 
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d i s c o n t i n u o u s . However, the wave f u n c t i o n must be a 

c o n t i n u o u s f u n c t i o n o f t i m e a t t=0, and t h e r e f o r e 

,1, ( x , . . .x. . . .x l T) = > a (x. )<i (x, ...x. , , x. , , . . .x ) (2.3' ^o 1 1 N ^ n v i / y n v 1 l + l n y v 

n 
f o r a l l v a l u e s x^. 

Where t h e i n i t i a l w a v e f u n c t i o n i j ^ f o r the n e u t r a l 

system i s g i v e n by: 

n 

and f o r t h e i o n , the f i n a l s t a t e w a v e f u n c t i o n ^ by: 

n 
K „ <j> (2.4b) 

V I V 
v = l 

t h e n t h e p r o b a b i l i t y of such a t r a n s i t i o n i s g i v e n by: 100 

n 

P f ^ i = N I J K y f Cy. U M > I 2 (2.5) 
M = l 

n i s t h e t o t a l number o f b a s i s f u n c t i o n s and N t h e number 

o f e l e c t r o n s i n v o l v e d i n the process. 

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

o r b i t a l s t he s e l e c t i o n r u l e s g o v e r n i n g the shake-up e x c i t a t i o n 

are o f monopole t y p e , i . e . 

AJ = AL = AS = AMj = AML = AMg = 0 (2.6) 

C l e a r l y , from t h i s r e s u l t , s i n c e such an e x c i t a t i o n 

may be t h o u g h t o f as a r i s i n g f rom t h e d o u b l e t core i o n i s e d 

s t a t e , t h e n t h e r e are o n l y two p o s s i b i l i t i e s ( w i t h i n a simple 

o r b i t a l model) which may c o n s t i t u t e a l l o w e d t r a n s i t i o n s . 

E i t h e r the u n p a i r e d e l e c t r o n s i n b o t h valence and v i r t u a l 

o r b i t a l s are o f o p p o s i t e s p i n s ( " s i n g l e t o r i g i n " ) or b o t h 
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have p a r a l l e l s p i n s w h i l s t t h e r e m a i n i n g core e l e c t r o n i s 

o f o p p o s i t e s p i n ( " t r i p l e t o r i g i n " ) as shown i n F i g u r e ( 2 . 2 ) . 

F i g u r e 2.2 A schematic r e p r e s e n t a t i o n o f s i n g l e t / t r i p l e t 
shake-up 

Shake-up Transitions 

Singlet parentage 
Virtual 0vf V " " * v i ^ f 

Triplet parentage 
valence v 

H 

hv> 

Core 2 A | « f e ^ j * v i 

Electron Count 
A 

singlet 
Atripl triplet 

V «10 

K.E 
shake-off shake up ..direct 

phofotonization 

W h i l s t t h a t o f " t r i p l e t o r i g i n " i s the lower energy s t a t e , 

t he s t a t e o f " s i n g l e t o r i g i n " would n a i v e l y be expected t o 

be the more i n t e n s e , and i n p r i n c i p l e i t should be p o s s i b l e 

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

components. T h i s s i m p l i f i e d approach t o the t h e o r e t i c a l 

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

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

i s g i v e n by M a r t i n and S h i r l e y . 1 0 1 



76 

° 102 
Manne and Aberg have s t u d i e d t h e r e l a t i o n s h i p 

between r e l a x a t i o n , shake-up and s h a k e - o f f and have shown 

how t h e w e i g h t e d average over t h e d i r e c t p h o t o i o n i s a t i o n 

shake-up and s h a k e - o f f peaks correspond t o t h e B.E. approp­

r i a t e t o the u n r e l a x e d system ( g i v e n by Koopmans' Theorem). 

Since R.E. f a l l w i t h i n a. narrow range f o r a g i v e n core l e v e l 

(e.g. f o r C-, , a t y p i c a l BE f o r a n e u t r a l system i s " 290 eV 
JL 3 

w h i l s t RE might t y p i c a l l y f a l l i n t h e range 1 2 - 2 eV), i t 

i s c l e a r t h a t shake-up and s h a k e - o f f processes are p r e s e n t 

i n e v ery system; o n l y t he t r a n s i t i o n i n t e n s i t i e s v a r y f r o m 

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

be e v i d e n t c l o s e t o the w e i g h t e d mean s i n c e t h e i n t e n s i t y o f 

the h i g h energy s h a k e - o f f processes ought t o be s m a l l . 

I n p r i n c i p l e , t h e r e f o r e , t h e R.E. sh o u l d be a v a i l a b l e 

f rom e x p e r i m e n t , as i l l u s t r a t e d i n F i g u r e ( 2 . 3 ) , p r o v i d i n g 

t h a t a l l o f t h e r e l e v a n t shake-up and s h a k e - o f f processes 

may be e s t i m a t e d i n terms o f energy s h i f t s and i n t e n s i t i e s . 
F i g u r e 2.3 An i l l u s t r a t i o n o f t h e r e l a t i o n s h i p between RE, 

th e d i r e c t p h o t o i o n i s a t i o n peak, and shake-up 
and s h a k e - o f f processes 

Electron count 

Shake-off 

Relaxation ' 
•4- >l 

Energy , 

-5>K.E. 
Shake-up Direct Photoionization 

Weighted mean 
(Koopmans') 
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I n p r a c t i c e however t h i s i s c o m p l i c a t e d by the presence o f 
10"5 104-t h e g e n e r a l i n e l a s t i c t a i l , a r i s i n g from p h o t o i o n i s a t i o n 

o f a g i v e n core l e v e l , f o l l o w e d by energy l o s s due t o a v a r i e t y 

o f s c a t t e r i n g processes, w h i c h g i v e r i s e t o a broad energy 

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

f e a t u r e s i n the case o f condensed phase s t u d i e s . 

2.2.4 D e - E x c i t a t i o n Processes 

Decay o f a h i g h l y e x c i t e d c o r e - i o n i s e d s t a t e 
71 

occurs by one o f two mechanisms: X-ray f l u o r e s c e n c e , o r 

t h e e m i s s i o n o f a secondary e l e c t r o n i n the r a d i a t i o n l e s s 

Auger process. I n b o t h cases, t h e core vacancy i s f i l l e d 

by t h e t r a n s i t i o n o f an e l e c t r o n from another s u b s h e l l o f 

lower b i n d i n g energy as i l l u s t r a t e d i n F i g u r e ( 2 . 4 ) . 
F i g u r e 2.4 A schematic i l l u s t r a t i o n o f d e - e x c i t a t i o n 

by Auger and X-ray Fluorescence 

Photo ionization Auger Emission X-ray Fluorescence 

Virtual 
Orbitals 

Valence 
Orbitals 

hv' rw 8 
Core 
Orbitals 

9 9 
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Both X-ray f l u o r e s c e n c e and the Auger e f f e c t f o r m t he b a s i s 
f o r i m p o r t a n t s p e c t r o s c o p i c methods complementary t o E.S.C.A. 
i n many o f i t s a p p l i c a t i o n s : these are X-ray e m i s s i o n s p e c t r o ­
scopy (XES) and Auger e l e c t r o n s p e c t r o s c o p y (AES) r e s p e c t i v e l y . 
I n XES the spectrum o f e m i t t e d X-rays i s measured and t h i s 
has proven an e x c e l l e n t means o f q u a l i t a t i v e a n a l y s i s : con­
c e n t r a t i o n s o f 0.1$ f o r most elements and 0.01$ f o r elements 
such as Fe, Co and Ni have been d e t e c t e d . 1 0 ^ I n AES the 
k i n e t i c energy d i s t r i b u t i o n o f the Auger e l e c t r o n i s measured 
and i n p r a c t i c e i t has been shown t h a t w h i l s t b o t h t he Auger 
mechanism and X-ray e m i s s i o n c o n t r i b u t e t o the decay o f c o r e -
h o l e s t a t e s , t h e i r r e l a t i v e p r o b a b i l i t i e s are h i g h l y depend­
ent upon the atomic number o f the element concerned ( F i g u r e (2.5 

F i g u r e 2.5 P r o b a b i l i t y o f Auger E l e c t r o n Emission and X-ray 
Fluorescence as a f u n c t i o n o f Atomic Number 

Auger electron yield 
1-0 

0-8 

9» 0-6 

0) 

0-2 

X-ray yield 
Z 0-0 

30 35 25 20 15 10 
Br Zn Ca Mn H B Ne 
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C l e a r l y , Auger e m i s s i o n predominates f o r the l i g h t e r elements, 

e s p e c i a l l y those encountered i n o r g a n i c systems, where X-ray 

e m i s s i o n i s n e g l i g i b l e . 

Auger s p e c t r a , l i k e X-ray e m i s s i o n s p e c t r a are n o r m a l l y 

e x c i t e d by e l e c t r o n bombardment, b u t Auger e l e c t r o n s can 

a l t e r n a t i v e l y be s t u d i e d i n c o n j u n c t i o n w i t h E.S.C.A., si n c e 

t h e e l e c t r o n s p e c t r a e x c i t e d by X-rays c o n t a i n Auger s t r u c t u r e 

i n a d d i t i o n t o core photo e l e c t r o n s i g n a l s . 1 0 ^ A l t h o u g h 

AES has been w i d e l y used as a t o o l f o r e l e m e n t a l a n a l y s i s o f 

th e s u r f a c e s o f s o l i d s , o n l y r e c e n t l y has i t become apparent 

t h a t t he Auger l i n e s h a p e s are s e n s i t i v e t o chemical e n v i r o n -
. 107-109 ment. ' y 

Concern i n t h i s t h e s i s i s w i t h t h e case where t h e 

o r i g i n a l core h o l e i s i n a carbon K s h e l l and t h e decay 

i n v o l v e s two vale n c e e l e c t r o n s , a process denoted as C(KVV). 

T h e o r e t i c a l a n a l y s i s o f t h e Auger process has been d e a l t 

w i t h e l s e w h e r e 1 1 0 and w i l l o n l y b r i e f l y be d i s c u s s e d i n t h i s 

s e c t i o n . The Auger e l e c t r o n energy, n e g l e c t i n g v i b r a t i o n a l 

e f f e c t s , i s w r i t t e n as the d i f f e r e n c e between t h e i n i t i a l s t a t e 

t o t a l energy, g i v e n by t h e e x p r e s s i o n 

E i - E o + Xc ( 2 - 7 ) 

where E i s the t o t a l energy o f t h e n e u t r a l molecule and o 
I i s t h e i o n i s a t i o n p o t e n t i a l ( I P ) o f t h e core l e v e l , and 

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

o r b i t a l s (MO) w i t h s p i n s : 

E f ( J , k , s ) = E o + I . + I k - v . * + S.k (2.8) 

s 111 where V i s t h e s p i n dependent h o l e - h o l e i n t e r a c t i o n t e r m 
112 

and S j k i s t h e s t a t i c r e l a x a t i o n term. The Auger t r a n s ­

i t i o n p r o b a b i l i t i e s may be c a l c u l a t e d a c c o r d i n g t o t h e method 
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d e s c r i b e d by J e n n i s o n , 1 1 ^ 1 whereby se p a r a t e RHF-SCF c a l c u l ­

a t i o n s are performed upon t h e i n i t i a l s t a t e and the ground 

s t a t e o f the n e u t r a l m o l e c u l e , and t h e i n i t i a l s t a t e valence 

o r b i t a l s are used t o f o r m u l a t e Auger m a t r i x elements, M.'k' 
J 

which may be t r a n s f e r r e d i n t o t h e t r u e m a t r i x elements M., 

u s i n g p r o j e c t i o n c o e f f i c i e n t s : 
occupied o r b i t a l s 

M., = T C . , , M , , ( 2 . 9 ) j k Z-» nkp'q 1 p'q' 
P'q' 

The sum i s r e s t r i c t e d t o oc c u p i e d , i n i t i a l - s t a t e , 

v alence o r b i t a l s and t h e c o e f f i c i e n t C i s the o v e r l a p m a t r i x 

between t h e pseudo f i n a l s t a t e ( w r i t t e n i n terms o f r e l a x e d 

i n i t i a l s t a t e valence o r b i t a l s ) and t h e " t r u e " f i n a l s t a t e . 

2.3 I n s t r u m e n t a t i o n 

Since t h e appearance o f t h e f i r s t commercial E.S.C.A. 

i n s t r u m e n t i n 1 9 6 9 A s e v e r a l designs have been marketed 

c o m m e r c i a l l y . A l t h o u g h t h e 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 E S 2 0 0 AA/B s p e c t r o m e t e r , an E S 3 0 0 has r e c e n t l y 

been a c q u i r e d , and a t t e n t i o n w i l l be drawn t o t h e d e s i g n 

f e a t u r e s o f t h i s i n s t r u m e n t . A schematic o f t h e e s s e n t i a l 

components o f a t y p i c a l E.S.C.A. sp e c t r o m e t e r i s g i v e n i n 

F i g u r e ( 2 . 6 ) . 

The d e s c r i p t i o n o f the apparatus may be c o n s i d e r e d under 

f o u r headings: 
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F i g u r e 2.6 A schematic o f E.S.C.A. i n s t r u m e n t a t i o n 

N 

V \ Energy 
\ \ \ / / / Analyzer 

\ \ \ / / / 
( i i 
11 V Collector Lens 

Slit System 
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J . Source 
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Amolif ier i 
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Amplifier & rate-meter 
e 

us x-y recorder 

Filament 

( i ) X-ray Generator 

( i i ) Sample Chamber 

( i i i ) A n a l y s e r 

( i v ) E l e c t r o n D e t e c t i o n and Data A c q u i s i t i o n 

2.3.1 X-ray Generator 

The g e n e r a t o r f o r t h e ES200 AA/B s p e c t r o m e t e r 

c o n s i s t s o f a Marconi E l l i o t GX5 h i g h v o l t a g e g e n e r a t o r w h i l s t 

t h a t f o r the ES300 i s a s o l i d s t a t e g e n e r a t o r o f Kratos d e s i g n . 
I I 7 

The X-ray photon sources are o f the hidden f i l a m e n t o r Henke 

d e s i g n , ( r e d u c i n g t h e r i s k o f c o n t a m i n a t i o n o f the t a r g e t by 
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evaporated t u n g s t e n ) , and i n t h e former s p e c t r o m e t e r c o n s i s t 

o f a non-monochromatised Mg. ( t y p i c a l o p e r a t i n g c o n d i t i o n s : 
1 2 

<10 t o r r - 12kV; 15mA) and a monochromatised A l , s o u r c e , 
] 2 

_ 7 5 
(<10 t o r r ; 15kV; 35mA). While r e t a i n i n g a monochromatised 
A l , source, a s p e c i a l f e a t u r e o f the ES300 i s a d u a l anode 

K a l , 2 
(Mg, and T i . ) source i n which two f i l a m e n t s are f i t t e d & k a 1 2 ka 
and the two d i f f e r e n t anode m a t e r i a l s may be s w i t c h s e l e c t e d 

by the a p p r o p r i a t e choice o f f i l a m e n t s w i t h o u t t h e need t o 

break vacuum. The X-ray f l u x i s o f the o r d e r o f 0.1 m i l l i r a d 

sec. 1 which f o r t h e m a j o r i t y o f samples causes l i t t l e o r no 

r a d i a t i o n damage. 

I n both systemsthe non-monochromatised sources are 

i s o l a t e d from t h e sample chamber by a t h i n ("0.003") A l window 

which ensures t h a t e l e c t r o n s s c a t t e r e d from t h e t a r g e t or 

f i l a m e n t do not e n t e r t h e sample r e g i o n . I n o r d e r t o 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 - r a d i a t i o n from t h e 

A l window, t h e f i l a m e n t i s o p e r a t e d at near ground p o t e n t i a l 

(+10 V) and the anode at h i g h p o s i t i v e v o l t a g e . 

I n t h e case o f the A l s o u r c e , m o n o c h r o m a t i s a t i o n improves 

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

background, and X-ray s a t e l l i t e s . The wavelength A o f A l k a 

o 
r a d i a t i o n i s 8.34A, and by d i f f r a c t i o n from t h e (1010) planes 
o f q u a r t z at an i n c i d e n t angle 6 of 7 8 . 5 ° , the r e q u i r e d con-

71 

d i t i o n s f o r t h e Bragg r e l a t i o n are s a t i s f i e d . Thus, 

nA = 2d s i n 6 (2.10) 

where n i s an i n t e g e r g i v i n g the o r d e r o f d i f f r a c t i o n ( n = l 
o 

i n t h i s case) and d i s the l a t t i c e s p a c i n g (2d = o.5A f o r 

q u a r t z ) . 
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A f t e r s e p a r a t i n g t h e A l k a r a d i a t i o n from t h e background, t he 
l i n e w i d t h may be reduced by one o f t h r e e t e c h n i q u e s : 

91 

( i ) " s l i t - f i l t e r i n g " ( u s i n g a s l i t mechanism); 

( i i ) " d i s p e r s i o n compensation" ( p a s s i n g p h o t o e l e c t r o n s 

t h r o u g h a lens t o a l l o w f o r t h e peak-shape o f the 

k^ r a d i a t i o n ) ; 
115 

( i i i ) " f i n e - f o c u s s i n g " (employing an e l e c t r o n - g u n 

and a r o t a t i n g anode). 
I n p r i n c i p l e , an u l t i m a t e l i n e w i d t h o f 0.2eV can be 

116 
a t t a i n e d by these t e c h n i q u e s and t h a t adopted by the 

i n s t r u m e n t s r e f e r r e d t o i n t h i s c h a p t e r i s method ( i ) . 

2.3.2 Sample Chamber 

The sample chambers o f bo t h E.S.C.A. i n s t r u m e n t s 

are equipped w i t h s e v e r a l access p o r t s f o r sample i n t r o d u c t i o n 

and t r e a t m e n t f a c i l i t i e s . The p r e f e r r e d method o f i n t r o ­

d u c t i o n i s v i a an i n s e r t i o n l o c k system and h i g h vacuum gate 

or b a l l v a l v e s } which a l l o w s samples t o be s t u d i e d on the t i p 
— 8 

o f a probe w h i l s t m a i n t a i n i n g a base-pressure o f ~10 t o r r 

i n t h e system. A l s o , by probe r o t a t i o n , t h e optimum s i g n a l 

i n t e n s i t y may be o b t a i n e d , or a n g u l a r dependent s t u d i e s p e r ­

formed. 

S o l i d samples are mounted on t h e p r o b e - t i p by means 

of d o u b l e - s i d e d 'Scotch' i n s u l a t i n g tape or f i l m s o l v e n t cast 

onto a g o l d s u b s t r a t e . L i q u i d o r v o l a t i l e samples may be 

s t u d i e d i n the condensed phase by c o o l i n g o f t h e probe t i p u s i n g 

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

a c r y o g e n i c t i p w i t h i n the s p e c t r o m e t e r source. A method f o r 

gas phase s t u d i e s i s i n c l u d e d i n a subsequent c h a p t e r . 
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2.3.3 An a l y s e r 

The f u n c t i o n o f an e l e c t r o n energy a n a l y s e r i s 

t o measure the energy d i s t r i b u t i o n o f e l e c t r o n s e m i t t e d from 

a sample. For E.S.C.A. s t u d i e s t h e a n a l y s e r s h o u l d have a 

r e s o l u t i o n o f 1 i n 10 , and t h a t used on both the ES200 and 

ES300 i s a h e m i s p h e r i c a l , d o u b l e - f o c u s s i n g a n a l y s e r based on 
117 

the p r i n c i p l e d e s c r i b e d by P u r c e l l . The i n h e r e n t r e s o l ­

u t i o n o f the a n a l y s e r i s g i v e n by: 
AE = 5 (2 11) 

where E i s the energy o f t h e e l e c t r o n s ; 

R i s the mean r a d i u s o f t h e hemispheres; 

and W i s the combined w i d t h s o f t h e ent r a n c e and e x i t s l i t s . 

C l e a r l y , the r e s o l u t i o n may be improved i n t h r e e d i s t i n c t 

ways : 

( i ) r e d u c i n g t h e s l i t w i d t h s , which reduces t he s i g n a l 

i n t e n s i t y ; 

( i i ) i n c r e a s i n g t h e r a d i u s o f t h e hemispheres, which 

i n c r e a s e s e n g i n e e r i n g c o s t s and pumping r e q u i r e m e n t s ; 

( i i i ) r e t a r d i n g t h e e l e c t r o n s b e f o r e they e n t e r t h e a n a l y s e r . 

W i t h reasonable compromise made on the s l i t w i d t h s t o 

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

hemispheres t o p r e v e n t m a n u f a c t u r i n g problems, t h e Kratos E.S. 

s e r i e s r e t a r d t h e e l e c t r o n s by means o f a lens assembly b e f o r e 
189 

e n t r y t o the a n a l y s e r . Helmer and Weichert f i r s t p o i n t e d 

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

i n E.S.C.A., i t i s p o s s i b l e t o r e t a r d b e f o r e a n a l y s i s , and, f o r 

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

i n a system w i t h s i n g l e - c h a n n e l d e t e c t i o n . Since t h e t r a n s ­

m i t t e d e l e c t r o n c u r r e n t ( I ) o f an E.S.C.A. s p e c t r o m e t e r i s 
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given by: 

I = BAft (2.12) 

where B i s the brightness o f the e l e c t r o n i l l u m i n a t i o n of 
the entrance s l i t , determined by the s t r e n g t h of X-
r a d i a t i o n at the sample; 

and An i s the luminosity of the spectrometer (A i s the area 
of the entrance s l i t and n the s o l i d angle aperture 
as viewed from the entrance s l i t ) ; 

i t i s clear t h a t , depending upon the nature o f Aft, the 
brightness and hence the t r a n s m i t t e d e l e c t r o n current w i l l 
be reduced i n a r e t a r d i n g f i e l d . However, since the l u m i n o s i t y 
i s p r o p o r t i o n a l to the square of the f r a c t i o n a l r e s o l u t i o n 
( /Eg) then r e t a r d i n g the electrons w i l l increase I by a 
f a c t o r equal to the square of the previous r e d u c t i o n . I f 

e l e c t r o n s , l e a v i n g the sample, w i t h k i n e t i c energy are 
retarded t o an energy E^ f o r transmission through the analyser, 

AE 
then the r e s o l v i n g power of the complete system, 
be improved by a f a c t o r equal to the r e t a r d i n g r a t i o S/„ . 

E 0 
Electrons of the required K.E. may be focussed at the detector 
s l i t by e i t h e r of two methods: 

( i ) the analyser voltages can be held constant to give 
a f i x e d analyser transmission energy (FAT) (us u a l l y 

118 
65eV f o r the ES200) while the lens p o t e n t i a l s are 
va r i e d t o maintain constant f o c a l p o s i t i o n and constant 
m a g n i f i c a t i o n although the energy of electrons selected 
from the sample i s changing; 

or ( i i ) the analyser operates at constant r e s o l u t i o n ( A^/ R) 
so t h a t peak widths vary across a spectrum. 
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A f i x e d r e t a r d a t i o n r a t i o (PRR) ( u s u a l l y l/23rd of the 
118 

KE at the source f o r the ES200) i s used and a spectrum 
i s obtained by scanning the r e t a r d i n g p o t e n t i a l and the 
p o t e n t i a l between the hemispheres given by: 

V t - =0 - 2 (v„ o u t)] 

V. = E f 3 - 2 (R /„ ) 1 in ° L ° R-i„ J 
X I I 

where the mean radius RQ = ( R
i n + R

o u ^ ) 
2 

and R. and R . are the r a d i i of the inner and outer hemi-i n out 
spheres r e s p e c t i v e l y . 

For a given f l u x and analyser s l i t s i ze, the v a r i a t i o n 
of s e n s i t i v i t y w i t h e l e c t r o n k i n e t i c energy from the sample 
depends upon the mode of analyser scanning selected: FRR or 
FAT. The o v e r a l l s e n s i t i v i t y v a r i a t i o n of a spectrometer 
w i t h energy (the transmission f u n c t i o n ) i s obtained by com­
b i n a t i o n of the s e n s i t i v i t i e s of i t s components; the analyser 
and the r e t a r d i n g o p t i c s . Since the s e n s i t i v i t y of the 
analyser i s d i r e c t l y p r o p o r t i o n a l to E Q and i n FRR mode the 

E / 
lens voltage r a t i o s/„ i s f i x e d then the lens s e n s i t i v i t y 

E o 
i s f i x e d and the o v e r a l l transmission f u n c t i o n i s as t h a t of 
the analyser i n d i c a t i n g t h a t i n FRR mode s e n s i t i v i t y increases 
w i t h e l e c t r o n KE. 

I n the FAT mode, E i s f i x e d and the o v e r a l l transmission 
o 

f u n c t i o n i s now th a t of the r e t a r d i n g o p t i c s . The entrance 
h a l f angles i n t o the analyser a

Q , 3 q are f i x e d at some selected 
values by an angle d e f i n i n g s l i t . Electrons of va r y i n g energy 
E are selected and focussed i n t o the analyser: v a r i a t i o n i n s J 
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the voltage r a t i o s/E w i l l cause v a r i a t i o n i n the accept­
ance angle at the lens input which may be described by the 
Abbe-Helmholtz sine law. 

For u n i t m a g n i f i c a t i o n and small angles 

a E 2 = a E 2 ( i n the d i s p e r s i o n plane) s s o o K 

(2.13) 
and ^ E 2 - 3 E 2 ( i n the perpendicular plane) s s o o v

 r i 

Combining the equation gives: 

a 6 = a g ( E o / E ) (2.14) s s o o s 7 

C l e a r l y , as lower KE are scanned, the acceptance s o l i d 
angle at the sample, a 3 , increases thus increasing the 

s s 
s e n s i t i v i t y I . However, the recent study by Cross and 

118 
Castle p e r t a i n i n g s p e c i f i c a l l y to the i n v e s t i g a t i o n of 
the transmission f u n c t i o n i n FAT mode f o r the ES200 spectro­
meter concluded t h a t t h i s i s almost independent of KE c o n t r a r y 
t o Kratos recommendations.^"'"^ 

AE 
The o v e r a l l r e s o l u t i o n , M/E, of the system also 

depends upon c o n t r i b u t i o n s from sources other than the 
analyser: 

( i ) The width of the X-ray l i n e inducing the emission, 
AEX; 

( i i ) The n a t u r a l width of the e l e c t r o n energy d i s t ­
r i b u t i o n i n the l e v e l being studied, AE,-,,- ; 

( i i i ) The line-broadening due to spectrometer i r r e g u l ­
a r i t i e s which can vary w i t h e l e c t r o n emission 
energy E, and s l i t widths, AEC. 

o 

Thus 
( A E M ) 2 - ( m x f + ( A E C L ) 2 + ( A E S ) 2 (2.15) 
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I f s o l i d samples are studied, t h i s i s f u r t h e r modified 
p 

by a d d i t i o n of a f a c t o r (AE ) which allows f o r l i n e broad-
ening due to s o l i d s t a t e e f f e c t s . AE Q can be v a r i e d on 
both the ES200 and ESj500 by means of adjustable entrance 
and c o l l e c t o r s l i t s on the analyser. 

2.3.4 Elect 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 analyser are 
detected by an e l e c t r o n m u l t i p l i e r and the pulses obtained 
are a m p l i f i e d and fed i n t o the counting e l e c t r o n i c s . The 
sig n a l s fed i n t o the counting system generate the E.S.C.A. 
spectra i n two ways: 

( i ) The continuous scan, where the e l e c t r o s t a t i c f i e l d 
i s increased from the present s t a r t i n g KE c o n t i n ­
uously, while the signa l s from the m u l t i p l i e r are 
monitored by a r a t e meter. When the s i g n a l to 
background r a t i o i s s u f f i c i e n t l y high, a graph of 
the e l e c t r o n counts per second versus the KE of 
the e l e c t r o n s i s p l o t t e d onto an X-Y recorder, 

( i i ) The step scan, i n which the f i e l d i s increased by 
pre-set increments ( t y p i c a l l y O.leV) and at each 
increment, (a.) the counts may be measured f o r a 
f i x e d l ength of time, or (b) a f i x e d number of 
counts may be timed. The data obtained from the 
step scans i s stored i n a. multichannel analyser 
(MCA), so t h a t many scans can be accumulated t o 
average random f l u c t u a t i o n s i n the background. 
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2.4 Energy Referencing 

I t i s important t o understand the r e l a t i o n s h i p t h a t 
e x i s t s between the experimentally observed BE f o r E.S.C.A. 
appl i e d t o s o l i d s , as opposed to fre e molecules and values 
c a l c u l a t e d using the ab initio LCAO MO SCP technique. Whilst 
f o r gaseous samples, the reference l e v e l normally taken i n 
E.S.C.A. i s the vacuum l e v e l , f o r a conducting s o l i d the most 

70 
convenient reference i s the Fermi l e v e l (defined, s t r i c t l y , 
at absolute zero, f o r a. metal as the highest occupied l e v e l ) 
since as there i s e l e c t r i c a l contact between the sample and 
spectrometer t h e i r Fermi l e v e l s are equivalent. 

The work-function f o r a s o l i d <j> i s defined t o be the 
s 

energy gap between the fr 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 . Although the Fermi l e v e l s of both 
the s o l i d and the spectrometer are equivalent t h e i r vacuum 
l e v e l s may be d i f f e r e n t , and then the e l e c t r o n w i l l experience 
e i t h e r an a c c e l e r a t i n g or r e t a r d i n g p o t e n t i a l equal t o <t> - <|> Q „ , 120 121 where d> i s the work f u n c t i o n of the spectrometer. ' yspec * 
I n E.S.C.A. i t i s the KE of the e l e c t r o n when i t enters the 
analyser t h a t i s measured, and t a k i n g zero BE t o be the Fermi 
l e v e l of the sample, the f o l l o w i n g equation r e s u l t s : 

BE = hv - KE - 4> (2.16) 
spec. v ; 

This i s i l l u s t r a t e d i n Figure (2.7)• 

The BE r e f e r r e d t o the Fermi l e v e l does not depend on 
the work f u n c t i o n of the sample but only on t h a t of the 
spectrometer <j> , and t h i s represents a constant c o r r e c t i o n 

S p Q C 
t o a l l BE. 

With non-conducting samples or samples not i n e l e c t r i c a l 
contact w i t h the spectrometer, i n order to co r r e c t f o r sample 
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Figure 2.7 An i l l u s t r a t i o n of the BE reference l e v e l i n s o l i d s 
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charging due t o p h o t o i o n i s a t i o n from the surface regions 
122 

some c a l i b r a t i o n procedure must be adopted. For gaseous 
samples r e f e r e n c i n g (vacuum l e v e l ) i s most r e a d i l y accomp­
l i s h e d by simultaneous leakage i n t o the gas c e l l of an 
appropriate standard f o r which absolute BE are accurat e l y 

122 
known (e.g. A r ) . 

For samples deposited i n t h i n f i l m on a conducting 
substrate i n the spectrometer source, since the mean f r e e 

70 
path of the i n c i d e n t X-ray beam i s very large' i t i s possibl e , 

°̂ 
depending on c o n d i t i o n s , f o r f i l m s of the order of 10 A t o 
have s u f f i c i e n t charge c a r r i e r s t o remain i n e l e c t r i c a l con­
t a c t w i t h the spectrometer. This i s most r e a d i l y shown by 
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a p p l y i n g a bias voltage to the sample probe and i f t h i s 
i s the case then the apparent s h i f t i n energy scale w i l l 
e x a c t l y f o l l o w the applied bias. By s h i f t i n g the p o s i t i o n 
of the t r u e zero of the KE scale, i t i s possible t o study 
the secondary e l e c t r o n d i s t r i b u t i o n and t h i s provides a 

123 
d i r e c t energy reference. ^ I f the sample has been depos­
i t e d on a substrate such as gold i t i s possible t o measure 
the core l e v e l s of the sample w h i l s t monitoring the A u 4 f y ^ 
core l e v e l (84.0eV) and t h i s provides a convenient means of 

124 
energy r e f e r e n c i n g . 

Where i n such cases as t h i c k i n s u l a t i n g samples are 
studied and only a f o r t u i t o u s p o s s i b i l i t y of e l e c t r i c a l 
contact w i t h the spectrometer e x i s t s , the most r e l i a b l e method 
of energy r e f e r e n c i n g i s to f o l l o w a c o n t r o l l e d b u i l d up of 

122 
hydrocarbon at the surface (BE C, 285eV). This may 
be accomplished by using a cooled cap assembly on the X-ray 
source. Such m a t e r i a l almost always goes down i n uniform 
coverage and at sub monolayer coverage acquires the same 
surface p o t e n t i a l as the sample. Work from t h i s l a b o r a t o r y 
has shown how the b u i l d up of extraneous hydrocarbon m a t e r i a l 

12*5 
i n the ES200 spectrometer may be s e l e c t i v e l y c o n t r o l l e d . 
2.5 Features of Core El e c t r o n Spectra 

2.5-1 Binding Energies and Chemical S h i f t s 

The BE of core e l e c t r o n s , which can be thought 
of as being e s s e n t i a l l y l o c a l i s e d , are s e n s i t i v e t o the 

124 
e l e c t r o n i c environment of the atom i n question. Thus 
f o r a given core l e v e l of an element, while the absolute BE 
f o r t h a t l e v e l i s c h a r a c t e r i s t i c of the element, d i f f e r e n c e s 
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i n e l e c t r o n i c environment of a given atom i n a molecule give 
r i s e t o a small range of bindi n g energies, "chemical s h i f t s " , 
o f t e n r e p r e s e n t a t i v e of a given s t r u c t u r a l f e a t u r e . This 
i s perhaps best i l l u s t r a t e d i n data p e r t a i n i n g to C, l e v e l s 

126 

i n carbon-oxygen c o n t a i n i n g systems. An extensive theor­
e t i c a l study, over a range of f u n c t i o n a l i t i e s i n such systems, 

127 
c a r r i e d out by Clark and co-workers, ' has suggested the 
a d d i t i v e nature of these s h i f t s i n BE as being a f u n c t i o n of 
the number of bands to the oxygen s u b s t i t u e n t s . Thus a 
s h i f t of a,l. 5eV corresponds to carbon s i n g l y bonded to an 
oxygen, w h i l s t a s h i f t of ̂ JeV can correspond to e i t h e r a 
carbon s i n g l y bonded to two oxygens or doubly bonded to one 
oxygen. On t h i s basis, carboxylic acids and est e r s , and 
carbonates would be expected to e x h i b i t s h i f t s of ̂ 4.5eV and 
6eV r e s p e c t i v e l y , i n good agreement w i t h experimentally deter-

. . , 70,71,126,128,129 mined values.' ' < ' 
This scheme has proven to be p a r t i c u l a r l y u s e f u l i n 

considering data r e l a t e d to polymer o x i d a t i o n by 'oxygen 
plasmas' since an extensive v a r i e t y of oxygen-containing 
s t r u c t u r a l features are produced at the polymer surface. 
An example of t h i s i s i t s a p p l i c a t i o n to the C-^Q E.S.C.A. 

127 
spectrum of an oxidised polystyrene sample. I f an analogue 
c u r v e - f i t t i n g procedure i s employed w i t h gaussian curves p o s i t ­
ioned at -V286.6, 287.9, 289.O and 290.4eV, i n a d d i t i o n t o t h a t 
at ^285-OeV (referenced t o the extraneous hydrocrabon, as 
mentioned i n the previous s e c t i o n ) and t r e a t i n g only the peak 
height as a v a r i a b l e , then a unique deconvolution can be 
achieved w i t h a f u l l w idth at h a l f maximum (FWHM) of 1.7eV. 
I n general, f o r a given c o r e - l e v e l ( w i t h due allowance f o r any 
shake-up or shake-off processes), the peak i n t e n s i t i e s are 
p r o p o r t i o n a l to the number of atoms i n a p a r t i c u l a r environment 
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2.5*2 Line Shape Analysis 

The need f o r l i n e shape an a l y s i s a r i s e s from the 
unfavourable r a t i o of chemical s h i f t t o l i n e - w i d t h s 
which i s one of the major weaknesses of E.S.C.A. compared 

124 
to say n.m.r. The dominant c o n t r i b u t i o n to the l i n e -
widths w i t h most commercial i n s t r u m e n t a t i o n i s the inherent 
widths of the polychromatic X-ray photon source. However, 

I 
great improvements can be made i f monochromatisa.tion proced­
ures are employed. The e f f e c t s c o n t r i b u t i n g to the t o t a l 
l i n e - w i d t h AE^ have been discussed i n (2.15). Whilst the 
c o n t r i b u t i o n s to AE^ from AEQ (due to spectrometer a b e r r a t i o n s ) are considered to be Gaussian line-shapes, those from both 

131 
AÊ - and A E ^ are Lorentzian i n nature and are r e l a t e d to the 
l i f e t i m e of the core hole s t a t e via. the Uncertainty P r i n c i p l e " 

AE. At = J~- (2.17) 

where At i s the l i f e t i m e of the s t a t e . 

A l i n e w i d t h of ^leV corresponds t o a l i f e t i m e of approxim-
«16 a. t e l v 6.6 x 10 s from (2.17) 

The convolution of these line-shapes produces a h y b r i d 
w i t h a Gaussian d i s t r i b u t i o n dominating o v e r a l l and Lorentzian 
character i n the t a i l s of the d i s t r i b u t i o n . The use of pure 
Gaussian shapes t h e r e f o r e introduces only small e r r o r s i n t o 

. 71 
the lineshape analysis. The deconvolution of a given envelope 
may be approached i n the manner b r i e f l y mentioned i n Section 
(2.5.1) using i n f o r m a t i o n obtained t h e o r e t i c a l l y or experiment­
a l l y from prototype systems, regarding both BE s h i f t s and 
l i n e - w i d t h s , or i n a d i g i t a l manner using a computer. A l t e r ­
n a t i v e l y , d e r i v a t i v e spectroscopy may be applied t o the 
problem;1^2-13^ t h e g nd and 4th order d e r i v a t i v e s p r o v i d i n g 
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in f o r m a t i o n on the number of components making up a l i n e -
shape and an approximation t o t h e i r KE. 

The use of deconvolution has been discussed by Ebel 
135 136 and Gurker, and c r i t i c i s m s of the technique by Wertheim. ^ 

2.5.3 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 of core l e v e l s i s the r e s u l t 
of spin i n t e r a c t i o n between an un paired e l e c t r o n , r e s u l t i n g 
from the p h o t o i o n i s a t i o n process and other unpaired e l e c t r o n s 
present i n the system. 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 
m u l t i p l e t e f f e c t s i s only s t r a i g h t f o r w a r d l y understood f o r 
S-hole states and i s based upon Van Vleck's vector coupling 

137 
model. 

n 
I f S i s the t o t a l spin of the 1 c o n f i g u r a t i o n i n the 

ground s t a t e , then the two possible f i n a l states have a. t o t a l 
spin of 3 - 5 and an energy d i f f e r e n c e , AE, p r o p o r t i o n a l t o 
the m u l t i p l i c i t y of the ground s t a t e : 

AE = (2S + 1)K (2.18) 

where K i s the exchange i n t e g r a l between the core (C) and 
valence (V) electrons under co n s i d e r a t i o n , defined by 

K = <4, c(l) <|,v(2) \^-\ (j, c(2) <j>v(D> (2.19) 

The i n t e n s i t i e s of the peaks are p r o p o r t i o n a l t o the degener­
acies of the f i n a l spin s t a t e s , v i z : 

(2(S+i) + 1) : (2(S-#) + 1) = 2S + 2 : 2S 
(2.20) 

= S + 1 : S 
M u l t i p l e t s p l i t t i n g i n E.S.C.A. has been discussed i n 

138 
d e t a i l by Fadley. ^ The magnitude of the s p l i t t i n g f o r a 
given ion can give valuable i n f o r m a t i o n concerning the 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 of the unpaired, valence el e c t r o n s 
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i n compounds: the greater the spin-density on an atom, 
the greater the s p l i t t i n g . 

2.5-4 Spin-Orbit S p l i t t i n g 

I f p h o t o i o n i s a t i o n occurs from an o r b i t a l w i t h 
o r b i t a l quantum number (1) greater than zero then a doublet 

Oq 

s t r u c t u r e i s observed i n the r e s u l t a n t spectrum. ^ This 
a r i s e s from a coupling of the spin (S) and o r b i t a l angular 
momenta (L) of the electrons t o y i e l d a t o t a l momentum ( J ) . 
When s p i n - o r b i t coupling i s weak, the Russell-Saunders (RS)"1"^ 
scheme i s followed (L+S=J). When the s p i n - o r b i t coupling 
energy i s la r g e , the o r b i t a l and spin momenta couple i n d i v i d ­
u a l l y and the r e s u l t a n t s then couple. This i s termed the 
j- j coupling scheme. 

The RS scheme i s appropriate f o r l i g h t e r elements up 
141 

to thelanthanides and the j j scheme f o r the heavier elements. 
The i n t e n s i t i e s of the si g n a l s i n the doublet s t r u c t u r e are 
p r o p o r t i o n a l to the r a t i o of the degeneracies of the states 
defined by the 2J+1 r u l e . The r e l a t i v e s i g n a l i n t e n s i t i e s 
are shown i n Table (2.1). 
Table 2.1 I n t e n s i t y Ratios f o r D i f f e r e n t Levels 

O r b i t a l Quantum T o t a l Quantum I n t e n s i t y Ratio 
Number Number 

1 J = (1-S) (2J+1) : (2J+1) 

s 0 \ No s p l i t t i n g 
P 1 \ 3/2 1 : 2 
d 2 3/2 5/2 2 : 3 
f 3 5/2 7/2 3 : 4 
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2.5.5 E l e c t r o s t a t i c S p l i t t i n g 

This type of s p l i t t i n g has been i n t e r p r e t e d as 
a r i s i n g from the d i f f e r e n t i a l i n t e r a c t i o n of the 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 w i t h the spin states of the core l e v e l s 

142 143 
involved. ' C o r r e l a t i o n s have been observed between 
t h i s type of s p l i t t i n g and the quadrupole s p l i t t i n g s obtained 

144 
from Mossba.uer spectroscopy which a r i s e from the i n t e r ­
a c t i o n of the nuclear quadrupole moment w i t h the inhomogeneous 
e l e c t r i c f i e l d . These s p l i t t i n g s have been observed f o r a. 

145 i46 
number of systems. 

2.5.6 S a t e l l i t e Peaks 

Peaks of t h i s nature, a r i s i n g to the low k i n e t i c 
energy side of the d i r e c t p h o t o i o n i s a t i o n peak, . as a. r e s u l t 
of shake-up and shake-off processes have been discussed i n 
Section (2.2.3)* and a. d e t a i l e d t h e o r e t i c a l framework f o r 
c a l c u l a t i n g such s a t e l l i t e peaks has been given by Martin 

147 
and S h i r l e y . 

Other s a t e l l i t e peaks may be observed: 
( i ) "Configuration I n t e r a c t i o n " peaks a r i s e whenever 

there are f i n a l states w i t h the same symmetry, and 
w i t h energies close to but greater than, the si n g l e 

148 
ho l e - s t a t e energy. They may be considered as 
a r i s i n g from doubly e x c i t e d states of the h o l e - s t a t e , 
as opposed t o shake-up and shake-off, which are 
s i n g l y e x c i t e d s t a t e s . Such peaks have been observed n i • «. i v, t •* 148,131 m a l k a l i metal h a l i d e s . ^ 

( i i ) I n s o l i d s , d i s c r e t e peaks can a r i s e from surface and 
bulk loss and interband t r a n s i t i o n s . ^ 0 
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( i i i ) I n gases, s a t e l l i t e peaks may be caused by energy 
loss of the photoelectron a f t e r emission, i f i t 
undergoes a secondary c o l l i s o n w i t h an atom or 

71 
molecule, leading to t h e i r e x c i t a t i o n . 1 

( i v ) I n the case of metals, plasmon e x c i t a t i o n s may 
occur during the formation of a core hole. T a i l i n g 
on the high binding energy side of many E.S.C.A. 
peaks i s due to i n t r i n s i c processes (the parent e x c i t ­
a t i o n i s accompanied by a d d i t i o n a l e x c i t a t i o n s which 
reduce the observed k i n e t i c energy g i v i n g r i s e to 
e l e c t r o n energy-loss s a t e l l i t e peaks). Other photo-
electrons s u f f e r e x t r i n s i c losses (elec t r o n s from 
primary e x c i t a t i o n lose energy i n escaping to the 
s o l i d ' s s u r f a c e ) . Plasmon energy-loss peaks contain 
c o n t r i b u t i o n s from both i n t r i n s i c and e x t r i n s i c 

188 
processes. 

(v) The X-ray source i t s e l f may be a cause of s a t e l l i t e 
f eatures w i t h higher KE than the d i r e c t p h o t o i o n i s -
a t i o n peak. These peaks are formed by the small 

71 
percentage of Ka and Ka r a d i a t i o n but may 

5,6 

be e l i m i n a t e d by monochromatisation of the X«ray 
source. 

2.6 Methods f o r the C a l c u l a t i o n of Binding Energies 
and Relaxation Energies 
2.6.1 Koopmans' Theorem 

Upon d i a g o n a l i s a t i o n of the Fock matrix (Section 
1.3.1) the eigen values obtained (ep) are termed the o r b i t a l 
energies of the associated molecular o r b i t a l s , which are d i s ­
played as basis f u n c t i o n c o n t r i b u t i o n s i n eigenvector form. 
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Koopmans' Theorem 1^ states t h a t these o r b i t a l energies f o r 
a c l o s e d - s h e l l system may be associated w i t h the BE (or i o n i s -
a t i o n p o t e n t i a l s ) of the atom or molecule f o r which the SCF 
wavefunction has been obtained: 

BE = -ep (2.21) 
From (1.48) n 

ep = hpp* + J ] (2Jp*q - Kp*q) (2.22) 
q 

I f the t o t a l energy f o r a n e u t r a l molecule i s evaluated 
using (1.48) and also t h a t from a s i n g l e determinant n e g l e c t i n g 
one of the above SCF o r b i t a l s , then Koopmans showed t h a t the 
energy d i f f e r e n c e between molecule and p o s i t i v e ion i s the 
value ep given by (2.22). 

The main defects of using Koopmans' Theorem as a q u a n t i t ­
a t i v e model f o r B.E. are t h a t i t does not allow f o r the r e ­
or g a n i s a t i o n or " r e l a x a t i o n " of the remaining e l e c t r o n i c 
s t r u c t u r e upon i o n i s a t i o n and does not account f o r defects 
inherent i n the MO model i t s e l f , such as c o r r e l a t i o n and 

. . 150 
r e l a t i v i s t i c c o r r e c t i o n s . 

2.6.2 The ASCF Method and Relaxation Energy 

I n the ASCF method, the BE of an e l e c t r o n i s 
ca l c u l a t e d as the d i f f e r e n c e between the t o t a l energies of 
the ground s t a t e and i o n i s e d s t a t e of an atom or molecule: 

BE = E ^ - E H p (2.23) 

where the a s t e r i s k i n d i c a t e s a vacancy i n a c o r e - l e v e l . 
Since the computed hole- s t a t e s are not ne c e s s a r i l y orthogonal 

151 
to a l l lower energy states of the same symmetry, ^ there i s 
the r e f o r e no guarantee t h a t v a r i a t i o n a l upper bounds to the 
true t o t a l energies f o r the ion i s e d species are obtained. 
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To overcome t h i s problem, the ATMOL s u i t e of programs d i s ­
cussed i n (Section 1.8) has incorporated a LOCK d i r e c t i v e 
which forces convergence upon the required s t a t e . The core 
hole states are found t o be so f a r away from other bound 
states of the i o n i s e d system t h a t there i s no attempted 
"mixing" and ther e f o r e these are not subject to v a r i a t i o n a l 
, n 82,152 collapse. 

I n molecules c o n t a i n i n g non-equivalent centres, the 
problem of de l o c a l i s e d core holes does not a r i s e , however 

153 
Bagus and Schaefer performing c a l c u l a t i o n s on the d e l o c a l ­
ised and l o c a l i s e d I s h o l e - s t a t e s of Og found t h a t the c a l c u l 
a t i o n s w i t h gera.de or ungerade symmetry, imposed on the hole-
s t a t e , gave a BE of 554.4eV whereas t h a t f o r a l o c a l i s e d core 
hole on an oxygen atom was 542.OeV, i n reasonable agreement 
w i t h the experimental value of 543-leV. There i s now a 
large body of l i t e r a t u r e i n favour of a. l o c a l i s e d d e s c r i p t i o n 154 155 156 of core hole s t a t e s . ^ ' As pointed out by Siegbahn, ^ 
the d i f f e r e n c e i n energies of l o c a l i s e d and d e l o c a l i s e d hole-
s t a t e species f o r a given system disappears when a procedure 
t a k i n g c o r r e l a t i o n i n t o account i s adopted, regardless of the 
axtent of l o c a l i s a t i o n i n the i n i t i a l HF wavefunctions. 

The major defect i n Koopmans' Theorem i s the neglect 
of e l e c t r o n i c r e l a x a t i o n . The r e l a x a t i o n energy may be 
defined as the d i f f e r e n c e between the BE of an e l e c t r o n des­
c r i b e d by Koopmans' Theorem, and the ASCF method: 

RE = (-e) - ASCF BE (2.24) 

The p h y s i c a l i n t e r p r e t a t i o n of the r e l a x a t i o n process was 
discussed i n Section 2.2.2. Since Koopmans1 Theorem uses 
the ground s t a t e wavefunction only, no account i s taken of 
the change i n s p a t i a l d i s t r i b u t i o n of the electrons caused 

http://gera.de
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by p h o t o l o n i s a t i o n . For the ASCF c a l c u l a t i o n s however, t h i s 
e f f e c t i s e x p l i c i t l y considered. The r e l a t i o n s h i p between 
Koopmans' Theorem, ASCF BE and experimental BE i s shown i n 
Figure (2.8). 

Figure 2.8 The Relatio n s h i p between Koopmans' Theorem 
ASCF and Experimental B.E. 

EHF (frozenTT 

EHFfrebxedTT 

A SCF 
Binding Energy 

E 

( - £ ) 

Koopmans' 

Binding Energy 

r r # 

t expt. 

Experimental 

Binding Energy 

Cexpt. 

A f u r t h e r i n s i g h t i n t o t h i s r e o r g a n i s a t i o n process, has been 
94-98 

given by Clark and co-workers. ^ The approach i s i l l u s t ­
r a t e d i n Figure ( 2 . 9 ) , where i|> r e f e r s to the ground s t a t e , 
and and <l^ + t o the "Koopmans'" and ho l e - s t a t e wave f u n c t i o n s . 
The r e l a x a t i o n process i s i l l u s t r a t e d by the use of dotted 
l i n e s to show the unrelaxed o r b i t a l energies; h o l e - s t a t e spin-
o r b i t a l s are i n d i c a t e d w i t h a prime. 
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F i g u r e 2.9 A Schematic I l l u s t r a t i o n o f t h e Method f o r 
o b t a i n i n g S i n g l e O r b i t a l R e l a x a t i o n E n e r g i e s 

Ground state Koopmans' Hole state 

\ — 4 - 4— Ug — 4 - 4 — 

-H-» -H- „ 
Valence I I 2 a 4—1 ...... 
Core id ^ |. v r # 

s j 1<r 15-2or2a-4aj ' j A | l a 2 a 2 a - . 4 a | ^ * - j \ a ' T o l a — . 4 a ' | 

a) Ground state with ONE hole state b) Hole state with ONE ground state 

— H — u<r 

11 ^ 
f 4 3rf 

H 3a ' 
V a l e n c e — f _ i 2<r 

" —H— 2 a 

Core |. 1 o . ^ 

+ * = |lff2a2a3a3<jr'4<r4ffi = \\a ' 2 a ' 2a '3t f 2trUaUa '| 
4o J f 

The c o n t r i b u t i o n t o the t o t a l r e l a x a t i o n energy due t o each 

o r b i t a l may be c a l c u l a t e d u s i n g t he ground and core h o l e -

s t a t e e i g e n v e c t o r s i n two d i s t i n c t but complementary c a l c u l ­

a t i o n s : 

( i ) t h e t o t a l energy o f a h y p o t h e t i c a l s t a t e f o r t he 

core i o n i s e d s p e c i e s i n which a l l o f t h e o r b i t a l s 

are " f r o z e n " , save t h a t o r b i t a l under s t u d y , ( <J^q+ 

F i g u r e (2.9) which i s " r e l a x e d " i s c a l c u l a t e d . 

A comparison o f the b i n d i n g energy o b t a i n e d f r o m 

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

c o m p l e t e l y " f r o z e n " system ( c o r r e s p o n d i n g t o the 

Koopmans' B E ) , g i v e s a v a l u e f o r ph^ B i n ^ e o r b i t a l 
S C I E N C E C*-̂  

r e l a x a t i o n . /( <= 2 OCT 1981 
S E C T I O N 
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( i l ) t h e converse s i t u a t i o n , where a h y p o t h e t i c a l s t a t e 

f o r t h e c o r e - i o n i s e d species i s now c o n s t r u c t e d 

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

o r b i t a l under s t u d y , (e.g. * - j f + i n F i g u r e (2.9)) 

which i s " f r o z e n " . The b i n d i n g energy a p p r o p r i a t e 

t o t h i s s t a t e i s compared w i t h t h a t f o r t h e com­

p l e t e l y " r e l a x e d " system ( c o r r e s p o n d i n g t o th e ASCF 

BE) t o g i v e a v a l u e f o r t h e s i n g l e o r b i t a l r e l a x ­

a t i o n energy. 

The v a l u e o b t a i n e d from c a l c u l a t i o n ( i ) p r o v i d e s an 

upper, and t h a t from ( i i ) a l o w e r , bound t o the s i n g l e o r b i t a l 

r e l a x a t i o n energy. T a k i n g t h e simple average o f t h e two 

c a l c u l a t i o n s ( i ) and ( i i ) g i v e s a v a l u e f o r t he s i n g l e o r b i t a l 

r e l a x a t i o n energy. The sum o f a l l s i n g l e o r b i t a l r e l a x a t i o n 

e n e r g i e s i n a system corresponds t o the t o t a l r e l a x a t i o n 

energy f o r t h a t system, c a l c u l a t e d d i r e c t l y . 

So f a r , i t has been assumed t h a t b o t h t he molecule and 

i t s core h o l e s t a t e are i n t h e i r v i b r a t i o n a l g r o u n d - s t a t e s , 

and zero p o i n t e n e r g i e s have n o t been c o n s i d e r e d . A l t h o u g h 

v i b r a t i o n a l f i n e s t r u c t u r e accompanying v a l e n c e - i o n i s a t i o n 
157,158 

i n UPS i s w e l l documented and c o m p a r a t i v e l y w e l l u n d e r s t o o d , 
i t i s o n l y w i t h t h e advent o f h i g h - r e s o l u t i o n E.S.C.A. i n s t -

115,159 
r u m e n t a t i o n , i n c o r p o r a t i n g f i n e - f o c u s X-ray m o n o c h r o m a t i s a t i o n , 

t h a t t h e presence o f v i b r a t i o n a l f i n e - s t r u c t u r e accompanying 

c o r e - i o n i s a t i o n , m a n i f e s t as a broadening and asymmetry o f 

the observed p h o t o i o n i s a t i o n peak, has been observed. When 

a c o r e - e l e c t r o n leaves a mol e c u l e , ttiere w i l l be a change 

( g e n e r a l l y a decrease) i n t h e bond l e n g t h s ; a new e q u i l i b r i u m 

b o n d - d i s t a n c e , w i t h a. d i f f e r e n t f o r c e c o n s t a n t , i n t h e co r e -

i o n i s e d s p e c i e s w i l l r e p l a c e t h e p r e v i o u s g r o u n d - s t a t e v a l u e s . 
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Two t y p e s o f i o n i s a t i o n p o t e n t i a l may now be c a l c u l a t e d : 

( i ) a v e r t i c a l t r a n s i t i o n , which i s a t r a n s i t i o n 

i n v o l v i n g t h e most l i k e l y v e r t i c a l change f r o m 

a v i b r a t i o n a l l e v e l v" = o i n t h e ground s t a t e . 

T h i s i m p l i e s t h a t no changes i n n u c l e a r geometry 

occur d u r i n g p h o t o e m i s s i o n . T h i s assumption by 

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

( l O ^ S ) 1 ^ 0 as compared w i t h , a t y p i c a l v i b r a t i o n a l 

f r e quency (^lO^S) i s c l e a r l y v a l i d ; 

( i i ) an a d i a b a t i c t r a n s i t i o n , r e p r e s e n t i n g a change f r o m 

a v i b r a t i o n a l l e v e l v" = o i n the g r o u n d - s t a t e t o 

a v i b r a t i o n a l l e v e l v 1 = o i n the c o r e - i o n i s e d 

s p e c i e s . 

The new, core i o n i s e d p o t e n t i a l c o n t a i n s v a r i o u s v i b r a t ­

i o n a l s t a t e s which w i l l be p o p u l a t e d by Franck-Condon t r a n -

s i t i o n s . The Franck-Condon p r i n c i p l e " g i v e s t h e t r a n ­

s i t i o n p r o b a b i l i t y between v i b r a t i o n a l s t a t e s 4> tI and \t> t as: 
v v 

P ... .. 0 6 |J> ill , d T I 2 (2.25) 
These q u a n t i t i e s are commonly r e f e r r e d t o as Franck-

Condon f a c t o r s . 

I n t h e harmonic a p p r o x i m a t i o n , t h e Franck-Condon f a c t o r s 

depend on the t h r e e p a r a m e t e r s 0 ^ , 1 , % , and &r = r v„ - r v ,, 

where A r i s t h e d i f f e r e n c e i n e q u i l i b r i u m b o n d - l e n g t h , 
JL 

a . = (pK . ) 2A,, ^ i s the reduced mass f o r the system, and 

K v^ i s t h e m o l e c u l a r f o r c e c o n s t a n t f o r t h e s t a t e i . Thus, 

f r o m knowledge o f the p o t e n t i a l s u r f a c e s ( e q u i l i b r i u m bond-

l e n g t h s , f o r c e c o n s t a n t s ) f o r the ground and core h o l e s t a t e s , 

and from t h e r e c u r r e n c e r e l a t i o n s h i p s d e f i n e d by A n s b a c h e r , 1 ^ 

i t i s p o s s i b l e t o compute t h e Franck-Condon f a c t o r s . These 
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may be used t o q u a n t i t a t i v e l y e x p l a i n f i n e s t r u c t u r e i n 

E.S.C.A. s p e c t r a , as i l l u s t r a t e d i n F i g u r e (2.10) f o r methane 

u s i n g t he C I c a l c u l a t i o n s o f Meyer, and the e x p e r i m e n t a l 

d a t a o f Siegbahn et al.1^ 

F i g u r e 2.10 A Schematic R e p r e s e n t a t i o n o f V i b r a t i o n a l 
E x c i t a t i o n i n Methane and A n a l y s i s o f t h e 
C-̂  l i n e S t r u c t u r e 

FRANG K-CONDON TRANSITIONS Energy 

To' 
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C + 4H 

**9 

v(C-H 
Angstrom 005 A 1-0 20 
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C H t | C 1 s ) 
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The f a i l u r e o f Koopmans' Theorem t o agree w i t h e x p e r i m e n t a l 
BE's need n o t s o l e l y be due t o r e l a x a t i o n e f f e c t s . The 
BE may more p r e c i s e l y be d e f i n e d as: 

ABE = AE H F + A E c o r r + A E R (2.26) 

where AE H p i s t h e d i f f e r e n c e i n the HF e n e r g i e s between t h e 

ground and core h o l e s t a t e s , p r e v i o u s l y d e f i n e d as the ASCF 

BE (2.23); 

AE i s the d i f f e r e n c e i n c o r r e l a t i o n e n e r g i e s ; c o r r 
and A E 0 i s t h e d i f f e r e n c e i n r e l a t i v i s t i c e n e r g i e s , n 

S t r i c t l y , t h e d i f f e r e n c e between t h e v e r t i c a l and 

a d i a b a t i c i o n i s a t i o n p o t e n t i a l s (AE sh o u l d be i n c l u d e d 

i n (2.26); however t h i s has been shown t o be s u f f i c i e n t l y 
l68 

s m a l l as t o be i g n o r e d . A l s o , as was n o t e d e a r l i e r i n 

S e c t i o n (1.5«3)> a l t h o u g h f o r h e a v i e r atoms t h e r e l a t i v i s t i c 

energy c o n t r i b u t i o n t o the BE i n c r e a s e s i n i m p o r t a n c e , f o r 

c o r e - i o n i s a t i o n o f f i r s t - r o w atoms, AE„ can i n g e n e r a l be 
n 

i ^ ^ 169 
n e g l e c t e d . 

The c o r r e l a t i o n energy E c o r r has a l s o been d i s c u s s e d 

p r e v i o u s l y ( S e c t i o n I . 5 . I ) . A l t h o u g h A E c o r r i s r e l a t i v e l y 

s m a l l , and may be i g n o r e d i n many cases, p a r t i c u l a r l y where 

BE s h i f t s are c o n s i d e r e d i n t h i s work, t h i s may n o t g e n e r a l l y 

be t r u e , s i n c e f o r molecul e s , due t o the c o n t r a c t i o n o f the 

o u t e r o r b i t a l s upon core i o n i s a t i o n , t h e r e i s g e n e r a l l y a 

r e s u l t i n g i n c r e a s e i n the c o r r e l a t i o n energy as compared t o 

t h a t o f the ground s t a t e . However, t h i s w i l l be o f f s e t , 

t o some e x t e n t , by t h e r e d u c t i o n i n t h e number o f e l e c t r o n 
170 

p a i r i n t e r a c t i o n s i n t h e m o l e c u l a r i o n as d i s c u s s e d by Clementi 
171 

and Bagus and t h e r e f o r e when a b s o l u t e BE are c o n s i d e r e d 
A E c o r r m a y w e l 1 b e s m a l l but care must be e x e r c i s e d i n d e t e r ­
m i n i n g i t s s i g n i f i c a n c e . 
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2.6.3 The E q u i v a l e n t Cores A p p r o x i m a t i o n 

I n h e r e n t i n the e q u i v a l e n t cores a p p r o x i m a t i o n 

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

by the i o n i s a t i o n o f a, c o r e - e l e c t r o n i n e s s e n t i a l l y t h e same 

manner as i f a p r o t o n were added t o t h e n u c l e u s . T h i s method 

o f p r e d i c t i n g c h e m i c a l s h i f t s was f i r s t r e p o r t e d by J o l l y 
172 

and Hendrickson. 

For t he s h i f t i n C l s BE between CH^ and CH^-X 

(where X i s a g e n e r a l f u n c t i o n a l i t y ) , t h e scheme i s as f o l l o w s : 

CH 4 $ Ch\+ + e"; A E = ( B E ) C H (2.27) 

where * i n d i c a t e s a core h o l e vacancy i . e . Cn 
J I s 

C*H^+ + N 5 + 2> NH^+ + C 5 + j AE = 6 o (2.28) 

The r e a c t i o n (2.28) i n v o l v e s t h e exchange o f t h e C core 

and t he e q u i v a l e n t core species N ^ + j 5 o i s t h e 'core exchange' 

energy. 

Summing (2.27) and (2.28) g i v e s 

CH 4 + $> NH^ + C ^ + e"; AE = ( B E ) C R ^ + «o (2.29) 

S i m i l a r l y f o r CH^-X: 

CH^-X + N 5 + » NH^-X+ + C 5 + + e"; A E = ( B E ) C H x + 6 1 (2.JO] 

S u b t r a c t i n g (2.29) from (2.30) g i v e s 

CH^-X+NH4
+ 1> NH^-X+CH^; A E = ( B E ) C H x ~ (BE ) C H ^ + ( &±- 6 Q ) (2.JI] 

&o and are assumed s m a l l s i n c e CH^ and NH^ , CH-̂ -X and 

NH-̂ -X , and C and N are c h e m i c a l l y e q u i v a l e n t . The 

s t r o n g form o f the e q u i v a l e n t cores a p p r o x i m a t i o n s e t s 6Q and 

^ i n d e p e n d e n t l y t o zero, b u t i t i s s u f f i c i e n t t o adopt t h e 

weak form ( ^ - 6 =0) t o determine a chemical s h i f t . 1 o 
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When e x p e r i m e n t a l , thermodynamic d a t a i s u n a v a i l a b l e , 
ground s t a t e SCF c a l c u l a t i o n s f o r b o t h t he molecules and i o n s 

p r o v i d e t h e r e q u i r e d h e a t s o f r e a c t i o n f o r t h e isodesmic 

processes i n v o l v e d , t h u s a l l o w i n g t he s h i f t s t o be c a l c u l a t e d 

An i n t e r e s t i n g development o f t h i s approach, f i r s t suggested 
173 

by McWeeny and V e l e n i c k , i s t h e use o f a modest b a s i s s e t 

such as the ST0-4-31G u s i n g t he ASCF method, b u t employing 

valence exponents o f the e q u i v a l e n t core species f o r t h e core 

h o l e s t a t e w a v e f u n c t i o n . A d e t a i l e d i n v e s t i g a t i o n o f b a s i s 
174 

s e t o p t i m i s a t i o n f o r CO by C l a r k and M u l l e r l e d t o t h e 

c o n c l u s i o n t h a t f o r s m a l l b a s i s s e t s (such as STO-4-31G), t h e 

c a l c u l a t e d a b s o l u t e BE, w i t h t h e optimum best-atom v a l e n c e 

exponents on t h e c o r e - h o l e atom, i s i n c l o s e agreement w i t h 

t h a t c a l c u l a t e d u s i n g valence exponents a p p r o p r i a t e t o t h e 

e q u i v a l e n t core s p e c i e s . The l a t t e r b a s i s s e t s are l o o s e l y 

r e f e r r e d t o as " o p t i m i s e d " b a s i s s e t s , and are found t o g i v e 

e x c e l l e n t v a l u e s o f the a b s o l u t e BE a t the STO^-^IG 1" 7^ l e v e l 

D i f f e r e n c e s i n BE, however, are ad e q u a t e l y d e s c r i b e d w i t h t h e 

p r e v i o u s l y d e s c r i b e d ASCF c a l c u l a t i o n s a t the ST0-4-31G l e v e l 

c e r t a i n l y f o r molecules composed o f f i r s t - r o w elements. 
2.6.4 Methods I n v o l v i n g P e r t u r b a t i o n Theory 

When t h e r e are many i o n i c s t a t e s o f t h e same 

symmetry i n the same energy r e g i o n , (a problem encountered i n 

valence i o n i s a t i o n ) a s i n g l e c o n f i g u r a t i o n i s a poor q u a n t i t ­

a t i v e d e s c r i p t i o n o f such n e a r d e g e n e r a c y . 1 7 7 A l s o 

the SCF MO model c o n t a i n s d i f f e r e n t c o r r e l a t i o n d e f e c t s f o r 

the d i f f e r e n t s t a t e s , and procedures such as t h e PNO-CI and 

CEPA methods o f Meyer ' are r e q u i r e d t o e x p l i c i t l y account 

f o r t h e e l e c t r o n c o r r e l a t i o n energy. 
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The study o f v a l e n c e - i o n i s a t i o n by UPS. has I n s p i r e d 

s e v e r a l p e r t u r b a t i o n approaches. These i n c l u d e t h e Trans-
179 

i t i o n Operator Method o f G o s i n s k i and P i c k u p , t h e E q u a t i o n s 
-1 Qrs 

o f M o t i o n method developed by Rowe and extended by Simons 
-i O n 

et at, t h e M u l t i p l e S c a t t e r i n g X a Method f i r s t suggested 
l82 

by S l a t e r , t o d e s c r i b e valence i o n i s a t i o n ; R a y l e i g h -
183 

S c h r o d i n g e r P e r t u r b a t i o n Theory developed by Chong et al 
and Time-Independent P e r t u r b a t i o n Theory developed and a p p l i e d 

184 
by Hubac and Kvasnicka. 

S e v e r a l a u t h o r s have used Green's f u n c t i o n t e c h n i q u e s 

t o c a l c u l a t e c o r r e c t i o n s t o Koopmans' Theorem. I n p a r t i c u l a r , 
-1 0 ( -

a g e n e r a l survey ") o f t h e Green's f u n c t i o n has been s p e c i f ­

i c a l l y d i s c u s s e d by L i n d e n b e r g and O h r n . 1 ^ Cederbaum 

et al^^ have developed an approach based on the second-

q u a n t i s a t i o n f o r m u l a t i o n o f many-body p e r t u r b a t i o n t h e o r y , 

i n w hich the B.E. are found from t h e n e g a t i v e r e a l p a r t s o f 

th e p o l e s o f t h e one p a r t i c l e Green's f u n c t i o n . With an HF 

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

p o l e s correspond t o BE = -e f o r t h e occupied MO which i s 

j u s t Koopmans' Theorem. F i r s t o r d e r terms v a n i s h i n t h i s 

f o r m u l a t i o n , and h i g h e r - o r d e r terms are a n a l y s e d by diagram 

t e c h n i q u e s . The second-order expansion o f t h e s e l f - e n e r g y 

o p e r a t o r c o n t a i n s sums over t h r e e o r b i t a l i n d i c e s and i t 

becomes i n c r e a s i n g l y d i f f i c u l t t o c o n s i d e r h i g h e r - o r d e r ex­

pansions though methods have been developed t o do t h i s . 
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CHAPTER THREE 

SOME THEORETICAL ASPECTS OF CORE-IONISATION PHENOMENA 
IN A SERIES OF PROTOTYPE SYSTEMS FOR NITROGEN AND OXYGEN 

FUNCTIONALITIES I N POLYMERS 

LCAO MO SCF computations ( i n t he ASCF 

f o r m a l i s m ) have been performed on t h e ground and core 

h o l e s t a t e s o f a range o f n i t r o g e n c o n t a i n i n g model systems 

encompassing most o f t h e common f u n c t i o n a l i t i e s o f i n t e r e s t 

i n t h e s t u d y o f polymers. The d a t a complement t h a t p r e ­

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

f o r s p e c i f i c cases, dependent upon t h e n a t u r e o f the f u n c t ­

i o n a l i t y (e.g. n i t r a t e e s t e r s and n i t r i l e s ) s u b s t i t u e n t 

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

m a l l y a n t i c i p a t e d on the b a s i s o f a simple a d d i t i v i t y model 

Comparison i s drawn, i n a p p r o p r i a t e cases, w i t h exper­

i m e n t a l d a t a on b o t h s i m p l e model systems and on polymers. 

3.1 I n t r o d u c t i o n 

From the range o f i n f o r m a t i o n l e v e l s a v a i l a b l e upon 

c o m p l e t i o n o f a s i n g l e E.S.C.A. expe r i m e n t , as o u t l i n e d i n 

the p r e v i o u s c h a p t e r , and the d i s t i n c t i v e n a t u r e o f core 

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

r a t i o n e x i s t s , t h e r e l a t i v e i n t e n s i t i e s and s h i f t s i n 

b i n d i n g energy f o r components o f a g i v e n core l e v e l , may 

be used t o i d e n t i f y s t r u c t u r a l f e a t u r e s . 

As an example, the wide scan spectrum o f a polyamide 

( f i g u r e 3«1) shows t h e ease o f e l e m e n t a l i d e n t i f i c a t i o n 
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F i g u r e 3.1 Wide scan spectrum o f t h e Nylon-6 Polyamide 

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

C'ls* N 1 q and C-̂  core l e v e l s p e c t r a ( f i g u r e 3.2) c h a r a c t ­

e r i s e the c o n f i g u r a t i o n as b e i n g t h a t o f Nylon 6 f r o m a 

c o n s i d e r a t i o n o f the i n t e n s i t y r a t i o (1:1:4) o f t h e 

s t r u c t u r a l f e a t u r e s e v i d e n t i n t h e C, envelope. The 
I s ^ 

s u r f a c e n a t u r e o f the t e c h n i q u e has t h e r e f o r e r e n d e r e d 

the above u s e f u l i n d e l i n e a t i n g the c o m p l e x i t y o f chemical 

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

be e x p e r i e n c e d by n a t u r a l w e a t h e r i n g o f a polymer o r i t s 
o x i d a t i o n by i n d u c t i v e l y c oupled r a t i o - f r e q u e n c y plasmas 
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NYLON-6 h!/ = l253-7eV 

Is 8 e A o-c-c 

O - C x0 33 

I I f I I I 1 I 1 I I I 1 I > I I 1 I — I 1 1 » I 1 — ! I I I I 

536 532 528 404 4 0 0 396 288 284 

i i v i — i 1 1 1 i — — i 1 1 1 1 y i i — i n 1 i 1 — « — i 1 1 1 i 

712 716 844 848 958 962 966 
upper scale = B.E. lower scale ~ K.E. 8 s 6 5eV 

F i g u r e ^.'d High R e s o l u t i o n 0, , N, and C, s p e c t r a f o r 
J- S X S J- s 

Nylon-6 ~ 

e x c i t e d i n oxygen. To r e i t e r a t e t h e b r i e f d i s c u s s i o n i n 

s e c t i o n 2.5.1 i n more d e t a i l , t h e C-, and 0-, core l e v e l 
J_ S _L S 

127 
s p e c t r a f o r p o l y s t y r e n e ' t r e a t e d i n an 'oxygen plasma' 

are i n c l u d e d ( F i g u r e 3.3). 

I n such a t r e a t m e n t , i t i s known t h a t an e x t e n s i v e 

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

duced a t the s u r f a c e o f the polymer, 1-^ 0 r a n g i n g f r o m s i m p l e 

a l c o h o l s and e s t e r s t o p e r o x y a c i d s and car b o n a t e s . I t i s 

c l e a r from the C, spectrum and the knowledge t h a t a sample 
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Binding energy lev) 

F i g u r e 3»3 and 0^ g core l e v e l s p e c t r a f o r p o l y s t y r e n e 
a f t e r exposure t o an I n d u c t i v e l y coupled r a d i o -
f r e q u e n c y glow d i s c h a r g e e x c i t e d I n oxygen. 
(0.2 t o r r , 0.1 w a t t , l o seconds). 

e x h i b i t i n g a 'clean' s u r f a c e would produce o n l y a s i n g l e 

peak w i t h shake-up s a t e l l i t e ( a r i s i n g from ir->-ir e x c i t a t ­

i o n s accompanying core i o n i s a t i o n ) , t h a t s u b s t a n t i a l 

m o d i f i c a t i o n o f the s u r f a c e has o c c u r r e d . I t i s a p p a r e n t , 

t h a t d e c o n v o l u t i o n o f such a complex spectrum by a curve 

f i t t i n g a n a l y s i s would be d i f f i c u l t , and t h i s prompted a 

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

and r e l a x a t i o n e n e r g i e s f o r an e x t e n s i v e s e r i e s o f oxygen 
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c o n t a i n i n g o r g a n i c systems encompassing most o f t h e common 
127 

f u n c t i o n a l i t i e s . Trends i n b i n d i n g energy a r i s i n g 

from t h i s study are shown i n F i g u r e 3*4 

C H 4 

H 2 0 
MeOH 
EtOH 
MeOMe 
MeOCH20Me 

H C t q u 

H C N)Me 

(MeO)2C--0 
H ^ O 
MeHC=0 
M e ^ O 
H 2 0 2 

MeOOH 
EtOOH 
EtOOMe 

0 

00H 
MeCfO 

OOMe 
"11 

C-0 C=Q n > 0 

547 545 543 300 

"1 
I n O-C-0 

I J 

C'O c-o c 
298 296 294 

F i g u r e 3.4 Trends i n a b s o l u t e and r e l a t i v e ASCF b i n d i n g 
e n e r g i e s ( i n eV) as a f u n c t i o n o f e l e c t r o n i c 
environment 

From t h e da t a d i s p l a y e d i n F i g u r e J.k i t was found 

t h a t by employing an analogue curve f i t t i n g p r ocedure, 

w i t h g a ussian curves p o s i t i o n e d a t ̂  286.6, 287.9, 289.0 

and 290.4 eV as shown i n F i g u r e 3*3* and t r e a t i n g the 

h e i g h t as a v a i r i a b l e , a unique d e c o n v o l u t i o n was ach i e v e d 

w i t h a f u l l w i d t h a t h a l f maximum (FWHM)of 1.7 eV . For 
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t h e 0, spectrum i t i s c l e a r t h a t s h i f t s i n b i n d i n g energy 
-L S 

span a much s m a l l e r range, b u t i n a s i m i l a r manner, i t was 

suggested t h a t peaks a t ^532.8, 533-7, 534.3 and 535-2 eV 

c o r r e s p o n d i n g t o doubly bonded oxygen; s i n g l y bonded oxygen 

i n a l c o h o l s , e t h e r s and p e r o x i d e s ; s i n g l y bonded oxygen i n 

a c i d s , e s t e r s and h y d r o p e r o x i d e s ; and s i n g l y bonded oxygen 

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

p r o v i d e a unique d e c o n v o l u t i o n . 
An i n t e r e s t i n g r e s u l t from t h e t h e o r e t i c a l s t u d y , 

which a i d s t he above d e c o n v o l u t i o n procedure f o r the C, 
I s 

spectrum, i s t h e a p p r o x i m a t e l y a d d i t i v e n a t u r e o f t h e sub-

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

found t o be the number o f bonds t o the oxygen s u b s t i t u e n t s ; 

a s h i f t t o h i g h e r b i n d i n g energy o f %1.5 eV per carbon-

oxygen bond as p r e v i o u s l y n o t e d ( S e c t i o n 2.5-1)• Secondary, 

or 3 s u b s t i t u e n t e f f e c t s o f oxygen, however, are found t o 
be r e l a t i v e l y s m a l l . The r e l a x a t i o n e n e r g i e s f o r t he C-, J ° I s 
l e v e l s , i n the wide range o f oxygen f u n c t i o n a l i t i e s s t u d i e d , 

were found t o e x h i b i t a s t r o n g l i n e a r dependence on b i n d i n g 

e n e r g i e s ; a h i g h e r b i n d i n g energy b e i n g a s s o c i a t e d w i t h a 

lower r e l a x a t i o n energy; and c o r r e l a t i o n s were found t o be 

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

s t a n t i a l range covered by the r e l a x a t i o n e n e r g i e s (^1.4 eV) 

i t was e v i d e n t t h a t s h i f t s i n b i n d i n g energy c o u l d n o t be 

d e s c r i b e d i n terms o f Koopmans' Theorem. 

A c o n s i d e r a b l e body o f d a t a 1 2 6 - 1 - 5 0 ' 1 ^ ° ~ 1 ^ 2 ± s n o w 

a v a i l a b l e on t h e i n f l u e n c e o f a wide range o f s u b s t i t u e n t s 

on t he core l e v e l b i n d i n g e n e r g i e s f o r b o t h C, and 0, 
-L S X S 

l e v e l s , ensured by the importance o f such oxygen c o n t a i n i n g 
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f u n c t i o n a l groups i n simple systems (e.g. a l c o h o l s , e t h e r s , 

a ldehydes, ketones and c a r b o x y l i c a c i d s ) and a b s t r a c t i n g 

t h e r e l e v a n t d a t a f o r p r o t o t y p e systems o f i n t e r e s t , a l l o w s 

an i n t e r p r e t a t i o n o f t h e s u r f a c e c h e m i s t r y o f simp l e polymer 

systems, as i n t h e manner p r e v i o u s l y d e s c r i b e d . A l t h o u g h 

a good u n d e r s t a n d i n g has been reached on t h e r e l a t i v e i m p o r t ­

ance o f d i f f e r e n t i a l changes i n r e l a x a t i o n e n e r g i e s i n d e t e r ­

m i n i n g the a b s o l u t e magnitudes o f s h i f t s i n b i n d i n g energy 

f o r C, and 0, core l e v e l s , t o d a t e , t h e r e has been no 
I S J- s 

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

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

Polymer s u r f a c e s are o f t e n contaminated, n o t o n l y i n 

n a t u r a l w e a t h e r i n g or ageing processes, but a l s o i n t h e i r 

p r e p a r a t i o n and a p p l i c a t i o n . Thus, t he s u r f a c e s of mould­

i n g s o f t e n i n v o l v e s p e c i f i c s e g r e g a t i o n o f r e l e a s e agents, 

w h i l s t polymers produced by emulsion p o l y m e r i s a t i o n o f t e n 
show evidence o f s e g r e g a t i o n o f e n t r a i n e d e m u l s i f y i n g agents 

193 
a t t h e s u r f a c e . More s p e c i f i c a l l y , those p o s s e s s i n g 
h y d r o p h i l i c c e n t r e s (-NHg, -CONHg, e t c . ) may w e l l 

become s p e c i f i c a l l y c o n t a m i n a t e d a t the s u r f a c e by hydrogen 
126 

bonded water. I t i s t h e r e f o r e i m p o r t a n t t h a t the com­

p o s i t i o n o f the s u r f a c e be w e l l u n d e r s t o o d , t o a v o i d mis­

i n t e r p r e t a t i o n o f observed phenomena. 

E.S.C.A. i s becoming i n c r e a s i n g l y i m p o r t a n t as a t o o l 

f o r ' t r o u b l e - s h o o t i n g ' problems i n these areas and a r e a d i l y 

a v a i l a b l e example i s adhesive f a i l u r e a t a s u r f a c e . Indeed 

p a r t o f t h i s s t u d y was m o t i v a t e d by c u r r e n t work c o n c e r n i n g 

the homogeneity o f a s e r i e s o f p o l y e t h e r - and p o l y e s t e r - b a s e d , 

p o l y u r e t h a n e adhesives, b e f o r e and a f t e r a s p e c i f i e d c u r i n g 
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p r o c e d u r e . P o l y e s t e r f i l m , vacuum coated w i t h a l u m i n i u m 

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

s u r f a c e , i s used f o r d e c o r a t i v e purposes. The l a c q u e r , 

i s f r e q u e n t l y based on a p o l y u r e t h a n e r e s i n and i t i s t h e r e ­

f o r e i m p o r t a n t t h a t t h e r e s i n cures a d e q u a t e l y , o t h e r w i s e 

r e s i s t a n c e t o wear i s poor. T h i s process has been m o n i t o r e d 

u s i n g MIR ( 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 ) s p e c t r o s c o p y where 

disappearance o f th e band r e l a t i n g t o the i s o c y n a t e group 

(2280 cm 1 ) i s n o t e d as a f u n c t i o n o f t i m e . 1 ^ ^ I n t h e 
o 

f i r s t i n s t a n c e , t h e sample depth o f 10000A c o u l d be improved 

by a t l e a s t a f a c t o r o f ̂ 200, f o r what i s e s s e n t i a l l y a 

s u r f a c e phenomenon, i f E.S.C.A. were used, and w i t h a know­

ledge o f t h e s h i f t s i n B.E. f o r the p o l y u r e t h a n e and i s o -

cyanate systems, i t i s c o n c e i v a b l e t h a t t h e disappearance 

o f n o t one, but t h r e e peaks ( i n the C, , N-, and 0, envelope 
X S X S X S 

c o u l d be m o n i t o r e d . 
Prom the f a c t t h a t i n an E.S.C.A. spectrum, as i n t h a t 

f o r Nylon-6 shown e a r l i e r , the components c o n t r i b u t i n g t o 

th e envelope f o r each core l e v e l , d i s p l a y r e l a t i v e i n t e n s i t i e s 

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

i s suggested t h a t t h e tec h n i q u e would be u s e f u l i n es t a b ­

l i s h i n g t he c o m p o s i t i o n o f co-polymers. Indeed much o f 
1QS 

the e a r l y work by C l a r k and co-workers v v i n E.S.C.A. a p p l i e d 

t o polymers i n v o l v e d the study o f simple f l u o r o c a r b o n monomers 

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

co-polymers o f e t h y l e n e and t e t r a f l u o r o e t h y l e n e , which a re 

l a r g e l y a l t e r n a t i n g i n c h a r a c t e r , t o be de t e r m i n e d . T h i s 

was shown t o be p o s s i b l e by two means: comparison o f the 
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I n t e g r a t e d r a t i o s f o r the F, and C, l e v e l s ; and fro m ° I s I s 
th e i n d i v i d u a l components o f t h e C-, l e v e l s . D e s p i t e 

i n d i v i d u a l importance i n t h e t e x t i l e i n d u s t r y and i n 

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

-i m i d e s t o g e t h e r form a co-polymer whic h d e r i v e s i n c r e a s e d 

t h e r m a l s t a b i l i t y but a decrease i n f l e x i b i l i t y f r om t h e 

imide/amide r a t i o . A g a i n , w i t h a knowledge o f t h e 

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

systems E.S.C.A. s t u d i e s would prove u s e f u l . 

A p a r t i c u l a r l y i m p o r t a n t c l a s s o f co-polymers, termed 

ABS, ( A c r y l o n i t r i l e , B u t a d i e n e , S t y r e n e ) , c o n s i s t o f two 

ty p e s . Type A i s a b l e n d o f two co-polymers, s t y r e n e -

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

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

p o l y b u t a d i e n e d i s s o l v e d i n t h e monomer b l e n d . P r i e b e 
197 

et at s t u d i e d t h e o x i d a t i o n o f these two t y p e s i n n a t u r a l 

w e a t h e r i n g , and from I.R. t r a n s m i s s i o n s p e c t r a concluded 

f o r m a t i o n a t th e s u r f a c e o f (-0H) h y d r o x y l , aldehyde (-CHO), 

ketone (^C-0), p e r o x i d e (-C-0-0-) and c a r b o x y l (-COOH) groups 

w i t h a decrease i n 1 , 4 - t r a n s double bonds, and 1,2 v i n y l 

bonds. A f t e r s i x months exposure, the double bonds o f t h e 

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

was suggested t h a t t h e s t y r e n e and a c r y l o n i t r i l e u n i t s r e ­

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

o x i d a t i o n i s c l e a r l y d i s p l a y e d e a r l i e r i n F i g u r e 3-3* and 

i t i s f e a s i b l e t h a t t h e minimum sampling depth o f 20vim i n 

the I.R. study i s r e s p o n s i b l e f o r t h e above r e s u l t . C l e a r l y 

f o r E.S.C.A. t o be a p p l i e d , a d e t a i l e d s t u d y o f th e a c r y l o ­

n i t r i l e group i s w a r r a n t e d t o a l l o w d a t a r e l a t i n g t o t h e 
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o x i d i s e d p o l y s t y r e n e t o be a b s t r a c t e d from t h e C-, core 

l e v e l spectrum. C o n f i r m a t i o n o f th e above i s p r e s e n t e d 
126 

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

°ls s P e c t r u m c o n s i s t s o f two components o f unequal i n t e n s ­

i t y , w i t h t h e i n c r e a s e d component b e i n g due t o C=0 s t r u c t ­

u r a l f e a t u r e s . H i g h r e s o l u t i o n I.R. s t u d i e s r e v e a l o n l y 

a s i n g l e peak i n the range 173^-6 cm \ c o n s i s t e n t w i t h 
s t r u c t u r a l f e a t u r e s . T h i s i s r e a d i l y u n d e r s t o o d , 

^0 - R 
si n c e t h e I.R. d a t a p e r t a i n s e s s e n t i a l l y t o t h e b u l k . 

A c u r r e n t area o f r e s e a r c h i s t h e k i n e t i c s and mechan­

ism o f n i t r a t i o n and d e n i t r a t i o n i n c e l l u l o s e . T n e 

main p o i n t o f i n t e r e s t concerns t h e q u e s t i o n o f how the 

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

a c i d mix (range HNO^ 17-27$ HgSO^ 66-50$ and 17-23$ H 2 0 ) . 

The maximum degree o f s u b s t i t u t i o n i s 3* but i n r e a l i t y , 

t h e h i g h e s t v a l u e observed i s ^ 2 . 8 from K j e l d a h l a n a l y s i s . 

T h i s can be r a t i o n a l i s e d i n terms o f two extreme models. 

The f i r s t may be a t t r i b u t e d t o th e m i c r o - and macroscopic 

s t r u c t u r e o f th e c e l l u l o s e . Thus i n h o m o g e n e i t i e s i n t h e 

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

and i n a c c e s s i b l e r e g i o n s which would c o r r e s p o n d t o com­

p l e t e l y n i t r a t e d and u n r e a c t e d m a t e r i a l r e s p e c t i v e l y . An 

a l t e r n a t i v e model suggests t h a t s i n c e n i t r a t i o n i s a r e ­

v e r s i b l e e s t e r i f i c a t i o n process t h e n t h e ^2 .8 degree o f 

s u b s t i t u t i o n r e p r e s e n t s an e q u i l i b r i u m v a l u e . I n such a 

heterogeneous process r a t i o n a l i s a t i o n o f t h e p o s s i b l e ex­

p l a n a t i o n s r e q u i r e s a t e c h n i q u e which can d i s t i n g u i s h between 

s u r f a c e and b u l k phenomena. To c o n s i d e r the E.S.C.A. d a t a , 
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i n f o r m a t i o n i s necessary on such f u n c t i o n a l i t i e s as the 

n i t r i t e and n i t r a t e e s t e r s , as w e l l as th e n i t r o - a l k a n e 

and amide, s i n c e t h e l a t t e r may be produced by photo-

r e d u c t i o n . 

To d a t e , t h e r e appear t o have been no p r e v i o u s t h e o r ­

e t i c a l i n v e s t i g a t i o n s o f core i o n i s a t i o n phenomena i n v o l v i n g 

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

To p a r t i a l l y r e c t i f y t h i s s i t u a t i o n , d e t a i l e d ASCF comput­

a t i o n s have been c a r r i e d out on th e s e , and a number o f o t h e r 

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

and r e l a t i v e c o r e - b i n d i n g e n e r g i e s and r e l a x a t i o n e n e r g i e s . 

New d a t a are a l s o i n c l u d e d on oxygen f u n c t i o n a l i t i e s which 

extend t h e work: p r e v i o u s l y r e p o r t e d . I n a p p r o p r i a t e cases, 

the t h e o r e t i c a l work has been complemented by e x p e r i m e n t a l 

s t u d i e s . 

3 .2 T h e o r e t i c a l and E x p e r i m e n t a l C o n s i d e r a t i o n s 

3 . 2 . 1 C o m p u t a t i o n a l D e t a i l s 

N o n - e m p i r i c a l LCAO MO SCF c a l c u l a t i o n s have 

been c a r r i e d o u t , w i t h i n t h e Hartree-Fock f o r m a l i s m , on t h e 

ground and l o c a l i s e d core h o l e s t a t e s o f a range o f molecules 

i n v o l v i n g n i t r o g e n f u n c t i o n a l i t i e s , u s i n g the best-atom 
4̂ 5 

exponents r e f e r r e d t o i n S e c t i o n 1.7.4. v An ST0-4 .31G 

b a s i s s e t ( S e c t i o n 1 . 7 . 5 ) was used, as p r e v i o u s i n v e s t i g a t i o n s 
199 

have shown t h a t s h i f t s i n core b i n d i n g e n e r g i e s and d i f f e r ­

ences i n r e l a x a t i o n e n e r g i e s accompanying core i o n i s a t i o n , 

are w e l l d e s c r i b e d a t t h i s l e v e l , w i t h i n the H a r t r e e - F o c k 
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147 f o r m a l i s m . The core b i n d i n g e n e r g i e s and r e l a x a t i o n 
e n e r g i e s were c a l c u l a t e d a c c o r d i n g t o t h e methods d e s c r i b e d 
i n S e c t i o n 2.6.2. 

S u b j e c t t o a v a i l a b i l i t y , e x p e r i m e n t a l or o p t i m i s e d 
200 21 ""5 

ge o m e t r i e s were t a k e n from t h e l i t e r a t u r e , ~ sup p l e ­

mented, where n e c e s s a r y , by s t a n d a r d bond l e n g t h s and 

bond a n g l e s . For those systems where i n s u f f i c i e n t co­

o r d i n a t e - g e o m e t r y d a t a were a v a i l a b l e , geometry o p t i m i s ­

a t i o n s were per f o r m e d u s i n g t he r o u t i n e i n c o r p o r a t e d i n t o 
214 PIR 

t h e MNDO programs o f Dewar and T h i e l . ' J 

j5»2.2 E x p e r i m e n t a l D e t a i l s 

S p e c t r a d e s c r i b e d i n t h i s work have been r e ­

corded on an AEI200AA/B s p e c t r o m e t e r u s i n g Mg, ,. . . 
1 2 ^^d-l-^^-i-on• 

Where necessary, l i q u i d s were i n j e c t e d i n t o a r e s e r v o i r 

s h a f t and the vapour condensed as t h i n f i l m onto a c o l d 

probe ( g o l d s u b s t r a t e ) a t o,-110uC. Powdered samples were 

mounted onto t h e sample probe by means o f double s i d e d 

"Scotch" i n s u l a t i n g t a p e . For such i n s u l a t i n g samples, 

energy r e f e r e n c e was by means of t h e hydroc a r b o n peak a t 

285eV, which a r i s e s f r o m d e p o s i t i o n o f t h e extraneous h y d r o ­

carbon i n t h e s p e c t r o m e t e r , upon t h e sample s u r f a c e (as 

d e s c r i b e d i n S e c t i o n 2.4). T h i s can be b u i l t up over a 

l e n g t h y t i m e p e r i o d once c o o l i n g t o the end cap o f t h e X-
125 

r a y source has been removed. For t h e f i l m s d e p o s i t e d 

•in situ o n g o l d , m o n i t o r i n g t he A u ^ l e v e l o f t h e subs-

t r a t e , i n t h e e a r l y stages o f d e p o s i t i o n , a l l o w s a d i r e c t 
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r e f e r e n c e w i t h r e s p e c t t o th e Fermi l e v e l ( c . f . S e c t i o n 2.4). 

The Au k„ l e v e l a t 84eV b i n d i n g energy, used f o r energy 4 f ? / 2 

r e f e r e n c e i n t h i s s t udy had a f u l l w i d t h a t h a l f maximum 

(FWHM) o f 1.15eV under t h e c o n d i t i o n s o f these experiments. 

S p e c t r a were r e c o r d e d i n the f i x e d r e t a r d a t i o n r a t i o mode 

(FRR) ( c . f . S e c t i o n 2.J.3) and area r a t i o s and l i n e shape 

a n a l y s i s were c a r r i e d out u s i n g a Du Pont 310 curve r e s o l v e r . 

The f o l l o w i n g samples have been s t u d i e d as t h i n f i l m s 

d e p o s i t e d in situ on a c o o l e d g o l d s u b s t r a t e ; i s o p r o p y l 

n i t r a t e , p r o p y l n i t r a t e , N - b u t y l n i t r a t e , b u t y l n i t r i t e and 

n i t r o m e t h a n e . I n each case, t h e samples were c o m m e r c i a l l y 

a v a i l a b l e and o f a p u r i t y g r e a t e r t h a n 91%, and were used 

w i t h o u t f u r t h e r p u r i f i c a t i o n . The f o l l o w i n g polymer samples 

have been s t u d i e d I n powder form: p o l y m e t h a c r y l o n i t r i l e , 

and p o l y a c r y l o n i t r i l e . • As a model f o r t h e ureth a n e l i n k a g e , 

a sample o f a p o l y e t h e r based (Holden Surface C o a t i n g s , 

Birmingham L t d . ) u r e t h a n e adhesive was s t u d i e d as a t h i n 

f i l m c o a t e d onto a g o l d s u b s t r a t e . 

3.3 R e s u l t s and D i s c u s s i o n 

The complete s e t o f t h e o r e t i c a l core b i n d i n g energy 

d a t a g e n e r a t e d f r o m t h i s s t u d y are d i s p l a y e d i n F i g u r e (3«5)-

Using t h e ASCF method w i t h an ST0-4.31G b a s i s s e t , i t i s 

w e l l known t h a t t h e a b s o l u t e magnitudes o f t h e r e l a x a t i o n 

e n e r g i e s t e n d t o be s l i g h t l y u n d e r e s t i m a t e d ; as a r e s u l t , 

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

t h a n those d e t e r m i n e d e x p e r i m e n t a l l y . However p r e v i o u s 

s t u d i e s have shown t h a t c a l c u l a t i o n s a t t h e ST0-4.31G l e v e l 
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p r o v i d e an e x c e l l e n t d e s c r i p t i o n o f d i f f e r e n c e s i n r e l a x ­

a t i o n e n e r g i e s and b i n d i n g e n e r g i e s and t h e d a t a i n F i g u r e 

(3-5) are t h e r e f o r e , f o r convenience, r e f e r e n c e d b o t h t o 

the gas phase (vacuum l e v e l ) and t o t h e s o l i d phase (Fermi 

l e v e l ) ( c . f . S e c t i o n 2 . 4 ) . For comparison purposes some 

da t a are a l s o i n c l u d e d from p r e v i o u s s t u d i e s (e.g. C-̂  , N^ s 

and G l o b i n d i n g e n e r g i e s f o r CH^, NH^ and K^O r e s p e c t i v e l y ) 

The span i n s h i f t s f o r t he model systems IS ^7eV, ^8eV and 

^6eV f o r t h e C-, . „ and 0, l e v e l s r e s p e c t i v e l y . 
l b X S -L O 

W i t h such a l a r g e body o f d a t a , i t i s c o n v e n i e n t t o 

make a d e t a i l e d c o n s i d e r a t i o n o f each core l e v e l i n t u r n . 

3.3-1 C, L e v e l s ^ ^ I s 

( a) Oxygen as a P r i m a r y S u b s t i t u e n t 

As p r e v i o u s l y n o t e d i t has been shown t h a t r e l a x a t i o n 

e n e r g i e s o f t e n f o l l o w t h e t r e n d s i n o v e r a l l core b i n d i n g 

e n e r g i e s f o r l e v e l s ( v i z . a h i g h e r b i n d i n g energy b e i n g 

a s s o c i a t e d w i t h a l o w e r r e l a x a t i o n energy) and t h a t s u b s t i t 

uent e f f e c t s are a d d i t i v e i n n a t u r e . Thus i n the p r e v i o u s 

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

o f polymers, ( F i g u r e 3-^) t h e a d d i t i v e n a t u r e o f t h e s h i f t s 

i n b i n d i n g energy f o r oxygen as a s u b s t i t u e n t , was n o t e d , 

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

s u b s t i t u e n t e f f e c t o f 1.5 - 0.4 eV f o r each carbon-oxygen 

bond was o b t a i n e d w h i c h , as shown i n F i g u r e 3°3> a d e q u a t e l y 

d e s c r i b e s t h e appearance o f simple carbon-oxygen and peroxy 

f e a t u r e s i n t h e spectrum. A r e c e n t s t u d y by H a r d i n g and 
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HCNNH 

H 2 N - C - 0 £ H 3 | | 

0 

C H 3 - N - C - O I 

H , N - C - N H 2 ' II 
0 

I I I 
I I I 

I I I 

I 

I 

c . 

C C 
H 

537 535 533 531 406 404' 402' 400 398 

Ois N1s C„ 
CORRECTED BINDING EMERGES (EVl 

Where any ambiguity might arise, underlining denotes the atom at lower binding energy 

F i g u r e 3.5 Trends i n a b s o l u t e ASCF b i n d i n g e n e r g i e s 
( i n eV) as a f u n c t i o n o f e l e c t r o n i c 
environment 
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Goddard I I I 2 0 ( ^ c o n c e r n i n g t he mechanisms o f o z o n o l y s i s 

c o n f i r m t he i s o l a t i o n o f the 1,2,4 t r i o x o l a n e s p e c i e s upon 

r e a c t i o n w i t h o l e f i n s , but n o t e t he s t a b i l i t y o f t h e d i -

o x i r a n e s p e c i e s i n p r e f e r e n c e t o t h e peroxymethylene i n t e r ­

mediate (36 K c a l m o l " ^ ) , and t h e f o r m a t i o n t h e r e f o r e o f 

dioxy m e t h y l e n e as the r e a c t i v e i n t e r m e d i a t e . I t was t h e r e ­

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

o x i r a n e , d i o x i r a n e and t h e 1 , 2 , 4 - t r i o x o l a n e ( e t h y l e n e 

o z o n i d e ) as an e x t e n s i o n o f t h e p r e v i o u s work t o h e t e r o c y c l i c 

carbon-oxygen r i n g systems, and the d a t a are p r e s e n t e d i n 

Table 3.1). 

Table 3.1 

ASCF B i n d i n g E n e r g i e s and Koopinans 1 B i n d i n g E n e r g i e s (ST0-4.31G) 

C, L e v e l s (eV) 0, L e v e l s (eV) I s v ' I s 

M o l e c u l e ASCF Koopmans' ASCF Koopmans' 

B.E. AB.E. B.E. AB.E. B.E. AB.E. B.E. AB.E. 

CH^ 294.2 (0) 305.1 (0) 

H«0 545.5 (0) 560.8 (0) 
d. 

0 
/ \ ^ 295.4 +1.2 306.9 +1.8 544.2 -1.3 561.6 +0.8 

*3 
^ 0 

297.6 +3.4 308.8 +3.7 546.0 +0.5 563.3 +2.5 

0-0 
:c C^297-0 +2.8 308.5 +3-4 544.6 -0.9 561.8 +1.0 

0 545.7 +0.2 563.4 +2.6 

Where a m b i g u i t y may a r i s e u n d e r l i n i n g denotes atoms o f 

lower B.E. 
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Trends are c l e a r l y d i s c e r n i b l e ; f o r t h e C, l e v e l s t h e 
J- s 

t o l e r a b l e agreement between t h e s h i f t s i n Koopmans' b i n d i n g 

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

i n d i c a t e s t h a t w i t h i n the e l e c t r o n i c environments o f these 

carbon-oxygen systems, the s h i f t s i n A s c f b i n d i n g e n e r g i e s 

are l a r g e l y due t o changes I n r e l a x a t i o n energy o n l y . The 

0 n l e v e l s a l s o show the d i s t i n c t i v e h i g h b i n d i n g energy 

components a s s o c i a t e d w i t h a p e r o x y - l i n k a g e , which has p r e ­

v i o u s l y been n o t e d , and are c o n s i s t e n t w i t h r e c e n t s t u d i e s 
216 

o f t h e d i b e n z o y l p e r o x i d e system. 
The range o f f u n c t i o n a l i t i e s s t u d i e d t o date suggest 

t h a t f o r -̂ C - 0 - X f u n c t i o n a l i t i e s (where X i s a g e n e r a l 

carbon-oxygen f u n c t i o n a l g r o u p ) , t h e secondary i n f l u e n c e 

o f t h e s u b s t u e n t X i s v e r y s m a l l (e.g. f o r X = H, CH-,, OH, 
J? 

CHgOCH-^, COH, COCH^, OCH^, OCHgCH^ and OCOCH^ th e p r i m a r y 

s u b s t i t u e n t e f f e c t i s 1.5 - 0.4 eV) and c l e a r l y t h e d a t a 

f o r o x i r a n e , d i o x i r a n e and t h e 1 , 2 , 4 - t r i o x o l a n e a l s o f a l l 

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

The p r e s e n t s t u d y p r o v i d e s examples which f a l l o u t s i d e 

t h e scope o f such a simp l e a d d i t i v i t y model and i t would 

appear t h a t t h e l a r g e e l e c t r o n i c e f f e ct o f n i t r o g e n can 

p r o v i d e a s u b s t a n t i a l secondary s h i f t . Thus f o r X = NHg 

the s h i f t i s c o n s i d e r a b l y reduced t o ̂ 0.5 eV compared t o 

t h a t f o r X = CONHg where t h e computed s h i f t w i t h r e s p e c t 

t o methane as a s t a n d a r d i s 1.8eV. ( S t u d i e s o f p o l y u r e t h a n e 

based adhesive systems c o n f i r m t h e s h i f t d a t a as w i l l become 

apparent i n a l a t e r s e c t i o n ) . By c o n t r a s t w i t h s t r o n g l y 

e l e c t r o n w i t h d r a w i n g n i t r o g e n f u n c t i o n a l i t i e s t he s h i f t i s 
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c o n s i d e r a b l y i n c r e a s e d over t h a t p r e d i c t e d on a simp l e 

a d d i t i v i t y model. Thus f o r n i t r a t e e s t e r s , X = NOg, t h e 

s h i f t w i t h r e s p e c t t o methane i n c r e a s e s t o ̂ 2.4eV. The 

s t r o n g secondary i n f l u e n c e o f a n i t r a t e e s t e r group a t 

f i r s t s i g h t might seem s u r p r i s i n g s i n c e n i t r i t e e s t e r s 

adhere w e l l t o the g e n e r a l scheme, w i t h a s h i f t i n b i n d i n g 

energy, e q u i v a l e n t t o t h a t o f t h e ureth a n e g r o u p i n g , sub­

s t i t u e n t , o f 1.8eV. 

As has been n o t e d , w h i l s t t h e a b s o l u t e magnitudes o f 

r e l a x a t i o n e n e r g i e s are u n d e r e s t i m a t e d and th e a b s o l u t e 

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

a t t h e STO-4.31G l e v e l , such c a l c u l a t i o n s p r o v i d e an ex­

c e l l e n t d e s c r i p t i o n o f d i f f e r e n c e s i n r e l a x a t i o n and b i n d i n g 

e n e r g i e s accompanying c o r e - i o n i s a t i o n . The ASCF c a l c u l ­

a t i o n s b r i e f l y r e f e r r e d t o , show t h e r e f o r e t h a t changes i n 

r e l a x a t i o n energy are n o t r e s p o n s i b l e f o r the i n c r e a s e d 

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

energy between X = NHg and X = NOg i s computed t o be o n l y 

0.3eV, w h i l s t t h e s h i f t s i n b i n d i n g energy r e l a t i v e t o 

methane as a s t a n d a r d are 0.5eV and 2.4eV r e s p e c t i v e l y . 

To i n v e s t i g a t e t h i s f u r t h e r , t h e core l e v e l s p e c t r a 

f o r a s e r i e s o f model compounds have been r e c o r d e d . The 

e x p e r i m e n t a l d a t a f o r t h e Cn , N, and 0 n l e v e l s f o r these ^ I s I s I s 
systems are compared w i t h t h e t h e o r e t i c a l d a t a f o r model 

systems i n Table 3*2. 

The comparison i s i n two s e c t i o n s s i n c e gas phase data 

(vacuum l e v e l ) a re a v a i l a b l e f o r some o f t h e model systems 

w h i l s t s o l i d phase (Fermi l e v e l ) d a t a a re a v a i l a b l e f o r o t h e r s . 
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Molecule 

C 

TABLE 3.2 A comparison of ASCF binding energies of C^, and 0 i g 

levels i n the model systemsTwith experimental data 
S o l i d Pluse £>.|>i;r jmout.il B.E. (eV) 

l a N I s 

285.0 286.4 399.5 

I s 

236.8 287.5 

J FC 

400.4 

I s 

N 

(C-C) " 
T 

N 

CH 3N0 2 

CHjONO 

£ H
3 £ , 1 2 £ H 2 C 1 1 2 - N O 

Cll 3ON0 2 

CH 3CH 2ON£ 2 

C H jC H 2 C H 2 

CH 3CH 2(ON'0 2)CH 3 

Cll.CH-CH^CII.ONO, 

285.0 286.3 399.3 

286.8 406.8 

285.0 286.7 405.0 

285.0 287.0 

285.0 287.1 

285.0 287.0 

285.0 286.5 

408.1 

408.0 

408.1 

408.0 

534.3 

534.2 535.2 

535.0 534.2 

535.5 534.1 

535.3 534.1 

535.5 534.3 

286.8 

286.8 

237.4 

40f..8 

404.9 

407.7 

534.1 

534.9 535. 

536.2 534. 

284.8 288.4 399.5 533.1 

< 288.1 399.8 532.8 

£ V ° T N H 2 

-N- 289.8 400.4 534.1 532.5 

286.8 290.2 400.3 534.4 532 

Molecule 

CH, 

Gas Phase Experimental B.E. (eV) ( r e f . 1 9 2 ) T h e o r e t i c a l B.E. (cV) (Corrected) 

NH3 

H 20 

HCN 

CHjCN 

( = V 3 - C N 

CH3MH2 

( C , , 3 ) 3 N 

( O l j ) NO 

CH 3N0 2 

ICll ) CNO 

(SB ,)7c:n 

I s 

290.8 

293.5 

292.7 

I s 

405.6 

406.8 

405.6 

291.1 291.8 292.4 405.1 

291.5 

291.3 

291.8 

293.0 

291.43 292.6 

294.5 

294.8 

405.2 

404.8 

411.2 

411.5 

406.4 

406.1 

I s 

539.7 

537.7 

539.1 

538.7 

537.7 

5.17.2 

290.8 

294.0 

292.6 293.3 

291.4 

291.0 

291.5 

292.6 

294.9 

295.1 

I s 

405.6 

407.4 

406.1 

404.8 

404.2 

407.3 

412.-, 

405 .9 

4^5.8 

I s 

539.7 

53?. I 

538.8 

537.3 

535.9 

Where ambiguity a r i s e s underlining- denotes atoms of lower B.E. 
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C h a r a c t e r i s t i c o f the n i t r a t e e s t e r s , are t h e C, core 

l e v e l spectra, o f n - p r o p y l and i s o - p r o p y l n i t r a t e s d i s ­

p l a y e d i n F i g u r e 3.6. As an a i d t o d e c o n v o l u t i o n , these 

are accompanied by t h e i r t w i c e d i f f e r e n t i a t e d analogues 

w h i c h are i n d i c a t i v e o f s t a t i o n a r y p o i n t s on the C-̂ s l i n e -

shapes i n the form o f c l e a r l y d e f i n e d maxima or minima 

( c . f . S e c t i o n 2.5-2). 

PROPYL NITRATE ISOPROPYL NITRATE 

A 
I 
I 2d/ 

1 

is 

IS 

289 285 281 
BINDING ENERGYMV) 

F i g u r e 3«6 C, c o r e - l e v e l spectra, f o r n - p r o p y l and i s o p r o p y l 
X s n i t r a t e s and t h e i r D e r i v a t i v e S p e c t r a (2nd) 
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I n each case, t h e measured s h i f t i n b i n d i n g energy-

i s ^2 eV and c l e a r l y the d a t a c o n f i r m t h a t a n i t r a t e e s t e r 

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

have been a n t i c i p a t e d on t h e b a s i s o f a simple a d d i t i v i t y 

model. Both C\ envelopes are d e c o n v o l u t e d i n terms o f 
I s 

two components i n 2:1 r a t i o w i t h t h e h i g h e r b i n d i n g energy 

component b e i n g the lower i n i n t e n s i t y i n b o t h cases. I t 

i s c l e a r from the n a t u r e o f these s p e c t r a t h a t f o r t h e 

n i t r a t e e s t e r f u n c t i o n a l i t y o n l y p r i m a r y s h i f t s are observed 
i n the C-, core l e v e l s . I s 

The i n c r e a s e d s h i f t a t carbon a s s o c i a t e d w i t h the con­

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

( -̂C — OH 5> "~C — 0 —NOg) g i v e s r i s e t o d i s t i n c t i v e changes 

i n o v e r a l l C, l i n e p r o f i l e s and endows E.S.C.A. w i t h con-

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

i s t r y a s s o c i a t e d w i t h n i t r a t e e s t e r f o r m a t i o n . The C-, 
X s 

and 0, , and C1 N, , and 0-, core l e v e l s p e c t r a f o r IS xs xs xs 
c e l l u l o s e and n i t r o c e l l u l o s e samples r e s p e c t i v e l y are p r e ­

sented i n F i g u r e 3'7« 

Comparing the two C-i envelopes, i t i s e v i d e n t from 

t h e i r shape t h a t t h e C^s l e v e l f o r the carbons d i r e c t l y 

a t t a c h e d t o oxygen i n the n i t r a t e e s t e r groups, i s d i s t ­

i n c t i v e l y s h i f t e d t o h i g h e r b i n d i n g energy. Employing 

the s h i f t - d a t a from t h e p r e s e n t study a s s i g n s t h e c e n t r a l 

component a t ^287.4 eV, and a l t h o u g h t h i s component a r i s e s 

p r e d o m i n a n t l y from the carbons C2, C3 and c6 ( u s i n g the 

s t a n d a r d o r d e r i n g c o n v e n t i o n ) b e a r i n g t h e n i t r a t e e s t e r 

f u n c t i o n a l i t y , b r o a d e n i n g o f the l i n e encompasses c o n t r i b ­

u t i o n s from C4 and C5> and a l s o , depending upon t h e degree 
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o f s u b s t i t u t i o n u n r e a c t e d C2, C3 and C6 f e a t u r e s . The 

t h i r d component a r i s e s i n b o t h cases from C I , w h i c h i s 

u n i q u e l y a t t a c h e d t o 2 oxygens i n t h e c y c l i c h e m i a c e t a l 

f o r m u l a t i o n o f t h e 3-D-glucopyranose r i n g . I n p r i n c i p l e , 

w i t h t h e t h e o r e t i c a l d a t a now accumulated, a p r e c i s e decon 

v o l u t i o n o f the spectrum i s p o s s i b l e , but i n t h i s case un­

necessary. As a l r e a d y d e s c r i b e d , t h e p o i n t i n q u e s t i o n 

i s t h a t o f degree o f s u b s t i t u t i o n and w i t h the e x i s t e n c e 

o f a d i s t i n c t i v e , single-component N, envelope (as d i s -
x s 

cussed i n a l a t e r s e c t i o n ) , a r e c e n t s t u d y y has shown 

t h a t t h i s may be c a l c u l a t e d f r o m t h e i n t e g r a t e d C l s/N^ s 

area r a t i o s , when the e x t r a n e o u s hydrocarbon component i s 

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

the v a r i o u s core l e v e l s are known. 

(b) N i t r o g e n as a P r i m a r y S u b s t i t u e n t 

The d a t a p r e s e n t e d i n F i g u r e (3*5) m a y be used t o 

s y s t e m a t i c a l l y extend the range o f n i t r o g e n c o n t a i n i n g 

s u b s t i t u e n t s f o r which p r i m a r y s u b s t i t u e n t e f f e c t s on 

C-, core l e v e l s have been e v a l u a t e d t h e o r e t i c a l l y . I t I s J 

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

processed t a b u l a r form (Table 3-3)• 
217 

The r e s u l t s o f an e a r l i e r s t u d y 1 have shown t h a t 

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

r o n i c s t r u c t u r e o f a c e t o n i t r i l e i s s t u d i e d , i t i s apparent 

t h a t t h e same gross f e a t u r e emerges, i n t h a t the e l e c t r o n 

p o p u l a t i o n i s much lower on the m e t h y l carbon, t h a n on t h e 

carbon a t t a c h e d t o n i t r o g e n . A l s o , the s h i f t i n core b i n d ­

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

t o be s m a l l , d e s p i t e t h e l a r g e d i f f e r e n c e i n e l e c t r o n 
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Table 3-3 

S h i f t s i n ASCF b i n d i n g energy and r e l a x a t i o n energy f o r 
m e t h y l i n CH,-X 

3 
CH^-X 3 

C l s B , E -
( S h i f t ) (eV) 

R.E. N l g B.E. 
( S h i f t ) (eV) 

R.E 

CH,-NsC 
3 

2.5 0.2 0.6 0.9 
CH,-C=N 

3 
1.8 0.3 0.5 0.7 

CH^-NOg 1.8 0.3 6.8 0.7 
CH^-ONO 

3 
1.8 0.4 5-0 0.6 

CH^-ONCg 2.4 0.2 7.8 l . i 

CĤ ,-NCO 
3 

1.7 0.4 0.0 1.2 
CH-̂ -ONHg 0.5 0.5 -0.2 0.8 

^° 
CH 3-C 

NH 2 

3 2 

-0.2 

0.6 

0.5 

0.3 

-0.5 

-0.8 

0.6 

0.6 

(CH 3) 3-N 0.2 0.6 -1.4 1.7 
(CH 3) 3-NO 0.7 0.7 1.7 2.0 
(CH^) 3-NH + 6.6 \J . T 8.0 1.5 
CH^-0-(jj-NH 

0 
2 1.8 0.4 0.3 0.8 

C l s s h i f t r e f e r e n c e d t o CH^ 294.2 eV R.E. 11.0 eV 
N, s h i f t r e f e r e n c e d t o NH-, 409-9 eV R.E. 13-6 eV 

p o p u l a t i o n . 

A l l o w i n g f o r t he f a c t t h a t a M u l l i k e n p o p u l a t i o n a n a l y s i s 

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

d i s t r i b u t i o n about an atom as a r e s u l t o f t h e a r b i t r a r y 

d i v i s i o n o f o v e r l a p d e n s i t y ( c . f . S e c t i o n 1.6), i n the p r e ­

v i o u s work a d i f f e r e n c e o f ̂ 1 e l e c t r o n between t h e two carbon 

atom p o p u l a t i o n s has been n o t e d , and t h i s i s comparable w i t h 

the p r e s e n t s t u d y i n which a d i f f e r e n c e o f 0.7 e l e c t r o n s i s 



133 

computed. The d i f f e r e n t e l e c t r o n i c environments are 

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

computed r e l a x a t i o n e n e r g i e s . Thus f o r the cyanide carbon 

( o f a c e t o n i t r i l e ) t h e computed r e l a x a t i o n energy o f 10.5 eV 

compares w i t h t h a t o f 11.3 eV f o r the met h y l carbon and 

indeed t h e computed s h i f t i n b i n d i n g energy o f ̂ 0.7 eV 

a r i s e s almost s o l e l y from t h i s d i f f e r e n c e i n r e l a x a t i o n 

energy. I t s h o u l d be n o t e d however t h a t t h e c a l c u l a t i o n s 

p r e d i c t a s u b s t a n t i a l secondary e f f e c t o f the cyanide sub-

s t i t u e n t upon t h e a t t a c h e d l e v e l s . Thus t h e m e t h y l 

carbon i n a c e t o n i t r i l e i s p r e d i c t e d t o be s h i f t e d t o h i g h e r 

b i n d i n g energy by ̂ 1.8 eV compared w i t h methane. The gas 

phase d a t a i n Table (3*2) c o n f i r m these r e s u l t s ; t h e s h i f t 

i n b i n d i n g energy between t h e C-, l e v e l o f methane and t h e 

average o f the two C-, l e v e l s o f a c e t o n i t r i l e b e i n g 1.9 eV; 

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

P r e v i o u s s t u d i e s o f a c e t o n i t r i l e i n both t h e gas phase 

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

between t h e carbons i s s m a l l and t o i n v e s t i g a t e t h i s and 

the l a r g e secondary s h i f t i n some d e t a i l i n r e l a t e d systems, 

t h e core l e v e l s p e c t r a o f b o t h p o l y a c r y l o n i t r i l e and p o l y -

m e t h a c r y l o n i t r i l e have been measured. The C, and N-, 
I s I s 

l e v e l s are shown i n F i g u r e 3«8, and the n e c e s s i t y f o r t h e 

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

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

methane, and t h e i r s t r u c t u r a l dependence, i s argued as 

f o l l o w s . 

The C l s core l e v e l spectrum f o r p o l y a c r y l o n i t r i l e may 

be an a l y s e d i n terms o f a d o u b l e t w i t h i n t e n s i t y r a t i o 2:1, 

f u l l w i d t h a t h a l f maximum o f 1.4 eV7 and s h i f t i n b i n d i n g 
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n 
s 1 
N 

11 

01 I' 
N 

I 

291 289 267 285 283 404 402 400 398 
Cis Nis 

BINDING ENERGY (eV) 

F i g u r e 3-8 C-, and N, s o l i d phase core l e v e l spectra. 
-L S I S 

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

energy between the peaks o f 1.3 eV, showing t h a t e i t h e r 

two carbons i n each monomer u n i t i n the g i v e n s t r u c t u r e 

promote a s h i f t t o h i g h e r b i n d i n g energy, as the t h e o r e t ­

i c a l c a l c u l a t i o n s suggest, or t h a t t he e l e c t r o n i c e n v i r o n ­

ment o f the cyano-carbon i n each u n i t i s such t h a t upon core 

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

energy t o a l e v e l below t h a t o f t h e backbone methylene groups 

i s observed. To c l a r i f y t h i s s i t u a t i o n , t h e C, l e v e l s f o r 
J- s 

p o l y m e t h a c r y l o n i t r i l e are d i r e c t l y a n a l y s e d i n terms o f two 

peaks o f equal i n t e n s i t y , c o r r e s p o n d i n g t o C-CN and 
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CH 
C - C r e s p e c t i v e l y , w i t h f u l l w i d t h a t h a l f maximum o f 

1.4 eV and a g a i n a s h i f t i n b i n d i n g energy between t h e two 

peaks o f 1.4 eV. I n b o t h cases, t h e s h i f t s i n b i n d i n g 

energy are comparable, and u s i n g e i t h e r o f the two samples, 

l e f t i n the s p e c t r o m e t e r over a l e n g t h y time p e r i o d , w i t h 

the c o o l i n g t o the end cap o f the X-ray source removed, i n ­

creases the i n t e n s i t y o f t h e peak a t lower b i n d i n g energy 

i n t h e C i envelope due t o d e p o s i t i o n o f the ex t r a n e o u s s 
hydrocarbon i n t h e s p e c t r o m e t e r , onto t h e sample. T h i s 

i s a f u r t h e r i n d i c a t i o n t h a t t h i s peak a r i s e s due t o core 

i o n i s a t i o n o f the backbone methylene groups. 

The immediate i n f e r e n c e from t h i s s t u d y t h e r e f o r e , i s 

t h a t i f E.S.C.A. were a p p l i e d t o t h e problem o f w e a t h e r i n g 

i n t h e ABS t e r p o l y m e r s , as p r e v i o u s l y suggested, depending 

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

the r e g i o n c o r r e s p o n d i n g t o carbon/oxygen s i n g l e bonds must 

be r a t i o n a l i s e d i n terms o f two e q u i v a l e n t C^s i o n i s a t i o n s 

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

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

o c c u r r i n g i n the a c e t o n i t r i l e system i s a t t r i b u t e d t o relate 

a t i o n phenomena accompanying core i o n i s a t i o n . I n such a 

s m a l l system, o n l y l i m i t e d r e l a x a t i o n may occur, however i n 

polymer systems, r e l a x a t i o n w i l l be a t a maximum and t h i s 

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

core i o n i s a t i o n o f b o t h the cyano- and t h e a d j a c e n t carbon 

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

systems. I n t e r m e d i a t e i n t h i s e f f e c t , are the gas phase 

d a t a f o r t e r t i a r y b u t y l n i t r i l e , s i n c e t h e carbon envelope 
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i s a n alysed i n terms o f t h r e e peaks. A s h i f t o f 1.3 eV 

between t h e peaks h i g h e s t and l o w e s t i n b i n d i n g energy-

compares w e l l w i t h the above r e s u l t s , however the e x t e n t 

o f r e l a x a t i o n i s such t h a t the s h i f t between the C,_ l i n e -
X s 

shapes f o r t h e cyano- and a d j a c e n t carbon i s comparable w i t h 

t h a t c a l c u l a t e d and observed f o r a c e t o n i t r i l e and t h e second­

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

i s h e d t o 0.7 eV. 

The data i n Table 3 0 suggest t h a t the s u b s t i t u e n t 

e f f e c t o f the i s o c y a n i d e group i s somewhat l a r g e r t h a n f o r 

the cyanide group, and t h i s i s as expected s i n c e i n terms 

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

f o r t h e former and a secondary s u b s t i t u e n t f o r the l a t t e r 

f u n c t i o n a l i t y . The s u b s t i t u e n t e f f e c t o f a n i t r o group i s 

e s s e n t i a l l y t h e same as f o r a n i t r i t e e s t e r and f o r an i s o -

cyanate group. An i n t e r e s t i n g comparison may be drawn i n 

t h e s e r i e s CH^-X f o r which X = NHg, N(CH^) 2, N0(CH,) 2, and 

NH(CH-^)2. The e f f e c t o f i n t r o d u c i n g s u c c e s s i v e m e t h y l 

groups i n g o i n g from X = NH 2 t o N^H-^g i s a s m a l l s h i f t 

t o lower b i n d i n g energy by a p p r o x i m a t e l y 0.2 eV per m e t h y l 

group which i s as a d i r e c t r e s u l t o f p a r a l l e l i n c r e a s e s i n 

r e l a x a t i o n energy. The secondary e f f e c t of oxygen i s s m a l l 

but s i g n i f i c a n t . Thus the s h i f t on g o i n g f r o m X = N(CH^) 2 

t o t h e c o r r e s p o n d i n g N-oxide i s 0.5 eV and s i n c e t h i s i s 

accompanied by a s l i g h t i n c r e a s e i n r e l a x a t i o n energy (0.1 eV) 

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

For the i s o l a t e d systems, the e f f e c t o f p r o t o n a t i o n 

i s s u b s t a n t i a l . Thus i n g o i n g f r o m X = N(CH^) 2 t o the 

p r o t o n a t e d system t h e computed s h i f t i s 6.4 eV. I n the 
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s o l i d s t a t e , t h e l a t t i c e p o t e n t i a l s w i l l be such as t o 
2l8 

s u b s t a n t i a l l y reduce t h e s h i f t . For example, i n a 

s e r i e s o f simple p o l y p e p t i d e s , t h e measured s h i f t between 

p r o t o n a t e d and backbone n i t r o g e n i s o n l y 1.5 eV compared 

w i t h a p r e d i c t e d s h i f t o f a p p r o x i m a t e l y 7.5 eV, t h u s emphas­

i s i n g t h e importance o f c o u x i t e r i o n s i n the l a t t i c e . 

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

n i t r o g e n f u n c t i o n a l i t y i s markedly dependent upon t h e n a t u r e 

o f t he s u b s t i t u e n t and v a r i e s over a w i d e r range t h a n f o r 

the t y p i c a l oxygen f u n c t i o n a l i t y . At one extreme, t h e 

e f f e c t o f N(CH-j) 2 as a s u b s t i t u e n t i s v e r y s m a l l (0.2 eV) 

w h i l s t i s o c y a n a t e and n i t r o s u b s t i t u e n t e f f e c t s are sub­

s t a n t i a l ( 1.8 eV). The n i t r i l e group i s o f s p e c i a l 

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

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

carbon atoms. 

3.3.2 N-. L e v e l s I s 

I t i s e v i d e n t from t he d a t a i n F i g u r e 3-5 and 

i n Table 3.3 t h a t N-, core b i n d i n g e n e r g i e s f a l l i n t o d i s t -

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

At l o w e s t b i n d i n g energy are amides and amines, 

w h i l s t a t h i g h e s t b i n d i n g energy are t h e oxygen c o n t a i n i n g 

n i t r o g e n f u n c t i o n a l i t i e s such as n i t r a t e e s t e r s , n i t r o 

a l k a n es and n i t r i t e e s t e r s . The b i n d i n g e n e r g i e s f o r t h e 

l a t t e r 3 c l a s s e s are d i s t i n c t i v e l y d i f f e r e n t and whereas t h e 

p r i m a r y s u b s t i t u e n t e f f e c t on C-, l e v e l s o f t h e i s o m e r i c 
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-N0 o and -ONO f u n c t i o n a l i t i e s are t h e same, t h e N n l e v e l s 

are most c e r t a i n l y d i f f e r e n t . T h i s enables a ready d i s t ­

i n c t i o n t o be drawn between n i t r o alkanes and n i t r i t e e s t e r s 

on t he b a s i s o f the N, b i n d i n g e n e r g i e s and t h e r e f o r e unam-
X s 

b i g u o u s l y a s s i g n s t h e lower b i n d i n g energy component a t 
^405 eV, o f t e n found i n i n d u s t r i a l s c a l e , n i t r a t e d , c e l l u l -

198 
ose samples, as b e i n g due t o n i t r i t e e s t e r groups. Having 
p r e v i o u s l y remarked upon t h e d i s t i n c t i v e n a t u r e o f t h e N, 

J. s 
l e v e l s f o r n i t r a t e e s t e r s , i t i s i n t e r e s t i n g t o compare t h e 

s h i f t i n b i n d i n g energy i n g o i n g f r o m a n i t r i t e t o a n i t r a t e 

e s t e r , and i n g o i n g from a n i t r o - a l k a n e t o a n i t r a t e e s t e r . 

The s h i f t s i n b i n d i n g energy are 2.8 eV and 1.0 eV r e s p e c t ­

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

s h i f t i n c o n v e r t i n g a t e r t i a r y amine t o i t s N-oxide whic h 

i s 3.1 eV. 
T h i s t h e r e f o r e c o n f i r m s t h a t m o n i t o r i n g t h e N n core 

& I s 
l e v e l i o n i s a t i o n f o r a s e r i e s o f n i t r o c e l l u l o s e samples, as 

p r e v i o u s l y d e s c r i b e d , i s a ready means o f s t u d y i n g t h e degrees 

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

and E.S.C.A. s t u d i e s have shown t h a t i n b o t h t he s u r f a c e and 

t h e b u l k , these are dependent upon the e q u i l i b r i u m between 

th e n i t r a t i o n and d e n i t r a t i o n processes. 

At i n t e r m e d i a t e b i n d i n g e n e r g i e s between t h e two 

extremes are n i t r i l e s , i s o n i t r i l e s , i s o c y a n a t e s and u r e t h a n e s . 

An e x t e n s i v e s t u d y o f p o l y u r e t h a n e based adhesives has r e ­

c e n t l y been completed, and i n a l l cases, a N, peak i s found 

a t ^400.5 eV i n b i n d i n g energy. T h i s compares w i t h a 

t y p i c a l amide n i t r o g e n b i n d i n g energy o f ̂ 399-8 eV c o r r e s ­

ponding t o a s h i f t o f ̂ 0.7 eV, i n e x c e l l e n t agreement w i t h 

t h e t h e o r e t i c a l l y c a l c u l a t e d s h i f t , (0.8 eV f o r CH-̂ CONHg and 

CH-,-6C0NHo u s i n g these as p r o t o t y p e systems). 
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To i n v e s t i g a t e t h e c o n t r i b u t i o n o f changes i n r e l a x ­

a t i o n energy t o the s h i f t s i n core b i n d i n g e n e r g i e s , con­

s i d e r a t i o n o f the extremes o f s h i f t encompassed by t h e 

CH^0N02 and (CH^)^N systems may be c o n s i d e r e d . The d i f f e r ­

ence i n r e l a x a t i o n e n e r g i e s o f 0.6 eV i s seen t o c o n t r i b u t e 

^10% t o the t o t a l s h i f t range i n t h i s case. 

The t h e o r e t i c a l d a t a a l l o w a comparison o f t h e i n f l u ­

ence on core b i n d i n g e n e r g i e s o f v a r i o u s s u b s t i t u e n t s X i n 

th e s e r i e s NHg-X and t h e da t a i s c o l l e c t e d i n Table 3.4. 

Table 3.4 

S h i f t s i n SCF b i n d i n g energy and r e l a x a t i o n energy f o r 
NH 2 i n the s e r i e s NH2~X 

NHC-X N, B..E. ( S h i f t ) R.E. 
2 1 5 (eV) 

NH2-CH^ -0.8 0.6 

NH2-CSN 1.6 0.4 

NH2-C-H 0.3 0.7 

NH2-C-CH^ -0.5 0.6 
0 

NH2-C-NH2 0.2 0.7 
0 

NH2-C-0CH5 0.3 0.7 

0 

NH2-0-H 0.6 0.4 

NHg-O-CH^ -0.2 0.8 

N l s s h i f t r e f e r e n c e d t o NH^ 409-9 eV R.E. 13.6 eV 
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W h i l s t f o r the C, l e v e l s t h e t y p i c a l e f f e c t o f r e p l a c i n g 

hydrogen by meth y l i s s m a l l , and l a r g e l y dependent upon 

r e l a x a t i o n , f o r the N-̂  l e v e l s , t h e e f f e c t i s s u b s t a n t i a l , 

and appears g e n e r a l l y t o be u n r e l a t e d t o r e l a x a t i o n phenomena. 

Thus, i n g o i n g from X = H t o X = CH^, X - CHO t o X = COCH^, 

and f r o m X = OH t o X = OCH-̂  t h e computed s h i f t s are t o lower 

b i n d i n g energy by a p p r o x i m a t e l y 0.8 eV i n each case, w h i l s t 

t h e accompanying r e l a x a t i o n energy s h i f t s are 0.6 eV, -0.1 eV 

and 0.4 eV r e s p e c t i v e l y . I t i s i n t e r e s t i n g t o n o t e , t h a t 

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

d i f f e r e n t f o r C-̂ g and N- ŝ core l e v e l s ( e . g. the p r i m a r y 

e f f e c t o f s i n g l y bonded oxygen ^1.5 eV f o r C, l e v e l s ; 
X t> 

^0.6 eV f o r N, l e v e l s ; p r i m a r i l y because g - s u b s t i t u e n t 
X s 

e f f e c t s are enhanced f o r t h e l a t t e r ) , i n the p a r t i c u l a r 

case o f th e n i t r i l e f u n c t i o n a l i t y , t h e s h i f t f o r t h e a t t a c h e d 

atom (e.g. C i n CH^CN and N i n NHgCN) i s v i r t u a l l y t h e same 

vL.7 eV. 

3.3.3 0, L e v e l s I s 

127 
I n p r e v i o u s work, and indeed i n an e a r l i e r 

s e c t i o n o f t h i s c h a p t e r , i t has been shown t h a t i n systems 

c o n t a i n i n g o n l y carbon, hydrogen and oxygen, the s h i f t s i n 

0-. l e v e l s f a l l i n t o d i s t i n c t i v e p a t t e r n s dependent upon 
X S 

f u n c t i o n a l i t y ( F i g u r e J>.h). The da t a r e l a t i n g t o the 

o x i r a n e , d i o x i r a n e and 1 , 2 , 4 - t r i o x o l a n e systems i n c l u d e d 

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

w i t h t he s u b s t i t u e n t e f f e c t s p r e v i o u s l y d e s c r i b e d . The 

n i t r o g e n c o n t a i n i n g oxygen f u n c t i o n a l i t i e s e xtend the range 
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o f s u b s t i t u e n t e f f e c t s and i l l u s t r a t e t h e c o n s i d e r a b l e 

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

f a c t o r s which determine o v e r a l l s h i f t s . 

I n t h i s e a r l i e r s t u d y , i t i s n o t e d t h a t t h e oxygen i n 

a c a r b o n y l group i s t y p i c a l l y a t low b i n d i n g energy and t h e 

da t a i n F i g u r e 3«5 p r o v i d e s two examples which show t h a t when 

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

r o n i c e f f e c t s can mo d i f y t he c h a r a c t e r i s t i c b i n d i n g energy 

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

s t r o n g l y e l e c t r o n d o n a t i n g amino s u b s t i t u e n t i n g o i n g from 

an amide t o a urea r e s u l t s i n a s u b s t a n t i a l s h i f t t o lower 

b i n d i n g energy o f 1.9 eV. By c o n t r a s t the 0-, l e v e l f o r 

the i s o c y a n a t e f u n c t i o n a l i t y i s s h i f t e d by ^1.6 eV t o h i g h e r 

b i n d i n g energy. W h i l s t t h e s h i f t s i n b i n d i n g energy char­

a c t e r i s t i c o f the C-, and N n core l e v e l s , are n o t a b l y sim-
l s I s 

i l a r f o r t h e urethane and i s o c y a n a t e f u n c t i o n a l i t i e s , two 
components d e s c r i b e t h e 0, envelope f o r the fo r m e r , (^532.6 

X s 

eV and ̂ 534.4 eV i n good agreement w i t h e x p e r i m e n t ) and o n l y 

one f o r t h e l a t t e r ( ̂ 534.7 eV). Since t h e h i g h e r b i n d i n g 

energy component i n t h e uret h a n e i s comparable i n b i n d i n g 

energy t o t h e 0-, l e v e l f o r t h e i s o c y a n a t e f u n c t i o n a l i t y t h e n 
X o 

c o n c e i v a b l y , a m i x t u r e o f the two species would show o n l y 
two components i n the 0n envelope, w i t h t h e a p p r e c i a b l e s h i f t 

X s 

o f ^1.8 eV as p r e v i o u s l y observed. C l e a r l y , a u s e f u l method 

f o r m o n i t o r i n g t h e urethane c u r i n g process mentioned e a r l i e r , 

would be t o compare t he i n t e n s i t i e s o f these components f o r 

the m i x t u r e , on t h e premise t h a t when these are e q u a l , o n l y 

the u r e t h a n e system i s p r e s e n t and t h e c u r i n g process i s 

complete. The f o r m a l v a l e n c e bond p a i r i n g scheme u s u a l l y 
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w r i t t e n t o d e s c r i b e N-oxides suggests s u b s t a n t i a l n e g a t i v e 

charge on the oxygen and t h e computed v a l u e i n t h i s case 

i s 0.4e. I n ke e p i n g w i t h t h i s i d e a , t h e b i n d i n g energy 

i s v e r y low ( c . f . F i g u r e 3-5)• The n i t r o , n i t r i t e e s t e r 

and n i t r a t e e s t e r f u n c t i o n a l i t i e s f orm an i n t e r e s t i n g and 

d i s t i n c t i v e comparison. The t h e o r e t i c a l c a l c u l a t i o n s a t 

th e ST0-4.31G l e v e l suggest t h a t t h e b i n d i n g e n e r g i e s f o r 

t h e two oxygens i n a n i t r i t e e s t e r s h o u l d be i n tne o r d e r 

C - 0 - N - < - 0 - N - 0 and t h a t t h e average b i n d i n g 

e n e r g i e s s h o u l d be h i g h e r t h a n f o r the oxygens i n a n i t r o 

a l k a n e . T h i s b e i n g t h e case, comparison w i t h t h e exper­

i m e n t a l d a t a shows t h a t f o r the oxygen l i n e p r o f i l e s a t 

lower b i n d i n g energy, t h e r e i s e x c e l l e n t agreement w i t h 

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

t h e above assignment, t h e computed b i n d i n g energy s h i f t -

d i f f e r e n c e , between t h e two oxygens i n t h e n i t r i t e e s t e r , 

o f 0.4 eV i s somewhat s m a l l e r t h a n t h a t d e t e r m i n e d exper­

i m e n t a l l y from the r e s o l v e d spectrum (1.0 eV). 

A f u r t h e r s e r i e s o f c a l c u l a t i o n s u s i n g t h e Dunning 
55 

(4s3p/2s) c o n t r a c t i o n " ^ o f the Huzinaga. (9s5p) g aussian 
54a 

b a s i s s e t , ( c . f . S e c t i o n 1.7.7) o n the n i t r i t e and n i t r a t e 

e s t e r s , a l s o c o n f i r m t h e above assignments and s h i f t d i f f e r ­

ences (Table 3«5)-

The e x p e r i m e n t a l data, p r o v i d e s an average s h i f t d i f f e r ­

ence o f 0.5 eV f o r the n i t r i t e e s t e r w i t h r e s p e c t t o t h e 

n i t r o - a l k a n e , compared w i t h a t h e o r e t i c a l l y computed d i f f e r ­

ence o f 1.0 eV. The i n t r o d u c t i o n o f a t h i r d oxygen, i n 

go i n g from a n i t r i t e o r n i t r o alkane t o a n i t r a t e e s t e r i s 

computed t o g i v e r i s e t o s h i f t s i n b i n d i n g energy o f 1.3 eV 
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(CON) and -0.4 eV(ONO) or 0.4 eV (0-NO) f o r the f o r m e r 

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

t h a t t h e assignment f o r t h e oxygens i s r e v e r s e d i n g o i n g 

f r o m t he n i t r i t e e s t e r t o the n i t r a t e e s t e r . The exper­

i m e n t a l d a t a i n Table 3-2 s u p p o r t t h i s assignment and the 

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

samples ( F i g u r e 3»7) c l e a r l y show t h a t the components due 

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

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

and e t h e r groups. The s h i f t - d i f f e r e n c e between the two 

l i n e p r o f i l e s a t h i g h e r b i n d i n g energy ( i n t e n s i t y r a t i o 1:2) 

i s ^1.3 eV and compares w e l l w i t h t he o t h e r e x p e r i m e n t a l 

v a l u e s (1.2 eV) de t e r m i n e d . For the methyl d e r i v a t i v e 

however, t h i s s h i f t i s s l i g h t l y o v e r e s t i m a t e d (1.7 eV), but 

a good agreement i s found between t h e t h e o r e t i c a l l y c a l c u l ­

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

i n b o t h t he n i t r a t e and n i t r i t e e s t e r s , and a l s o f o r those 

o f t h e n i t r o - a l k a n e (Table 3.2). T h i s t h e r e f o r e i n d i c a t e s 

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

e n e r g i e s , f o r the i n n e r oxygens o f b o t h the n i t r i t e and 

n i t r a t e e s t e r s , (as compared t o experiment, Table 3*2) may 

be an a r t e f a c t o f t h e e x t e n t o f r e l a x a t i o n p o s s i b l e as a. 

r e s u l t o f such a core i o n i s a t i o n i n t h e r e l a t i v e l y s m a l l 

m e t h y l model systems. 

From the l i m i t e d d a t a a v a i l a b l e , i t i s c l e a r t h a t f o r 
C l s ' N l s a n d °ls l e v e l s * s u b s t i t u t i o n o f a d i r e c t l y a t t a c h e d 

hydrogen by a met h y l group leads t o a s h i f t t o lower b i n d i n g 

energy; t he s h i f t i n c r e a s i n g i n g o i n g from C, t o 0-, l e v e l s 
I S J_ s 

(Table 3-6). 
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Table 3.6 

ASCF b i n d i n g and r e l a x a t i o n energy s h i f t s (eV) 
f o r H, CH^-X s u b s t i t u t i o n 

X C, RE N, e RE 0, RE _ I s I s I s 

NH 2 -0.8 0.6 
(NH 2 — > (CH 3) 2N) -1.4 1.6 

ON -0.7 0.5 -1.3 0.5 
NC -1.0 0 . 6 - 0 . 7 0.4 

0NH 2 -0.8 0.4 -0.9 0.7 

-0.7 0.4 -0.8 -0.1 0.5 -0.6 

A n a l y s i s o f t h e s h i f t s i n b i n d i n g energy and changes 

i n r e l a x a t i o n e n e r g i e s shows t h a t t h e l a r g e s t c o n t r i b u t i o n 

t o t h e s h i f t s a r i s e s f rom t he i n c r e a s e d r e l a x a t i o n energy 

o f t h e m e t h y l s u b s t i t u t e d d e r i v a t i v e s . While t h i s i s gener­

a l l y t r u e f o r t h e atom a t which replacement occurs and i n 

many cases, a t the a d j a c e n t atoms, t h i s i s n o t so i n t h e case 

o f acetamide, as p r e v i o u s l y n o t e d . For s u b s t i t u t i o n a t t h e 

carbon, t h i s i s c l e a r l y t h e case, however w h i l s t a decrease 

i n t h e b i n d i n g energy f o r t he N, l e v e l i s n o t e d , a v e r y 
J. S 

s l i g h t decrease i n r e l a x a t i o n energy i s a l s o seen and an 

i n c r e a s e i s observed i n the oxygen b i n d i n g energy which i s 

accompanied by an e q u i v a l e n t decrease i n r e l a x a t i o n energy. 

These r e s u l t s p e r t a i n t o t h e e c l i p s e d acetamide conformer 

i n which a me t h y l hydrogen, t h e two carbons, n i t r o g e n and 
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oxygen atoms are assumed c o - p l a n a r , and t h e r e I s a s p a t i a l 
o 

d i s t a n c e o f ̂ -2.5 A between t h e c o - p l a n a r hydrogen and oxygen 

atoms. T h i s arrangement i s c a l c u l a t e d t o be 2.3 K c a l mol 

more f a v o u r a b l e i n energy t h a n t he st a g g e r e d conformer a t 

th e ST0-4.31G l e v e l , and the r e s u l t i n g s h i f t s i n b i n d i n g 

and r e l a x a t i o n e n e r g i e s are e q u i v a l e n t t o those p r e v i o u s l y 

n o t e d . 

C o n s i d e r a t i o n o f the r e l a t i v e e n e r g i e s f o r t h e core 

i o n i s e d systems c o n f i r m s t h a t t h e e c l i p s e d conformer i s 

indee d t h e more s t a b l e form, b u t t h e r e i s l i t t l e i n d i c a t i o n 

t h a t t h i s i s so, due t o hydrogen bonding, o r t h a t such an 

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

uporj.' c o r e - i o n i s a t i o n o f t h e 0-̂  l e v e l r e l a t i v e t o t h a t o f 

formamide. 

A more d e t a i l e d d i s c u s s i o n o f the arguments used i n 

t h i s d e t e r m i n a t i o n w i l l be p r e s e n t e d i n the n e x t c h a p t e r . 
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CHAPTER POUR 

A THEORETICAL AND EXPERIMENTAL INVESTIGATION OF CORE 
IONISATION PHENOMENA IN g-DICARBONYL COMPOUNDS AND RE-

LATED ENOL TAUTOMERS 

No n - e m p i r i c a l LCAO-MO SCF c a l c u l a t i o n s have been 

performed on the ground and core hole s t a t e s o f t h e C 

and C 2 v s t r u c t u r e s f o r malonaldehyde, and f o r a range 

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

The t h e o r e t i c a l s t u d i e s have been complemented by gas 

phase E.S.C.A. s t u d i e s o f b o t h t h e 0, and C, core l e v e l s 
I s I s 

f o r t h e l a t t e r . A comparison o f the t h e o r e t i c a l d a t a f o r 

b o t h systems w i t h t h e p r e s e n t e x p e r i m e n t a l d a t a , and t h a t 

p r e v i o u s l y a v a i l a b l e f o r t h e 0-. l e v e l s o n l y , shows e x c e l l -
i s 

ent agreement w i t h u n s y m m e t r i c a l Cg e n o l s t r u c t u r e s . A 
d i s c u s s i o n o f t h e low energy shake-up s a t e l l i t e s accompany­
i n g b o t h C, and 0, core i o n i s a t i o n s i s a l s o p r e s e n t e d and 

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

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

l o c a t i o n s . 

4.1 I n t r o d u c t i o n 

For l i m i t e d s e r i e s o f c l o s e l y r e l a t e d m o l e c u l e s , 

Koopmans' Theorem ( d i s c u s s e d i n S e c t i o n 2.6.1) g i v e s an 

adequate i n t e r p r e t a t i o n o f chemical s h i f t s between core 

l e v e l s . However, t h i s depends upon t h e f a c t t h a t , f o r 

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

i o n s , r e l a x a t i o n e n e r g i e s , ( i g n o r e d i n Koopmans' Theorem) 

t e n d t o be c l o s e l y s i m i l a r . I f t h i s i s not t h e case, t h e n 
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Koopmans' Theorem cannot be expected t o a p p l y . C l a r k 
219 

and co-workers have i l l u s t r a t e d t he v a l i d i t y o f t h i s 

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

t h e i s o m e r i c 1,1,3,4,5,6,7- and 1,1,2,4,5,6,7- h e p t a -

f l u o r o i n d e n e s . C l e a r l y , t h e c o m p l e x i t y o f such systems 

rend e r s a more r i g o r o u s approach i m p o s s i b l e , however t h e 

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

c u l a t i o n s showed e x c e l l e n t agreement w i t h the Cn E.S.C.A. 
I s 

spectrum i f a 1:4 m i x t u r e i n f a v o u r of the l a t t e r was assumed. 

More i m p o r t a n t , by u s i n g t h e e x p e r i m e n t a l l y determined b i n d ­

i n g energy s h i f t s f o r the C. and P l e v e l s o f t e t r a d e c a -
1 S _L S 

f l u o r o t r i c y c l o {^6,2, 2,o] dodeca-2 , 6 , 9 - t r i e n e , t h e s t u d y 

demonstrated the f e a s i b i l i t y o f i n v e r s i o n of the process t o 

p r o v i d e e x p e r i m e n t a l charge d i s t r i b u t i o n s . Comparison w i t h 

t h e t h e o r e t i c a l d ata by l e a s t squares a n a l y s i s gave c o r r e l ­

a t i o n c o e f f i c i e n t s b e t t e r t h a n 0.99. I t i s e v i d e n t t h e r e ­

f o r e , t h a t a l t h o u g h not t a k i n g p a r t i n bonding d i r e c t l y , 

core e l e c t r o n s nonetheless p r o v i d e a convenient and i n s t r u c t ­

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

The range o f i n f o r m a t i o n l e v e l s a v a i l a b l e from t h e 

study o f core e l e c t r o n s p e c t r a has been d i s c u s s e d e x t e n s i v e l y 

i n Chapter Two, as has t h e time s c a l e o f t h e phenomena i n ­

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

s t u d y i n g dynamic e q u i l i b r i a , o f t e n e n t a i l i n g o n l y weak i n t e r -
220 27 

a c t i o n s , has o n l y been e x p l o i t e d i n a few cases. 5 

For example, i n the s i t u a t i o n d e s c r i b e d above c o n c e r n i n g 

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

4:1 r a t i o was e s t a b l i s h e d by c o n v e n t i o n a l s p e c t r o s c o p i c 

t e c h n i q u e s ( *H and 1 9 F n.m.r. measurements, and i . r . s t u d i e s ) , 
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however t h e s e were u n a b l e t o i d e n t i f y t h e major component. 

S i n c e the l i f e t i m e s of c o r e h o l e s t a t e s a r e t y p i c a l l y i n 
-14 -17 

the range 10 - 10 s E.S.C.A. i s t h e r e f o r e , i n p r i n c i p l e , 
c a p a b l e of d i s t i n g u i s h i n g between n o n - c l a s s i c a l and r a p i d l y 

. . . . . 220 

e q u i l i b r a t i n g c l a s s i c a l c a t i o n s . Olah and co-workers 

have t h e r e f o r e i n v e s t i g a t e d the n o r b o r n y l c a t i o n and r e ­

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

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

d e t a i l i n a s u b s e q u e n t c h a p t e r . With t h e advent of 

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

u t i o n on an e x t r e m e l y r a p i d time s c a l e , i t may be a n t i c i p a t e d 

t h a t t h i s p a r t i c u l a r v i r t u e o f E.S.C.A. as a s p e c t r o s c o p i c 

t o o l w i l l be of i n c r e a s i n g i m p o r t a n c e . 

S i n c e o n l y a l i m i t e d range of r e l a t e d o r g a n i c and 

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

w i t h i n the c o n f i n e s o f Koopmans' Theorem, and hence by the 

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

t o model most f u n c t i o n a l i t i e s by r e l a t e d s m a l l m o l e c u l e s 

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

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

of e l e c t r o n i c environment. F o l l o w i n g e a r l i e r s t u d i e s by 

C l a r k and co-workers c o n c e r n i n g r e l a x a t i o n i n a s m a l l number 
221 22 3 o f C, 0, N type m o l e c u l e s and the h a l o g e n d i a t o m i c s , 

127 

a more d e t a i l e d i n v e s t i g a t i o n of C, 0, systems has been 

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

e x t e n s i v e s t u d y o f n i t r o g e n c o n t a i n i n g f u n c t i o n a l i t i e s . 
The p o t e n t i a l energy s u r f a c e s f o r both t h e and CO 

223 
m o l e c u l e s have a l s o been i n v e s t i g a t e d , i n t h e ground s t a t e 



150 

and as a f u n c t i o n o f core h o l e l o c a t i o n . S t u d i e s f o r 

the n e u t r a l molecule have shown t h a t these are adequately 

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

degrees o f acc u r a c y , as a f u n c t i o n o f b a s i s s e t . Changes 

i n b o n d l e n g t h accompanying core i o n i s a t i o n , as de t e r m i n e d 

by h o l e s t a t e c a l c u l a t i o n s are a l s o w e l l d e s c r i b e d ( v i z . 

an i n c r e a s e i n b o n d l e n g t h f o r 0^ g i n CO, and decreases i n 

bondlengths f o r C and N i n CO, and N„ r e s D e c t i v e l y ) and 
I s i s 2 

as a s i d e l i g h t , i t was n o t e d t h a t b e t t e r agreement w i t h 

experiment was found f o r these and a b s o l u t e b i n d i n g ener­

g i e s i f the e q u i v a l e n t cores approach ( d i s c u s s e d i n S e c t i o n 

2.6.3) was adopted. Prom t h e d i s c u s s i o n s o f S e c t i o n 2.6.2, 

i t i s e v i d e n t t h a t such s t u d i e s are i m p o r t a n t i n d e t e r m i n i n g 

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

i o n i s a t i o n , however, a more i m p o r t a n t p o i n t , o f p a r t i c u l a r 

r e l e v a n c e t o t h i s work, i s t h a t i n t e r a c t i o n s which are weak 

(e.g. hydrogen bonds) i n th e ground s t a t e m a n i f o l d are o f t e n 
22^ 22^ 

enhanced on g o i n g t o the core h o l e s t a t e m a n i f o l d . ' 
As n o t e d i n the p r e v i o u s c h a p t e r , polymers which possess 

h y d r o p h i l i c c e n t r e s (-NH2, - C0NH2, J>C = 0, e t c . ) may w e l l 

become s p e c i f i c a l l y c o ntaminated a t t h e s u r f a c e by hydrogen 

bonded water. This was found t o be e v i d e n t by E.S.C.A. 

s t u d i e s o f c o m m e r c i a l l y produced low d e n s i t y p o l y e t h y l e n e 
126 

f i l m s b o t h b e f o r e , and a f t e r d e s i c c a t i o n . The sub­

s t a n t i a l s i g n a l s c o r r e s p o n d i n g t o the 0 l e v e l s e x h i b i t e d 

an u n r e s o l v e d s t r u c t u r e , one o f the components o f wh i c h , 

d i s a p p e a r e d on s t o r i n g t h e sample over ?2®5' Comparison 

w i t h p r e v i o u s s t u d i e s i n d i c a t e d t h a t t h e h i g h e r b i n d i n g 
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energy component, whic h s u b s e q u e n t l y d i s a p p e a r e d , c o r r e s ­

ponded t o E^O, w h i l e t h e l o w e r b i n d i n g energy peak c o r r e s ­

ponded t o c a r b o n y l oxygen. This was v e r i f i e d i n the C 

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

s i d e o f t h e main peak (>3eV s h i f t ) was e v i d e n t ( c . f . p r e v i o u s 

c h a p t e r ) . 

226 

The study o f hydrogen bonded dimers and t r i m e r s a l s o 

p r o v i d e s p r o t o t y p e model systems f o r the i n v e s t i g a t i o n o f 

changes i n e x t r a - m o l e c u l a r c o n t r i b u t i o n s t o r e l a x a t i o n 

e n e r g i e s , on g o i n g from an i s o l a t e d m o l e c u l e t o the condensed 

phase. A l t h o u g h t h e hydrogen-bond s t r e n g t h s f o r the n e u t r a l 

H 20 systems are found t o be q u i t e s m a l l (<0.02eV), the assoc­

i a t e d s h i f t s i n core b i n d i n g e n e r g i e s are s u b s t a n t i a l . Thus 

i n g o i n g f r o m t h e monomer t o t h e dimer, t h e 0, l e v e l o f the 

component p r o v i d i n g t h e hydrogen f o r hydrogen-bond f o r m a t i o n 

decreased i n b i n d i n g energy, w h i l s t the o t h e r i n c r e a s e d , such 

t h a t the computed s h i f t was i n excess o f 2eV. F u r t h e r m o r e , 

t h e r e l a x a t i o n e n e r g i e s were i n each case, n o t e d t o be l a r g e r 

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

W i t h a t t e n t i o n thus f a r h a v i n g been focussed upon 

r e l a t i v e l y s i m p l e systems such as hydrogen bonded dimers 

and t r i m e r s i n v o l v i n g f i r s t row h y d r i d e s , i t i s o f i n t e r e s t 

t o e x t e n d t h i s work t o more c o m p l i c a t e d systems, p a r t i c u l a r l y 

those w h i c h can form s t a b l e i n t e r n a l hydrogen bonds. I n 

t h i s c h a p t e r t h e r e f o r e , comparisons are drawn between t h e o r ­

e t i c a l analyses o f the core i o n i s e d s t a t e s o f malonaldehyde 

(MA), a c t e y l a c e t o n e ( a c a c ) , and t h e i r e n o l forms. However, 
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emphasis has been p l a c e d upon t h e study o f the m e t h y l -

d e r i v a t i v e s i n c e t h e s t r u c t u r e o f t h i s system has remained 

a p o i n t o f c o n t e n t i o n f o r many y e a r s . 

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

t h i s molecule i s p a r t i c u l a r l y a p p o s i t e at t h i s t i m e s i n c e 
2 2 y 228 

e x p e r i m e n t a l d a t a has r e c e n t l y become a v a i l a b l e , ' and 
s e m i - e m p i r i c a l c h a r g e - p o t e n t i a l - t y p e c a l c u l a t i o n s have 

229 
r e c e n t l y been r e p o r t e d on some aspects r e l e v a n t t o the 

i n t e r p r e t a t i o n o f t h e e x p e r i m e n t a l d a t a . Previous exper­

i m e n t a l gas phase, E.S.C.A. s t u d i e s o f the 0- ĝ l e v e l s o f 

acac r e v e a l two main components t o g e t h e r w i t h a low i n t e n s i t y 

component t o t h e low k i n e t i c energy s i d e . The o r i g i n a l 
227 

i n t e r p r e t a t i o n o f t h e data i n terms o f an u n s y m m e t r i c a l 

e n o l form w i t h the lower i n t e n s i t y component b e i n g due t o 

the presence o f a s m a l l percentage o f k e t o form has subseq­

u e n t l y been r e v i s e d i n t h e l i g h t o f data on o t h e r systems. 
2 2 8 

A n a l y s i s o f t h e 0-̂  l e v e l s o f the t r o p o l o n e system and 

i t s m e t h y l d e r i v a t i v e i n t o two peaks i n ̂ 3:2 r a t i o , i s 

i n d i c a t i v e o f the former's e x i s t e n c e as a symmetric e n o l 

f o r m , and a l s o t h a t a p r e f e r e n t i a l shake-up process occurs 

from i o n i s a t i o n o f the lower b i n d i n g energy, c a r b o n y l oxygen, 

w h i c h d e t r a c t s from t h e i n t e n s i t y o f i t s assigned peak. 

Brown and co-workers have now suggested t h e r e f o r e t h a t the 

low i n t e n s i t y component at h i g h b i n d i n g energy corresponds 

t o I T - * T T * shake-up s a t e l l i t e s accompanying core i o n i s a t i o n 

o f t h e 0 l s l e v e l s o f t h e e n o l form. 



153 

I n a r e c e n t t h e o r e t i c a l s t udy o f the core i o n i s e d 

s t a t e s o f acac by a s e m i - e m p i r i c a l procedure o f the charge 
229 

p o t e n t i a l v a r i e t y , t h e d i s c r e p a n c y between the computed 

°ls c o r e l e v e l s ? o r t n e e n o l f o r m o f acac and t h e e x p e r i ­

m e n t a l d a t a was ag a i n a t t r i b u t e d t o t h e presence o f bo t h 

k e t o and e n o l forms i n the gas phase. A l t h o u g h t he 

charge p o t e n t i a l model o f Maksic and co-workers a l s o 

t r e a t e d t he l i k e l y core h o l e s t a t e s p e c t r a f o r the C 

l e v e l s , no e x p e r i m e n t a l data has been a v a i l a b l e t o date 

f o r d i r e c t comparison. C l e a r l y , a core h o l e s t a t e study 

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

s i n c e , as o u t l i n e d i n the p r e v i o u s c h a p t e r , t h i s s h o u l d be 

as r e l i a b l e a f i n g e r p r i n t o f t a u t o m e r i c form as t h e 0 

l e v e l s . For comparison, t h e o r e t i c a l s t u d i e s at a non-

e m p i r i c a l l e v e l are r e q u i r e d , s i n c e the use o f s e m i - e m p i r i c a l 

methods f o r the q u a n t i t a t i v e d i s c u s s i o n o f core l e v e l d a ta 

i n d i c a t e s thatchanges i n r e l a x a t i o n e n e r g i e s are not ex-
• • • • - - 21Q p l i c i t l y c o n s i d e r e d . An i n s t a n c e " where such a study 

may be a p p l i e d t o g a i n s h i f t s i n b i n d i n g energy i s i l l u s t ­

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

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

i n carbon/oxygen systems i s n o t e d . 

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

e x p e r i m e n t a l (gas phase) E.S.C.A. s p e c t r a f o r the and 

0^ s l e v e l s o f acac, and comparisons are drawn between the 

r e s u l t s o f ab initio ASCF computations f o r the core h o l e 

s t a t e s , o f the v a r i o u s models, f o r t h e above system and those 

o f MA. 

The f o l l o w i n g p o i n t s o f i n t e r e s t have been c o n s i d e r e d : 
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( i ) t he computed (ASCF) core b i n d i n g and r e l a x a t i o n 

e n e r g i e s f o r the C,„ and CL l e v e l s o f acac and & i s i s 
MA, and t h e i r v a r i o u s p o s s i b l e t a u t o m e r i c s t r u c t u r e s , 

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

d a t a ; 

( i i ) t h e change i n p o t e n t i a l energy s u r f a c e s f o r the 

i n t e r n a l l y hydrogen bonded, t a u t o m e r i c e n o l models 

as a f u n c t i o n o f t h e hole s t a t e ; and 

( i i i ) t h e i n v e s t i g a t i o n o f p o s s i b l e low energy shake-up 

s a t e l l i t e s accompanying C^g and core i o n i s ­

a t i o n i n t h e e n o l model systems. 

4.2 Co m p u t a t i o n a l and E x p e r i m e n t a l C o n s i d e r a t i o n s 

4.2.1 C o m p u t a t i o n a l D e t a i l s 

The c a l c u l a t i o n s were once a g a i n performed u s i n g 

t h e ATMOL 3 s u i t e o f programs ( S e c t i o n 1.8), and s i n c e o n l y 

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

e n e r g i e s were r e q u i r e d , these were a d e q u a t e l y d e s c r i b e d u s i n g 

t h e b a s i s s e t and exponents employed i n the p r e v i o u s c h a p t e r . 

The ground and l o c a l i s e d core h o l e s t a t e computations f o r 
2 30 

proposed C^ and C^v MA s t r u c t u r e s are compared w i t h v a r i o u s 

t a u t o m e r i c models f o r acac. The geometries used f o r t h e 

l a t t e r are a r e p r e s e n t a t i o n o f those suggested by b o t h exper­

i m e n t a l and t h e o r e t i c a l s t u d i e s , i n c o r p o r a t i n g asymmetric C^ 

and symmetric C 2 y e n o l forms, and the d i k e t o n e . These i n c l u d e 

the proposed s t r u c t u r e s f o r t h e k e t o and e n o l tautomers from 
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an e l e c t r o n d i f f r a c t i o n s t u d y by Lowrey et al, a l o n g 

w i t h t h e n o n - l i n e a r l y , hydrogen bonded, symmetric form 

proposed from an e x t e n s i v e INDO geometry o p t i m i s a t i o n 
232 

c a r r i e d out by Gordon and Koob. Geometries f o r the 
two asymmetric e n o l tautomers were taken f r o m a t h e o r e t i c a l 

233 
i n v e s t i g a t i o n by C a t a l a n et al, u s i n g ab iik-itio methods 

t o d e t e r m i n e t h e p o t e n t i a l energy curve f o r malonaldehyde 

as a f u n c t i o n o f 0-0 d i s t a n c e ; and s u b s t i t u t i n g the hydrogen 

atoms o f the aldehyde g r o u p i n g s by m e t h y l groups, assuming 

s t a n d a r d bond l e n g t h s and a n g l e s . The geometry f o r the 

second tautomer was m o d i f i e d by r o t a t i o n o f t h e e n o l i c 

hydrogen 30° out o f the plane o f the molecule about t h e 

C-0 bond. 

4.2.2 E x p e r i m e n t a l D e t a i l s 

Gas phase s p e c t r a were r e c o r d e d on an AEI ES 

200 AA/B s p e c t r o m e t e r u s i n g a gas c e l l d e signed s p e c i f i c a l l y 

f o r t h e purpose. The c e l l , b a s i c a l l y a t i t a n i u m cube w i t h 

a c e n t r a l chamber, c o n n e c t i n g i n p u t - and o u t p u t - p o r t s o f 

f l e x i b l e t u b i n g extended by two l e n g t h s o f non-magnetic 

s t a i n l e s s s t e e l t u b i n g , and w i t h a v a r i a b l e s l i t and window 

assembly, was designed such t h a t i t i n t e r l o c k e d w i t h t h e 

c o l d cap a t t h e end o f t h e X-ray source. I t s i n s t a l l a t i o n 

i n v o l v e d the removal o f t h e i n s e r t i o n l o c k s , which were 

r e f i t t e d around the extended i n p u t - and o u t p u t - t u b i n g . 



156 

C l e a r l y , i n o p e r a t i o n an independent f l o w system i s 

p o s s i b l e , but i n t h i s case i t was p r e f e r r e d t h a t the o u t p u t 

a p e r t u r e be c l o s e d and d i f f e r e n t i a l pumping occured v i a 

the s l i t , and sample chamber o f the s p e c t r o m e t e r . The 

vapour was i n t r o d u c e d t h r o u g h a l e a k v a l v e , w h i c h r e g u l a t e d 

t h e sample chamber p r e s s u r e t o ^5 x 10 ^ t o r r . S p e c t r a 

were r e c o r d e d u s i n g a Mg X-ray source o p e r a t e d a t 
K c t l , 2 

12 KV and 15 mA ( c . f . S e c t i o n 2.2.1) i n t h e f i x e d r e t a r d ­

a t i o n r a t i o mode (PRR) o f s c a n n i n g ( c . f . S e c t i o n 2.3.3)-

R e f e r e n c i n g , as a l s o d e s c r i b e d i n Chapter Two, was a c h i e v e d 

by l e a k i n g argon i n t o t h e system, and under the c o n d i t i o n s 

o f t h e e x p e r i m e n t , the Ar„ core i o n i s a t i o n o f 248.6eV 
2 p 3 / 2 

b i n d i n g energy, used f o r t h i s c a l i b r a t i o n , had a f u l l w i d t h 

at h a l f maximum o f 1.3 eV. 

4.3 R e s u l t s and D i s c u s s i o n 

The e l e c t r o n i c s t r u c t u r e o f simple d i k e t o n e s and c o r r e s ­

p o n d i n g e n o l forms has been t h e s u b j e c t o f much t h e o r e t i c a l 
229-233 

work over t h e p a s t few y e a r s . However l i t t l e a t t e n t i o n 

seems t o have been p a i d t o t h e d i r e c t t h e o r e t i c a l i n v e s t i g ­

a t i o n o f t h e e n e r g e t i c s t a b i l i s i n g e f f e c t , o f the i n t e r n a l 

hydrogen bonding i n the e n o l form. E x p e r i m e n t a l e s t i m a t e s 

f o r the s t r e n g t h o f t h i s i n t r a m o l e c u l a r hydrogen bond i n the 
e n o l f o r m o f acac are suggested t o be i n t h e r e g i o n o f 

-1 234 
^ l O K c a l mol , and on t h i s b a s i s a l o n e , the presence o f 

s i g n i f i c a n t p r o p o r t i o n s o f k e t o - f o r m i n gas phase E.S.C.A. 

s t u d i e s i s not l i k e l y . 
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At p r e s e n t , t h e r e i s c o n s i d e r a b l e i n t e r e s t i n the 

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

A s i n g l e w e l l p o t e n t i a l f u n c t i o n i s i n d i c a t i v e o f a C 2 v 

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

a Cg s t r u c t u r e . The INDO s e m i - e m p i r i c a l study by Gordon 
232 

and Koob has suggested t h a t acac has C 2 y symmetry m 
the gas phase and in d e e d t h i s was s u p p o r t e d by e l e c t r o n 

231 
d i f f r a c t i o n d e t e r m i n a t i o n s by Lowrey et al, who f u r t h e r 

suggested t h a t the OHO arrangement was l i n e a r i n n a t u r e . 

W h i l s t e l e c t r o n d i f f r a c t i o n i s r e l a t i v e l y i n s e n s i t i v e t o 

th e p o s i t i o n o f l i g h t n u c l e i such as hydrogen, s u p p o r t f o r 

the s y m m e t r i c a l l y hydrogen bonded e n o l forms i s e v i d e n t i n 

the s e m i - e m p i r i c a l s t u d i e s o f the MA system by C a t a l a n 

et a . . 2 3 3 

2 30 
I n c o n t r a s t , Roos and co-workers extended the CND0/2 

235 
c a l c u l a t i o n s o f S c h u s t e r , a l l o w i n g f u l l g e o m e t r i c a l 

o p t i m i s a t i o n o f t h e MA system and o b t a i n e d q u a l i t a t i v e l y 

s i m i l a r r e s u l t s , which showed s t a b i l i s a t i o n o f the Cq tautomer 

by ^2 Kcal mol \ A f u r t h e r s e r i e s o f c a l c u l a t i o n s a t an 

ab -initio l e v e l were i n agreement w i t h l a t e r n o n - e m p i r i c a l 
233 

s t u d i e s performed by C a t a l a n and co-workers, which have 

suggested t h a t f o r t h e e n o l f o r m o f MA t h e r e i s a double 

p o t e n t i a l w e l l , the computed b a r r i e r h e i g h t w i t h r e s p e c t t o 

th e C^v form b e i n g ^11 Kcal mol 1 . The l a t t e r study a l s o 

concluded t h a t s i n g l e p o t e n t i a l minima ( v i z . a s y m m e t r i c a l l y 

hydrogen bonded system) t e n d t o be a r t e f a c t s o f s e m i - e m p i r i c a l 

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

t o d a t e agree t h a t i n the p a r t i c u l a r case o f malonaldehyde, 

the i n t r a m o l e c u l a r hydrogen bond i s u n s y m m e t r i c a l (Cg symmetry) 
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Comparable computations have not been r e p o r t e d f o r 

acac i t s e l f , however i t i s i n t e r e s t i n g t o note t h a t from 
2 

a c o n s i d e r a t i o n o f t h e H s p i n - l a t t i c e r e l a x a t i o n t i m e s , 
d e t e r m i n e d f o r t h e e n o l form o f acac and i t s p e r d e u t e r a t e d 

234 
analogue, m d e t a i l e d n.m.r. s t u d i e s , the d e u t e r i u m 

quadrupole c o u p l i n g c o n s t a n t s , are c a l c u l a t e d t o be i n t h e 

r e g i o n 150-210 kHz. Since those o f s i n g l e minimum t y p e are 

n o t e d t o be o f ^5 kHz as compared t o a range o f ^100-200 kHz 

f o r q u adrupole c o u p l i n g c o n s t a n t s c o r r e s p o n d i n g t o hydrogen 

bonds o f t h e double minimum t y p e , then t h e acac s t r u c t u r e 

i n t h e s o l u t i o n phase i s unambiguously assigned as b e i n g 

o f C symmetry. 

O 

W i t h t h i s background t h e r e f o r e c o n s i d e r a t i o n w i l l be 

made, f i r s t l y o f t h e computed ground s t a t e e n e r g i e s f o r t h e 

k e t o and e n o l systems f o r which ab initio computations have 

been c a r r i e d o u t . D i s c u s s i o n w i l l t h e n be made o f t h e C, 
I s 

and 0^ s h o l e s t a t e s p e c t r a and a comparison made w i t h the 

e x p e r i m e n t a l d a t a . S i n c e , as o u t l i n e d above, n o n - e m p i r i c a l 

methods have e s t a b l i s h e d the s t r u c t u r e o f MA as b e i n g o f 

Cg symmetry, i t i s o f i n t e r e s t t o compare t h e r e s u l t s f o r 

hole s t a t e c a l c u l a t i o n s on the above system w i t h those f o r 

acac . 

4.3.1 Ground S t a t e Energies 

The t o t a l e n e r g i e s and c o n f i g u r a t i o n s f o r the 

acac models s t u d i e d i n t h i s work are shown i n F i g u r e 4.1. 
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F i g u r e 4.1 T o t a l e n e r g i e s and c o n f i g u r a t i o n s f o r t h e 
acac models s t u d i e d 

The u n s y m m e t r i c a l (Cg) i n t e r n a l l y hydrogen-bonded 

system i s c a l c u l a t e d t o be 4.4 K c a l mol 1 more s t a b l e t h a n 

the k e t o form. Two models which have p r e v i o u s l y been p r o ­

posed i n the l i t e r a t u r e f o r s y m m e t r i c a l l y ( 0 2 v ^ h y d r o S e n ~ 

bonded systems have a l s o been s t u d i e d and from t h i s i t would 

appear t h a t t h e n o n - l i n e a r hydrogen-bonded system ( e n o l 3) 

i s g r e a t l y p r e f e r r e d i n e q u i l i b r a t i o n between the unsymmet­

r i c a l s t r u c t u r e s ( e n o l 1 ) , t o the l i n e a r system ( e n o l 4) 

proposed on t h e b a s i s o f e l e c t r o n d i f f r a c t i o n s t u d i e s . 
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T h i s i s c o n s i s t e n t w i t h t h e ab initio t h e o r e t i c a l i n v e s t ­

i g a t i o n s o f t h e s i m p l e r MA system. 

The i n t e r n a l hydrogen bond i s u n u s u a l l y s t r o n g and 

i n k e e p i n g w i t h t h i s , r o t a t i o n about the C ( 2 ) - 0 ( l ) bond 

t o d i s p l a c e the hydrogen from t h e p l a n a r 6-membered r i n g 

c o n f i g u r a t i o n by 30° leads t o an energy i n c r e a s e o f 18.6 

Kcal mol 1 . The r e l e v a n c e o f t h i s d i s t o r t i o n t o the d i s ­

c u s s i o n o f t h e core h o l e s t a t e s p e c t r a w i l l become apparent 

i n a l a t e r s e c t i o n . A 10° d i s t o r t i o n from p l a n a r i t y 

however i n v o l v e s ^2.5 Kcal mol ^ i n c r e a s e i n energy. Com­

p l e t e r o t a t i o n about t he C ( 2 ) - 0 ( l ) bond removes t h e hydrogen 

bond c o n t r i b u t i o n t o t h e t o t a l energy and s i n c e t he hydrogen 

and m e t h y l s u b s t i t u e n t at C(2) are then i n c l o s e p r o x i m i t y , 

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

t o t he p l a n a r i n t e r n a l l y hydrogen-bonded system i s i n c r e a s e d 

t o ^35Kcal mol 1 . 

4.3.2 Core Hole S t a t e S p e c t r a 

Previous e x p e r i m e n t a l i n v e s t i g a t i o n s ^ " ^ Q f 

c o r e h o l e s t a t e s , have c o n c e n t r a t e d on t h e CL core l e v e l s 
' I s 

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

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

would l e a d t o an unambiguous assignment o f s t r u c t u r e . There 

appears t o have been no p r e v i o u s i n v e s t i g a t i o n o f the C^g 

core l e v e l s p e c t r a , and i n o r d e r t o p r e s e n t a c o n s i s t e n t 

p i c t u r e , t h e gas phase s p e c t r a f o r acac have been measured, 

and these are d i s p l a y e d i n F i g u r e 4.2. 
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300 298 296 294 292 290 288 546 544 542 540 538 538 
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F i g u r e 4.2 C-̂  and gas-phase c o r e - l e v e l s p e c t r a 
f o r a c e t y l a c e t o n e 

The 0 l e v e l s are q u a l i t a t i v e l y s i m i l a r i n shape t o 

those p r e v i o u s l y r e p o r t e d by Brown and co-workers f o r bo t h 
22 8 22 7 

acac and MA, however s i n c e t h e FWHM i s s u b s t a n t i a l l y 

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

becomes app a r e n t . Line shape a n a l y s i s o f the main u n r e s o l v e d 

peak p r o v i d e s two components o f r e l a t i v e i n t e n s i t y 1.1:1 

w i t h an energy s e p a r a t i o n o f 1.3eV; the FWHM f o r the com­

ponents b e i n g i d e n t i c a l (1.4eV). The 0 l e v e l s a l s o show 

evidence f o r s a t e l l i t e s t r u c t u r e t o t h e low k i n e t i c energy 
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s i d e o f the main p h o t o i o n i s a t i o n peak, as r e p o r t e d p r e ­

v i o u s l y . 

A n a l y s i s o f the 0-̂ s l e v e l s o f the t r o p o l o n e system 

and i t s m e t h y l d e r i v a t i v e i n t o two peaks i n ^3:2 r a t i o , 

as p r e v i o u s l y o u t l i n e d , has demonstrated i t s e x i s t e n c e as 

a Cg, u n s y m m e t r i c a l e n o l form and a l s o t h a t a p r e f e r e n t i a l 

shake-up process occurs from i o n i s a t i o n o f the l o w e r b i n d i n g 

energy, c a r b o n y l oxygen, which d e t r a c t s from t h e i n t e n s i t y 

o f i t s a ssigned peak. C l e a r l y , where t h e lower i n t e n s i t y 

peak f o r acac i s t h a t a t lower b i n d i n g energy, then t h i s i s 

i n agreement w i t h t h e above a n a l y s i s . For MA however, 

w h i l s t the main p h o t o i o n i s a t i o n peak i s r e s o l v e d i n t o two 

components o f unequal i n t e n s i t y , (0.96:1.0) t h a t a t lower 

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

and these values are i n c o n s i s t e n t w i t h t h e e x t e n t o f s a t ­

e l l i t e s t r u c t u r e a l s o e v i d e n t . Since the 0, s p e c t r a f o r 
I s 

t h e MA and acac systems are q u a l i t a t i v e l y s i m i l a r t h e n i t 

i s c o n c e i v a b l e t h a t the former may be r e — a n a l y s e d i n a 

manner s i m i l a r t o t h a t o f the l a t t e r and a p r e l i m i n a r y 

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

i s p o s s i b l e . The l i n e shape s u b j e c t e d t o a computer 

d e c o n v o l u t i o n by Brown has t h e r e f o r e been r e - g e n e r a t e d 

from a c o n s i d e r a t i o n of the r e p o r t e d FWHM, r e l a t i v e i n t e n ­

s i t i e s and s h i f t s i n b i n d i n g energy f o r i t s components 

( F i g u r e 4.3). 

The s o l i t a r y n a t u r e o f the s a t e l l i t e component suggests 

t h a t the FWHM proposed by Brown (1.6eV) i s a reasonable v a l u e 

and t h i s e s t i m a t e w i l l be used f o r a l l t h r e e components i n 
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F i g u r e 4.3 The 0-, core l e v e l spectrum f o r MA 

the r e - d e c o n v o l u t i o n , the reason f o r t h i s w i l l become 

apparent i n a l a t e r s e c t i o n . The main p h o t o i o n i s a t i o n 

peak i s r e s o l v e d i n t o two components ( s h i f t 1.6eV) w i t h 

i n t e n s i t y r a t i o 1.0:0.87, t h a t c o r r e s p o n d i n g t o the car-

bony 1 oxygen, a t lower b i n d i n g energy b e i n g t h e lower i n 

i n t e n s i t y . An i n t e n s i t y o f 0.13 f o r t h e s a t e l l i t e s t r u c t ­

ure r e l a t i v e t o the more i n t e n s e component i s now c o n s i s t e n t 

w i t h t h e d e t r a c t i o n o f i n t e n s i t y from the lower b i n d i n g 

energy peak, and t h i s w i l l be f u r t h e r d i s c u s s e d i n a l a t e r 

s e c t i o n . 
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The C l e v e l s f o r t h e acac system c o n s i s t o f two 

major components and l i n e shape a n a l y s i s shows t h a t t h e r e 

are f o u r i n d i v i d u a l components o f r e l a t i v e i n t e n s i t y 

1:1:2,3:1; t h e FWHM f o r each component b e i n g 1.3eV. There 

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

energy s i d e and once a g a i n , t h i s w i l l be di s c u s s e d i n a 

subsequent s e c t i o n . I t s h o u l d be noted however t h a t even 

i n t h e absence o f any d e t a i l e d t h e o r e t i c a l t r e a t m e n t , the 

d a t a are o n l y c o m p a t i b l e w i t h an e n o l s t r u c t u r e ( c . f . the 

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

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

i n a g i v e n s t r u c t u r e - Chapter T h r e e ) . 

4.3-3 Core Hole S t a t e Energies 

D i s c u s s i o n i n the l i t e r a t u r e has l a r g e l y c e n t r e d 
2 2 7 2 2 8 on t h e d i s t i n c t i v e n a t u r e o f th e 0, l e v e l s , ' however I s 

p r e v i o u s assignments have r e s t e d e i t h e r i n comparison w i t h 

Koopmans' Theorem f o r t h e MA system, 5 or on r e s u l t s o f 
. . . 229 . . . 

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 which do not e x p l i c i t l y con­

s i d e r changes i n r e l a x a t i o n e n e r g i e s . The e x p e r i m e n t a l data 

p r e s e n t e d i n t h i s Chapter f o r the 0- ŝ l e v e l s o f acac are 

s l i g h t l y d i f f e r e n t t h a n those p r e v i o u s l y documented i n the 

l i t e r a t u r e b o t h i n terms o f the r e l a t i v e i n t e n s i t i e s o f the 

two major components, t h e i r FWHM and t h e i r s e p a r a t i o n . 

The t o t a l e n e r g i e s computed f o r t h e C and core 

hole s t a t e s o f enol forms 1-3 and o f the k e t o form are g i v e n 

i n Table 4.1, w h i l s t Table 4.2 l i s t s the a b s o l u t e b i n d i n g 

and r e l a x a t i o n e n e r g i e s . 
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As n o t e d e a r l i e r , ASCF computations a t the STO - 4.31G 

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

a b s o l u t e r e l a x a t i o n e n e r g i e s are somewhat u n d e r e s t i m a t e d , and 

i n o r d e r t o c o r r e c t f o r t h i s , b i n d i n g e n e r g i e s have been 

r e f e r e n c e d t o CH„ ( f o r Cn l e v e l s ) and t o CH,OH (0, l e v e l s ) 
4 I s 3 I s 

b o t h a t t h e vacuum l e v e l . ^ ' 

C o n s i d e r i n g f i r s t l y t h e 0^ s l e v e l s , i t i s c l e a r t h a t the 

e x p e r i m e n t a l d a t a are o n l y c o m p a t i b l e w i t h a C q e n o l form. 

For e n o l 1, t h e c a l c u l a t i o n s unambiguously a s s i g n t h e h i g h e r 

b i n d i n g energy ( s l i g h t l y more i n t e n s e ) component t o the e n o l 

oxygen 0 ( 1 ) , 0 ( 2 ) b e i n g a t s i g n i f i c a n t l y lower b i n d i n g energy 

(energy s e p a r a t i o n 0.9 eV). This i s i n agreement w i t h t h e 

assignment based on the 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 r e p o r t e d 
229 

by Maksic and co-workers. The s y m m e t r i c a l e n o l form 
( e n o l 4) i s p r e d i c t e d t o have an 0 b i n d i n g energy which i s 

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

t h a t i f the 0, l e v e l s d i d not have a d o u b l e t s t r u c t u r e , t h e n I s ' 
i t might w e l l have been d i f f i c u l t , on t h e b a s i s o f the 0., 

I s 
l e v e l s a l o n e , t o decide between a l t e r n a t i v e k e t o and e n o l 

forms o f symmetry. 

The r e s u l t s o f e q u i v a l e n t c a l c u l a t i o n s on the and 

C 2 y conformers o f MA which r e l a t e t o enols 1 and 3 o f t h e 

acac system are a l s o compared w i t h t h e r e v i s e d e x p e r i m e n t a l 
227 

d a t a o f Brown and co-workers. (Table 4.3) 

C l e a r l y , t h e e x p e r i m e n t a l d a t a (once again o n l y t h e 0^ g 

l e v e l s have been r e p o r t e d ) c o n f i r m t h e assignment o f p r e v i o u s 

t h e o r e t i c a l s t u d i e s i n t h a t they are o n l y c o m p a t i b l e w i t h an 
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Table 4 . 3 

ASCF core b i n d i n g e n e r g i e s , r e l a x a t i o n e n e r g i e s and computed 
s h i f t s (eV) f o r t h e C g and C 2 conformers o f Malonaldehyde 

S h i f t s 
Core Hole 

—2v Expt. —2v Expt 

0 ( 1 ) * 5 3 9 . 6 ( 1 7 . 2 ) 538 . 3 ( 1 8 . 0 ) 5 3 9 - 7 0 . 7 - 0 . 6 0 . 8 

0 ( 2 ) * 5 3 7 - 8 ( 1 8 . 2 ) 538 • 3 ( 1 8 . 0 ) 5 3 8 . 1 - 1 . 1 - 0 . 6 - 0 . 8 

C ( 2 ) * 2 9 3 . 1 ( 1 2 . 0 ) 293 . 6 ( 1 1 . 7 ) - 2 . 3 2 . 8 -
C ( 3 ) * 2 9 0 . 3 ( 1 1 . 9 ) 2 9 0 . 2 ( 1 1 . 8 ) - - 0 . 5 - 0 . 6 -

C ( 4 ) * 2 9 3 . 8 ( 1 1 . 2) 293 . 6 ( 1 1 . 7 ) - 3 . 0 2 . 8 — 

0 l s r e f e r e n c e d t o Me OH Expt. 5 3 8 . 9 

C, r e f e r e n c e d t o Methane Expt. 2 9 0 . 8 

u n s y m m e t r i c a l , C^, e n o l form. As i n t h e case o f acac, the 

computations a s s i g n t h e h i g h e r b i n d i n g energy component t o 

th e e n o l oxygen 0 ( 1 ) , 0 ( 2 ) b e i n g a t lower b i n d i n g energy 

w i t h an energy s e p a r a t i o n o f 1.8 eV. The assignment i s 
229 

a g a i n c o n s i s t e n t w i t h t h a t o f Maksic and co-workers, and 

the s h i f t i n b i n d i n g energy between the two l i n e p r o f i l e s i s 

i n good agreement w i t h experiment (1.6 eV). I n terms o f 

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

ment w i t h e x p e r i m e n t , e s p e c i a l l y f o r 0 ( 1 ) , however the s l i g h t 

d e v i a t i o n i n energy s h i f t between t h e two 0 l e v e l s appears 

t o accrue from an u n d e r e s t i m a t i o n o f the a b s o l u t e b i n d i n g 

energy f o r 0 ( 2 ) i n the Cg form. By c o n t r a s t , i n the acac 

system, ( e n o l 1) f o r 0 ( 2 ) o f t h e c o r r e s p o n d i n g C form, t h e 
O 

a b s o l u t e b i n d i n g energy i s i n e x c e l l e n t agreement w i t h t h e 

e x p e r i m e n t a l d a t a ; however, t h e s h i f t i s s l i g h t l y s m a l l e r 

(0.9 eV) t h a n t h a t observed e x p e r i m e n t a l l y (1.3 eV). 
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To i n v e s t i g a t e how t h i s might be i n f l u e n c e d by the p l a n a r i t y 

o f t h e r i n g system, ASCF computations were c a r r i e d out on 

th e system w i t h 3 0 ° displacement o f the 0 ( 1)-H bond as i l l ­

u s t r a t e d i n F i g u r e ( 4 . 4 ) . 

CH3-OH C H ^ 

c«o 

I I 
\ \ 
I I 

o " H 0 

C H O / C ^ C / C N C H , 

AE° j&6Kcals mole"1 

II 

^ I I II 

c«o 0-0 

II II 
CH3 £ » 

i i 
Experimental 

540 538 536 294 292 290 

Cis 

F i g u r e 4 . 4 An i l l u s t r a t i o n o f the s h i f t s i n BE as a 
f u n c t i o n o f p l a n a r i t y 

For comparison, d a t a f o r t h e b i n d i n g e n e r g i e s o f systems 

r e l a t i n g t o each f u n c t i o n a l i t y are a l s o i n c l u d e d , from 

F i g u r e 3 . 4 . 
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I n t h e non - p l a n a r system, t he 0^ g s h i f t i n c r e a s e s 

s u b s t a n t i a l l y t o 1.9 eV and t h i s a r i s e s from a s h i f t o f 

0( 1 ) t o h i g h e r b i n d i n g energy, o f 0.6 eV and a s h i f t t o 

lower b i n d i n g energy o f 0(2 ) o f 0.-4 eV compared w i t h the 

p l a n a r u n s y m m e t r i c a l s t r u c t u r e ( e n o l 1 ) . The f a c t t h a t 

t he s h i f t s b r a c k e t the e x p e r i m e n t a l l y determined d a t a b o t h 

i n an a b s o l u t e and r e l a t i v e sense i s i n t e r e s t i n g and suggests 

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

q u a l i t a t i v e l y account f o r t h e observed d a t a . This i s n o t 

i n c o n c e i v a b l e s i n c e from a p r e v i o u s c o m p u t a t i o n i t was n o t e d 

t h a t a 10° d e v i a t i o n f r o m p l a n a r i t y g i v e s r i s e t o a s m a l l 

energy i n c r e a s e and i t c o u l d w e l l be the case, t h a t t h e energy 

minimum l i e s i n t h e r e g i o n between 0 and 10° from p l a n a r i t y . 

Since c o r r e l a t i o n energy e f f e c t s ( c . f . S e c t i o n 1.5.1) are 

l i k e l y t o be i m p o r t a n t i n d e t e r m i n i n g such s m a l l energy 

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

made as t o the l i k e l y energy minimum, however the E.S.C.A. 

data would suggest t h a t t h e system may not be p l a n a r , a l t h o u g h 

d e v i a t i o n s from p l a n a r i t y must be s m a l l . 

The C^s core l e v e l d ata are d i s t i n c t i v e l y d i f f e r e n t f o r 

the k e t o and e n o l forms and t h i s i s best i l l u s t r a t e d i n 

F i g u r e 4.5, the s t r i k i n g f e a t u r e b e i n g t h e very low b i n d i n g 

energy f o r t h e v i n y l i c C(3) carbon which as p o p u l a t i o n analyses 

show, c a r r i e s s i g n i f i c a n t n e g a t i v e charge ( F i g u r e 4.6). 

The s y m m e t r i c a l e n o l system shows some d i f f e r e n c e s w i t h 

r e s p e c t t o the u n s y m m e t r i c a l e n o l forms, p a r t i c u l a r l y f o r 

C(2) ( C ( 4 ) ) and t h i s i s c o n f i r m e d i n the MA d a t a . The C 

l e v e l s are r e l a t i v e l y i n s e n s i t i v e t o t h e displacement of the 
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F i g u r e 4 . 6 Charge d i s t r i b u t i o n s f o r the models s t u d i e d 
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0(1)-H bond from the p l a n e o f the r i n g . Thus t h e computed 

a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s f o r enols 1 and 2 

are v i r t u a l l y t h e same. 

The comparison w i t h the e x p e r i m e n t a l data ( a t t h i s 

t i m e o n l y a v a i l a b l e f o r acac) i s s t r i k i n g , the agreement 

b e i n g w i t h i n - 0 . 3 eV. A g e n e r a l comparison o f the core 

l e v e l d a ta f o r enols 1 and 3 w i t h those o f the MA system, 

shows a l o w e r i n g i n b i n d i n g energy i n each i n s t a n c e , con­

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

a hydrogen atom by a m e t h y l group, as o u t l i n e d i n the p r e ­

v i o u s c h a p t e r . This i s p a r t i c u l a r l y e v i d e n t i n the a d j a c e n t 

e n o l and c a r b o n y l , carbons which are s h i f t e d t o h i g h e r b i n d i n g 

energy by 0.5 eV i n b o t h t h e Cg and C^v forms o f MA. Since 

t h e s h i f t s i n b i n d i n g energy compare r e a d i l y w i t h those observed 

f o r the acac system and these are i n t u r n , i n good agreement 

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

f o r MA w i l l be a good r e p r e s e n t a t i o n o f t h e e x p e r i m e n t a l data 

a l s o . 

The r e s u l t s f o r the C l e v e l s t h e r e f o r e complement 

those f o r the 0^ s l e v e l s and b o t h l e a d unambiguously t o the 

assignment o f u n s y m m e t r i c a l , i n t e r n a l l y hydrogen-bonded, e n o l 

forms f o r acac and MA, t h e 0 n d a t a f o r t h e former f u r t h e r 
I s 

s u g g e s t i n g a s m a l l d e v i a t i o n from p l a n a r i t y . I t i s i n t e r e s t ­

i n g t o compare the r e s u l t s o f t h e a S C F computations w i t h 

assignments based on a charge p o t e n t i a l model as d e s c r i b e d 
2 2 6 

by Maksic and co-workers. The t o t a l span i n b i n d i n g 

e n e r g i e s from the ASCF c a l c u l a t i o n s are 3-8 eV f o r acac 

( e n o l 1 ) , i n e x c e l l e n t agreement w i t h the e x p e r i m e n t a l d a t a 
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( 3 . 5 eV), and 3 . 5 eV f o r t he C g form o f MA. By c o n t r a s t , 

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

spreads i n b i n d i n g e n e r g i e s ( 2 . 3 eV and 2 . 0 eV r e s p e c t ­

i v e l y ) by some 50%. 

The 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 based on MIND0/3 

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

l e v e l s f o r e n o l 1 o f the acac system. Thus t h e m e t h y l carbons 

are p r e d i c t e d t o have v i r t u a l l y the same b i n d i n g energy as 

C ( 3 ) and t h i s i s i n c o m p a t i b l e w i t h b o t h t h e ab initio ASCF 

t r e a t m e n t and w i t h t h e e x p e r i m e n t a l d a t a . The l a t t e r r e v e a l s 

a d i s t i n c t i v e asymmetry t o the low b i n d i n g energy s i d e o f 

the main component o f the C l e v e l s a r i s i n g from C ( 3 ) and 
1 s 

t h e m e t h y l carbons r e s p e c t i v e l y , ( e x p e r i m e n t a l s h i f t - 1 . 2 eV, 

ASCF - 1 . 1 eV and s e m i - e m p i r i c a l 0.0 eV). P a r t a t l e a s t o f 

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

e n e r g i e s . For e n o l 1 and the Ĉ  form o f MA f o r example, 

t h e v a r i o u s C l e v e l s span a d i f f e r e n c e o f 0.6 eV and 0 . 8 eV 

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

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

q u a n t i t a t i v e comparison w i t h t h e e x p e r i m e n t a l d a t a , as p r e ­

v i o u s l y suggested. 

4 . 3 . 4 R e l a t i v e Energies o f Tautomers as a 
F u n c t i o n o f Hole S t a t e 

I n view o f the examples a t t h e b e g i n n i n g o f t h i s 

c h a p t e r (N^ and CO), i t i s c l e a r t h a t the s u b s t a n t i a l r e ­

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

core i o n i s a t i o n s s u b s t a n t i a l l y modify p o t e n t i a l energy s u r f a c e s . 
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To r e i t e r a t e an e a r l i e r d i s c u s s i o n , i n t h e p a r t i c u l a r case 

of s i m p l e hydrogen bonded systems, hydrogen bond e n e r g i e s 

can be s u b s t a n t i a l l y d i f f e r e n t i n t h e ground and core h o l e 

s t a t e m a n i f o l d s consequent upon t h e change i n e l e c t r o n demand 

brought about by c r e a t i o n of a core h o l e . I t i s t h e r e f o r e 

o f i n t e r e s t t o i n v e s t i g a t e the r e l a t i v e e n e r g i e s f o r un-

s y m m e t r i c a l and s y m m e t r i c a l hydrogen bonded e n o l forms f o r 

MA and acac, t o g e t h e r w i t h t h e k e t o form o f t h e l a t t e r as a 

f u n c t i o n o f the l o c a t i o n o f t h e core h o l e . The r e l e v a n t 

data are c o l l e c t e d i n Table 4 . 4 (MA) and Table 4.5 ( a c a c ) . 

Table 4 . 4 

R e l a t i v e e n e r g i e s (K c a l mol 1 ) f o r the Cg and C 2 v e n o l 
forms o f malonaldehyde as a f u n c t i o n o f core h o l e l o c a t i o n 

Species 

Hole 

S t a t e s 

X H 

GS ( 0 ) 3 . 5 

0 ( 1 ) ( 0 ) - 2 7 - 3 

0 ( 2 ) ( 0 ) 14 . 2 

C ( 2 ) ( 0 ) 1 6 . 0 

C ( 3 ) ( 0 ) 2 . 9 

C(4) ( 0 ) - 0 . 1 

For t h e ground s t a t e , t h e C g tautomer i s t h e more s t a b l e 

f o r MA a t t h i s l e v e l , w h i l s t f o r acac t h e e n e r g i e s are i n 

the o r d e r e n o l 1< k e t o ^ e n o l 3< e n o l 2 ( e n o l 2 w i t h t h e 

01-H bond t w i s t e d 3 0 ° w i t h r e s p e c t t o t h e p l a n e ) . 
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Table 4 . 5 

R e l a t i v e e n e r g i e s (K c a l mol "*") o f the u n s y m m e t r i c a l and 
s y m m e t r i c a l hydrogen-bonded e n o l forms and the k e t o form 
o f acety 1-acetone as a f u n c t i o n o f core h o l e l o c a t i o n 

0 0 
VH 

0 °^ /° 
\H- ' 

0 

SPECIES RELATIVE ENERGIES ( K c a l 

GS ( 0 ) 1 8 . 6 4 . 5 4.4 

0 1 ( 0 ) 31. 1 -13 . 9 -4.7 
02 ( 0 ) 9 . 6 7.4 1 6 . 6 

CI 
Hole 

C2 
S t a t e s 

C3 

( 0 ) 

( 0 ) 

( 0 ) 

1 9 . 

1 6 . 

1 9 . 

8 

9 

9 

6 . 1 

14. 4 

11.1 

2 . 6 

2 3 . 5 

42 . 0 

C4 ( 0 ) 13. 4 - 2 . 1 7 . 0 

C5 ( 0 ) 1 5 . 5 8 . 2 4 . 6 

0 

-1. 

C o n s i d e r i n g f i r s t l y the r e l a t i v e e n e r g i e s o f the e n o l 1 and 

k e t o f o r m s , c r e a t i o n o f a C core h o l e a t C ( l ) , C(4) and 

C(5) l e a d t o very l i t t l e change i n t h e r e l a t i v e e n e r g i e s 

w h i l s t c r e a t i o n o f a core h o l e a t 0 ( 1 ) s t a b i l i s e s and at 

0 ( 2 ) , C(2) and C ( 3 ) d e s t a b i l i s e s t h e k e t o f o r m w i t h r e s p e c t 

t o t h e e n o l 1. This emphasises the f a c t t h a t i t i s not only 

the hydrogen bond component which c o n t r i b u t e s t o t h e energy 

d i f f e r e n c e between t h e e n o l 1 and k e t o forms. Thus from 
225 . 

sxmple model systems i t i s known t h a t c r e a t i o n o f a core 

h o l e on the atom t o which t h e hydrogen i n v o l v e d i n hydrogen 

bonding i s a t t a c h e d leads t o an i n c r e a s e i n hydrogen bond 
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energy w h i l s t c r e a t i o n o f a core h o l e on t h e atom p r o v i d i n g 

t h e lone p a i r f o r t h e hydrogen bond leads t o a s u b s t a n t i a l 

decrease i n bond energy. N a i v e l y t h e r e f o r e i t might be 

a n t i c i p a t e d t h a t c r e a t i o n o f a core h o l e on 0 ( 1 ) would l e a d 

t o an i n c r e a s e d hydrogen bond energy and hence g r e a t e r energy 

s t a b i l i s a t i o n o f t h e e n o l 1 compared w i t h the k e t o t a u t o m e r , 

the r e v e r s e b e i n g expected i n the case o f c r e a t i o n o f a core 

h o l e a t 0 ( 2 ) . I f o t h e r f a c t o r s were e q u a l , t h i s i s j u s t 

t h e e f f e c t which would be produced. 

H / 
AE18-6 Kcalsmote"1 

CH CH 

* / 1S 
0 0 hole states 

A E 311 Kcalsmole 

CH CH3 CH CH 

Hs H * / 
0 0 

1 A E 9-6 Kcalsmole 

CH CH CH CH 

F i g u r e 4.7 Comparison o f t h e r e l a t i v e e n e r g i e s of e n o l 1 
and e n o l 2 as f u n c t i o n o f CL h o l e s t a t e s 
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Thus comparison o f t h e r e l a t i v e e n e r g i e s o f e n o l 1 

and e n o l 2 ( F i g u r e 4.7) shows t h a t c r e a t i o n o f a core h o l e 

on 0 ( 1 ) s t a b i l i s e s t h e p l a n a r hydrogen bonded system by 

•̂ 12 K c a l mol ^ compared w i t h t h e ground s t a t e , w h i l s t f o r 

the 0 ( 2 ) core i o n i s e d system a d e s t a b i l i s a t i o n o f ^9 K c a l 

mol 1 i s computed. For comparison, d a t a f o r the changes 

i n hydrogen-bond e n e r g i e s f o r core i o n i s a t i o n i n the water 
2 26 

dimer are a l s o i n c l u d e d i n F i g u r e 4.8. 

Changes in H bond energies (Kcal mole-1) 

0 N 0 (f " 0 0 0 

(0) 12-5 " 9-0 

N 0 - H - 0 C V - H - O ' 0 - H - 0 . 

(0) 31-8 -207 

F i g u r e 4.8 Changes i n H-bond e n e r g i e s as a f u n c t i o n 
o f h o l e s t a t e (K c a l rnol-1) 
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The d i f f e r e n t bonding s i t u a t i o n i n t h e k e t o form 

compared w i t h t h e e n o l , and i t s response t o core i o n i s -

a t i o n cannot t h e r e f o r e be s t r a i g h t f o r w a r d l y i n f e r r e d from 

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

hydrogen bonding. C r e a t i o n o f a core h o l e on 0 ( 1 ) and t o 

some e x t e n t C(4) leads t o s t a b i l i s a t i o n o f t h e s y m m e t r i c a l 

hydrogen bonded systems w i t h r e s p e c t t o t h e u n s y m m e t r i c a l 

e n o l 1 and t h e c o r r e s p o n d i n g C tautomer o f MA, w h i l s t f o r 

t h e 0 ( 2 ) h o l e s t a t e s and those o f C ( l ) and C(5) i n acac, 

t h e r e i s l i t t l e change w i t h r e s p e c t t o the g r o u n d - s t a t e energy 

d i f f e r e n c e s ( F i g u r e 4.9). 

28 

0<D Xto 

C<2) L 
24 

\ ) 20 
3) 

16 

X « CH 12 

X = H 8 

C O an C<4) 0(1) 0(2) C(2) 

8 

12 

16 

F i g u r e 4.9 Comparison o f t h e r e l a t i v e e n e r g i e s (K c a l mol ) 
o f e n o l 1 and e n o l 3, and t h e C g and C 2 v forms o f 
acac and MA as a f u n c t i o n o f core h o l e l o c a t i o n . 
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C r e a t i o n o f core h o l e s a t C(2) and C(3) however, leads 

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

bonded system f o r acac but t h i s i s o n l y seen i n the case o f 

C(2) i n MA, w i t h l i t t l e change f o r C ( 3 ) . 

The l i n e shape a n a l y s i s o f the e x p e r i m e n t a l envelope 

f o r t h e 0-, l e v e l s r e c o r d e d i n t h i s work may be ade q u a t e l y 

d e s c r i b e d i n terms o f two dominant components o f t h e same 

FWHM. D i f f e r e n c e s i n l i n e - w i d t h can c o n c e i v a b l y a r i s e f r o m 

two main e f f e c t s (assuming t h a t s p e c t r a are r e c o r d e d a t 

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

i s u n i m p o r t a n t ) namely, d i f f e r e n c e s i n l i f e t i m e f o r the core 

h o l e s t a t e s , ( S e c t i o n 2.5.2), and secondly from v i b r a t i o n a l 

e f f e c t s ( S e c t i o n 2.6.2). 

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

h o l e s t a t e as a f u n c t i o n o f e l e c t r o n i c environment has o n l y 
237 

r e c e i v e d q u a l i t a t i v e d i s c u s s i o n m some s i m p l e systems 

s i n c e i n g e n e r a l t h e r e have been no d e t a i l e d t h e o r e t i c a l 

i n v e s t i g a t i o n s o f Auger t r a n s i t i o n r a t e s w h i c h dominate l i f e ­

t i m e e f f e c t s f o r molecules c o n t a i n i n g f i r s t row atoms. 

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 the t o t a l e l e c t r o n 

p o p u l a t i o n on 0 ( 1 ) i s very s i m i l a r t o t h a t on 0(2 ) ( F i g u r e 

4.6) and the computed r e l a x a t i o n e n e r g i e s are a l s o almost 

t h e same. This would t e n d t o suggest t h a t major d i f f e r ­

ences i n l i f e t i m e would be u n l i k e l y . The 0.3 eV d i f f e r e n c e 
228 

i n FWHM proposed by Brown and co-workers i f a t t r i b u t e d 

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

d i f f e r e n c e i n l i f e t i m e f o r t he two ho l e s t a t e s w e l l i n excess 

o f an o r d e r o f magnitude, as i s apparent from a c o n s i d e r a t i o n 
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o f t h e U n c e r t a i n t y P r i n c i p l e ( S e c t i o n 2.5.2). The o t h e r 

f a c t o r which c o u l d a l s o t e n d towards d i f f e r e n t i a l b r o a d e n i n g 

(w h i c h however would be asymmetric) would be v i b r a t i o n a l 

e f f e c t s . The r e l a t i v e changes i n energy f o r the v a r i o u s 

acac t a u t o m e r s , i n d i c a t e d i n Table 4.5, suggest t h a t i t i s 

o n l y i n t h e case o f the 0(1) core h o l e s t a t e t h a t any s i g n i ­

f i c a n t v i b r a t i o n a l e f f e c t s might be o f i m p o r t a n c e , s i n c e i t 

i s o n l y f o r t h i s core i o n i s e d s t a t e t h a t the s y m m e t r i c a l l y 

hydrogen-bonded s t r u c t u r e i s e n e r g e t i c a l l y p r e f e r r e d . I t 

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

e x c i t a t i o n o f t h e OH s t r e t c h i n g modes. 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 l i k e l y s t r e t c h i n g f r e q u e n c i e s f o r t h e s y m m e t r i c a l 

hydrogen bonded s p e c i e s , but a r e a s o n a b l e e s t i m a t e would 

suggest v i b r a t i o n a l components s e p a r a t e d s u c c e s s i v e l y by 

^0.4 eV. 

I n an e x t e n s i v e study o f the o v e r a l l band p r o f i l e s f o r 

a s e r i e s o f i s o e l e c t r o n i c , s a t u r a t e d , and u n s a t u r a t e d , p o l y -
p -z D 

atomic systems, i t was n o t e d t h a t i n g o i n g from methane 

t o ethane t h e r e would be a s u b s t a n t i a l r e d u c t i o n i n the com­

p o s i t e l i n e w i d t h f o r the l e v e l s s i n c e the changes i n 

b o t h e q u i l i b r i u m geometries and f o r c e c o n s t a n t s are much 

s m a l l e r . Computations o f t h e Franck Condon f a c t o r s ( S e c t i o n 

2.6.2) suggested t h a t >90% o f t h e s i g n a l i n t e n s i t y i n the 

00 t r a n s i t i o n f o r ethane compared w i t h ^62% i n t h e case o f 

methane. I t i s c l e a r t h e r e f o r e t h a t a p r o b a b i l i t y f o r v i b ­

r a t i o n a l e x c i t a t i o n i n the r e g i o n o f ^40% from t r a n s i t i o n s 

above the fundamental are r e q u i r e d t o d r a s t i c a l l y a l t e r t h e 

FWHM. For methanol, e s t i m a t e s o f the Franck Condon f a c t o r s 
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f o r t h e C-0 and OH s t r e t c h i n g v i b r a t i o n s accompanying 0 

core i o n i s a t i o n , suggested ^5^ and 98% o f t h e i n t e n s i t y 

c o n s t i t u t e d 0-0 t r a n s i t i o n s . A l t h o u g h t h e c a l c u l a t i o n s 

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

s t r e t c h i n g mode, a vas t r e d u c t i o n i n f o r c e c o n s t a n t was 

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

components (^0.1 eV) ensured t h a t the FWHM f o r the 0 l e v e l s 

remained s m a l l . From these r e s u l t s , i t seems u n l i k e l y t h a t 

t he FWHM f o r t h e 0^ s l e v e l s o f acac would be d r a s t i c a l l y 

a l t e r e d by v i b r a t i o n a l e x c i t a t i o n . 

4.3-5 Shake-Up S p e c t r a 

The e x p e r i m e n t a l data p r e v i o u s l y r e p o r t e d f o r 
2 2 7 228 

t h e 0^ l e v e l s o f bot h systems ' and t h e d a t a r e p o r t e d 

here f o r b o t h t h e 0 and l e v e l s o f a c e t y l a c e t o n e , r e v e a l 

low i n t e n s i t y s a t e l l i t e s t o t h e h i g h b i n d i n g energy s i d e o f 

the main p h o t o i o n i s a t i o n peaks. A l t h o u g h i n the p a r t i c u l a r 
case o f th e 0 n l e v e l s the i n i t i a l assignments o f s a t e l l i t e I s to 

s t r u c t u r e as a r i s i n g from a low c o n c e n t r a t i o n o f k e t o form 

have s u b s e q u e n t l y been r e v i s e d i n f a v o u r o f an i n t e r p r e t a t i o n 

based on shake-up s t r u c t u r e accompanying c o r e - i o n i s a t i o n o f 

th e 0, l e v e l s o f the e n o l f o r m , no at t e m p t has p r e v i o u s l y 1 s 
been made t o i n v e s t i g a t e t h i s t h e o r e t i c a l l y . Before c o n s i d ­

e r i n g the shake-up s t r u c t u r e i n d e t a i l i t i s w o r t h n o t i n g t h a t 

t h e ASCF computations r e p o r t e d here r u l e out any i n t e r p r e t a t i o n 

o f t h e s a t e l l i t e s t r u c t u r e i n terms o f t h e k e t o f o r m , s i n c e 
the 0, b i n d i n g energy i s computed t o be somewhat lower than _l_s 
f o r the e n o l oxygen i n t h e u n s y m m e t r i c a l e n o l form. 
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For the e n o l forms (1-4) o f acac and t h e C 0 and C_ 
S 2 v 

forms o f MA, t h e HOMOS and LUMOS may be d e s c r i b e d approx­

i m a t e l y i n terms o f t h e c o r r e s p o n d i n g o r b i t a l s f o r a 6u 

p e n t a d i e n y l system. From the d e t a i l e d d i s c u s s i o n s o f 

Chapter Si x r e l a t i n g t o p r e v i o u s e x p e r i m e n t a l and t h e o r ­

e t i c a l s t u d i e s , i t i s apparent t h a t low energy s a t e l l i t e s 
o f a p p r e c i a b l e i n t e n s i t y a r i s e from HOMO-LUMO shake-up t r a n -
. . 239-242 

s i t i o n s , and evidence has p r e v i o u s l y been p r e s e n t e d 

( S e c t i o n 2.2.3) t h a t the e n e r g i e s and i n t e n s i t i e s o f such 

s a t e l l i t e s may be s e m i - q u a n t i t a t i v e l y d e s c r i b e d w i t h i n t h e 

sudden a p p r o x i m a t i o n . Energies and i n t e n s i t i e s f o r t h e 

HUMO-LUMO t r a n s i t i o n s f o r the v a r i o u s model systems have 

t h e r e f o r e been computed, from t h e r e l e v a n t ground and core 

hole s t a t e e i g e n v e c t o r s and ei g e n v a l u e s f o r b o t h t h e 0^ g and 

C l s l e v e l s , and th e d a t a are p r e s e n t e d i n Table 4.6 ( a c e t y l -

acetone) and Table 4.7 (mal o n a l d e h y d e ) . 
C o n s i d e r i n g f i r s t l y the 0 l e v e l s o f a c e t y l a c e t o n e , 

1 s 
where as th e s t r a i g h t f o r w a r d T T - M T * t r a n s i t i o n f o r the k e t o 

f o r m i s c a l c u l a t e d t o have zero i n t e n s i t y , f o r t h e e n o l forms 

s a t e l l i t e s o f a p p r o x i m a t e l y t h e same t r a n s i t i o n energy (^5 eV) 

are computed f o r b o t h 0 ( 1 ) and 0 ( 2 ) . I n th e MA systems, 

t h e t r a n s i t i o n e n e r g i e s f o r 0 ( 1 ) and 0( 2 ) d i f f e r s l i g h t l y 

i n t h e Cg form (5-5 eV and 4.3 eV r e s p e c t i v e l y ) w h i l s t those 

f o r the C 2 v form are e q u a l , c o r r e s p o n d i n g t o t h a t f o r 0 ( 2 ) 

p r e v i o u s l y mentioned (4.4 eV). For the u n s y m m e t r i c a l e n o l 

forms o f bot h systems, the s a t e l l i t e s are computed t o be o f 

unequal i n t e n s i t y , t h a t d e r i v i n g from t h e l o w e r b i n d i n g energy, 

keto-oxygen b e i n g t h e more i n t e n s e . 
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Table 4.7 

Computed e n e r g i e s (eV) and i n t e n s i t i e s (2) f o r shake-up 
HOMO-LUMO t r a n s i t i o n s f o r t h e malonaldehyde systems 

Hole S t a t e C„ C„ Expt. 

0 ( 1 ) * 2. 958(5. 5 eV) 6. 6^(4. 4 eV) see t e x t 

0 ( 2 ) * 11. 7* ( 4 . 3 eV) 6. 6#(4. 4 eV) 12 

C ( 2 ) * 4. 52(4. 1 eV) 5. 52(3. 3 eV) -

C ( 3 ) * 1. 52(5. 6 eV) 0. 0 -

C ( 4 ) * 2. 62(3. 7 eV) 5. 52(3. 3 eV) -

F o r t u i t o u s l y , t h e r e l a t i v e i n t e n s i t i e s f o r t h e two 

d i r e c t p h o t o i o n i s a t i o n peaks based on these crude e s t i m a t e s 

o f i n t e n s i t y f o r b o t h systems, would be 1.07:1 f o r acac and 

1.1:1 f o r MA, i n s u r p r i s i n g l y good agreement w i t h experiment 

( 1 . 1 : 1 ) , and the r e v i s e d e s t i m a t e s o f Brown's data ( 1 . 1 : 1 ) . 

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

l o w e r b i n d i n g energy components o f 4.7 eV (acac) and 4.4 eV 

(MA) a l s o compare s u r p r i s i n g l y w e l l w i t h those c a l c u l a t e d 

t h e o r e t i c a l l y (5-0 eV and 4.3 eV r e s p e c t i v e l y ) and the a b s o l u t e 

measured i n t e n s i t i e s , o f ^12 2 and ^132 are a l s o i n t o l e r a b l e 

agreement w i t h the t h e o r e t i c a l e s t i m a t e s o f 92 and 12% r e s ­

p e c t i v e l y . U n f o r t u n a t e l y the s p e c t r a i n t h i s work and c l e a r l y 
22 7 

t h a t due t o Brown a l s o , are not o f s u f f i c i e n t l y h i g h s i g n a l / 

n o i s e r a t i o t o d e t e c t the s a t e l l i t e s f o r 0 ( 1 ) i n b o t h systems, 

however t h e d a t a f o r acac are not i n c o n s i s t e n t w i t h a t r a n ­

s i t i o n energy o f 5.7 eV and an i n t e n s i t y o f 1/30 o f t h a t o f 

t h e main p h o t o i o n i s a t i o n peak. I t would t h e r e f o r e appear 

t h a t t h e acac data i s c o n s i s t e n t w i t h t h a t f o r MA and t h a t the 

c a l c u l a t i o n s c o n f i r m t h e assignment o f t h e h i g h b i n d i n g energy 
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s a t e l l i t e s as o r i g i n a t i n g f r o m HOMO-LUMO, Tr+Tr* shake-up 

s a t e l l i t e s from the u n s y m m e t r i c a l e n o l forms. 

The C-̂ s s p e c t r a (acac) a l s o show evidence f o r a r e l a t ­

i v e l y broad u n r e s o l v e d shake-up r e g i o n and t h e computations 

suggest t r a n s i t i o n s from t h e carbons i n v o l v e d i n t h e 

system i n o r d e r o f i n t e n s i t y C ( 2 ) > C ( 4 ) = C ( 3 ) , t h e t r a n s i t i o n 

e n e r g i e s b e i n g i n t h e o r d e r C ( 3 ) > C ( 2 ) = C ( 4 ) , and t h i s i s 

c o n f i r m e d i n t h e MA c o m p u t a t i o n s . Since C(3) ( i n acac) i s 

no t a t very low b i n d i n g energy, the p r e d i c t e d shake-up 

s a t e l l i t e s s h o u l d a l l f a l l w i t h i n a r e l a t i v e l y narrow energy 

r e g i o n c e n t r e d ^5 eV t o t h e h i g h b i n d i n g energy s i d e o f t h e 

main component o f t h e l e v e l s ( C ( l ) , C ( 5 ) ) . The t o t a l 

c a l c u l a t e d i n t e n s i t y o f ^3% f o r t h i s s a t e l l i t e (as a p e r ­

centage o f t h e t o t a l C^g envelope) would t h e n seem t o be 

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

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

an E.S.C.A. e x p e r i m e n t , a f t e r t h e a b s o l u t e b i n d i n g e n e r g i e s 

and, r e l a t i v e i n t e n s i t i e s and i n t e r n a l s h i f t s o f the observed 

peaks, t h e shake-up s a t e l l i t e s may be reg a r d e d as secondary 

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

ments, these s a t e l l i t e s are as d i s t i n c t i v e i n n a t u r e as are 

the p r i m a r y sources. I n a subsequent c h a p t e r examples are 

g i v e n w h i c h emphasise the importance o f such s t r u c t u r e . 
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CHAPTER FIVE 

A THEORETICAL CONSIDERATION OF CORE-
IONISATION IN CARBOCATIONS 

ASCF computations have been performed on a range o f 

geometries f o r b o t h t he c y c l o p e n t y l and 2 - b u t y l c a t i o n s . 

A l t h o u g h the a c t u a l E.S.C.A. spectrum has not been pub­

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

l e v e l s p e c t r a c a l c u l a t e d a t t h e STO-4.31G l e v e l i n d i c a t e 

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

w i t h a c l a s s i c a l s t r u c t u r e . The manner i n which such 

s h i f t s i n b i n d i n g energy are w e l l d e s c r i b e d at t h i s non-

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

i c a l o r n o n - c l a s s i c a l c o n f i g u r a t i o n has prompted a s t r u c t ­

u r a l d e t e r m i n a t i o n f o r the 2 - b u t y l c a t i o n . The enhancement 

o f weak i n t e r a c t i o n s on g o i n g t o the core h o l e s t a t e m a n i f o l d 

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

between t h e g i v e n i s o m e r s , s i n c e t h e computed E.S.C.A. s p e c t r a 

are found t o be so d i s t i n c t i v e . 

5.1 I n t r o d u c t i o n 

Ab initio m o l e c u l a r o r b i t a l t h e o r y has p l a y e d an 

i m p r e s s i v e r o l e i n t h e d i s c u s s i o n o f the s t r u c t u r e and 
. . . . . 243-246 s t a b i l i t y o f r e a c t i v e c h e m i c a l i n t e r m e d i a t e s . Since 

such species do n o t i n g e n e r a l e x h i b i t a s u f f i c i e n t l y l o n g 

l i f e t i m e as t o be amenable t o d i r e c t s p e c t r o s c o p i c observ­

a t i o n and c h a r a c t e r i s a t i o n , i t has been by the use o f t h e o r ­

e t i c a l r a t h e r than e x p e r i m e n t a l means t h a t an i n s i g h t i n t o 

the p r o p e r t i e s o f these systems has been gained. T h e o r e t i c a l 
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s t u d i e s o f t h i s t y p e r e f e r t o t h e gas phase and the c a l ­

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

p r o p e r t i e s o f the i s o l a t e d i o n . C a u t i o n must t h e r e f o r e 

be e x e r c i s e d i n making comparisons w i t h e x p e r i m e n t a l data 

i n s o l u t i o n , where the r e s u l t s may depend s t r o n g l y on i n t e r -
247 

a c t i o n s w i t h s o l v e n t m o l e c u l e s . 

I t i s e v i d e n t from t h e comprehensive volumes e d i t e d 
248 

by Olah and S c h l e y e r t h a t the carbonium i o n s occupy a 

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

m e diates. I n o r d e r t o account p r o p e r l y f o r t h e i r p r o p e r t i e s , 
249 , Olah proposed two c l a s s e s o f c a r b o c a t i o n ( t h e most g e n e r a l 

name f o r a l l c a t i o n i c carbon compounds, c . f . c a r b a n i o n s f o r 

the n e g a t i v e i o n s ) : 

( i ) carbenium i o n s , which are t r i v a l e n t ( " c l a s s i c a l " ) 

i o n s w i t h an e l e c t r o n - d e f i c i e n t c e n t r a l carbon 

atom; 

( i i ) carbonium i o n s , which are p e n t a - ( o r t e t r a - ) co­

o r d i n a t e d ( " n o n - c l a s s i c a l " ) i o n s . 

The t o p i c o f n o n - c l a s s i c a l c a r b o c a t i o n s has aroused 
u • v. „ 250 _ 251 much c o n t r o v e r s y ; w i t h r e v i e w s by Kramer, Brown and 
2S2 . . Olah g i v i n g good accounts o f the d i f f e r e n t v i e w p o i n t s ; 

253 

and a more r e c e n t t e x t by Brown a t t e m p t i n g t o g i v e a 

c r i t i c a l e x a m i n a t i o n o f t h i s whole area. 

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

v a r i o u s l e v e l s o f s o p h i s t i c a t i o n agree i n t h a t t h e energy 

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

a t i o n s f o r such sp e c i e s are s m a l l . A s i m p l e example o f 

t h i s genre i s s t u d i e s r e l a t i n g t o t h e c l a s s i c a l and non-
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c l a s s i c a l ( h y d r o g e n - b r i d g e d ) e t h y l c a t i o n . K o h l e r and L i s c h k a ' 

a t a n o n - e m p i r i c a l SCF l e v e l have shown the c l a s s i c a l species 

t o be ^2 K c a l mol 1 the more s t a b l e , i n agreement w i t h 
256 

e a r l i e r c a l c u l a t i o n s by C l a r k and L i l l e y . However, w i t h 

the i n c l u s i o n o f e s t i m a t e s o f t h e c o r r e l a t i o n energy f o r b o t h 

s p e c i e s , the n o n - c l a s s i c a l s t r u c t u r e i s f a v o u r e d by %3 K c a l 

mol 1 . I t would t h e r e f o r e seem reasonable t o focus a t t e n t i o n 

on p r o p e r t i e s o f t h e systems which would p r o v i d e a d i r e c t 

means o f d i s t i n g u i s h i n g between t h e i r c l a s s i c a l or non-

c l a s s i c a l n a t u r e . For those amenable t o e x p e r i m e n t a l i n v e s t ­

i g a t i o n t h e o n l y t e c h n i q u e which would a priori appear capable 

o f e f f e c t i n g such a d i s t i n c t i o n i s E.S.C.A., f o r wh i c h t h e 

t i m e - s c a l e p r e c l u d e s any a m b i g u i t i e s a r i s i n g from r a p i d l y 

e q u i l i b r a t i n g s t r u c t u r e s . I n d e e d , i t was r e a l i s e d a t an 

e a r l y s tage t h a t t h e core b i n d i n g energy s h i f t s would be 

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

c a t i o n s . Thus Olah and co-workers have a p p l i e d the t e c h n i q u e 
254 

t o the s t u d y of the t e r t - b u t y l , c y c l o p e n t y l - and 2-nor-

b o r n y l - c a t i o n s . 

The manner i n wh i c h valence e l e c t r o n i c r e o r g a n i s a t i o n 

accompanying core i o n i s a t i o n , can s u b s t a n t i a l l y m odify the 

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

has been o u t l i n e d i n the p r e v i o u s c h a p t e r w i t h r e f e r e n c e t o 

t h e d i c a r b o n y l systems. Consequently t h e enhancement o f 

weak i n t e r a c t i o n s such as hydrogen bonding, i l l u s t r a t e s t h e 

s i g n i f i c a n c e o f core i o n i s a t i o n as s u f f i c i e n t l y s t r o n g a 

p e r t u r b a t i o n , t o p r o v i d e a m o n i t o r of o v e r a l l 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 . R e t u r n i n g t o t h e d i s c u s s i o n c o n c e r n i n g t h e 

n a t u r e o f the e t h y l c a t i o n , a t t h e STO-4.31G l e v e l a c l a s s i c a l 



g r o u n d - s t a t e i s f a v o u r e d by ^7 K c a l mol . However, 

th e e f f e c t o f core i o n i s a t i o n i s d r a m a t i c ; a c o r e - h o l e on 

th e c a r b o n b e a r i n g the p o s i t i v e charge i n th e c l a s s i c a l 

s p e c i e s , f a v o u r s a n o n - c l a s s i c a l c a t i o n by ^42 K c a l mol ̂ ; 

w h i l s t c r e a t i o n o f a core h o l e on the a l t e r n a t i v e carbon 

f a v o u r s t h e c l a s s i c a l c a t i o n by ^60 K c a l mol 1 . As w i l l 

become a p p a r e n t , i n a l a t e r s e c t i o n , analyses o f t h i s type 

have proven u s e f u l i n the c a t e g o r i s a t i o n o f t h e s t r u c t u r e s 
257 

o f such systems as t h e 1 - p r o p y l and 2 - n o r b o r n y l c a t i o n s . 

The m a n i f e s t a t i o n o f the r e s u l t s f o r these systems has been 

t h a t t h e i r core h o l e s t a t e s p e c t r a were found t o be h i g h l y 

c h a r a c t e r i s t i c f o r the i s o m e r i c s p e c i e s , and d i f f e r e d q u i t e 

s i g n i f i c a n t l y f o r systems which on an a b s o l u t e energy s c a l e 

were c l o s e l y s i m i l a r . 

I n view o f the r e p o r t e d E.S.C.A. da t a and the d i s t ­

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

c h a p t e r i t w i l l be shown how s h i f t s i n b i n d i n g energy com­

p u t e d a t a n o n - e m p i r i c a l l e v e l , are w e l l d e s c r i b e d i n the 

case o f t h e c y c l o p e n t y l c a t i o n , and th e manner i n which such 

c a l c u l a t i o n s show t h a t E.S.C.A. data may be d e c i s i v e i n t h e 

debate c o n c e r n i n g the s t r u c t u r e o f t h e 2 - b u t y l c a t i o n . 

5•2 A No n - E m p i r i c a l I n v e s t i g a t i o n o f t h e Ground and Core 
Hole S t a t e s o f th e C y c l o p e n t y l C a t i o n 

Over the p a s t decade, much of t h e work concerned w i t h 

the c l a s s i c a l or n o n - c l a s s i c a l n a t u r e o f c a r b o c a t i o n s has 

c e n t r e d upon t h e 2 - n o r b o r n y l system. F o l l o w i n g e a r l i e r 
258 

n.m.r. s t u d i e s , t h e n e c e s s i t y t o n e g l e c t p o s s i b l e i n t r a -
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and i n t e r m o l e c u l a r i n t e r a c t i o n s ( e .g. Wagner-Meerwein r e ­

arrangements, h y d r i d e s h i f t s , p r o t o n exchange, e t c . ) prompted 

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

the i o n i s a t i o n processes i n E.S.C.A. I n these s t u d i e s , com­

p a r i s o n s o f the degrees o f charge l o c a l i s a t i o n were made w i t h 

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

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

c a t i o n , t h e r e p o r t e d c o r e - l e v e l spectrum c o n s i s t s o f a 

d o u b l e t s t r u c t u r e ( i n t e n s i t y r a t i o 1:3) w i t h C b i n d i n g 
-L S 

energy s h i f t o f 3-9 - 0.2 eV, t h e E.S.C.A. spectrum f o r 

c y c l o p e n t y l c a t i o n has n o t been p u b l i s h e d but i s s t a t e d t o 

c o n s i s t o f two peaks ( i n t e n s i t y r a t i o 1:4) w i t h a s e p a r a t i o n 

o f 4.3 - 0.5 eV. For these two systems, such s e p a r a t i o n s 

are seen as b e i n g c h a r a c t e r i s t i c o f c a t i o n i c s p e c i e s w i t h 

charge l o c a l i s a t i o n . However, f o r t h e 2 - n o r b o r n y l system, 

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

s p e c t r a , due t o extraneous hydrocarbon c o n t a m i n a t i o n from 

t h e s p e c t r o m e t e r , have confused t h e i s s u e and- t he a v a i l a b l e 

d a t a have been i n t e r p r e t e d as s u p p o r t i n g b o t h p o s s i b i l i t i e s . 

259 

Dewar et al, u s i n g the s e m i - e m p i r i c a l MIND0/3 method 

have s t u d i e d the above systems w i t h i n the e q u i v a l e n t cores 

a p p r o x i m a t i o n o f J o l l y , o u t l i n e d i n Chapter Two. Co n t r a r y 

t o t h e i n t e r p r e t a t i o n o f the E.S.C.A. d a t a , by Olah and co­

wo r k e r s , these r e s u l t s i n d i c a t e d t h a t a l l t h r e e s p e c i e s were 

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

agreement was e s t a b l i s h e d between the s i m u l a t e d C^g core l e v e l 

spectrum f o r t e r t i a r y b u t y l c a t i o n and experiment (peak 

s e p a r a t i o n 3-4 eV) t h a t f o r c y c l o p e n t y l c a t i o n has f a i l e d 

c o m p l e t e l y , (peak s e p a r a t i o n 1.8 - 0.1 eV) w i t h r e g a r d t o the 
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E.S.C.A. d a t a ( c . f . 4.3 - 0.5 eV) and was i n s e n s i t i v e t o 
2 6 0 

the s p e c t r a l r e s o l u t i o n used. N o n - e m p i r i c a l computations 

have s i n c e c o n f i r m e d t h e n o n - c l a s s i c a l n a t u r e o f the 2-

n o r b o r n y l system and f o r t h e t e r t i a r y b u t y l c a t i o n have 

shown t h a t a t t h e STO-4.31G l e v e l , e x c e l l e n t agreement w i t h 

t h e e x p e r i m e n t a l core b i n d i n g energy s h i f t s may be o b t a i n e d . 

A b s t r a c t i n g t h e s h i f t d a t a from t h e st u d y o f t h e 2-

n o r b o r n y l c a t i o n a l l o w s the core h o l e s t a t e s p e c t r a f o r t h e 

c l a s s i c a l and n o n - c l a s s i c a l s p e c i e s t o be s y n t h e s i s e d , i f 

components o f an a p p r o p r i a t e l i n e - s h a p e ( g a u s s i a n ) and l i n e -

w i d t h are used. T a k i n g t h e component FWHM t o be 1.8 eV, 

these are compared w i t h t h e spectrum r e p o r t e d by Olah and 

co-workers ( F i g u r e 5.1). 

From F i g u r e 5-1, i n t e r p r e t a t i o n o f the e x p e r i m e n t a l data 

i n terms o f the c l a s s i c a l i o n i s c l e a r l y u n l i k e l y . However, 

t o date no comparable n o n - e m p i r i c a l i n v e s t i g a t i o n s have been 

made c o n c e r n i n g t h e c y c l o p e n t y l c a t i o n . Such an i n v e s t i g a t i o n 

i s c l e a r l y w a r r a n t e d on a t l e a s t two co u n t s : 

( i ) i n view o f t h e d i f f i c u l t i e s and c o n t r o v e r s y i n 

o b t a i n i n g and i n t e r p r e t i n g t h e E.S.C.A. spectrum 

f o r the 2 - n o r b o r n y l c a t i o n , i t i s u n f o r t u n a t e t h a t -

th e a c t u a l C core l e v e l spectrum f o r c y c l o p e n t y l 
_LS 

c a t i o n has not been p u b l i s h e d ; 

( i i ) w h i l s t reasonable agreement w i t h e x p e r i m e n t i s 

i n f e r r e d from 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 r e l a t i n g 

t o t h e t e r t i a r y b u t y l system, a p a r a l l e l s t udy o f 

t h e c y c l o p e n t y l c a t i o n u s i n g t he MINDO/3 method 

f a i l s t o agree w i t h t h e i n t e r p r e t a t i o n o f t h e E.S.C.A. 

spectrum i n terms o f the s h i f t between C-,,;, core l e v e l s . 
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A l s o i n a r e c e n t s t u d y by Sc h l e y e r et al i t was n o t e d 

t h a t a t b o t h s e m i - e m p i r i c a l and ab initio l e v e l s a non-

c l a s s i c a l , p y r a m i d a l s t r u c t u r e was found t o be a l o c a l energy 

minimum on the p o t e n t i a l energy s u r f a c e f o r c y c l o p e n t y l c a t i o n . 

W i t h t h i s background, t h e p r e s e n t study w i l l l a r g e l y be con­

cerned w i t h a comparison o f t h e ground and c o r e - h o l e s t a t e s o f 

the c l a s s i c a l and n o n - c l a s s i c a l s p e c i e s , and t h e p r e v i o u s l y 

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

5.2.1 C o m p u t a t i o n a l D e t a i l s 

272 
A s e r i e s o f c a l c u l a t i o n s c o n c e r n i n g t h e m e t h y l 

and e t h y l c a t i o n s , at b o t h t he S l a t e r Double Zeta and STO-4.31G 

l e v e l s have on comparison, shown t h a t the tendency f o r t h e 

l a t t e r b a s i s s e t t o o v e r - e s t i m a t e a b s o l u t e b i n d i n g energy (as 

a r e s u l t o f an u n d e r e s t i m a t i o n o f t h e magnitude o f t h e r e l a x ­

a t i o n energy) i s a l s o apparent when a p p l i e d t o s t u d i e s o f t h e 

c a r b o c a t i o n s . However, t h e r e s u l t s show t h a t shifts i n 

b i n d i n g energy and i n r e l a x a t i o n energy are w e l l - r e p r o d u c e d 

a t t h e STO-4.31G l e v e l . 

N o n - e m p i r i c a l LCAO MO SCP c a l c u l a t i o n s have 

t h e r e f o r e been performed f o r the r e p r e s e n t a t i v e , c l a s s i c a l 

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

b a s i s s e t . The c l a s s i c a l s t r u c t u r e was t h a t p r e d i c t e d u s i n g 

the m u l t i v a r i a t i o n a l , geometry o p t i m i s a t i o n r o u t i n e c o n t a i n e d 
214 

m the MNDO program and t h a t f o r t he n o n - c l a s s i c a l i o n 
was r e f e r e n c e d f r o m t h e r e c e n t study by S c h l e y e r and co-

2 6 l 
w o r k e r s . The 'best-atom' exponents t a k e n f r o m t h e study 



194 

by C l e m e n t i and Rairaondi were a g a i n used i n the e v a l u a t i o n 

o f the one- and t w o - e l e c t r o n i n t e g r a l s , e m p l oying the ATMOL 3 

s u i t e o f programs. B i n d i n g e n e r g i e s were c a l c u l a t e d 

d i r e c t l y as energy d i f f e r e n c e s ( c . f . S e c t i o n 2.6.2) w i t h 

d i f f e r e n c e s between Koopmans' Theorem and t h e ASCF b i n d i n g 

energy values p r o v i d i n g e s t i m a t e s o f the r e l a x a t i o n e n e r g i e s 

accompanying core i o n i s a t i o n . 

5.2.2 R e s u l t s and D i s c u s s i o n 

(a) Ground S t a t e s 

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

c a l c u l a t e d a t the STO-4.31G l e v e l are d i s p l a y e d i n F i g u r e 5-2. 

C L A S S I C A L N O N - C L A S S I C A L 

\ / 
C~~—~"C 

-|93-3777au ~I93-33I6«SU 

F i g u r e 5-2 T o t a l Energies ( H a r t r e e s ) f o r t h e C l a s s i c a l and 
N o n - C l a s s i c a l C y c l o p e n t y l C a t i o n C o n f i g u r a t i o n s 
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The c l a s s i c a l c y c l o p e n t y l c a t i o n s t r u c t u r e , o p t i m i s e d 

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

p l a n a r carbon r i n g , and i s c a l c u l a t e d t o be 45.4 K c a l mol ^ 

more s t a b l e t h a n t h e n o n - c l a s s i c a l c o n f i g u r a t i o n at t h e semi-

e m p i r i c a l l e v e l . T h i s v a l u e i s i n p e r f e c t agreement w i t h 
2 6 l 

t h a t o b t a i n e d by S c h l e y e r and co-workers a t an ab initio 

t h e o r e t i c a l l e v e l u s i n g t h e ST0-3G b a s i s s e t . The p r e s e n t 

study suggests t h a t t h e f i g u r e i s o v e r e s t i m a t e d by some 50%, 

s i n c e a t t h i s l e v e l t h e c l a s s i c a l i o n i s c a l c u l a t e d t o be 

t h e more s t a b l e by o n l y 28.9 K c a l mol ^. I t i s n o t i n c o n ­

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

o f p o l a r i s a t i o n f u n c t i o n s and c o r r e l a t i o n energy c o r r e c t i o n s 

may f u r t h e r reduce t h i s v a l u e , b u t i t i s h i g h l y u n l i k e l y t h a t 

t h i s l o w e r i n g i n energy would be so s i g n i f i c a n t as t o re n d e r 

the n o n - c l a s s i c a l c o n f i g u r a t i o n the more s t a b l e on an a b s o l u t e 

s c a l e . 
(b ) Core Hole S t a t e s 

The r e s u l t s o u t l i n e d f o r t h e 2-norborny1-and t e r t i a r y 

b u t y l - c a t i o n s suggest t h a t t h e r e e x i s t s a good agreement 

between t h e o r y and experiment w i t h r e g a r d t o s h i f t s i n b i n d i n g 

e n e r g i e s and r e l a x a t i o n e n e r g i e s , c a l c u l a t e d a t the STO-4.31G 

l e v e l . The computed a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s , 

and r e l a x a t i o n e n e r g i e s f o r t h e c l a s s i c a l and n o n - c l a s s i c a l 

species are p r e s e n t e d i n Table ( 5 . 1 ) . For comparison, a l s o 

i n c l u d e d are s e m i - e m p i r i c a l d a t a c a l c u l a t e d u s i n g t h e e q u i v ­

a l e n t cores method. Since t h e mode o f sample p r e p a r a t i o n 

used f o r t h e E.S.C.A. i n v e s t i g a t i o n i n v o l v e s a f r o z e n s o l v e n t 

m a t r i x , t h e a b s o l u t e values have been c o r r e c t e d t o a b i n d i n g 
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energy s c a l e on which t h e h y d r o c a r b o n ( s o l i d phase) l i n e 

p r o f i l e i s assigned a va l u e o f 285 eV. 

C o n s i d e r i n g f i r s t l y t he n o n - e m p i r i c a l d a t a , i t i s 

c l e a r t h a t t h e computed s p e c t r a are d i s t i n c t i v e l y d i f f e r e n t 

f o r t h e c l a s s i c a l and n o n - c l a s s i c a l forms. Whereas f o r 

t h e c l a s s i c a l s p e c i e s , a C^g core l e v e l spectrum e x h i b i t i n g 

t h r e e peaks w i t h i n t e n s i t y r a t i o 1:2:2 i s p r e d i c t e d , i n t h e 

case o f the n o n - c l a s s i c a l c y c l o p e n t y l c a t i o n o n l y two peaks 

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

h i g h e r b i n d i n g energy: the i n t e n s i t y r a t i o f o r t h e l a t t e r 

two peaks b e i n g 4:1. 

S i g n i f i c a n t d i f f e r e n c e s i n core l e v e l b i n d i n g energy 

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

The span i n b i n d i n g energy s h i f t s f o r t h e c l a s s i c a l c a t i o n 

i s c a l c u l a t e d t o be 5-3 eV and i s g r e a t l y inexcess o f t h a t 

f o r the n o n - c l a s s i c a l species (0.4 eV) computed at t h e 

STO-4.31G l e v e l . Regarding the r e l a x a t i o n energy s h i f t s , 

f o r t h e c l a s s i c a l s p e c i e s t h e span i s compressed t o 0.6 eV, 

however a t r e n d w h i c h a s s o c i a t e s i n c r e a s i n g r e l a x a t i o n energy 

w i t h a l o w e r i n g i n b i n d i n g energy i s e v i d e n t . A value 

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

i s observed i n t h e case o f the a l t e r n a t i v e c a t i o n s t r u c t u r e 

i n d i c a t i n g t h a t changes i n b i n d i n g energy i n t h i s c o n f i g u r a t i o n 

may be as a r e s u l t o f t h e d i f f e r e n c e s i n r e l a x a t i o n e f f e c t s . 

220 . . 
I n the study by Olah and c o -workers, a b s o l u t e b i n d i n g 

energy values r e l a t i n g t o the u n p u b l i s h e d spectrum f o r t h e 

c y c l o p e n t y l c a t i o n are not r e p o r t e d . However, i t i s s t a t e d 

t h a t the C-, envelope i s a n a l y s e d i n terms o f two l i n e p r o f i l e s 
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w i t h a r e l a t i v e i n t e n s i t y r a t i o o f -1:4, and i n t e r n a l s h i f t 

o f 4.3 - 0.5 eV. A l t h o u g h t h e FWHM f o r t h e two peaks are 

not mentioned e x p l i c i t l y , i t i s n o t e d t h a t t h e more i n t e n s e 

l i n e p r o f i l e , a t lowe r b i n d i n g energy, i s by comparison 

s i g n i f i c a n t l y broadened. 

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

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

and n o n - c l a s s i c a l s p e c i e s , i t i s c l e a r f r o m t he o r d e r i n g and 

r e l a t i v e i n t e n s i t y r a t i o s o f the peaks, t h a t t h e a c t u a l C 
J. s 

core l e v e l spectrum cannot a r i s e f r o m t h e n o n - c l a s s i c a l con­

f i g u r a t i o n . Since i n t h e computed core l e v e l spectrum f o r 

t h e c l a s s i c a l c a t i o n s t r u c t u r e , t h e two l i n e s h a p e s which are 

e q u i v a l e n t i n i n t e n s i t y are s e p a r a t e d by as much as 1.4 eV, 

i t i s c o n c e i v a b l e t h a t i f t h i s p o r t i o n o f t h e spectrum was 

r e s o l v e d i n terms o f o n l y one peak t h e n t h i s would then 

account f o r t h e i n c r e a s e d l i n e w i d t h . From t h e d a t a i n 

Table (5.1) e s t i m a t i o n s may be made as t o t h e i n t e r n a l b i n d i n 

energy s h i f t between t h e c e n t r o i d o f t h e above l i n e s h a p e and 

t h a t a r i s i n g f rom core i o n i s a t i o n o f the carbon atom b e a r i n g 

t h e l o c a l i s e d charge d i s t r i b u t i o n (Table 5 - 2 ) . 

Table 5-2 

I n t e r n a l B.E. s h i f t s (e.V) f o r t h e c l a s s i c a l c y c l o -
p e n t y l cation" 

ASCF METHOD EQUIVALENT CORES 

STO-4.31G EXFT. MNDO MINDO/3 

C y c l o p e n t y l 4.6 4.3-0.5 3-0 1.8-0.1 
C a t i o n 
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I t i s c l e a r f r o m t h e d a t a i n Table (5.2) t h a t w i t h i n 

t h i s scheme, t h e r e e x i s t s a very good agreement between the 

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

t h e peak s e p a r a t i o n determined e x p e r i m e n t a l l y . I f compon­

ents o f a p p r o p r i a t e , g a u s s i a n l i n e - s h a p e (as d i s c u s s e d i n 

Chapter Two) and l i n e w i d t h , are taken t h e n i t i s p o s s i b l e 

t o s y n t h e s i s e the core h o l e s t a t e spectrum w h i c h s h o u l d , i n 

p r i n c i p l e , be a good r e p r e s e n t a t i o n of t h e u n p u b l i s h e d spectrum. 

S i m u l a t e d s p e c t r a are t h e r e f o r e i n c l u d e d r e p r e s e n t i n g the C 

core l e v e l i o n i s a t i o n s i n t h e c l a s s i c a l and n o n - c l a s s i c a l 

s p e c i e s ( F i g u r e 5.3)' 

That t h e broadening i n the more i n t e n s e l i n e s h a p e o f 

t h e a c t u a l spectrum occurs as a r e s u l t o f core i o n i s a t i o n o f 

i n e q u i v a l e n t c e n t r e s , as i n the manner d e s c r i b e d , i s e v i d e n t 

from two p o i n t s : 

( i ) i t i s u n l i k e l y t o be due t o v i b r a t i o n a l e x c i t a t i o n 

accompanying core i o n i s a t i o n , s i n c e such e x c i t a t i o n s 

are d i f f i c u l t t o d e t e c t even f o r s m a l l molecules 

s t u d i e d i n t h e gas phase and would most c e r t a i n l y 

remain u n d e t e c t e d f o r c a r b o c a t i o n s s t u d i e d i n t h e 
2 35 

condensed phase; 

( i i ) i f t h i s were due t o a d i f f e r e n c e i n l i f e t i m e s f o r 

t h e core h o l e s t a t e s , t h e n t h a t of the carbon b e a r i n g 

the l o c a l i s e d charge d i s t r i b u t i o n , would need t o 

be s i g n i f i c a n t l y l o n g e r . 

As p r e v i o u s l y n o t e d , Dewar et al have s t u d i e d t h e c y c l o -

p e n t y l , c l a s s i c a l , c a t i o n system u s i n g t h e MINDO/3 semi-

e m p i r i c a l method and t h e r e s u l t s are p r e s e n t e d i n Tables (5.1) 
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C l a s s i c a l and N o n - C l a s s i c a l C y c l o p e n t y l C a t i o n 



201 

and ( 5 . 2 ) . Since t h e c l a s s i c a l geometry f o r t h e p r e s e n t 

s t u d y was determined u s i n g a s e m i - e m p i r i c a l method (M NDO) 

the above r e s u l t s are compared w i t h an e q u i v a l e n t cores 

i n v e s t i g a t i o n a t t h i s l e v e l . From t h e d a t a p e r t a i n i n g t o 

th e STO-4.31G s t u d y , i t i s e v i d e n t t h a t t h e spans i n b i n d i n g 

energy f o r the MNDO (3-5 eV) and MINDO/3 (2.0eV) i n v e s t i g a t ­

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

e m p i r i c a l method shows some improvement. More i m p o r t a n t , 

w h i l s t c a l c u l a t i o n s a t t h i s l e v e l agree t h a t the C, spectrum 
to I s 

f o r t h e c l a s s i c a l s p e c i e s i s composed o f t h r e e components 

( i n t e n s i t y r a t i o 1:2:2) a r i s i n g from t h r e e i n e q u i v a l e n t core 

i o n i s a t i o n s , from Table ( 5 . 2 ) i t i s c l e a r t h a t on t h e b a s i s 

o f t h e p r e v i o u s assumption, t h e s h i f t d i f f e r e n c e between t he 

c e n t r o i d o f the lower b i n d i n g energy peaks and t h a t a t h i g h 

b i n d i n g energy i s i n a d e q u a t e l y expressed i n b o t h cases. 

Once a g a i n , improvement i s n o t e d i n t h e r e s u l t s o f the MNDO 

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

C l e a r l y , s i n c e i n the n o n - e m p i r i c a l study a good agree­

ment w i t h t h e E.S.C.A. d a t a i s observed u s i n g a c l a s s i c a l 

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

s i g n i f i c a n t t h a t t h e MNDO and MINDO/3 c a l c u l a t i o n s f a i l i n 

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

MINDO/3 study t o p r e d i c t the c o r r e c t s h i f t s i n b i n d i n g energy 

was n o t an a r t e f a c t o f an i n c o r r e c t geometry o p t i m i s a t i o n , 

but was more l i k e l y due t o t h e inadequacy o f the method f o r 

c a l c u l a t i n g heats o f r e a c t i o n f o r t h e isodesmic core-exchange 

processes i n v o l v e d i n the e q u i v a l e n t cores concept. 
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5.3 A N o n - E m p i r i c a l I n v e s t i g a t i o n o f t h e Ground and 
Core Hole S t a t e s o f the Secondary B u t y l C a t i o n 

The expedience o f E.S.C.A. as a te c h n i q u e f o r t h e 

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

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

th e c a r b o c a t i o n s , i s demonstrated i n t h e s t u d i e s o f t h e 

t e r t i a r y b u t y l , c y c l o p e n t y l , and 2 - n o r b o r n y l c a t i o n s o u t ­

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

a t i o n s o f t h e 2 - b u t y l c a t i o n have remained a c o n t i n u a t i o n 
2 62 

of t h e e a r l y N.M.R. s t u d i e s by Saunders and co-workers, 

and d e s p i t e i t s i n h e r e n t s i m p l i c i t y , t h e r e i s s t i l l no over­

a l l agreement as t o i t s s t r u c t u r e . 

2 63 

E a r l y a t t e m p t s by Olah et al, t o pre p a r e the 2 - b u t y l 

c a t i o n from 2 - f l u o r o b u t a n e , n-butane o r b u t a n o l - 2 , i n 'magic 

a c i d ' media (SbF^. - HSO^F) l e d d i r e c t l y t o t e r t i a r y b u t y l 

c a t i o n . However, Saunders et al, i n t h e study r e f e r r e d t o 

above, found t h a t i f 2 - b u t y l c h l o r i d e was s l o w l y added t o 

SbF^/SO^dF s o l u t i o n at -110°C and w i t h t h e a i d o f vacuum 
5 2 

l i n e t e c h n i q u e s , t h e n t h e 2 - b u t y l c a t i o n was ge n e r a t e d . 

T h i s was e v i d e n t i n the ^H N.M.R. spectrum and i t s temper­

a t u r e dependence. Thus, t h e spectrum r e c o r d e d a t -112°C 

c o n s i s t e d o f t h r e e peaks; t h e c e n t r a l b e i n g due t o t e r t i a r y 

b u t y l c a t i o n formed i n th e p r e p a r a t i o n and the two r e m a i n i n g 

peaks were as s i g n e d as a r i s i n g f r o m the 2 and 3, and 1 and 

4 p r o t o n s o f 2 - b u t y l c a t i o n , averaged by very r a p i d 3,2-

h y d r i d e s h i f t s . As the sample was warmed, the t e r t i a r y 

b u t y l c a t i o n peak remained unchanged, however those assigned 

as b e i n g due t o t h e 2 - b u t y l c a t i o n c o a l e s c e d and above 40°C 

r a p i d c o n v e r s i o n t o the former o c c u r r e d . 
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A second process which scrambles a l l o f the p r o t o n s i n 

the c a t i o n was d e t e c t e d from these o b s e r v a t i o n s o f l i n e broad-
2 6 4 

en i n g and coalescence a t temperatures from -112 C t o -40°C. 

L i n e shape a n a l y s i s o f t h e N.M.R. spectrum showed the a c t i v ­

a t i o n energy f o r t h i s process t o be low (7-5 - 0.1 K c a l mol 1 ) 

and a mechanism w h i c h had p r e v i o u s l y been suggested f o r t h e 

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

t h o u g h t t o be u n l i k e l y , s i n c e r e v e r s i b l e rearrangement t o 

the p r i m a r y i o n would be expected t o r e q u i r e about 9 a d d i t ­

i o n a l K c a l mol 1 . 

An a l t e r n a t i v e mechanism, a l s o suggested f o r the i s o ­

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

p r o t o n a t e d m e t h y I c y c l o p r o p a n e i n t e r m e d i a t e , which was o r i g i n ­

a l l y t h o u g h t t o be e i t h e r 'edge' o r ' c o r n e r ' p r o t o n a t e d , 

f o l l o w e d by p r o t o n s c r a m b l i n g rearrangement and r e o p e n i n g , 
264 

t o s e c - b u t y l c a t i o n . However, subsequent s t u d i e s on 

the i s o p r o p y l c a t i o n have shown the e d g e - p r o t o n a t e d c y c l o ­

propane t o be a t r a n s i t i o n s t a t e , a t l e a s t a few K c a l mol ^ 

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

i s s u p p o r t e d by the n o n - e m p i r i c a l c a l c u l a t i o n s o f Pople et 

al^^^ on the C,H„ + i o n . Only two p o t e n t i a l minima on t h e 

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

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

f orm o f t h e c o r n e r - p r o t o n a t e d c y c l o p r o p a n e , r e l a t e d t o n - p r o p y l 

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

when d e s c r i b e d as a ' p a r t i a l l y b r i d g e d ' or 'bent', n - p r o p y l 

c a t i o n . The e d g e - p r o t o n a t e d cyclopropane was c a l c u l a t e d t o 

be ^10 K c a l mol 1 h i g h e r i n energy than t h e c o r n e r p r o t o n a t e d 

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

t o be very u n s t a b l e . 
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I f these o b s e r v a t i o n s are apparent f o r t h e 2 - b u t y l 

c a t i o n a l s o , t h e n t h e most p r o b a b l e mechanism i n v o l v e s 

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

c y c l o p r o p a n e i n t e r m e d i a t e , f o l l o w e d by degenerate c o r n e r -

t o - c o r n e r p r o t o n rearrangement and r e o p e n i n g , i n a manner 

s i m i l a r t o t h a t d e s c r i b e d by Saunders et at. 

266 
More r e c e n t l y , Olah and co-workers have made an 

i n v e s t i g a t i o n o f t h e h i g h r e s o l u t i o n "̂ C N.M.R. s p e c t r a 

o f s o l u t i o n s o f the t o Cg a l k y l c a t i o n s i n SbF^/S0 2ClF, 

a low n u c l e o p h i l i c i t y s o l v e n t . The e f f e c t o f m e t h y l sub-

s t i t u e n t s was determined by comparing t he "̂ C N.M.R. s h i f t s 

o f r e l a t e d c a r b o c a t i o n s , and was found t o be c o n s t a n t . An 

att e m p t t o e s t i m a t e t h e "̂ C s h i f t s o f t h e degenerate and non-

degenerate e q u i l i b r a t i n g c a t i o n s , w h i l s t g i v i n g good agree­

ment f o r the t e r t i a r y - t e r t i a r y case on comparison w i t h exper­

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

u l a r case o f the 2 - b u t y l c a t i o n . Two methods were used t o 

e v a l u a t e e s t i m a t e s f o r t h e "̂ C s h i f t s o f t h e 2 - b u t y l c a t i o n 

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

a m e t h y l group $ from t h e carbenium c e n t r e i n the i s o p r o p y l 

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

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

the "̂ C s h i f t s f o r 2 - b u t y l c a t i o n . A s i m i l a r process i n ­

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

t o t h e carbenium c e n t r e i n the t e r t i a r y - a m y l c a t i o n produced 

e q u i v a l e n t r e s u l t s . A comparison o f the e x p e r i m e n t a l and 

c a l c u l a t e d values showed d e v i a t i o n s o f 9.2 and 19-8 p.p.m. 

pe r carbon f o r t h e methyls and t h e e q u i l i b r a t i n g c a r b o c a t i o n 

c e n t r e s r e s p e c t i v e l y . 
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The C spectrum r e p o r t e d by Olah and co-workers 

c o n s i s t s o f two q u a r t e t s and i t was not e d t h a t t h i s i s 

c e r t a i n l y i n c o n s i s t e n t w i t h t h a t expected from a s t a t i c 

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

c o u p l e d , would show a d o u b l e t o f d o u b l e t s and q u a r t e t 

f o r t h e h y d r o g e n - b r i d g e d carbons and m e t h y l carbons r e s ­

p e c t i v e l y . I t was suggested t h a t r a p i d exchange o f t h e 

t h r e e hydrogens a t t a c h e d t o t h e c e n t r a l carbons may e x p l a i n 

t h e s p e c t r a , however t h i s was d i s c o u n t e d on t h e b a s i s 

t h a t t h e r e i s no method a v a i l a b l e t o a c c u r a t e l y e s t i m a t e 
13 . . . 

the C s h i f t s o f an e q u i l i b r a t i n g , hydrogen b r i d g e d , 2-
b u t y l c a t i o n , and i f comparison l i e s w i t h those i n t h e 

b r i d g e d e t h y l e n e halonium i o n s t h e n g r e a t e r s h i e l d i n g would 

be expected t h a n i s observed e x p e r i m e n t a l l y . A f u r t h e r 

p o s s i b i l i t y was t h a t i f t h e hydrogen b r i d g e d species e x h i b ­

i t e d a s i m i l a r i t y i n thermodynamic s t a b i l i t y when compared 

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

would c o n t r i b u t e t o average "̂ C N.M.R. s h i f t s . However 

t h i s must be r e j e c t e d on t h e b a s i s o f r e c e n t c a l c u l a t i o n s 
** 2 61 

by K o h l e r and L i s c h k a , which w i t h e s t i m a t e s o f c o r r e l ­
a t i o n energy f i n d a d i f f e r e n c e i n energy between t h e two 
species o f ̂ 10 K c a l mol 1 . 

The N.M.R. spectrum f o r t h e 2 - b u t y l c a t i o n does 

n o t exclude t he p o s s i b i l i t y o f r a p i d l y e q u i l i b r a t i n g c l a s s ­

i c a l (extended c h a i n ) s t r u c t u r e s but i n d i c a t e s t h a t some 

a d d i t i o n a l e f f e c t may be c a u s i n g t h e d i s c r e p a n c y between the 

averaged and observed s h i f t s . I n d eed, t he d i s c u s s i o n s 

o f Saunders et al o u t l i n e d e a r l i e r are s u p p o r t e d i n t h i s 

s t u d y . 
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I n a s e r i e s o f s o l i d s t a t e , magic a n g l e , cross p o l a r -
268 

i s a t i o n s t u d i e s , Myhre and Yannoni have n o t e d t h a t 

N.M.R. s p e c t r a f o r t h e 2-c h l o r o b u t a n e - a n t i m o n y p e n t a f l u o r i d e 

system r e c o r d e d w i t h i n t h e t e m p e r a t u r e range -85°C down t o 

-130°C show l i n e s c h a r a c t e r i s t i c o f the 2 - b u t y l c a t i o n and 

these resonances are i n good agreement w i t h c h e m i c a l s h i f t s 

observed i n t h e s o l u t i o n s t a t e . No s i g n i f i c a n t s p e c t r a l 

change was observed upon warming t o -60°C, when on the b a s i s 

o f s o l u t i o n s t u d i e s coalescence would be expected t o occur. 

This i n d i c a t e s t h a t t h e r a t e o f carbon s c r a m b l i n g i n the 

2 - b u t y l c a t i o n must be s i g n i f i c a n t l y s l o w e r t h a n i n s o l u t i o n . 
269 

A r e c e n t e s t i m a t e f o r the b a r r i e r , i n s o l u t i o n , f o r t h e 

degenerate h y d r i d e s h i f t was t h a t i t was l e s s t h a n 2.4 K c a l 

mol 1 . Th i s v a l u e can only be an upper bound s i n c e the 

parameter used i n t h e f a s t exchange l i m i t a p p r o x i m a t i o n , 
2 

k = (T T/2) x (A /W), was the change i n l i n e w i d t h (W) a t a 

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

upon the i d e a t h a t l i n e b r oadening i n the f a s t exchange l i m i t 

i s p r o p o r t i o n a l t o frequency squared, and i n the case o f the 

2 - b u t y l c a t i o n , no b r o a d e n i n g was observed. Assuming a 

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

the carbon s c r a m b l i n g , i t i s indee d i n t e r e s t i n g t h a t evidence 

f o r a ' s t a t i c ' 2 - b u t y l c a t i o n i n a spectrum r e c o r d e d a t 

-190°C i s s t i l l n ot observed. These o b s e r v a t i o n s i n d i c a t e 

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

s h i f t i s c o n s i d e r a b l y l e s s t h a n 2.4 K c a l mol ^ or the r a p i d 

e q u i l i b r i a t i o n o f c l a s s i c a l i o n s does not occur. 
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A number o f p o s s i b l e s t r u c t u r e s f o r the 2 - b u t y l 

c a t i o n have been i n v e s t i g a t e d t h e o r e t i c a l l y over t he p a s t 
2 6 *5 b 

decade. An e a r l y ab initio study by Pople and co-workers 

a t t h e ST0-3G l e v e l , which c o n s i d e r e d t he e f f e c t s o f C-X 

and C-H h y p e r - c o n j u g a t i o n as a f u n c t i o n o f s u b s t i t u e n t X i n 

the i s o p r o p y l c a t i o n , i n d i c a t e d t h a t when X = CH^, ( 2 - b u t y l 

c a t i o n ) a c o n f o r m a t i o n a l p r e f e r e n c e was observed. For the 

c l a s s i c a l (extended c h a i n ) c o n f i g u r a t i o n s t a g g e r e d conform­

a t i o n s were concluded t o be s i g n i f i c a n t l y more s t a b l e t h a n 

t h e e c l i p s e d form s t u d i e d (by ̂ 8 K c a l mol ^) and a g e n e r a l 

tendency c o n s i d e r a b l y f a v o u r i n g C-C h y p e r c o n j u g a t i o n as 

opposed t o C-H h y p e r c o n j u g a t i o n was apparent. T h i s l a t t e r 
265c 

p o i n t i s emphasised i n f u r t h e r s t u d i e s by Pople et at 

c o n c e r n i n g t h e r e l a t i v e e n e r g i e s o f t h e C^H^+ s p e c i e s , as 

mentioned e a r l i e r . As i l l u s t r a t e d i n Table 5-3, w h i l s t a t 

t h e STO-4.31G l e v e l , t h e e n e r g i e s f o r t h e n - p r o p y l (extended 

c h a i n ) , p a r t i a l l y b r i d g e d 1 - p r o p y l ( b e n t ) and c o r n e r - p r o t o n -

a t e d cyclopropane are n o t i c e a b l y s i m i l a r , r e l a t i v e t o 2 - p r o p y l 

c a t i o n , u s i n g an STO-6.31G* b a s i s s e t , w i t h t he i n c l u s i o n o f 

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

f u l l y b r i d g e d s t r u c t u r e s are s t a b i l i s e d by ^3 and 4 K c a l mol ^ 

r e s p e c t i v e l y due t o i n c r e a s e d h y p e r c o n j u g a t i v e e f f e c t s . 
2 6 7 

Recent s t u d i e s by Koh l e r and L i s c h k a have been c a r r i e d 

out a t b o t h t h e ST0-3G and MINDO/3 l e v e l s t o o p t i m i s e b o t h , 

c l a s s i c a l and n o n - c l a s s i c a l s t r u c t u r e s f o r t h e 2 - b u t y l c a t i o n , 

t h e r e b y a l l o w i n g f u r t h e r computations t o be made w i t h t h e use 

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

c o r r e l a t i o n e f f e c t s . U n f o r t u n a t e l y , o n l y t he c l a s s i c a l 
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Table 5-3 

R e l a t i v e e n e r g i e s o f C H + ground s t a t e 
- 1 a 

s t r u c t u r e s ( i n K c a l mol ) , 

STO-4.31G STO-6.31G* 

2 - p r o p y l 0 0 

n - p r o p y l 17.4 17.0 

•bent' 1 - p r o p y l 16.9 14.1 

c o r n e r - p r o t o n a t e d 
i 17-3 13.0 

cyclopropane J 

a. Ref. 265c. 

(extended c h a i n ) s t r u c t u r e and s y m m e t r i c a l l y , hydrogen-

b r i d g e d c o n f i g u r a t i o n have been c o n s i d e r e d . At t h e SCP 

l e v e l , t h e f o r m e r i s n o t e d t o be t h e more s t a b l e by as much 

as 10 K c a l mol ^, however w i t h t h e i n c l u s i o n o f p o l a r i s a t i o n 

f u n c t i o n s on b o t h carbon and hydrogen t h i s v a l u e i s reduced 

t o a l e v e l comparable w i t h e a r l i e r r e s u l t s r e p o r t e d by Pople 

et al2^c u s i n g t h e ST0-4.31G b a s i s s e t (*1 K c a l m o l " 1 ) . 

An e s t i m a t i o n o f t h e c o r r e l a t i o n e f f e c t s f o r the systems 

r e v e r s e s t h e above t r e n d , s i n c e as n o t e d p r e v i o u s l y , the 

s t a b i l i t y o f the hydrogen b r i d g e d species i s t h e n f a v o u r e d 

by ^10 K c a l mol 1 . I f such a s t a b i l i s a t i o n i s e v i d e n t , 

t h e n t h e c o m p a t i b i l i t y o f t h i s r e s u l t w i t h t h e "̂ C N.M.R. 
2 66 

o b s e r v a t i o n s o f Olah et al has been d i s c u s s e d e a r l i e r . 

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

above t h a t t h e p r e s e n t s i t u a t i o n i s u n s a t i s f a c t o r y i n at 

l e a s t two r e s p e c t s . F i r s t l y , t h e t h e o r e t i c a l computations 
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have not a d e q u a t e l y e x p l o r e d r e g i o n s o f the p o t e n t i a l 

energy s u r f a c e f o r t h e 2 - b u t y l system, c o r r e s p o n d i n g t o 

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

such as c o r n e r p r o t o n a t e d , m e t h y l s u b s t i t u t e d , eyelopropanes. 

T h i s i s i n d e e d s u r p r i s i n g i n view o f the e x t e n s i v e range o f 

geomet r i e s i n v e s t i g a t e d f o r t h e 1 - p r o p y l c a t i o n , and t h e 

n a t u r e o f the i n t e r m e d i a t e s suggested i n the mechanism f o r 

t h e p r o t o n s c r a m b l i n g p r o c e s s . Secondly, e x p e r i m e n t a l 

i n v e s t i g a t i o n s have reached a stage where i t i s c l e a r t h a t 

t h e N.M.R. ti m e s c a l e i s such t h a t t h e t e c h n i q u e i s i n c a p ­

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

i c a l i o n s , o r in d e e d v a r i o u s n o n - c l a s s i c a l i o n s and a s t a t i c 

n o n - c l a s s i c a l s t r u c t u r e f o r t h e 2 - b u t y l c a t i o n . 

The focus o f a t t e n t i o n f o r the r e s t o f t h i s c h a p t e r 

i s t h e r e f o r e on b o t h o f these a s p e c t s . R e s u l t s d e s c r i b e d 

e a r l i e r have i n d i c a t e d t h a t s h i f t s i n b i n d i n g energy are w e l l 

d e s c r i b e d a t t h e ST0-4.31G l e v e l and t h e r e f o r e d e t a i l e d ab 

initio c o m p u t a t i o n s , employing t h i s b a s i s s e t , have been 

c a r r i e d out on s t r u c t u r e s f o r t h e 2 - b u t y l c a t i o n w h i c h would 

p o t e n t i a l l y be co m p a t i b l e w i t h t h e N.M.R. da t a . By c o n s i d -

d e r i n g t h e l o c a l i s e d core h o l e s t a t e s f o r each system i n t u r n , 

i t w i l l be shown how the i n h e r e n t l y very f a s t t i m e s c a l e o f 

the E.S.C.A. t e c h n i q u e , drawn upon i n the p r e v i o u s c h a p t e r , i s 

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

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

2 - b u t y l c a t i o n . 
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5-3-1 C o m p u t a t i o n a l D e t a i l s 

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

o f t h e c y c l o p e n t y l c a t i o n have been c a r r i e d out f o r a number 

o f s t r u c t u r e s c o m p a t i b l e w i t h a v a i l a b l e N.M.R. da t a on t h e 

2 - b u t y l c a t i o n . These i n c l u d e d t h e c l a s s i c a l (extended 

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

s i n c e t h e l a t t e r has been suggested as an i n t e r m e d i a t e i n 

th e s c r a m b l i n g processes observed i n b o t h t h e s o l u t i o n -
262,264,266 . . . _ . 268 _ . phase ' ' and s o l i d - s t a t e N.M.R. s p e c t r a . Such 

a s t r u c t u r e was f i r s t suggested w i t h r e g a r d t o hydrogen and 

carbon i n t e r c h a n g e i n t h e i s o p r o p y l c a t i o n and i n an e l e g a n t 

i n v e s t i g a t i o n o f t h e p o t e n t i a l energy s u r f a c e by Pople and 
265c 

co-workers, a d i s t o r t e d form o f t h e above c o n f i g u r a t i o n 

p e r t a i n i n g t o a p a r t i a l l y b r i d g e d s p e c i e s was no t e d t o be 

the more s t a b l e a t t h e ST0-4.31G l e v e l ( c . f . Table 5.3). 

A p a r t i a l l y b r i d g e d analogue f o r t h e 2 - b u t y l c a t i o n was 

t h e r e f o r e a l s o i n c l u d e d . 
The geometries used i n t h i s s t u d y were based 

265 
upon the r e s u l t s o f th e e a r l i e r work by Pople et al\ 

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

the 1 - p r o p y l c a t i o n and employing s t a n d a r d bond l e n g t h s and 

angles f o r t h e s u b s t i t u e n t m e t h y l groups f r o m a study o f 

the 2 - p r o p y l c a t i o n , p r o v i d e d p r o t o t y p e s t r u c t u r e s f o r t h e 

i s o m e r i c 2 - b u t y l c a t i o n s . 
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5-3.2 R e s u l t s and D i s c u s s i o n 

(a) Ground S t a t e s 

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

t h e 2 - b u t y l c a t i o n has been a c o n f o r m a t i o n a l s t u d y on t h e 
2 65b 

c l a s s i c a l ( e x t e n d e d c h a i n ) s t r u c t u r e showing t h e p r e ­

f e r e n c e o f C-C as opposed t o C-H h y p e r c o n j u g a t i o n , and a 
267 

comparison o f t h e above c o n f i g u r a t i o n ' w i t h t h a t o p t i m i s e d 

f o r t h e symmetric (hydrogen b r i d g e d ) n o n - c l a s s i c a l isomer. 

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

e x t e n s i v e range o f geometries w h i c h have been i n v e s t i g a t e d 

f o r t h e 1 - p r o p y l c a t i o n , and a s t r a i g h t analogy would suggest 

t h a t b o t h p a r t i a l l y m e t h y l b r i d g e d and f u l l y b r i d g e d ( m e t h y l 

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

be c o n s i d e r e d a l s o . P r e v i o u s d i s c u s s i o n s have a l r e a d y i n ­

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

low t e m p e r a t u r e s o l u t i o n phase and s o l i d s t a t e N.M.R. dat a . 

257 

F u r t h e r computations on the 1 - p r o p y l c a t i o n have 

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

p a r t i a l l y b r i d g e d and f u l l y b r i d g e d ( c o r n e r p r o t o n a t e d c y c l o ­

propane) are a l l very s i m i l a r a t t h e STO-4.31G l e v e l . A 

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

as shown i n F i g u r e 5-4, c o u p l e d w i t h t h e knowledge t h a t a t 
265c 

a more s o p h i s t i c a t e d l e v e l o f c a l c u l a t i o n (Table 5-3)> 

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

cyclopropanes are the more s t a b l e , suggests however, t h a t 

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

p o s i t i v e charge, i n g o i n g t o the 2 - b u t y l c a t i o n might l e a d 

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

s t r u c t u r e . 
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F i g u r e 5-4 P o p u l a t i o n analyses f o r t h e 1 - p r o p y l 
c a t i o n i s o m e r i c forms 

•0096 
Extended Chain 

•0136 
-0131 

r *0I85 0 064 

-0128 

0154 

•0138 

0-206 

C<^9'I80 
0 1 2 9 ^ 

Partially Bridged 

•0155 
•0174 vVL<*OI74 

-0-250 

^ • , 5 8 ^ C ^ a o 5 ^ c ^ o j 5 8 0056 

Fully Bridged 

The l o c a l i s a t i o n o f t h e p o s i t i v e charge c l e a r l y 

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

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

carbons and a s s o c i a t e d hydrogen atoms, i n d i c a t e s t h a t t h e 

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

as compared t o t h e extended c h a i n , a t t h e STO-6.31G l e v e l , 
2 65 

i s due t o i n c r e a s e d C-C h y p e r c o n j u g a t i o n . Pople has 

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

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

may be an a r t e f a c t o f t h e a d d i t i o n o f d f u n c t i o n s t o carbon, 

s i n c e t h i s i s known t o p r e f e r e n t i a l l y l o w e r t h e energy o f 
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t h r e e membered r i n g s . I n deed, t h e c a l c u l a t i o n s o f C l a r k 
257 

et al agree w i t h t h e o r i g i n a l assignment by Pople and co­

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

the more s t a b l e . S u b s t i t u t i o n o f a m e t h y l group as suggested, 

would t h e r e f o r e s t a b i l i s e a more l o c a l i s e d charge, and dim­

i n i s h t h e tendency f o r h y p e r c o n j u g a t i o n . 
Evidence f o r such a premise may be t a k e n f r o m r e c e n t 

.270 
work by S c h l e y e r et al who have compared t h e heats o f 

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

s t r u c t u r e s and t h e i r c l a s s i c a l (extended c h a i n ) c o u n t e r p a r t s . 

W h i l s t f o r t h e 1 - p r o p y l system, t h e f u l l y b r i d g e d f o r m i s 

c l e a r l y found t o be t h e more s t a b l e (^6K c a l mol 1 ) , f o r t h e 

1,2-dimethy1-1-propyl c a t i o n , the c l a s s i c a l isomer i s 

s l i g h t l y f a v o u r e d (^1K c a l mol The l a r g e d i f f e r e n c e 

i n energy f o r the 1 - p r o p y l isomers as compared t o t h e r e s u l t s 

o f C l a r k et al and Pople and co-workers i s c l e a r l y due t o 

the assumption o f a ground s t a t e geometry which has l i m i t e d 

C-C h y p e r c o n j u g a t i v e p r o p e r t i e s (H f r o m C-!^, and CH^ group 

e c l i p s e d ) . Pople and co-workers have computed the energy 

d i f f e r e n c e f o r these 1 - p r o p y l c l a s s i c a l , conformers and a 

l o w e r i n g o f t h e above valu e by ^3 K c a l mol 1 i s a r e a s o n a b l e 

e s t i m a t e but does n o t change the o r i g i n a l argument. 

Computations have t h e r e f o r e been c a r r i e d out on the 

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

f u l l y b r i d g e d s t r u c t u r e s f o r t h e 2 - b u t y l c a t i o n , which are 

analogous t o those shown i n F i g u r e 5.4, and t h e r e s u l t s are 

d i s p l a y e d i n F i g u r e 5-5. 
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Relative Energies 
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F i g u r e 5-5 R e l a t i v e e n e r g i e s o f t h e extended c h a i n , 
p a r t i a l l y b r i d g e d and n o n - c l a s s i c a l 1 - p r o p y l 
and 2 - b u t y l c a r b o c a t i o n s a t t h e STO-4.31G l e v e l 

Whereas f o r t h e 1 - p r o p y l c a t i o n a t t h e STO - 4 . 3 1 G l e v e l 

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

> extended c h a i n > f u l l y b r i d g e d , t h a t f o r the 2 - b u t y l c a t i o n 

i s p r e d i c t e d t o be p a r t i a l l y b r i d g e d > f u l l y b r i d g e d > extended 

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

lowers t he energy f o r t h e p a r t i a l l y b r i d g e d isomer as was 
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s u s p e c t e d , the r e v e r s a l o f t r e n d c o n c e r n i n g t h e e n e r g i e s 

f o r t h e extended c h a i n and f u l l y b r i d g e d isomers at t h i s 

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

geometry assumed f o r t h e extended c h a i n , c l a s s i c a l 1 - p r o p y l 

c a t i o n i s t h a t which a l l o w s maximum C-C h y p e r c o n j u g a t i o n 

( i . e . H f r o m $H 2 and CH^ s t a g g e r e d c . f . F i g u r e 5-5) and 

c a l c u l a t e d t o be the more s t a b l e conformer by Pople and co­

w o r k e r s . The conformer assumed f o r t h e 2 - b u t y l c a t i o n 

( e x t e n d e d c h a i n ) , i s t h a t i n agreement w i t h the computations 

by K o h l e r and L i s c h k a , e n a b l i n g a d i r e c t comparison t o 

be made, and does n o t a l l o w C-C h y p e r c o n j u g a t i o n (see F i g u r e 

5.5). Pople and co-workers have again c a l c u l a t e d the d i f f e r ­

ence i n energy f o r these two conformers ( a t the ST0-3G l e v e l ) 

and note t h a t the extended c h a i n conformer a l l o w i n g a degree 

o f C-C h y p e r c o n j u g a t i o n i s t h e more s t a b l e by ^2 K c a l mol 

T a k i n g t h i s v a l u e i n t o c o n s i d e r a t i o n , shows t h e extended c h a i n 

isomer f o r 2 - b u t y l c a t i o n t o be s l i g h t l y more s t a b l e t h a n t h e 

f u l l y b r i d g e d form ( a t t h e STO-4.31G l e v e l ) i n agreement w i t h 

o b s e r v a t i o n s f o r t h e 1 - p r o p y l c a t i o n . I n d e e d , a v a l u e o f 

^1.4 K c a l mol shows a r e l a t i v e l y g r e a t e r s t a b i l i s a t i o n o f 

the c l a s s i c a l f o r m t h a n i s observed i n the 1 - p r o p y l case 

(0.6 K c a l mol ^) and i s t h e r e f o r e a l s o i n agreement w i t h t h e 

r e c e n t t r e n d s shown by S c h l e y e r et at as n o t e d above. 

I n emphasising t h e l a c k o f h y p e r c o n j u g a t i o n p o s s i b l e f o r 

t h e above c l a s s i c a l 2 - b u t y l c a t i o n , conformer, i t i s i n t e r e s t i n g 

t o c o n s i d e r t h e r e l a t i v e s t a b i l i t y o f a 'ben t ' , ' p a r t i a l l y 

b r i d g e d ' s t r u c t u r e i n which t h e hydrogen a t C(2) and m e t h y l 

b r i d g i n g group are e c l i p s e d ( F i g u r e 5-6). 
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F i g u r e 5.6 R e l a t i v e e n e r g i e s o f c l a s s i c a l and p a r t i a l l y 
b r i d g e d , n o n - h y p e r c o n j u g a t i v e forms f o r 2 - b u t y l 
c a t i o n (K c a l m o l " 1 ) 

\ H H / 

AE +22 
2 

15 AE + 37 AE 

/ 
/ 

H 

Such a s t r u c t u r e i s c l e a r l y 22 K c a l mol l e s s s t a b l e 

t h a n t h e extended c h a i n c o n f i g u r a t i o n and 37 K c a l mol l e s s 

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

STO - 4 . 3 1 G l e v e l . 

K o h l e r and L i s c h k a have a l s o c o n s i d e r e d t h e symmetric-
267 

a l l y hydrogen b r i d g e d isomer f o r t h e 2 - b u t y l c a t i o n u s i n g 

extended b a s i s s e t s . As p r e v i o u s l y n o t e d , even w i t h the 

a d d i t i o n o f p o l a r i s a t i o n f u n c t i o n s on b o t h carbon and hydrogen, 

a t the SCF l e v e l t h i s s t r u c t u r e i s s t i l l found t o be s l i g h t l y 

l e s s s t a b l e t h a n t h e c l a s s i c a l conformer a l s o s t u d i e d . An 

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

e v i d e n t when e s t i m a t e s o f c o r r e l a t i o n e f f e c t s arc c o n s i d e r e d . 
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As was shown i n Table 5 . 3 , i n t h e case o f the 1 - p r o p y l 

c a t i o n , a d d i t i o n o f p o l a r i s a t i o n f u n c t i o n s t o the STO-6.31G 

b a s i s s e t leads t o an i n c r e a s e d s t a b i l i s a t i o n o f t h e p a r t ­

i a l l y b r i d g e d and f u l l y b r i d g e d isomers r e l a t i v e t o the 

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

and c o r r e l a t i o n energy c o r r e c t i o n s f o r t h e 2 - b u t y l c a t i o n 

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

r e l a t i v e t o t h e extended c h a i n , t h e s t a b i l i s a t i o n b e i n g some­

what l a r g e r f o r t h e f u l l y b r i d g e d as opposed t o the p a r t i a l l y 

b r i d g e d s p e c i e s . I t i s expected t h a t such e f f e c t s would 

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

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

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

by t h e SCP c a l c u l a t i o n s would be o v e r t u r n e d . The o r d e r i n g 

of s t a b i l i t i e s as a r e s u l t o f p o l a r i s a t i o n and c o r r e l a t i o n 

energy c o n s i d e r a t i o n s s h o u l d t h e r e f o r e be e x a c t l y as shown 

i n F i g u r e 5 - 5 , ( v i z . p a r t i a l l y b r i d g e d > f u l l y b r i d g e d > 

c l a s s i c a l ) , t h e o n l y p r o v i s o b e i n g t h a t such e f f e c t s might 

w e l l decrease t h e r e l a t i v e e n e r g e t i c p r e f e r e n c e f o r t h e p a r t ­

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

s t r u c t u r e as a l r e a d y noted. 

On t h e b a s i s o f t h e above d i s c u s s i o n s , comparison w i t h 
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the t h e o r e t i c a l computations o f K o h l e r and L i s c h k a r e v e a l s 

t h a t b o t h t h e p a r t i a l l y ( m e t h y l ) b r i d g e d and the m e t h y l sub­

s t i t u t e d c o r n e r p r o t o n a t e d cyclopropane c o n f i g u r a t i o n s a re 

lower i n energy than t h e s y m m e t r i c a l l y hydrogen b r i d g e d 

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

s t r u c t u r e ) . The c a l c u l a t i o n s o f t h e ground s t a t e e n e r g i e s 

at t h e STO-4.31G l e v e l suggest t h e r e f o r e t h a t t h e 2 - b u t y l c a t i o n 

may w e l l adopt a p a r t i a l l y b r i d g e d s t r u c t u r e . 
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(b) Core Hole S t a t e s 

D i s c u s s i o n s o f t h e p r e v i o u s c h a p t e r have shown how weak 

i n t e r a c t i o n s i n t h e ground s t a t e h y p e r s u r f a c e may be g r e a t l y 

enhanced on g o i n g t o t h e core h o l e s t a t e m a n i f o l d . The 

manner i n which such phenomena are e v i d e n t i n t h e case o f 

core i o n i s a t i o n o f t h e e t h y l c a t i o n has been o u t l i n e d e a r l i e r 

w i t h r e g a r d t o b o t h c l a s s i c a l and n o n - c l a s s i c a l hydrogen-

b r i d g e d , isomers. I n t h e p a r t i c u l a r cases o f the 1 - p r o p y l 

c a t i o n and t h e 2 - n o r b o r n y l c a t i o n , t h e c r e a t i o n o f a core 

h o l e a t a g i v e n s i t e w i t h i n t he m o l e c u l a r frameworks leads 
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t o s u b s t a n t i a l e l e c t r o n i c r e o r g a n i s a t i o n and m consequence 

core h o l e s t a t e s p e c t r a , even f o r species w h i c h d i f f e r v e r y 

l i t t l e i n ground s t a t e e n e r g i e s , can be s t r i k i n g l y d i f f e r e n t . 

Thus, i n F i g u r e 5 . 7 , showing t h e r e l a t i v e e n e r g i e s o f the 

c l a s s i c a l and n o n - c l a s s i c a l 2 - n o r b o r n y l c a t i o n as a f u n c t i o n 

o f h o l e s t a t e l o c a t i o n , such t r e n d s are c l e a r l y e v i d e n t . W h i l s t 

a core h o l e on C(2) enhances p a r t i c i p a t i o n w i t h C ( l ) and C ( 6 ) , 

r e s u l t i n g i n the n o n - c l a s s i c a l species b e i n g f a v o u r e d by 

^48 K c a l mol 1 , c r e a t i o n o f a core hole on e i t h e r o f the 

l a t t e r two donor atoms, leads t o t h e c l a s s i c a l c a t i o n b e i n g 

s t a b i l i s e d by ^ 2 5 and 19 K c a l mol 1 r e s p e c t i v e l y . 

I t i s e v i d e n t t h a t i n t h e case o f t h e 2 - n o r b o r n y l c a t i o n , 

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

( e s s e n t i a l l y d i c t a t e d by the l i f e t i m e s o f t h e C hole s t a t e s ) 

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

o f a c l a s s i c a l o r n o n - c l a s s i c a l s t r u c t u r e and comparisons 

w i t h a v a i l a b l e E.S.C.A. d a t a as was shown i n F i g u r e 5.1, has 

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

the 2 - n o r b o r n y l c a t i o n i s n o n - c l a s s i c a l . 
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F i g u r e 5-7 R e l a t i v e e n e r g y - d i f f e r e n c e s between t h e 
c l a s s i c a l and n o n - c l a s s i c a l forms o f t h e 
2 - n o r b o r n y l c a t i o n 

The i n v e s t i g a t i o n o f the l o c a l i s e d C h o l e s t a t e s 

o f t h e v a r i o u s p o s s i b l e s t r u c t u r e s f o r t h e 2 - b u t y l c a t i o n 

p r o v i d e s a f u r t h e r s t r i k i n g example o f the g e n e r a l phenomena 

o f enhancement o f weak i n t e r a c t i o n s i n g o i n g t o t h e core h o l e 

s t a t e m a n i f o l d . The t o t a l e n e r g i e s f o r the ground and core 

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

i n Table 5.4. 
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Table 5 . 4 

T o t a l e n e r g i e s ( h a r t r e e s ) f o r the ground and core 
h o l e s t a t e s o f t h e 2 - b u t y l c a t i o n models s t u d i e d 

Extended Chain P a r t i a l l y b r i d g e d F u l l y b r i d g e d 

GS - 1 5 5 . 6 4 2 7 - 1 5 5 . 6 6 6 9 - 1 5 5 - 6 4 3 6 

C ( l ) * - 144 . 5 9 5 7 -144 . 6 3 8 5 -144 . 6 3 3 6 

C ( 2 ) * -144 . 4 5 0 0 -144 . 5 2 2 5 -144 . 5 5 5 9 

C ( 3 ) * -144 . 5 9 5 0 -144 . 6 2 6 2 -144 . 5 6 4 5 

C ( 4 ) * -144 . 6 7 1 1 -144 . 6 3 7 7 -144 . 5 9 7 4 

C r e a t i o n o f a core h o l e a t a g i v e n s i t e w i t h i n a carbo-

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

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

from t h e valence e l e c t r o n response becomes c l e a r from t h e 

data p r e s e n t e d i n F i g u r e 5 - 8 . 

W h i l s t t h e s o l i d l i n e shows the s t a b i l i t y o f the 

p a r t i a l l y b r i d g e d 2 - b u t y l c a t i o n s t r u c t u r e r e l a t i v e t o the 

c l a s s i c a l i o n , as a f u n c t i o n o f core h o l e l o c a t i o n , t h e 

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

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

isomer. As might be e x p e c t e d , core i o n i s a t i o n o f t h e sub-

s t i t u e n t m e t h y l carbon adheres t o the p r e d i c t e d o r d e r i n g o f 

the r e l a t i v e s t a b i l i t i e s i n t h e ground s t a t e w i t h b o t h p a r t ­

i a l l y b r i d g e d and f u l l y b r i d g e d s t r u c t u r e s showing an almost 

e q u i v a l e n t s t a b i l i s a t i o n . However, i n t h e case o f t h e 

c r e a t i o n o f a core h o l e a t C ( 2 ) , p a r t i c i p a t i o n by the m e t h y l 
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RELATIVE ENERGIES FOR 2-BUTYL CATION 

40 

30 
e in* i ® 

,it» 

20 
Classical Partially Non 

Bridged Classical 
10 

C(3 GS 0 C(1 
; 

10 

20 

(Partially bridged -Classical) 30 

(NON-CLASSICAL-Classical) 40 

50 

60 

70 

F i g u r e 5 . 8 R e l a t i v e energy d i f f e r e n c e s as a f u n c t i o n o f 
h o l e s t a t e l o c a t i o n f o r t h e 2 - b u t y l c a t i o n mode1s 
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b r i d g i n g group i s enhanced such t h a t f o r t h e core i o n i s e d 

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

i s e d by ^70 K c a l mol 1 compared t o the c l a s s i c a l i o n . I n 

c o n t r a s t , c r e a t i o n o f a core h o l e on the m e t h y l b r i d g i n g 

group carbon C(4) d e s t a b i l i s e s t h e f u l l y b r i d g e d s t r u c t u r e 

by ^HO K c a l mol \ as does the p o s i t i o n i n g o f a core hole 

a t C ( 3 ) , by ^20 K c a l m o l " 1 . A core h o l e l o c a t e d a t C(2) 

a l s o s t a b i l i s e s t he p a r t i a l l y b r i d g e d isomer r e l a t i v e t o 

t h e extended c h a i n c a t i o n but by a l e s s e r amount t h a n n o t e d 

above (^40 K c a l mol however, t h e d e s t a b i l i s a t i o n n o t e d 

upon core i o n i s a t i o n o f t h e b r i d g i n g m e t h y l carbon C(4) i s 

a l s o s u b s t a n t i a l l y l e s s (^20 K c a l mol ^) and t h i s t h e r e f o r e 

p r o v i d e s evidence f o r t h e e x i s t e n c e o f a degree o f C-C hyper-

c o n j u g a t i o n i n t h i s form. Perhaps the most s i g n i f i c a n t 

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

b r i d g e d and f u l l y b r i d g e d n o n - c l a s s i c a l isomers as a f u n c t i o n 

o f core h o l e l o c a t i o n , i s seen upon c r e a t i o n o f a core h o l e 

a t C ( 3 ) . Whereas i t was noted t h a t a d e s t a b i l i s a t i o n o f 

^20 K c a l mol x i s e v i d e n t i n the case o f t h e l a t t e r , an 

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

f o r m r e l a t i v e t o t h e c l a s s i c a l isomer. Comparisons o f the 

r e l a t i v e e n e r g i e s f o r the two n o n - c l a s s i c a l forms are t h e r e ­

f o r e c l e a r l y drawn from what i s e s s e n t i a l l y t h e d i f f e r e n c e s 

o f t h e two l i n e s i n F i g u r e 5-8, and i t i s i n t e r e s t i n g t o note 

t h a t o n l y i n the i n s t a n c e o f core i o n i s a t i o n a t C(2) i s t h e r e 

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

i o n . 

From t h e r e s u l t s o f the above a n a l y s i s and t h e i r com­

p a r i s o n w i t h those f o r the 2 - n o r b o r n y l c a t i o n , and i n d e e d 
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e a r l i e r r e s u l t s r e p o r t e d f o r t h e c y c l o p e n t y l c a t i o n i t i s 

c l e a r t h a t b i n d i n g e n e r g i e s f o r t h e c l a s s i c a l and non-

c l a s s i c a l s pecies i c u l d be expected t o be o f a d i s t i n c t i v e 

n a t u r e . The ASCF computed core b i n d i n g e n e r g i e s and r e l a x ­

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

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

s t r u c t u r e s f o r the 2 - b u t y l c a t i o n are i n c l u d e d i n Table 5 . 5 . 

Table 5 - 5 -

ASCF Core B i n d i n g Energies and R e l a x a t i o n Energies (eV) 
f o r t h e 2 - b u t y l c a t i o n 

ASCF Method STO - 4 . 3 1 G 

Hole S t a t e B E. R E. B.E. R.E. B.E R.E. 

C ( l ) * 3 0 0 6 1 1 . 3 3 0 0 . 1 11 4 2 9 9 . 6 1 1 . 5 

C ( 2 ) * 3 0 4 . 6 1 1 . 1 3 0 3 . 2 11 6 3 0 1 . 7 1 1 . 9 

C ( 3 ) * 3 0 0 6 1 1 . 7 3 0 0 . 4 11 7 3 0 1 . 5 1 1 . 9 

C ( 4 ) * 2 9 8 . 5 1 1 . 6 3 0 0 . 1 11 9 3 0 0 . 6 1 1 . 9 

The spans i n b i n d i n g e n e r g i e s f o r t h e models s t u d i e d 

are 6 . 1 eV, 3 . 1 eV and 2 . 1 eV r e s p e c t i v e l y and are d i s t i n c t ­

i v e l y d i f f e r e n t r e g a r d i n g c l a s s i c a l and n o n - c l a s s i c a l forms. 

The o v e r a l l span f o r the r e l a x a t i o n e n e r g i e s i s 0 . 8 eV and 

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

b i n d i n g energy, showing t h e danger o f u s i n g Koopmans' Theorem, 

as was apparent i n e a r l i e r d i s c u s s i o n s o f t h e c y c l o p e n t y l c a t i o n . 
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Thus i n g o i n g from t h e c l a s s i c a l i o n t o the f u l l y b r i d g e d 

s t r u c t u r e t h e r e i s a decrease i n core b i n d i n g energy v a l u e s 

f o r 0 ( 1 ) , which f o r t h e l a t t e r and p a r t i a l l y b r i d g e d s p e c i e s 

become c o n t r o l l i n g f a c t o r s f o r t h e i r r e s p e c t i v e spans, 

and t h i s i s accompanied by a s l i g h t i n c r e a s e i n r e l a x a t i o n 

energy. This may be q u a l i t a t i v e l y understood from a s i m p l e 

e l e c t r o n e g a t i v i t y s t a n d p o i n t s i n c e i n the c l a s s i c a l 2 - b u t y l 

c a t i o n , s t a b i l i s a t i o n o f the p o s i t i v e charge a t 0 ( 2 ) , i s 

l a r g e l y dependent upon t h e d i s t o r t i o n o f t h e charge c l o u d 

at 0 ( 1 ) a l l o w i n g o n l y l i m i t e d r e o r g a n i s a t i o n upon core i o n i s -

a t i o n a t t h e l a t t e r and hence a l o w e r r e l a x a t i o n energy. I n 

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

between t h e b r i d g i n g m e t h y l carbon 0 ( 4 ) and 0 ( 2 ) d i m i n i s h e s 

t h e degree o f d i s t o r t i o n necessary a t 0 ( 1 ) and hence, i n p a r t , 

decreases t h e core e l e c t r o n b i n d i n g energy observed at the 

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

energy a t 0 ( 1 ) a t t a i n s i t s l o w e s t v a l u e when t h e r e i s maximum 

i n t e r a c t i o n o f 0 ( 2 ) w i t h t h e b r i d g i n g m e t h y l group, thus 

d e l o c a l i s i n g t h e p o s i t i v e charge and a l l o w i n g g r e a t e r p o l a r i s -

a b i l i t y o f the 0 ( 1 ) charge c l o u d , and an i n c r e a s e d a b i l i t y 

f o r r e o r g a n i s a t i o n . 

The above d i s c u s s i o n i s perhaps best i l l u s t r a t e d i n t h e 

d a t a p e r t a i n i n g t o core i o n i s a t i o n o f 0 ( 2 ) f o r w h i c h t h e s h i f t s 

i n b i n d i n g energy between c o n f i g u r a t i o n s are most s i g n i f i c a n t 

(as would be expected from t he r e l a t i v e e n e r g i e s o f the h o l e 

s t a t e s ) . R e l a x a t i o n e f f e c t s a g a i n i n c r e a s e w i t h i n c r e a s i n g 

C-C h y p e r c o n j u g a t i o n , t he m a n i f e s t a t i o n o f t h i s r e s u l t b e i n g 

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

about C(2) and hence f u r t h e r r e l a x a t i o n accompanying core 

i o n i s a t i o n i s n e g l i g i b l e . 

D i s t o r t i o n s o f t h e charge clouds at C(3) and C(4) are 

more complex s i n c e t h e r e e x i s t s an i n t e r n a l i n t e r a c t i o n and 

a l s o b o t h are i n t e r a c t i v e i n s t a b i l i s i n g t h e p o s i t i v e charge 

a t C ( 2 ) . T h e r e f o r e i t would be u n l i k e l y t h a t upon core i o n ­

i s a t i o n a t these c e n t r e s , s i m p l e t r e n d s between core b i n d i n g 

energy and r e l a x a t i o n e f f e c t s would be shown and t h i s i s 

e v i d e n t i n Table 5-5- The d i s t i n c t i v e n a t u r e o f t h e p r e ­

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

i s c l e a r l y shown i n F i g u r e 5-9• 

I n summary, t h e r e f o r e , computations at t h e STO-4.31G 

l e v e l suggest t h a t 2 - b u t y l c a t i o n may w e l l p r e f e r a p a r t i a l l y 

b r i d g e d s t r u c t u r e and i t i s i n t e r e s t i n g t o note t h a t t h i s 

p r e s e n t s an o r g a n i c analogy t o t h e c u r r e n t emphasis on g r a d ­

a t i o n s i n degree o f b r i d g i n g between two c e n t r e s w h i c h i s a 

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

i n i n o r g a n i c chemistry.""' The core h o l e s t a t e computations 

show t h a t i n p r i n c i p l e E.S.C.A. s h o u l d p r o v i d e a f a s t t i m e 

s c a l e probe f o r t h e s t r u c t u r e o f 2 - b u t y l c a t i o n , s i n c e the 

computed s p e c t r a are so c h a r a c t e r i s t i c o f a g i v e n s t r u c t u r e . 
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F i g u r e 5 . 9 ASCF computed Core l e v e l S p e c t r a f o r C l a s s i c a l 
and N o n - c l a s s i c a l , 2 - b u t y l c a t i o n species 
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CHAPTER SIX 

SATELLITE STRUCTURE ACCOMPANYING CORE IONISATION IN THE 
ISOMERIC HYDROCARBONS AND BENZOQUINONES 

N o n - e m p i r i c a l LCAO MO SCF comp u t a t i o n s have been 

c a r r i e d out on the ground and l o c a l i s e d core h o l e s t a t e s 

o f t e t r a h e d r a n e and c y c l o b u t a d i e n e over a range o f geomet­

r i e s a v a i l a b l e i n the l i t e r a t u r e , and the e x p e r i m e n t a l l y 

d e t e r m i n e d s t r u c t u r e s f o r o r t h o - and para-benzoquinone. 

The o b j e c t o f such a st u d y was t o i n v e s t i g a t e t h e s u i t a b ­

i l i t y o f E.S.C.A. as a. t e c h n i q u e f o r d i s t i n g u i s h i n g between 

s t r u c t u r a l l y r e l a t e d , i s o m e r i c systems o f a p p r e c i a b l e energy 

d i f f e r e n c e . D i f f e r e n c e s i n energy are found t o be c o n s i d -

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

i s shown t o be d i s t i n c t i v e i n the s t r u c t u r a l d e t e r m i n a t i o n 

f o r t h e C^H^ isomers. W h i l s t s h i f t s i n b i n d i n g energy are 

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

shake-up t r a n s i t i o n s accompanying core i o n i s a t i o n are c l e a r l y 

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

6.1 I n t r o d u c t i o n 

I n t h e d i s c u s s i o n s o f the p r e v i o u s c h a p t e r s , t h e wide 

range o f i n f o r m a t i o n l e v e l s a v a i l a b l e from a s i n g l e E.S.C.A. 

experiment have been p r e s e n t e d . However, emphasis has been 

p l a c e d upon the importance o f th e p r i m a r y sources o f i n f o r m ­

a t i o n , namely a b s o l u t e b i n d i n g e n e r g i e s , r e l a t i v e peak i n ­

t e n s i t i e s and i n t e r n a . l b i n d i n g energy s h i f t s , and t h e i r 

dependence upon r e l a x a t i o n phenomena. A l t h o u g h the i n t e r ­

p r e t a t i o n o f s a t e l l i t e s t r u c t u r e accompanying core i o n i s a t i o n , 

as d e s c r i b e d i n S e c t i o n 2.2.3* may be re g a r d e d as a. secondary 

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



a t i o n d e r i v e d from such a study i s c l e a r i n the r e s u l t s 

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

k e t o - e n o l t a u t o m e r i s m i n d i c a r b o n y l systems (Chapter F o u r ) . 

The i n t e r r o g a t i o n o f d e t a i l s o f s t r u c t u r e and bonding 

i n s o l e l y h y d r o c a r b o n based systems by E.S.C.A. i s n o t 
27:5-27c> 

g e n e r a l l y a s t r a i g h t f o r w a r d p r ocess. ^ Indeed f o r a. 

g i v e n hydrocarbon system w i t h i n e q u i v a l e n t carbon atom 

e n v i r o n m e n t s , the s h i f t i n b i n d i n g energy i s o f t e n so s m a l l 

t h a t t h e r e are even a m b i g u i t i e s i n assignments d e r i v e d from 

l i n e - s h a p e a n a l y s i s . Thus, i n t h e p a r t i c u l a r case o f 

neopentane, c o r r e l a t i o n o f b i n d i n g e n e r g i e s w i t h model 
27^ 274 

systems l e d Thomas and co-workers t o c o r r e c t l y a s s i g n 

the h i g h e r b i n d i n g energy component t o t h e carbons o f the 

m e t h y l groups; however the f i r s t a t t e m p t a t i n t e r p r e t i n g 

t h e d a t a t h e o r e t i c a l l y , i n d i c a t e d t h a t t h e o v e r a l l l i n e -

shape c o u l d be e q u a l l y w e l l - f i t t e d w i t h t h e a l t e r n a t i v e 
27S 

assignment, of the m e t h y l groups a t l o w e r b i n d i n g energy. ^ 
That such a s i t u a t i o n might a r i s e , i s r e a d i l y under­

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

i t has been shown ( c . f . Chapter Three) t h a t t h e b i n d i n g 

e n e r g i e s o f core e l e c t r o n s are s u b t l y dependent upon sub­

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

d i f f e r e n c e s i n r e l a t i v e b i n d i n g e n e r g i e s f o r a g i v e n core 

l e v e l can a r i s e f r o m d i f f e r e n c e s i n r e l a x a t i o n e n e r g i e s 
accompanying c o r e - i o n i s a t i o n . Gas phase s t u d i e s by Siegbahn 

276 
et al encompassing t h e range o f l i n e a r a l k anes from 

methane t o t r i d e c a n e have demonstrated t h a t due t o the 

s i m i l a r i t y i n v a l e n c e e l e c t r o n i c environment about any g i v e n 

carbon atom, the t o t a l s h i f t range i s compressed i n t o a 
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narrow region of ^0.6 eV. on the binding energy scale. 
A comparison of these r e s u l t s w i t h those from a t h e o r e t -

277 
i c a l study oy Clark and Cromarty covering both l i n e a r 
and branched alkanes up to Cg, has shown t h a t the f a c t o r s 
which determine both absolute and r e l a t i v e binding energies 
are indeed short-range i n nature and t h a t these s h i f t s are 
l a r g e l y due to changes i n r e l a x a t i o n energy across the s e r i e s . 
The experimental i n v e s t i g a t i o n also included high r e s o l u t i o n 
shake-up spectra f o r methane, ethane and propane, the r e s u l t s 
of which are displayed i n Table 6.1. 

Table 6.1 
E x c i t a t i o n energies f o r the Ĉ  shake-up i n methane, ethane 

and propane. (eV). 

Peak 
Molecule 1_ 2 2 4 
Methane ^15. 0 19. 2 22 • 7 26 5 
Ethane 14 7 18 5 22 • 5 26 5 
Propane ^15 0 17- 9 21 .5 26 3 

A l l of the spectra e x h i b i t e d broad s t r u c t u r e s at 
approximately 15, 22 and 26 eV, but also a c l e a r l y d i s t ­
inguishable narrower l i n e at ^19 eV from the main 
l i n e . From Table 6.1, i t i s apparent t h a t as the number 
of carbon atoms i n the molecule increases then the shake-
up. t r a n s i t i o n energy f o r the peak designated 2 i n the 
spectra, decreases s y s t e m a t i c a l l y . These r e s u l t s suggest 
t h a t since the C^g l e v e l s e x h i b i t b i n d i n g energies which 
are c l o s e l y s i m i l a r , then the main d i f f e r e n c e s which can 
be observed are then due to low energy shake-up r i a t e l l i t e s . 
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As noted i n Section 2.2.3* f o r s o l i d s the i n v e s t i g ­
a t i o n of shake-up and shake-off s t a t e s i s complicated by 
the presence of the general i n e l a s t i c t a i l , which provides 
a broad energy d i s t r i b u t i o n , u s u a l l y peaking at ^20 eV 
from the main p h o t o i o n i s a t i o n peaks and i n the above study 
t h i s phenomena, was observed at higher pressures. Therefore, 
only i n systems where r e l a t i v e l y h i g h - i n t e n s i t y , low-energy 
shake-up peaks are evident can the i n f o r m a t i o n derived from 
t h i s source be conveniently e x p l o i t e d . F o r t u n a t e l y such 
c o n d i t i o n s are g e n e r a l l y s a t i s f i e d i n the core i o n i s a t i o n 
s tudies of polymer systems which contain e i t h e r unsaturated 
backbones, or pendant groups, since low energy TT ->TT-* shake-
up t r a n s i t i o n s are possible. Thus, as shown i n Figure 6.1, 
although the major p h o t o i o n i s a t i o n peaks f o r the C-, l e v e l s 
of polystyrene and polyethylene are s i m i l a r , the spectra 
are c l e a r l y d i s t i n g u i s h a b l e on the basis of the w e l l - d e f i n e d 
s a t e l l i t e s t r u c t u r e evident i n the former. The nature of 
such t r a n s i t i o n s has been determined i n a study of the para-

242 
s u b s t i t u t e d polystyrenes. The s u b s t i t u e n t s v a r i e d from 
strong ^ - e l e c t r o n donors t o ^ - e l e c t r o n acceptors, i n the 
serie s X = NHg, OCH^, Br, and CI, and i t was observed t h a t 
the c e n t r o i d s f o r the s a t e l l i t e s t r u c t u r e s increased i n 
energy separation as d i d the i n t e n s i t y w i t h i n the given s e r i e s , 
r e l a t i v e t o the main p h o t o i o n i s a t i o n peaks. The s a t e l l i t e 
s t r u c t u r e f o r each s u b s t i t u t e d system was resolved i n t o two 
components (b. b, t and a, b, „ ) and comparison w i t h 
c a l c u l a t i o n s on the r e l a t e d p a r a - s u b s t i t u t e d toluene systems 
showed t h a t while the i n t e n s i t y f o r the former t r a n s i t i o n 
remained constant f o r n e l e c t r o n - d o n a t i n g s u b s t i t u e n t s , the 
l a t t e r decreased i n i n t e n s i t y , c o n s i s t e n t w i t h the experim­
e n t a l data, thereby assigning the nature of the t r a n s i t i o n s . 
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Cis Qis (xlO) 

Polystyrene 

Polyethylene 

i 293 291 289 287 285 283 281 537 535 533 531 
Binding energy (eV) 

Figure 6.1 A comparison of the c l z spectra f o r 
polystyrene and polyethylene 

I n p a r t i c u l a r cases, the i n v e s t i g a t i o n of such s a t e l l -
2^9-242 ^ i t e s can prove rewarding. From Figure 6.1 i t i s 

c l e a r t h a t i n f o r m a t i o n on co-polymer compositions i n styrene-
alkane systems i s possible by reference t o the d i s t i n c t i v e 
tt-*it* shake-up s t r u c t u r e accompanying core i o n i s a t i o n . 
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Oxidation of the polystyrene system was p r e v i o u s l y r e f e r r e d 
t o i n Chapter Three, and i t has been suggested t h a t inform­
a t i o n concerning the unsaturated centres i n the polymer can 
be derived by monitoring the shake-up i n t e n s i t y 1 - ^ 1 (Figure 
6.2). 

10 Polystyrene shake-up 

8 

% 6 
of 

QH 4 

10 20 30 40 50 

Exposure time (sees.) 

Figure 6.2 Shake-up i n t e n s i t y r e l a t i v e t o CH (carbon not 
attached t o oxygen) i n t e n s i t y i n polystyrene as 
a f u n c t i o n of exposure time t o an oxygen plasma. 

The i n t e n s i t y of such s t r u c t u r e i s g r e a t l y reduced i n the 
f i r s t second of r e a c t i o n due t o loss of u n s a t u r a t i o n and 
s u b s t i t u e n t e f f e c t s consequent upon r e p l a c i n g r i n g hydrogen 
by an oxygen-containing f u n c t i o n a l i t y . This loss occurs 
r a p i d l y t o a d e f i n i t e depth of the sample, and i t i s noted 
t h a t the apparent s l i g h t increase i n the shake-up i n t e n s i t y , 
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w i t h respect t o CH, most probably a r i s e s from the increase 
i n i n t e r c h a i n distance i n the surface regions, consequent 
upon the i n t r o d u c t i o n of oxygen f u n c t i o n a l i t i e s . C l e a r l y , 
t h i s would reduce the number dens i t y of carbon atoms i n 
the surface and decrease the t o t a l C-, i n t e n s i t y . Because 

J- s 
the s i g n a l due t o carbon atoms not attached t o oxygen reduces 
i n i n t e n s i t y as the r e a c t i o n proceeds, the shake-up i n t e n s i t y 
i n r e l a t i o n to t h i s not s u r p r i s i n g l y increases. 

The study of the isomeric carbocation s t r u c t u r e s i n 
the previous chapter i l l u s t r a t e s the considerable c a p a b i l i t y 
provided by E.S.C.A. i n studying weak i n t e r a c t i o n s , which 
are c l e a r l y enhanced i n going from the ground t o the core 
hole s t a t e manifold. However much less emphasis has been 
placed t o date on the i n v e s t i g a t i o n of the core l e v e l spectra 
of isomeric systems separated by appreciable energy b a r r i e r s . 

py Q 
A study of the isomeric 5 and 6 a z a - u r a c i l s has shown 

t h a t the short-range nature of the i n t e r a c t i o n s which dominate 
E.S.C.A. chemical s h i f t s , may be turned t o p a r t i c u l a r advant­
age, since the d i s t i n c t i v e nature of the s u b s t i t u e n t e f f e c t s 
on the core l e v e l s Cn and Nn , allow ready i d e n t i f i c a t i o n 

I s I s ° 
of a p a r t i c u l a r s t r u c t u r e , and show the two t o be linkage 
isomers. I t i s c l e a r from the d i c a r b o n y l studies (Chapter 
Four) t h a t shake-up s a t e l l i t e s t r u c t u r e may be c h a r a c t e r i s t i c 
of a given s t r u c t u r a l type, and i t s importance as a means 
of d i s t i n g u i s h i n g between systems of s i m i l a r composition i s 
evident i n the previous discussion. I n v e s t i g a t i o n s have 
t h e r e f o r e been made concerning isomeric, CH and CHO, con­
t a i n i n g systems, which on the basis of these previous d i s ­
cussions may be considered as c o n s t i t u t i n g the case i n which 
the c o n f i g u r a t i o n s are separated by an appreciable energy 
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d i f f e r e n c e ; but t h e i r composition i s such t h a t the f a c t o r s 
determining s h i f t s i n b i n d i n g energy are so short range as 
to render such s h i f t s n e g l i g i b l e . 

6.2 A T h e o r e t i c a l I n v e s t i g a t i o n of the Ground and Core 
Ion i s e d States of Tetrahedrane and Cyclobutadiene 

The considerable current i n t e r e s t i n the e l e c t r o n i c 
s t r u c t u r e s and r e l a t i v e energies f o r the isomeric C^H^ systems 
represented by tetrahedrane and cyclobutadiene has t h e r e f o r e 
prompted the i n v e s t i g a t i o n of the core l e v e l and low l y i n g 
shake-up s t a t e s of these molecules to as c e r t a i n the p o t e n t i a l 
of E.S.C.A. as a diagn o s t i c t o o l f o r these systems. 

279 
Early t h e o r e t i c a l studies y a t a non-empirical l e v e l 

have i n d i c a t e d the i n h e r e n t l y greater s t a b i l i t y of the c y c l o ­
butadiene r i n g system i n i t s rectangular ground s t a t e , 
however the computations also suggested t h a t tetrahedrane 
might w e l l l i e i n a l o c a l minimum w i t h an appreciable a c t i v ­
a t i o n b a r r i e r being i n v o l v e d f o r the conversion t o cyclo­
butadiene. The elegant synthesis of t e t r a t e r t i a r y b u t y l -
tetrahedrane as a stable white s o l i d , r e c e n t l y reported by 

280 
Maier and co-workers, and the consequent r a t i o n a l i s a t i o n 
of the large b a r r i e r t o i n t e r c o n v e r s i o n t o the thermo-
dynamically more stable cyclobutadiene isomer i n terms of 
the "corset e f f e c t " has promoted a series of t h e o r e t i c a l ~ 

288 
and experimental studies. The focus of a t t e n t i o n i n 
these studies has p r i m a r i l y been on the r e l a t i v e energies 
and ground s t a t e geometries f o r these systems and possible 

28l 
routes f o r t h e i r i n t e r c o n v e r s i o n . Thus, Dewar et at 
using the MIMDO/3 method, showed t h a t the lowest energy path 
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f o r the rearrangement t o the cyclobutadiene system needed 
an a c t i v a t i o n energy of NL1 K c a l m o l - 1 . Being symmetry 
for b i d d e n , the study concluded t h a t the r e a c t i o n coordinate 
passed through three d i f f e r e n t conformers of the b i c y c l o -

282 
b u t y l d i r a d i c a l . I n an MNDO study, comparison w i t h the 
analogous t e t r a - t e r t i a r y b u t y l t e t r a h e d r a n e rearrangement 
p r e d i c t e d energy d i f f e r e n c e s f o r the tetrahedrane-cyclo-
butadiene systems and t h e i r corresponding t e t r a - t e r t i a r y 
b u t y l - d e r i v a t i v e s of 45-9 and 6.7 K c a l m o l - 1 r e s p e c t i v e l y , 
i n d i c a t i n g the e x t r a s t a b i l i t y of the t e t r a h e d r a l system upon 
replacement of the four hydrogen atoms. The MNDO-CT a c t i v ­
a t i o n energy f o r rearrangement of the parent system was, at 
t h i s l e v e l , c a l c u l a t e d t o be 15-2 K c a l m o l - 1 . 

283 
More recent c a l c u l a t i o n s by Kollmar, w i t h the i n c l u s i o n 

of p o l a r i s a t i o n f u n c t i o n s and estimates of c o r r e l a t i o n energy, 
gave a value of %30 K c a l mol 1 f o r the a c t i v a t i o n energy 
and p r e d i c t e d a s t a b i l i s a t i o n of the cyclobutadiene system 
by o29 K c a l m o l - 1 . Indeed, since the f i r s t non-empirical 
c a l c u l a t i o n on the tetrahedrane system, by Buenker and 

279 
Peyerim h o f f y y which p r e d i c t e d a d e s t a b i l i s a t i o n of ^70 K cal 
mol ^, each subsequent c a l c u l a t i o n has been i n d i c a t i v e of 
the inherent s t a b i l i t y of the t e t r a h e d r a l moiety. 

Whilst the experimental and t h e o r e t i c a l studies have 
considered some aspects of the low l y i n g valence i o n i s e d 
s t a t e s , f o r both tetrahedrane and cyclobutadiene, as w i l l 
be discussed i n due course, there have been no previous 
studies of the core hole s t a t e manifold, e i t h e r t h e o r e t i c a l 
or experimental. The focus of a t t e n t i o n i n t h i s p a r t of 
the chapter w i l l t h e r e f o r e be as f o l l o w s : 

( i ) the computed ASCF core b i n d i n g energies and r e l a x -
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a t i o n energies f o r the Cn core l e v e l s of both ° I s 
tetrahedrane and cyclobutadiene f o r a v a r i e t y of 
geometries, which have p r e v i o u s l y been reported 
f o r these systems: 

( i i ) the computed r e l a t i v e energies of both the ground 
and core hole s t a t e s as a f u n c t i o n of geometry; 

( i i i ) the i n v e s t i g a t i o n of low l y i n g shake-up s a t e l l i t e s 
accompanying core i o n i s a t i o n i n these systems. 

Some co n s i d e r a t i o n has also been given t o the highest 
valence i o n i s e d s t a t e s f o r the two isomers. 

6.2.1 Computational D e t a i l s 

The geometries used i n t h i s study are a s e l e c t i o n 
of those optimised at various l e v e l s of s o p h i s t i c a t i o n f o r 
both tetrahedrane and cyclobutadiene, and quoted i n the 
l i t e r a t u r e . I n the case of tetrahedrane, those chosen were 
as f o l l o w s : the Gaussian 4.31G optimised geometry obtained 

2 8 4 

by Schulman and Venanzi g i v i n g CC and CH bond lengths of 
° o 

1 . 4 8 2 A and 1 . 0 5 4 A r e s p e c t i v e l y w i t h i n a T d symmetry; and also 
28̂ 5 

t h a t determined by Kollmar ^ at the SCF l e v e l using a double 
zeta Gaussian basis set w i t h the i n c l u s i o n of p o l a r i s a t i o n 

o o 
fu n c t i o n s (CC 1 . 4 6 A , CH 1.064A) again w i t h i n the T d symmetry. 

2 8 3 
For cyclobutadiene, a geometry described by Kollmar ^ was 
again used, determined at the same l e v e l and basis set as used 

o 
f o r the tetrahedrane c a l c u l a t i o n s , and g i v i n g C=C I.313A, 

o o 
C-C 1.572A and C-H 1.073A. These values are comparable w i t h 
those p e r t a i n i n g t o the ST0-3G optimised geometry of Pople and 

2 8 5 
Hehre. A geometry taken from the d e f i n i t i v e study by 
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J a f r i and Newton was also employed. This study pre­
d i c t e d t h a t the rect a n g u l a r s i n g l e t should be the ground 
s t a t e at the 2 - c o n f i g u r a t i o n SCF and CI l e v e l s , w i t h bond 

o o o 
lengths C=C 1.33^A, C-C 1.564A and C-H 1.075A. Geometries 
f o r both systems were optimised w i t h i n the m u l t i - v a r i a t i o n a l 
scheme contained i n the semi-empirical MNDO program, and gave 

o o o o 
values of C-C 1.52A, C-H I.063A; and C=C 1.357A, C-C 1.53^A; 

o 
C-H 1.071A; r e s p e c t i v e l y i n agreement w i t h those determined 

282 
by Schweig and T h i e l . 

Ab initio c a l c u l a t i o n s were c a r r i e d out on the ground 
and core hole states of the above s t r u c t u r e s , again using the 
ATMOL 3 s u i t e of programs. Two basis sets were used i n each 
case, both the ST0-4.31G, w i t h best atom exponents, as pre­
v i o u s l y o u t l i n e d (Section 1.7-5) and the Dunning (4s3p/2s) 
c o n t r a c t i o n of the Huzinaga (9s5p/4s) p r i m i t i v e Gaussian set. 
Core b i n d i n g energies and r e l a x a t i o n energies were c a l c u l a t e d 
i n the manner p r e v i o u s l y described and valence i o n i s e d s t a t e s 
have also been i n v e s t i g a t e d by d i r e c t ASCF computations. 

6.2.2 Results and Discussion 

(a) Ground States 

The r e l a t i v e energies f o r the various ground 
s t a t e geometries included i n t h i s work are displayed i n 
Table (6.2) and are presented r e l a t i v e t o the most stable 
s t r u c t u r e s c a l c u l a t e d f o r cyclobutadiene w i t h i n each basis 
set, at the SCF l e v e l . 

For cyclobutadiene, the lowest energy f o r both basis 
sets corresponds t o the geometry determined by J a f r i and 

286 
Newton. The computations i n d i c a t e however t h a t d i s t o r t i o n s 
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i n v o l v i n g predominantly the carbon-carbon double bonds must 
be r e l a t i v e l y inexpensive e n e r g e t i c a l l y , since both basis 
sets p r e d i c t t h a t the p o t e n t i a l energy surface i s r a t h e r f l a t 
about the J a f r i and Newton geometry. For tetrahedrane, the 
r e s u l t s are somewhat more basis set dependent. Thus the 
lowest absolute energy i s p r e d i c t e d t o be f o r the MNDO optim­
ise d geometry when the S T 0 - 4 . 3 1 G basis set i s used, however, 
employing the Dunning ( 4 s 3 p / 2 s ) c o n t r a c t i o n f o r the comput­
a t i o n s i s i n d i c a t i v e of s t a b i l i s a t i o n f o r a s t r u c t u r e exhib­
i t i n g parameters equal t o those determined by Schulman and 

284 
Venanzi (see Table 6 . 2 ) . While d i f f e r i n g w i t h one another, 
these c a l c u l a t i o n s give good agreement w i t h values determined 

28^5 
by Kollmar at equivalent degrees of accuracy. Thus i n 
a minimal basis set SCF geometry o p t i m i s a t i o n a value f o r 

o 
the CC bondlength of 1 .523A was obtained, and using a double 

o 
zeta SCF l e v e l of c a l c u l a t i o n , CC 1 . 4 9 2 A . I t i s t h e r e f o r e 
e q u a l l y c o n s i s t e n t t h a t at both l e v e l s , the geometry shown 
t o be most sta b l e by Kollmar, i s i n the present study pre­
d i c t e d t o be the l e a s t s t a b l e , since as noted above p o l a r i s ­
a t i o n f u n c t i o n s were included i n the basis set p r e v i o u s l y 
employed. 

The computed energy d i f f e r e n c e s between the optimum 
values f o r cyclobutadiene and tetrahedrane over the range 
of geometries considered are 3 5 - 6 K c a l m o l - 1 and 42 . 3 K c a l 
m o l - 1 , f o r the S T 0 - 4.31G and Dunning ( 4 s 3 p / 2 s ) basis sets 
r e s p e c t i v e l y . These may be compared w i t h the MNDO (op t . ) value 

_ 1 2 7 9 , 2 8 5 . 2 £ 
of 4 5 . 9 K c a l mol and previous ab initio computed values 
of 70, 3 1 . 4 and 29 K c a l mol" 1. 
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(b) Core Hole States 

A r e - o c c u r r i n g theme i n the previous 
chapters has been the enhancement of weak i n t e r a c t i o n s i n 
going from the ground s t a t e t o the core hole s t a t e species. 
I t i s t h e r e f o r e of i n t e r e s t t o consider the r e l a t i v e energies 
of the l o c a l i s e d core hole s t a t e s f o r tetrahedrane and cyclo­
butadiene w i t h i n the models considered. The r e l e v a n t data 
are displayed i n Figure 6.3* where f o r comparison purposes, 
data are also included f o r the ground s t a t e s . 

I n Figure 6.3* A, B, C and D represent the geometries 
taken, w i t h i n each system, and r e l a t e to the determinations 
by Schulman and Venanzi, Kollmar, J a f r i and Newton, and 
o p t i m i s a t i o n w i t h i n the MNDO subroutine r e s p e c t i v e l y . The 
parameters f o r each are r e a d i l y observed i n Table 6.2. The 
ground s t a t e data are presented r e l a t i v e t o the optimum 
absolute energy values f o r cyclobutadiene w i t h i n the confines 
of each basis set ( i n both cases corresponding t o the J a f r i 

and Newton geometry as p r e v i o u s l y noted). The C-, core hole 
J- s 

s t a t e data are presented r e l a t i v e t o the absolute energy 
values f o r the corresponding core i o n i s a t i o n i n these systems. 
I n Figure 6.3* a p o s i t i v e gradient represents a r e l a t i v e 
d e s t a b i l i s a t i o n of the core i o n i s a t i o n process f o r a given 
s t r u c t u r e , w h i l s t a negative gradient i s t h e r e f o r e i n d i c a t i v e 
of a s t a b i l i s a t i o n r e l a t i v e t o the core i o n i s a t i o n process 
of the lowest energy, cyclobutadiene system c a l c u l a t e d f o r 
the ground s t a t e w i t h i n each basis set. I t i s t h e r e f o r e 
c l e a r from Figure 6.3> t h a t c r e a t i o n of a core hole magnifies 
the d i f f e r e n c e s i n energy between the two s t r u c t u r e s , since 
the t e t r a h e d r a l moiety shows a r e l a t i v e d e s t a b i l i s -
a t i o n i n energy upon core i o n i s a t i o n , and the computed energy 
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d i f f e r e n c e s f o r the hole s t a t e data of 55.8 K c a l mol and 
44.8 K c a l mol" 1 f o r c a l c u l a t i o n s performed w i t h the Dunning 
and ST0-4.31G basis sets r e s p e c t i v e l y , are \30$ l a r g e r than 
f o r those of the ground s t a t e systems. Part, at l e a s t , of 
t h i s increased energy d i f f e r e n c e a r i s e s from the somewhat 
l a r g e r r e l a x a t i o n energy f o r the conjugated system, as i s 
apparent i n Table 6.J>. 

I n an absolute sense, the tetrahedrane s t r u c t u r e s found 
t o be most stab l e i n the core hole s t a t e manifold are equiv­
a l e n t t o those determined using e i t h e r of the two basis sets 
i n the groundstate. However, f o r cyclobutadiene, w h i l s t 
agreement i s found f o r the s t r u c t u r e s lowest i n energy, i n 
both the ground s t a t e and the core hole s t a t e , from c a l c u l ­
a t i o n s at the Dunning l e v e l , the ST0-4.^1G basis set favours 
the s t a b i l i t y of the MNDO (op t . ) geometry (D) i n the hole 
s t a t e , i n preference t o t h a t determined by J a f r i and Newton (C) 
which i s the most stable on an absolute scale i n the ground 
s t a t e . I t i s i n t e r e s t i n g t o note, t h a t the MNDO (op t . ) 
geometry i s also favoured i n a r e l a t i v e sense when the r e l a t i v e 
s t a b i l i s a t i o n f o r the core i o n i s a t i o n processes of the cy c l o ­
butadiene s t r u c t u r e s are compared at the Dunning l e v e l . These 

r e s u l t s compare w e l l w i t h a f u r t h e r s e r i e s of c a l c u l a t i o n s 
28"5 

by Kollmar which included estimates of c o r r e l a t i o n energy. 
I n a study at the double zeta l e v e l w i t h estimates of c o r r e l ­
a t i o n energy included, the f o l l o w i n g parameters were obtained 
(C-C 1.627, C=C 1.357). The i n c l u s i o n of p o l a r i s a t i o n 
f u n c t i o n s a l s o , produced the f o l l o w i n g (C-C 1.571, C=C I.336). 
A comparison of the r e s u l t s from t„he above stu d i e s , w i t h those 
due t o Kollmar, serves t o i n d i c a t e t h a t the most favourable 
ground s t a t e s t r u c t u r e f o r cyclobutadiene i s most probably a. 
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r a t i o n a l e between the MNDO (op t . ) and, J a f r i and Newton, 
geometries. 

An equivalent study may be made f o r the tetrahedrane 
system, although i n t h i s case, i t i s only i n a r e l a t i v e sense. 
From Figure 6.3* i t i s c l e a r t h a t the r e s u l t s from both the 
Dunning and ST0-4.31G c a l c u l a t i o n s show a r e l a t i v e s t a b i l i s ­
a t i o n f o r the geometry determined by the Kollmar study (B), 
which i n both cases was found t o be the l e a s t s t a b l e i n the 
ground s t a t e . Confirmation of t h i s assignment i s again 

provided by f u r t h e r c a l c u l a t i o n s , i n c l u d i n g estimates of 
2 8 3 

c o r r e l a t i o n , as performed by Kollmar. ^ 
The core b i n d i n g and r e l a x a t i o n energy data displayed 

i n Table 6.3 i n d i c a t e t h a t the computed absolute b i n d i n g 
energies show only a small dependence on the assumed s t r u c t u r e . 
Thus w i t h a given basis set, the b i n d i n g energies and r e l a x ­
a t i o n energies f o r the three s t r u c t u r e s considered f o r cyclo­
butadiene and tetrahedrane give e s s e n t i a l l y the same r e s u l t s , 
and i t i s convenient t o d i s p l a y the data as i n Figure 6.4. 
The tendency f o r the ST0-4.31G basis set t o overestimate 
absolute b i n d i n g energies as a r e s u l t of an underestimation 
of r e l a x a t i o n energies i s c l e a r l y evident when comparison 
i s made w i t h the data c a l c u l a t e d at the Dunning l e v e l . However 
i t i s apparent t h a t the s h i f t s i n binding energy derived from 
the two d i s t i n c t sets of data are i n very good agreement. 
Thus, a s h i f t of ^0.6 eV i s p r e d i c t e d between the core l e v e l s 
of cyclobutadiene and tetrahedrane, and on the basis of pre­
vious studies o u t l i n e d e a r l i e r , t h i s d i f f e r e n c e i s s u r p r i s i n g l y 
l a r g e . The data i n Figure 6.4 r e v e a l t h a t i r r e s p e c t i v e of 
the e x t r a lowering i n energy a r i s i n g from the r e l a x a t i o n 



244 

CO 
OJ 

r<A 
CM 

OJ 

< H 

CD 
G 
0) 
•H 
T3 
cd 
-p 

O 
rH 
O 

o 

cd 

cd 

13 
CJJ 
cd 
rH 
-P a; 
E H 

SM 
O 

< H 

CO 

w 
CD 
•H W)l 
IH a> 

o 
•H 
- P 
CO 

cd 
I - I 

C 
cd 

3 

W 

w 
H 
< 
E-f 
!=> 
C P o 
r-H o 
o 

OA 
OJ 

rH 

r<A 

I 

o 

o 

ON 
OJ 

w r<A rH 
en KA • • 

CO OJ LP, 
OJ rH rH 

w -—' 
CQ • CQ <H o CD • • 
u cr; rH 
CO CA OA 
< OJ OJ 

KA 
-P 0J LP, 
a rH rH 
o v—' ̂— LP, o 
o • • 
Q r<A rH 

OA OA 
S OJ OJ 

y—- y— 

rH CO 
• • 

00 OJ -3-
OJ H 1—1 — ' — ' 
• O 
0) • • 
PC i—1 CA CA 

0J OJ 

w o 
< PC • • 
PC ~—- K\ OJ 
O CO rH 1—1 m IX] OJ "-—J -

CQ 
< • o 
K C H • • 
rH O 0 rH 
W CO PC CA CA 
L H <a OJ OJ 

0J OA 
bO • • • 
a •p OJ 
•H a rH rH 
T3 o "—' -C —̂̂  •H rH PQ o • • 

Q rH 
CA CA 

o s 0J OJ 

m 
bOOJ 

• H a, 
C i*A 
3-H-



245 

STO 4-31G 
Cyclobutadiene Tetrahedrane 

AE relax 124 122ev 

AE= 2-1 ev 

293-5ev 294-1 ev 

Dunning 9s 5p — 4s.3p. 

AEretax=152ev 

291-Oev 

14-8ev 

AE=24ev 

291-6ev 

AE=16ev 

F i g u r e 6.4 A comparison o f t h e b i n d i n g e n e r g i e s and 
r e l a x a t i o n e n e r g i e s as a f u n c t i o n o f b a s i s s e t 
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p r o c e s s , t h e c o n j u g a t e d system i s b e t t e r a b l e t o s t a b i l i s e 

a l o c a l i s e d core h o l e . 

( c ) Valence I o n i s e d S t a t e s 

288 
H e i l b r o n n e r et at have r e c o r d e d t h e 

H e ( l a ) p h o t o e l e c t r o n s p e c t r a f o r b o t h t e t r a - t e r t i a r y - b u t y l -

t e t r a h e d r a n e and t e t r a - t e r t i a r y - b u t y l c y c l o b u t a d i e n e , and 

no t e t h a t f r o m an a n a l y s i s o f a l k y l - s u b s t i t u t e d systems, 

s u b s t i t u t i o n o f the f o u r hydrogen atoms i n the p a r e n t com­

pound by f o u r t e r t i a r y b u t y l - g r o u p s i s e s t i m a t e d t o l e a d t o 

a r e d u c t i o n o f t h e i o n i s a t i o n energy f o r t h e for m e r by 

a p p r o x i m a t e l y 1.4 - 1.7 eV. Comparison w i t h a s i m i l a r s t u d y 

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

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

energy (^1.6 eV) tha n f o r t h e c o r r e s p o n d i n g o r b i t a l o f t e t r a -

hedrane ( l e ) . The a c t u a l v a l u e s n o t e d are 8.3-0.2 eV and 

9.5-0.2eV r e s p e c t i v e l y , which are e s s e n t i a l l y i n agreement 

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

i n t h i s c h a p t e r , 2 8 4 ' 2 8 6 " 2 8 8 and the MNDO s t u d i e s (8.4 eV and 

9*8 eV), i f Koopmans Theorem i s assumed v a l i d . The t h e o r e t ­

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

o r b i t a l s i n c y c l o b u t a d i e n e as b-, (I T ) HOMO, b-, (a) and 

b ^ u ( 7 r ) , and i t i s t h e r e f o r e d i f f i c u l t t o assess whether o r 

n o t t h i s agreement f o r t h e i o n i s a t i o n p o t e n t i a l s i s merely 

f o r t u i t o u s o r due t o a c o n v o l u t i o n o f t h e two prime f a c t o r s 

n e g l e c t e d i n the t h e o r e t i c a l e s t i m a t e s , namely 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 . To i n v e s t i g a t e t h i s f u r t h e r , t h e 

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

b u t a d i e n e have been s t u d i e d . 
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I t was e v i d e n t , f r o m t h e Koopmans' v a l u e s , ASCF i o n i s -

a t i o n p o t e n t i a l s and computed r e l a x a t i o n energy d a t a , t h a t 

t h e r e s u l t s o b t a i n e d were a g a i n i n good agreement between 

t h e assumed s t r u c t u r e s , however as i n the case o f t h e core 

l e v e l d a t a , these were c h a r a c t e r i s t i c o f the b a s i s s e t used 

i n t h e c a l c u l a t i o n s . The i o n i s a t i o n p o t e n t i a l s , Koopmans' 

v a l u e s and r e l a x a t i o n e n e r g i e s a r e d i s p l a y e d i n Table 6.4. 

Table 6.4 

I o n i s a t i o n P o t e n t i a l s and R e l a x a t i o n E n e r g i e s (eV) 

ASCF KOOPMANS R.E. 

Tet r a h e d r a n e 

ST0-4.31G l e 7-8 8.7 0.9 

3 t 2 14.3 
Dunning l e 8.3 9.3 1.0 
(4s3p/2s) 

3 t 2 14.9 

Cy c l o b u t a d i e n e 
STO-4.31G b^ 6.3 7-1 0.8 

b, 11.9 
3u 

Dunning b 6.8 7.6 0.8 
(4s3p/2s) ^ g 

b, 12.5 
3u 

I t i s e v i d e n t f r o m t h e d a t a i n Table 6.4 t h a t t h e d i f f e r ­

ence i n i o n i s a t i o n p o t e n t i a l s between t h e c y c l o b u t a d i e n e and 

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

w i t h i n t h e ASCF method ( s h i f t 1.5 eV), however, i t i s a l s o 

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

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

may t h e r e f o r e be i n f e r r e d t h a t c o r r e l a t i o n energy d i f f e r e n c e s 

must a l s o be q u i t e s m a l l . 
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For t h e sake o f completeness and t o a i d the d i s c u s s i o n 

p r e s e n t e d i n t h e n e x t s e c t i o n , t he Koopmans' v a l u e s r e p r e s ­

e n t i n g t he o r b i t a l e n e r g i e s and assignments f o r the two 

h i g h e s t o c c u p i e d l e v e l s i n b o t h systems are a l s o i n c l u d e d 

i n Table 6.4. The o r d e r i n g f o r the c y c l o b u t a d i e n e mole­

c u l a r o r b i t a l s has a l r e a d y been d e s c r i b e d and t h a t f o r t h e 

lo w e r i o n i s a t i o n p o t e n t i a l s i n t e t r a h e d r a n e i s as f o l l o w s : 

l e = HOMO, 3 t 2 and ^a^. 

(d) Shake-Up 

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

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

c a t i o n , and i t s assignment as a r i s i n g from Tr+Tr* t r a n s i t i o n s , 

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

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

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

such s a t e l l i t e s i n the d i c a r b o n y l systems and t h e i r good 

agreement w i t h e x p e r i m e n t , (Chapter F o u r ) , t h a t t he t r a n ­

s i t i o n e n e r g i e s and i n t e n s i t i e s , f o r HOMO -LUMO shake-up 

t r a n s i t i o n s accompanying core i o n i s a t i o n may be semi-

q u a n t i t a t i v e l y d e s c r i b e d w i t h i n the sudden a p p r o x i m a t i o n 

( c . f . S e c t i o n 2.2.3). The t r a n s i t i o n e n e r g i e s and i n ­

t e n s i t i e s f o r t h e HOMO-LUMO t r a n s i t i o n s i n the t e t r a h e d r a n e 

and c y c l o b u t a d i e n e systems, over t he range o f geome t r i e s 

s t u d i e d , have t h e r e f o r e been computed f r o m t he r e l e v a n t 

ground and core h o l e s t a t e e i g e n v e c t o r s and e i g e n v a l u e s 

f o r t h e C-̂ p l e v e l s , and t h e d a t a are d i s p l a y e d i n Table 6.5-
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I t i s c l e a r f r o m Table 6.5, t h a t f o r b o t h l e v e l s o f 

c a l c u l a t i o n , t h e r e i s good agreement between b o t h computed 

i n t e n s i t i e s and t r a n s i t i o n e n e r g i e s f o r each system. The 

com p u t a t i o n s p r e d i c t t h e shake-up s p e c t r a t o be c l e a r l y 

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

one t r a n s i t i o n i s expected ( l e — ¥ h t ^ ) , w i t h i n the energy 

range 0-10 eV, w h i l s t f o r t h e c y c l o b u t a d i e n e s t r u c t u r e s , 

two t r a n s i t i o n s a re e v i d e n t . The d i f f e r e n c e s i n t r a n s i t i o n 

e n e r g i e s and i n t e n s i t i e s f o r these peaks are a p p r e c i a b l e , 

r e n d e r i n g them d i s t i n c t i v e . The c e n t r o i d , f o r t h a t i n the 

v i c i n i t y o f the main p h o t o i o n i s a t i o n peak i s p r e d i c t e d t o 

be s h i f t e d by 2.J> - 0.4 eV and i s t h e more i n t e n s e 

(b., — » b ) , w h i l s t t h a t a t lower energy has t r a n s i t i o n .2S IS 
energy 7*5 - 0.4 eV ( k - ^ g — * a

i u ) •i-s comparable i n i n ­

t e n s i t y t o the shake-up s t r u c t u r e expected f o r t he t e t r a ­

hedrane system. 

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

a l k a n e s , t h e s h i f t i n C, b i n d i n g e n e r g i e s between the t e t r a -
JL S 

hedrane and c y c l o b u t a d i e n e systems (~0.6 eV) c a l c u l a t e d f r o m 

t h e core h o l e s t a t e d ata i n S e c t i o n 6.2.2(b), i s c o m p a r a t i v e l y 

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

an a c t u a l spectrum i s d i f f i c u l t t o assess. However, from 

t h e computed core l e v e l and shake-up s p e c t r a ( F i g u r e 6.5) 

i t i s c l e a r t h a t t h i s i s o f no consequence, s i n c e these are 

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

s t r u c t u r e . I t i s c l e a r from t h i s s t udy o f t h e i s o m e r i c 

C^H^ systems t h a t E.S.C.A. might i n d e e d be a u s e f u l t o o l 

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

and i t i s o f i n t e r e s t t o ex t e n d t h i s s t u d y t o i s o m e r i c C,H,0. 

c o n t a i n i n g s p e c i e s . 
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C H 

W o 
1% IT rr-TT 

l«-23ev-»l 7 5 e v I 1 

A 1(Mev 

F i g u r e 6.5 Comparison o f the C, core l e v e l s p e c t r a 
J- S 

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

6.3 A T h e o r e t i c a l I n v e s t i g a t i o n o f t h e Ground and Core 
I o n i s e d S t a t e s o f 2,5-Cyclohexadiene-l,4-Dione and 
3> 5-Cyclohexa.diene-1,2 , -Dione 

The i s o m e r i c benzoquinones are p a r t i c u l a r l y a p p r o p r i a t e 

t o t h i s s t u d y , s i n c e t h e y are s u f f i c i e n t l y s m a l l t o be amen­

abl e t o n o n - e m p i r i c a l i n v e s t i g a t i o n , and are r e p r e s e n t a t i v e 

o f t h e l a r g e c l a s s o f quinones, which a c t as r e t a r d e r s and 

i n h i b i t o r s i n f r e e r a d i c a l p o l y m e r i s a t i o n s , depending upon 
19̂ 5 

t h e i r redox p o t e n t i a l . Indeed quinones o f h i g h redox 

p o t e n t i a l , such as 2 , 5 > 7 , 1 0 - t e t r a c h l o r o d i p h e n o q u i n o n e , 

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

Since these do n o t p o l y m e r i s e w i t h a c r y l o n i t r i l e o r w i t h 
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v i n y l a c e t a t e , i t i s presumed t h a t c o p o l y m e r i s a t i o n w i t h 

s t y r e n e proceeds v i a a charge t r a n s f e r complex. 

p-Benzoquinone i s i t s e l f , an e f f e c t i v e i n h i b i t o r f o r 

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

quinone i s o f t e n added t o monomers, a l t h o u g h i t a c t s as 

n e i t h e r i n h i b i t o r o r r e t a r d i n g agent, and i f oxygen i s 

p r e s e n t i n the system t h e n i t i s o x i d i s e d t o quinone. I n 

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

quinone a c t s i n two ways: d i r e c t l y as a r e d u c i n g agent 

f o r t h e i n i t i a t i o n ; and i n d i r e c t l y (as benzoquinone) as an 

i n h i b i t o r . Hydroquinone i n t h i s case i s t h e r e f o r e a 

s t a b i l i s e r . 

C u r r e n t i n t e r e s t i n t h e benzoquinone isomers has 

concerned t h e assignments o f the bands i n t h e lowe r energy 

r e g i o n s o f the p h o t o e i e c t r o n s p e c t r a . W h i l s t a v a s t body 
289-300 

o f l i t e r a t u r e i s a v a i l a b l e f o r t he p-benzoquinone s t r u c t u r e , 

o n l y r e c e n t l y has a t t e n t i o n been d i r e c t e d towards t h e o-

benzoquinone isomer.^01-303 A number o f q u a l i t a t i v e l y 

s i m i l a r p h o t o e i e c t r o n s p e c t r a have been r e p o r t e d f o r p-

benzoquinone, and these have been i n t e r p r e t e d u s i n g b o t h 
291-297 298-2QQ s e m i - e m p i r i c a l ^' and ab initio methods. ^ Common 

t o a l l o f these s t u d i e s i s the assignment o f t h e f o u r l o w e s t 

energy i o n i s a t i o n s , i n t h e r e g i o n 10-12 eV, as a r i s i n g f r o m 

two tr-type m o l e c u l a r o r b i t a l s and two fro m t h e oxygen l o n e -

p a i r s , however, t he debate c o n c e r n i n g t h e i r o r d e r i n g c o n t i n u e s . 

302 

Schang and co-workers have r e c e n t l y made the f i r s t 

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

p h o t o e i e c t r o n spectrum f o r o-benzoquinone, u s i n g t h e MIND0/3 

method. W h i l s t i n t h e lowe r energy r e g i o n , these are a g a i n 

seen as a r i s i n g f r o m two ^ - t y p e o r b i t a l s and t h e l o n e - p a i r s 
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o f t h e oxygens, a more r e c e n t s e m i - e m p i r i c a l study by 
303 

H i l a l a g a i n d i s p u t e s t h e o r d e r i n g o f the assignments. 

D e s p i t e t h e v a s t number o f i n v e s t i g a t i o n s c o n c e r n i n g 

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

s t u d y has appeared i n t h e l i t e r a t u r e c o n c e r n i n g t h e core 

l e v e l s o f e i t h e r . The E.S.C.A. spectrum f o r the C, l e v e l s 
^ I s 

304 
o f p-benzoquinone has been r e p o r t e d by Ohta and co-workers, 

and a l t h o u g h t h i s i s q u a l i t a t i v e l y s i m i l a r t o t h a t which would 

be expected on the b a s i s o f t h e d i s c u s s i o n s i n Chapter Three, 

t h e d e c o n v o l u t i o n i s i n t e r e s t i n g s i n c e i t bears no r e l a t i o n 

t o t h e t r e n d s i n r e l a t i v e b i n d i n g e n e r g i e s mentioned e a r l i e r . 
The 0, l e v e l s are d e s c r i b e d , but the a c t u a l spectrum i s n o t I s ^ 
i n c l u d e d , however, an a t t e m p t has been made t o q u a l i f y t h e 

b i n d i n g energy assignments f o r b o t h t h e C-, and 0, l e v e l s 
J. 3 J- 5 

u s i n g t h e CNDO method and charge p o t e n t i a l t y p e c a l c u l a t i o n s , 

assuming Koopmans' Theorem. C l e a r l y , r e l a x a t i o n e f f e c t s 

are n o t , t h e r e f o r e e x p l i c i t l y c o n s i d e r e d and the m e r i t s o f 

such a s t u d y have been o u t l i n e d p r e v i o u s l y ( c . f . Chapters 

Three and Four. 

W i t h t h i s i n t r o d u c t i o n , the f o l l o w i n g p o i n t s o f i n t e r e s t 

may be addressed: 

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

u r e s o f o- and p-benzoquinones s t u d i e d , and t h e 

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

as compared t o p r e v i o u s s t u d i e s ; 

( i i ) t h e computed ASCF core b i n d i n g e n e r g i e s and r e l a x ­

a t i o n e n e r g i e s f o r t h e Cn and 0 n core l e v e l s and 
I s I s 

f o r p-benzoquinone, a comparison w i t h the e x p e r i ­

mental d a t a ; 
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( i i i ) t h e i n v e s t i g a t i o n o f t h e low l y i n g shake-up 

s a t e l l i t e s accompanying C, and 0, core 
I S J- s 

i o n i s a t i o n i n the o-benzoquinone and p-

benzoquinone systems. 

6.3.I C o m p u t a t i o n a l D e t a i l s 

I n t h i s i n s t a n c e , i n v e s t i g a t i o n o f a range o f 

g e o m e t r i e s was unnecessary, s i n c e e x p e r i m e n t a l l y d e t e r m i n e d 

s t r u c t u r e s were a v a i l a b l e . That f o r p-benzoquinone was 

t a k e n from an e l e c t r o n d i f f r a c t i o n s t u d y by Hagen and 

Hedberg-^ ^ w h i l s t the o r t h o - c o n f i g u r a t i o n was d e t e r m i n e d 

f r o m Cu-K^ d i f f r a . c t o m e t r y d a t a i n a s t u d y by Macdonald and 

T r o t t e r . ^ 0 6 

The ab initio c o m p u t a t i o n s were performed i n 

t h e manner d e s c r i b e d i n S e c t i o n 6.2.1, however o n l y t h e 

ST0-4.31G b a s i s s e t was adopted s i n c e as shown i n t h e e a r l i e r 

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

s h i f t s i n b i n d i n g energy and the t r a n s i t i o n e n e r g i e s and 

i n t e n s i t i e s , computed f o r s a t e l l i t e s t r u c t u r e a r i s i n g from 

7T-+7T* t r a n s i t i o n s , are w e l l d e s c r i b e d a t t h i s l e v e l . 

6.3-2 R e s u l t s and D i s c u s s i o n 

(a) Ground S t a t e s 

The t o t a l e n e r g i e s r e l a t i n g t o the e x p e r i ­

mental g e o m e t r i e s f o r each isomer are d i s p l a y e d i n Table 6.6. 

At t h i s l e v e l , t h e p a r a - s u b s t i t u t e d s t r u c t u r e i s found t o be 

more s t a b l e t h a n the o r t h o - i s o m e r by-^39.7 K c a l m o l - 1 . 

Assuming the above g e o m e t r i e s , t h i s v a l u e i s c o n f i r m e d i n 
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T a b l e 6.6 T o t a l e n e r g i e s (a.u.) f o r t h e benzoquinone 
isomers s t u d i e d 

o 
c =0 1 .225A 

o 
c =c 1 • 3^4A 

0 
c -c 1 .48lA 

o 
c -H 1 .089A 

c=o 

c=c 

=c-c= 

=c-c 

c-c 

C-H 

o 
1.220A 

o 
1.341A 

o 
1.454A 

o 
1.469A 

o 
1.552A 

o 
0.95A 

T o t a l E n e r g i e s (a.u.) -377-2467 •377.1835 

MNDO 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 (^38.4 K c a l mol ) , however, 
307 

w h i l s t i t i s w e l l known^ t h a t t h e para-isomer is more s t a b l e 
t h a n t h e o-benzoquinone a. f u l l geometry o p t i m i s a t i o n a t t h i s 
l e v e l reduces t h i s d i f f e r e n c e i n energy t o . ̂ 0 . 1 K c a l mol ̂ . 
I n t h i s r e s p e c t , i t i s o f i n t e r e s t t h a t f o r p-benzoquinone 
t h e o p t i m i s e d geometry i s i n good agreement w i t h t h a t d e t e r ­
mined from t h e e l e c t r o n d i f f r a c t i o n d a t a , however, a d i s t o r t e d 
p l a n a r s t r u c t u r e i s p r e d i c t e d f o r the o r t h o - s u b s t i t u t e d isomer, 
c o n t r a r y t o t h e s l i g h t l y n o n - p l a n a r , boat c o n f i g u r a t i o n d e t e r ­
mined e x p e r i m e n t a l l y by Macdonald and T r o t t e r . A l t h o u g h 

302 

Schang et al^ n o t e t h a t t h e geometry o b t a i n e d from MINDO/3 

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

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

a p p a r e n t f r o m t h e MNDO s t u d y . 
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As p r e v i o u s l y mentioned, c u r r e n t i n t e r e s t i n the benzo-

quinone isomers has c e n t r e d upon the n a t u r e and o r d e r i n g o f 

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

For p-benzoquinone, concensus o f o p i n i o n i s t h a t t h e f i r s t 

two bands i n the p h o t o e l e c t r o n spectrum a r i s e as a r e s u l t 

o f i o n i s a t i o n f r o m two l o n e - p a i r n (b-. and tk ) and two 
^ j?g 2 u 

TT (b_, and b ) o r b i t a l s , however, v a r i o u s p e r m u t a t i o n s have 3u l g 
been suggested as t o t h e i r assignment. 

The Hel p h o t o e l e c t r o n s p e c t r a o f p-benzoquinone and 
2 8 9 - 2 9 2 

many o f i t s d e r i v a t i v e s ha.ve been r e p o r t e d by s e v e r a l workers. 

The assignment o f t h e f i r s t UPS band as b e i n g due t o t h e 

two n i o n i s a t i o n e vents as proposed by Tu r n e r et al.^^ has 

been s u p p o r t e d i n subsequent s t u d i e s by Schweig and co-
293 294 wo r k e r s , ^ Dougherty and McGlynn, ^ and i n r e c e n t work by 

A s b r i n k et al.^^ a t a. s e m i - e m p i r i c a l l e v e l . K o b a y a s h i 2 ^ 2 

has r e p o r t e d s p e c t r a f o r p-benzoquinone, t o l u q u i n o n e and 

2,5 - d i m e t h y l - l , 4 - b e n z o q u i n o n e . A comparison o f these and 

CNDO/2 c a l c u l a t i o n s g i v e s t he o r d e r i n g b-, >-b-, >b 0 >b i n ' D to 3s 3>u 2u l g 
terms o f d e c r e a s i n g m o l e c u l a r o r b i t a l energy, i n agreement 

291 
w i t h extended Huckel c a l c u l a t i o n s by Cowan and co-workers. 

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

u s i n g t h e m u l t i p l e s c a t t e r i n g Xoc method and B l o o r et a Z 2 ^ 

a l s o n o t e t h a t changes i n geometry and/or t h e oxygen pa r a ­

meters w i t h i n t h e CNDO/S approach a l l o w s t he o r d e r i n g o f the 

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

290 

B r u n d l e and co-workers i n an i n v e s t i g a t i o n o f t h e 

" p e r f l u o r o e f f e c t " t e n t a t i v e l y suggested y e t a n o t h e r a s s i g n ­
ment ( b 2 >b, >b, >b̂ . ) and t h i s was f a v o u r e d i n the CNDO/S 

d.\X j\X I g yg 
297 

s t u d y o f Bige l o w ^' a l t h o u g h t h e e n e r g i e s o f the h i g h e r t h ] 

o r b i t a l s were found t o be c l o s e l y s i m i l a r . Indeed b o t h 
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2 9 8 299 
b initio s t u d i e s t o d a t e , ' ̂ v p r e d i c t the b^. "-type 

m o l e c u l a r o r b i t a l t o be the HOMO i n agreement w i t h t h e 

a b s o r p t i o n s p e c t r o s c o p i c work o f T r o m s d o r f f . Dougherty 

and McGlynn have suggested t h a t t h i s may be an a r t e f a c t o f 

th e geometry assumed, s i n c e t h a t due t o T r o t t e r d i f f e r s 

s i g n i f i c a n t l y from t h e more r e c e n t e l e c t r o n d i f f r a c t i o n d a t a . 

However, the p r e s e n t n o n - e m p i r i c a l study has employed t h e : 
T>05 

s t r u c t u r e due t o Hagen and Hedberg and r e n d e r s an o r d e r i n g 
299 

i n agreement w i t h t h a t found by Jonkman et al. (b-, >bn > 

b 2 u > b ^ g ) . As n o t e d p r e v i o u s l y , geometry o p t i m i s a t i o n w i t h i n 

t he MNDO s u b r o u t i n e g i v e s parameters i n good agreement w i t h 
297 

the above s t r u c t u r e , and as i n t h e work by Bigel o w , ^' t he 

two h i g h e r o r b i t a l e n e r g i e s are s i m i l a r , and a s s i g n e d as b 2 

and b_. . 

3u 
F o l l o w i n g the r e p o r t e d p h o t o e l e c t r o n spectrum o f o-

benzoquinone by Koenig et a]?^ t h e f i r s t a t t e m p t a t t h e 
"502 

band assignment by Schang and co-workers-^ f r o m MIMDO/3 
c a l c u l a t i o n s p r e d i c t e d the o r d e r i n g a ^ ( n ) > a ^ ( ^ ) > b ( n ) > b ^ ( T ) . 
_ . . . ^ . . . . " 5 0 ^ . . . . . 'i'nis i s d i s p u t e d Dy H l l a l " " " who aga i n from a. s e m i - e m p i r i c a l 
s t u d y p r e d i c t s a.̂  (n) >b^ (n) >a.^ ( IT) >b^ ( IT) . The n o n - e m p i r i c a l 

s t u d y p r e s e n t e d here suggests t h a t the HOMO i s o f ff - t y p e , w i t h 

t h e o r d e r i n g a.^ ( v) >a.^ (n) >b.̂  ( u) >b^ (n) i n terms o f d e c r e a s i n g 

o r b i t a l e n e r g i e s . 

(b) Core Hole S t a t e s 

The d i s c u s s i o n s o f Chapter Three c l e a r l y show 

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

pendent upon s u b s t i t u t i o n p a t t e r n s , and t h a t a. s i g n i f i c a n t 

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

f o r a g i v e n core l e v e l can a r i s e from d i f f e r e n c e s i n r e l a x -
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a t i o n e n e r g i e s accompanying core i o n i s a t i o n . On t h i s 

b a s i s , F i g u r e 3 - 4 , which showed the t r e n d s i n b i n d i n g 

energy f o r the C-, and 0-, core l e v e l s f o r a range o f 

carbon/oxygen systems, i s i n d i c a t i v e o f t h e s i m i l a r i t y 

e x p e c t e d i n t h e C n„ and 0 n core l e v e l spectra, f o r the ^ I s I s ^ 
p a r t i c u l a r case o f t h e i s o m e r i c benzoquinones. A l t h o u g h 

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

v a r i o u s oxygen-core l e v e l s span a much s m a l l e r range t h a n 

t h o s e f o r carbon, b o t h o-benzoquinone and p-benzoquinone 

i f s t u d i e d as t h i n f i l m s would be expected t o show a s i n g l e 
0-. i o n i s a t i o n a t % 5 3 2 . 8 eV. A l s o , from a c o n s i d e r a t i o n I s 
o f t h e above t h e C-̂  core l e v e l spectrum f o r p-benzoquinone 

might be expected t o e x h i b i t two peaks. That f r o m t h e 

c a r b o n y l carbon, a t h i g h e r b i n d i n g energy s h o u l d be s h i f t e d 

by ^ 3 eV fr o m t h a t due t o the o t h e r carbons which i n the 

s o l i d s t a t e would be expected t o be 2 8 5 . 0 eV. 

Regarding t he peak due t o t h e f o u r r e m a i n i n g carbon atoms 

i n t h e hexadiene r i n g , t h i s ought t o be o f t w i c e t he i n ­

t e n s i t y o f the above component, w i t h s h i f t between them o n l y 

s l i g h t l y d i m i n i s h e d from t h e j5 eV n o t e d p r e v i o u s l y , s i n c e 

t h e secondary e f f e c t f o r oxygen as a. s u b s t i t u e n t i s shown 

t o be s m a l l ( 0 - 3 - 0 . 1 eV). 

I n t h i s r e s p e c t , i t i s rea s o n a b l e t o suppose t h a t t h e 

C l s spectrum f o r o-benzoquinone w i l l a l s o c o n s i s t o f two 

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

carbon core l e v e l s and from the s m a l l n a t u r e o f the secondary 

e f f e c t due t o oxygen, a g a i n o n l y one from t he r e m a i n i n g 

carbons o f t h a hexadiene r i n g . 

Of t h e two isomers, an E.S.C.A. spectrum f o r the C-, 
I s 

l e v e l s o f p-benzoquinone o n l y , has been r e p o r t e d and t h e 
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b i n d i n g energy f o r the s i n g l e i o n i s a t i o n observed i n the 

0 ^ g spectrum i s s t a t e d as b e i n g 5 3 0 . 8 eV.^^ 4 The C - ^ 

envelope i s r e s o l v e d i n t o t h r e e components (FWHM-V2 .0 eV) 

c e n t r e d a t 2 8 3 - 4 eV, 2 8 4 . 3 eV and 2 8 6 . 0 eV, and those a t 

lo w e s t and h i g h e s t b i n d i n g energy ( 1 : 2 i n t e n s i t y r a t i o ) 

a re a s s i g n e d t o t h e c a r b o n y l and r e m a i n i n g hexadiene carbon 

atoms r e s p e c t i v e l y w i t h t he c e n t r a l f e a t u r e a r i s i n g from 

h y d r o c a r b o n c o n t a m i n a t i o n . I t i s c l e a r , t h a t even w i t h o u t 

a d e t a i l e d a n a l y s i s o f t h e p-benzoquinone isomer, the ob­

serve d s h i f t between the c a r b o n y l component and t h a t a r i s i n g 

f r o m t h e hydroc a r b o n c o n t a m i n a t i o n ( o f t e n used as a means 

o f r e f e r e n c e c . f . S e c t i o n 2 . 4 ) i s i n c o n s i s t e n t w i t h t he 

above d i s c u s s i o n . A l s o , w h i l s t from t h e d i s c u s s i o n f o r 

a c e t y l a c e t o n e (Chapter Pour) and t h a t p r e s e n t e d e a r l i e r 

f o r c y c l o b u t a d i e n e i o n i s a t i o n from an o l e f i n i c type carbon 

may w e l l produce an asymmetry o f t h e component due t o the 

hyd r o c a r b o n , t o the low b i n d i n g energy s i d e , however a 

v a l u e o f e V seems c o m p a r a t i v e l y l a r g e . 

The 0 , s p e c t r a f o r b o t h o r t h o - and para-benzoquinone 
_L S 

computed a t t h e STO - 4 . 31G l e v e l are i n good agreement w i t h 

one a n o t h e r , and w i t h t h e knowledge t h a t s h i f t s are w e l l 

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

e n e r g i e s t o the s o l i d phase, shows e x c e l l e n t agreement w i t h 

t h e expected c a r b o n y l 0 ^ g v a l u e n o t e d above. I n t h e case 

o f p-benzoquinone, the e x p e r i m e n t a l 0 l g v a l u e would t h e r e ­

f o r e seem t o be u n d e r e s t i m a t e d by A / 2 eV. The computed Cn 
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c o r e l e v e l spectrum f o r p-benzoquinone i s a l s o o f the form 

n o t e d above w i t h a s h i f t i n b i n d i n g energy between the two 

components o f 2.6 eV. Again, i t i s c l e a r from Table 6.7 

t h a t t h e e x p e r i m e n t a l v a l u e s are u n d e r e s t i m a t e d by some 2 eV. 

however the measured s h i f t between these components i s n o t e d 

t o be 2.6 eV as was found i n the n o n - e m p i r i c a l c a l c u l a t i o n s . 

Ohta and co-workers n o t e however t h a t t h e C-̂ s s p e c t r a are 

t i m e dependent and i t i s c l e a r t h a t h y d r o c a r b o n c o n t a m i n a t i o n 

i s a problem i n c o m p l e t i n g an assignment. 

W i t h t h i s i n mind an independent s t u d y has been made 

o f t h e core l e v e l s p e c t r a o f p-benzoquinone s t u d i e d as a 

t h i n f i l m and t h e d a t a are d i s p l a y e d i n F i g u r e 6.6. The 

0-^ l e v e l s c o n s i s t o f a s i n g l e peak c e n t r e d a t 533-1 eV i n 

e x c e l l e n t agreement w i t h t h e computed v a l u e t h u s i n d i c a t i n g 

t h a t Ohta e_t a l ' s d a t a i s almost c e r t a i n l y i n c o r r e c t l y 

r e f e r e n c e d . A low i n t e n s i t y shake-up component i s e v i d e n t 

a t 4 eV t o h i g h e r b i n d i n g energy i n t o l e r a b l e agreement 

w i t h t h e t h e o r y , (see subsequent S e c t i o n ) . f\ i t h t h e t h e o r y , (see subsequent S e c t i o n ) 

0 IS c IS 

C-0 

289 285 537 553 
B.EL(eV) 

F i g u r e 6.6 C I s and 0 I s spectra, f o r p-benzoquinone 



262 

T u r n i n g t o the computed s p e c t r a f o r o-benzoquinone. 

w h i l s t i t i s c l e a r t h a t t h e 0- ŝ spectrum i s i n good agree­

ment w i t h t h a t f o r p-benzoquinone and hence the t r e n d s 

e s t a b l i s h e d i n F i g u r e 3-4, t h e C-̂  envelope i s p r e d i c t e d 

t o a r i s e from t h r e e components. The b i n d i n g energy com­

pu t e d f o r the c a r b o n y l component corresponds t o t h a t observed 

i n t h e para-isomer, however a c o m p a r a t i v e l y l a r g e i n t e r n a l 

s h i f t i n b i n d i n g energy (0.5 eV) i s apparent between t h e 

components c o r r e s p o n d i n g t o i o n i s a t i o n o f t h e hexadiene r i n g . 

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

e f f e c t a r i s i n g from the oxygen s u b s t i t u e n t , s i n c e i t i s t h e 

carbon atoms a d j a c e n t t o t h e c a r b o n y l groups which e x h i b i t 

t h e lower b i n d i n g energy. A c o n s i d e r a t i o n o f the r e l a x a t i o n 

e n e r g i e s accompanying core i o n i s a t i o n (Table 6.8) shows t h a t 

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

e f f e c t s . 

Table 6.8 

R e l a x a t i o n e n e r g i e s f o r o-benzoquinone and p-benzoquinone (eV) 

Hole S t a t e o-benzoquinone p-benzoquinone 

0 ( 1 ) * 18.6 18.7 
0( 2 ) * 18.6 18.7 
C ( l ) * 11.4 11.5 
C(2)* 11.4 12.2 
C O ) * 12.3 12.2 
C(4)* 12.0 11.5 
C(5)* 12.0 12.2 
C(6)* 12.3 12.2 
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o 
I 

V ^ 

289 287 285 
B. E. (®V) 

F i g u r e 6.7 Comparison o f the computed C-̂ s Spectra. 
f o r t h e o r t h o - and p a r a - i s o m e r s 

Comparison o f the two computed s p e c t r a ( F i g u r e 6.7) 

shows t h a t t h e d i f f e r e n c e s i n b i n d i n g energy e v i d e n t f o r 

o-benzoquinone are n o t so s i g n i f i c a n t as t o r e n d e r the 

a l l l i n e s h a p e s d i s t i n c t i v e . To t h i s end i t i s advantageous 

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

and 0-̂ s s p e c t r a f o r b o t h isomers. 

( c ) Shake-up 

I n the C-^ spectrum r e p o r t e d by Ohta and co­

w o r k e r s , t h e r e i s no evidence o f s a t e l l i t e s t r u c t u r e t o the 

h i g h b i n d i n g energy s i d e o f the main p h o t o i o n i s a t i o n peaks. 
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i s n o t e d however t h a t b o t h t h e C-, and 0-, core l e v e l 
I s I s 

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

shake-up s a t e l l i t e s , and i n t h e C-, spectrum o f the f o r m e r , 

a broad band spanning 5̂ eV i s e v i d e n t a t a s e p a r a t i o n o f 

6-7 eV from t h e main peak a r i s i n g f rom i o n i s a t i o n o f the 

f o u r e q u i v a l e n t carbon atoms i n the hexadiene r i n g . An 

i n t e r e s t i n g p o i n t d e r i v i n g f rom t h i s i s t h a t i n each case 

t h e C-̂ s p r o f i l e s are r e s o l v e d i n t o two components o f i n ­

t e n s i t y r a t i o 1:2. Unless t h i s i s f o r t u i t o u s , t h i s s i t u a t i o n 

would n o r m a l l y p e r t a i n t o the case where shake-up s t r u c t u r e 

i s absent s i n c e as was n o t e d i n the d i c a r b o n y l s t u d i e s o f 

Chapter Four, the appearance o f such s t r u c t u r e d e t r a c t s f r o m 

t h e i n t e n s i t y o f the r e l e v a n t component. 

Once a g a i n , i n v o k i n g the sudden a p p r o x i m a t i o n a l l o w s 

the i n t e n s i t i e s and t r a n s i t i o n e n e r g i e s f o r the s a t e l l i t e 

s t r u c t u r e t o be computed i n t h e manner d e s c r i b e d f o r t e t r a -

hedrane and c y c l o b u t a d i e n e . For the i s o m e r i c benzoquinones 

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

HOMO-LUMO i T + T T * t r a n s i t i o n s , b u t a l s o f o r t h e v a r i o u s permut­

a t i o n s a r i s i n g f rom two l o w e r - l y i n g -rr-type m o l e c u l a r o r b i t a l s 

and t h e i r unoccupied i r*-type c o u n t e r p a r t s . These are r e ­

corded i n Table 6.9 (p-benzoquinone) and Table 6.10 (o-

benzoquinone). 

As shown i n Table 6.9 f o r t h e 0-̂ s spectrum o f p-

benzoquinone, t h r e e n -># t r a n s i t i o n s are p r e d i c t e d , and each 

i s expected t o be c l e a r l y d i s t i n g u i s h a b l e due t o t h e i r apprec­

i a b l e energy s e p a r a t i o n s . As might be expected, t h a t a r i s i n g 

between t h e HOMO and LUMO i s o f g r e a t e s t i n t e n s i t y (9-3^) 

w i t h t r a n s i t i o n energy o4 eV f r o m the major component. Of 
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Table 6.9 
Shake-up i n t e n s i t i e s {%) and t r a n s i t i o n e n e r g i e s (eV) 

f o r p-benzoquinone 

l b . l b . 2b 3u 

HOLE STATE 

T r a n s i t i o n 

i b 2 - r 2 b 2 S 

l b 2 g - ^ l a l u 
l b 0 — > ^ b ^ 

2g ^ 3u 
l b 

l b 

l b 

2b 

2b 

2b 

l a l u 

l g v 3u 
-—> 2b^ 
3u 2g 
j j u l u 

3u " ^ u 

0(1) 0(2) c(D C(4) C(2)C(3)C(5) 

AE J ?0 "E ~/ 

7l 

0.0 0.0 2 .0 8.3 2.1 8.7 
0.0 0.0 0 .0 0.0 0.0 0.0 

1.1 13.7 0 .5 8.6 0.0 0.0 

0.0 0.0 0 .0 0.0 0.6 5.3 
0.0 0.0 0 .0 0.0 0.0 0.0 

0.0 0.0 0 .0 0.0 . 0.0 0.0 

9.3 4.2 0 • 5 4.1 1.6 4.6 

0.0 0.0 0 .0 0.0 0.0 0.0 

3.5 9.5 0 .5 8.6 1.7 10.3 
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t h e e i g h t t r a n s i t i o n s p r e d i c t e d t o be p r e s e n t i n t h e C-̂  

spectrum, a. c o n s i d e r a t i o n o f t h e i r t r a n s i t i o n e n e r g i e s 

suggests t h a t p o s s i b l y o n l y f i v e may be r e a d i l y observed 

a t s h i f t s o f %5, 7, 8.5. 10 and 11 eV from the h i g h e r i n ­

t e n s i t y component o f t h e main p h o t o i o n i s a . t i o n p r o f i l e . 

The t o t a l i n t e n s i t y o f the s a t e l l i t e s t r u c t u r e c o r r e s ­

p o nding t o the c a r b o n y l component i s computed t o be ̂ 3-5^> 

w h i l s t t h a t r e l a t i n g t o core i o n i s a t i o n o f t h e carbon atoms 

i n t h e hexadiene r i n g i s ̂ 6%. T h i s t h e r e f o r e suggests t h a t 

i n t h e p a r t i c u l a r case o f p-benzoquinone t h e r e would be 

some j u s t i f i c a t i o n i n d e c o n v o l u t i o n o f the C-^ spectrum 

as two components o f i n t e n s i t y r a t i o 1:2. 

From Table 6.10 i t i s c l e a r t h a t t h e s a t e l l i t e s t r u c t u r e 

expected i n t h e C-̂ s and 0- Q̂ s p e c t r a f o r o-benzoquinone i s 

more complex t h a n t h a t p r e d i c t e d i n t h e case o f p-benzoquinone. 

Ten t r a n s i t i o n s are expected t o c o n t r i b u t e t o the C-̂ s spectrum, 

a l t h o u g h t h e energy s h i f t s suggest t h a t o n l y seven w i l l appear 

d i s t i n c t i v e (^4, 6.5, 8, 10, 11.5, 13 and 14 eV from t h e 

component a t l o w e s t b i n d i n g e n e r g y ) . A p a r t i c u l a r fea.ture 

which d i s t i n g u i s h e s between t h e two C-̂ s s p e c t r a i s the h i g h 

i n t e n s i t y o f the H0M0-LUM0 t r a n s i t i o n accompanying core 

i o n i s a t i o n a t C(J>) ,C(6) i n o-benzoquinone (^8$). 

The two isomers are perhaps more r e a d i l y i d e n t i f i e d 

by t h e n a t u r e o f the s a t e l l i t e s t r u c t u r e i n t h e i r 0.^ s p e c t r a . 

W h i l s t o n l y t h r e e c o n t r i b u t i o n s are c l e a r l y e v i d e n t f o r p-

benzoquinone, s i x t r a n s i t i o n s are expected f o r t h e o r t h o -

isomer a l t h o u g h t h e t r a n s i t i o n e n e r g i e s suggest t h a t o n l y 

f i v e may be r e a d i l y d e t e c t e d . Once a g a i n , t he H0M0--LUM0 

t r a n s i t i o n i s o f g r e a t e s t i n t e n s i t y ( "JLl% a t AE ^3 eV), 
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Table 6.10 

Shake-up i n t e n s i t i e s {%) and t r a n s i t i o n e n e r g i e s (eV) 
f o r o-benzoquinone 

4b 3a 3b 1 

l a 1 2b 1 2 a 2 

HOLE STATE 

0(1) 0(2) C ( l ) C(2) C(3) C(6) C(4) C(5) 

T r a n s i t i o n AE % AE % AE % _AE 

l a l ~ ^ b l 2.4 7.2 0.9 7-2 0.0 0.0 1.6 7-7 

l a — ^ 4 b x 0.0 0.0 0.0 0.0 0.0 0.0 0.9 12.9 

la^—>3a 2 1.4 i i . 8 1.8 11.1 0.0 0.0 0.6 11.8 

2 b r ^ 3 b 1 0.0 0.0 0.0 0.0 0.0 0.0 1.9 6.5 

2 b j — * 4 b 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2b ]—^3a 2 1.1 10.7 0.0 0.0 0.0 0.0 0.0 0.0 

2a 2—•3b 1 10.7 2.9 0.0 0.0 7.7 3-6 1.2 3-5 

2 a 2—+ 4b 1 9.5 8.6 0.0 0.0 1.1 7.6 0.0 0.0 

2a 2—*3a- 2 2.0 7.6 0.0 0.0 0.0 0.0 0.6 7.6 
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however a second t r a n s i t i o n a r i s i n g from t he HOMO, o f almost 

e q u i v a l e n t i n t e n s i t y { ̂ 0%), and a p p r e c i a b l e energy s h i f t 

(AE ^8.5 eV). as shown i n F i g u r e 6.8 c o n f i r m s the d i s t i n c t i v e 

n a t u r e o f the 0 n s p e c t r a f o r the o r t h o - and para-isomers. 

M % 
!37eV 

3-5% 
9-5tV 

9-3% 
L-2 eV 

SHSFT \H BJL 

'IS 

532-6 

I- 4% 
II- 8eV 

11% 
IO-7eV 

2 0 % 
76eV 

9-5% 2-4% 
8 6eV 7-2 eV 

SHIFT IN BE. 

10-7% 
29eV 

'IS 

F i g u r e 6.8 A Comparison o f the Computed 0 1 q Spectra 
f o r p-benzoquinone and o-benzoquinone 

W h i l s t Chapters Three, Four and F i v e c l e a r l y demonstrate 

the i mportance o f a b s o l u t e and r e l a t i v e b i n d i n g e n e r g i e s as 

the p r i m a r y source o f i n f o r m a t i o n from t he E.S.C.A. e x p e r i ­

ment, l a r g e l y due t o t h e i r dependence upon s u b s t i t u t i o n 

p a t t e r n s and the manner i n which weak i n t e r a c t i o n s o f the 

ground s t a t e are enhanced i n t h e core h o l e s t a t e m a n i f o l d , 

th e d i s t i n c t i v e n a t u r e o f t h e s a t e l l i t e s t r u c t u r e accompanying 
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c o r e i o n i s a t i o n was n o t e d i n t h e s t u d i e s o f t h e d i - c a r b o n y l 

s p e c i e s . The above d i s c u s s i o n c l e a r l y shows t h a t i n c e r t a i n 

cases, where t h e f a c t o r s d e t e r m i n i n g s h i f t s i n b i n d i n g energy 

are p a r t i c u l a r l y s h o r t range i n n a t u r e (e.g. polymer systems 

e x h i b i t i n g u n s a t u r a t e d backbones or pendant phenyl groups) 

t h e n i t may be advantageous t o f o c u s a t t e n t i o n upon the 

T T - * - T T * shake-up s t r u c t u r e , s i n c e the energy o f such t r a n s i t i o n s 

i s s u f f i c i e n t l y low as t o r e n d e r them unobscured by i n ­

e l a s t i c s c a t t e r i n g e v i d e n t i n the s o l i d phase. 
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